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ARTICLE INFO ABSTRACT

Keywords A series of gas injection tests on compacted bentonite were carried out at the British Geological Survey. Tests
Hydro-gas-mechanical 3D model measurements included pressure and rate of gas inflow, gas outflow volume as well as stresses and pore pressure
Gas flow observed at various points of the sample. Tests were performed with two different gas injection systems: injecting

Embedded fracture model
Material heterogeneity

the gas from one end of the sample (axial flow) or from one point at the centre of the sample (spherical flow). A
coupled hydro-gas-mechanical 3D numerical model has been developed to simulate the tests. Initial permeability
is assumed heterogeneous throughout the specimen and embedded fractures are incorporated in the formulation.
Gas pressure-induced deformations during the test lead to variations of permeability due to changes in matrix
porosity and, especially, fracture aperture. The model is able to reproduce satisfactorily the observed behaviour
of the tests including the existence of preferential gas flow paths. A programme of sensitivity analyses involving
the variation of different aspects and parameters of the model contributes to a better understanding of the phe-
nomenon and highlights its complexity. The application of the same formulation and parameters calibrated in the

axial flow test results in a successful simulation of the spherical flow test.

1. Introduction
1.1. General

The investigation of gas flow through clay materials is an active re-
search area involving the development of new experimental techniques
and new numerical approaches. Although there is still an incomplete un-
derstanding of the processes taking place, there are a number of relevant
contributions in the literature, as mentioned below.

Harrington and Horseman' studied the gas transport properties of
clay materials and Marschall et al.? characterized argillaceous rocks re-
garding gas transport properties. Argillaceous rocks and clay based en-
gineered materials (blocks and pellets) are candidate components for
multi-barrier systems for isolation of different types of waste. In a differ-
ent context, Binning et al. studied the transport of gases in the unsatu-
rated zone related to oxidation process.

Arnedo et al.*® presented modelling work for clay based materials
using heterogeneous fields for the transport properties coupled to de-
formations. Harrington et al.® studied the development of network in-
duced by gas migration in pre-compacted bentonite. These works focus
on the fact that gas migration takes place through preferential paths in-
stead of being a uniform process of nonlinear diffusion. Regarding the

* Corresponding author.

localization of gas migration, Wiseal et al.” did a study of visualization
to understand the gas migration process in clay-rich materials.

Changes in the structure of the material and local deformations are
important to explain gas movement. Mahjoub et al.® developed a nu-
merical study of the expansion of the argillite rock during gas injection.
Guo and Fall® developed models for the dilatancy-controlled gas flow
in bentonitic clays. Finally, Zhu et al.'® performed an experimental and
numerical study for the gas transfer in shale rocks in the context of car-
bon sequestration.

In spite of all this work, there are still open questions regarding a
number of gas-flow related features: entry-pressure, break-through-pres-
sure, preferential/dilatant path formation and degree of desaturation
of the material due to gas flow. Classical approaches for homogeneous
porous media that consider retention curve as a nonlinear function of
capillary pressure, and permeability as nonlinear function of satura-
tion (or capillary pressure) are insufficient to provide a satisfactory rep-
resentation of the phenomenon. It seems that material heterogeneity
and local deformability play a major role and material properties do
not remain constant during the gas flow process. The initial structure
of the medium is not homogeneous and changes in structure and hy-
draulic properties can be caused by deformations. It is unclear whether
changes in water content also play a role, but in principle gas migration
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does not require significant desaturation to take place and hence it is
uncertain whether swelling and contraction of clay aggregates are sig-
nificant.

In this work, the general approach for multiphase flow modelling in
deformable porous media is used together with additional features that
have been with the objective to facilitate the formation of preferential
paths for gas migration.

1.2. Gas flow through bentonite material: brief description of the performed
tests

A series of tests (two of them described and modelled in this paper)
were designed and performed in order to improve the understanding of
the gas migration through clay-based materials in nuclear waste reposi-
tories. These tests were carried out at the British Geological Survey, and
two of them constitute the dataset for Stage 1A and 2A of Task ENGI-
NEER of the DECOVALEX-2019 international project’:'112, Both axial
and spherical gas injection tests were carried out on compacted Mx80.

A brief description of experiments is included herein for complete-
ness. In the tests, gas pressure was increased until the entry pres-
sure was exceeded and gas entered the sample. The gas then migrated
through the clay and changes in pore-water pressure, swelling pressure
and flowrate were observed by the instrumentation placed around the
sample. When gas breakthrough occurred, gas outflow was recorded
from the changes in pressure of the backpressure. The samples is en-
closed in a rigid pressure vessel, so overall volume changes are neg-
ligible during the test. The experimental data shows that dynamic
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processes operate within the clay causing a variety of responses to be
recorded on the monitoring instruments.

Fig. 1la shows a global view of the testing cell. More details of the
testing apparatus including geometry and instrumentation of the Mx80
tests can be found in Daniels and Harrington.!2.

Two type of tests were carried out': Axial gas flow test through satu-
rated bentonite (test Mx80-D)? Spherical gas flow test through saturated
bentonite (test Mx80-10). The names Axial and Spherical are used here
to identify the tests. Axial means that the gas is injected on one side of
the cylindrical sample, whereas Spherical means that the gas is injected
in the centre of the cylindrical sample.

The Mx80-D test comprises two main stages: a hydration stage and a
helium gas injection stage. The injection gas pressure was fixed at 1 MPa
from 7.3 to 39.3 days and at 3 MPa from 39.4 to 46 days. Afterwards,
the gas flow rate was continuously increased up to a constant flow rate
value of 500 pL/h and then reduced to 375 pL/h until gas breakthrough
was observed (at 71.5 days). After breakthrough and a period of gas
flow through the sample, the injection pump was stopped whilst stresses
and pore pressures were continuously monitored at several points on the
sample up to the end of the test at day 121.

The Mx80-10 test consists in the injection at a point the centre of
the cylindrical sample. A pressurization phase (water pressure increased
progressively up to 6 MPa) takes place during the first 735 days. The in-
jection process before 735 is not considered by the model in detail. Gas
injection begins at day 735 at a constant flow rate of 125 uL/h. Flow
rate increases to somewhat less than double and then decreases to one
and a half times the initial value (this is detailed in the result compari-
son).
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Fig. 1. (a) Radial sensor arrays detail (modified from Daniels and Harrington!2), (b) stress and pore pressure radial sensor location schemes, and (c) 3D modelling representation of the

sample by layers including arrays and injection/backpressure porous stone filters.
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More information on the tests in the context of the modelling carried
out in the project can be found in.!3.

2. Modelling approach
2.1. Conceptual model and background

A finite element method (FEM) three-dimensional (3D) model was
developed to analyze the gas flow tests just described. The computer
software CODE _BRIGHT was used to carry out the numerical simulations
in this study. CODE_ BRIGHT'415 is a FEM simulation program devel-
oped at the Universitat Politécnica de Catalunya (DECA-UPC) and the
International Centre for Numerical Methods in Engineering (CIMNE).

Preliminary calculations assuming porosity heterogeneity, which in
turn produces heterogeneity of permeability and retention curve, were
unable to provide a satisfactory description of the tests. This approach
was unsuccessful because in the test, porosity changes were bound to
be very small (it is a constant volume experiment) while the permeabil-
ity changes required to model the flow and pressure gradients were ex-
pected to be quite large. Therefore, it was concluded that the initial as-
sumption that the local material deformations produced changes in per-
meability and retention curve via porosity variations was not consistent
with the real process and a different approach to model the variations of
hydraulic properties was required.

As small discontinuities are likely to play a significant role in gas
flow, an embedded discontinuity approach was introduced in the mod-
elling.'®. This approach permits differentiating between matrix and dis-
continuities intrinsic permeability. Discontinuities represent small mi-
cro-fractures or openings developing in the material leading to preferen-
tial flow paths. The concept is relatively simple and can be coupled to
any mechanical constitutive equation. This approach is described in the
next section.

Separate terms for matrix and fracture permeability (intrinsic and
relative) were included in the modelling. The coupled hydro-gas-me-
chanical analysis has been performed postulating an initial heteroge-
neous distribution of permeability, initial embedded fractures aperture
and spacing (defined in the next section) and the retention curve para-
meters. Porosity could be assumed initially uniform.

The balance equations solved are the conservation of water mass,
conservation of helium mass and stress equilibrium. The primary vari-
ables were gas pressure and liquid pressure for the two-phase flow
analysis. The mechanical equilibrium equations use displacements as
primary variables. The conservation equations solved by CODE_BRIGHT
can be found elsewhere! 15,

Deformation was modelled assuming elasticity with net stress (fluid
pressure as the maximum between gas and liquid). A dilatancy term was
added to the standard elasticity equations. Permeability and retention
curve were assumed to be a function of embedded fractures aperture and
spacing. The detailed description of the model is presented in the fol-
lowing section.

2.2. Mechanical and hydraulic constitutive models
The mechanical model is based on elasticity with an additional term

for dilatancy (y angle) included in the deviatoric component of the vol-
umetric strains:

/
Ae\,:%—?—gtan v o
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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). Net mean stress is defined as total stress minus
Biot's coefficient times fluid pressure (maximum between gas and liquid
pressures), i.e., p’ =p — bmax (pg, pl) for positive compressions.

A constitutive model based on an integrated embedded permeabil-
ity (Olivella and Alonso'®) has been used for the modelling purposes
of this study. The model is based on a decomposition of intrinsic per-
meability into matrix and discontinuities or fractures terms. Matrix
and fracture intrinsic permeabilities undergo respective variation with
porosity and aperture. Furthermore, in the present study, the intrinsic
permeability decomposition is accompanied for the gas phase by a de-
composition of the relative permeability. This is described by the equa-
tions below.

The global intrinsic permeability of the hydraulic model results from
the combination of matrix and embedded fracture permeabilities accord-
ing to the following equations:

kliquid = kr,liquid (kmatrix + kfractures) 9
M @

gas — '‘r,gas_matrix kmatrix kr,gasifmcmres fractures

where the relative permeability is a function of the effective degree of
saturation (Sefrective), as:

—4 m
kr,liquid y— (Slieffective)
)ngima(rix

3

kr, gas_matrix

k

g_effective
) Mg fractures

r,gas_fractures — \Pg_effective

The effective saturation is defined using a maximum and minimum
degree of saturation, i.e., Sefrective = (S — Smin) / (Smax — Smin)-
Incorporating both Eq. (3) into Eq. (2), results as:

— m
kliquid - (Slieffectiven) (kmatrix + kfractures) . ( 4)
— 'g_matrix g_fractures
kgas —~ ( gﬁeffective) kmatrix + (Sgieffective) kfractures

It should be noted that for gas flow, the decomposition into matrix
and fracture terms is done for both intrinsic permeability and relative
permeability. This was not considered necessary for the liquid flow.

The matrix permeability component is computed as:

_ k(1 o)’ &
matrix — — 3 2

5
o) (1-9) ®)

and the intrinsic permeability of the fracture is controlled, assuming
laminar flow, by the aperture of the internal fractures (b), as:

b2
kfracture = E (6)

The equivalent fracture permeability results as:

0 g b B
eq_fractures — "fracture a - 12a (7)
where a refers to associated width for each embedded fracture, and the

fracture aperture b depends on the strain level according to:

b=b0+<5_60>agbmax (8)

where ¢ and ¢ refer to current and initial strains, respectively (with
¢ > 0 meaning extension), and the fractures width by and by, are de-
fined in the equations for the material properties presented below. The
mechanical behaviour is coupled to the hydraulic/gas because the volu-
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metric strains cause changes in permeability, through changes in aper-
ture.
The retention curve is defined by the following equation:

S) = Si.min

Sl,max - Sl,min

iy (Py—Py) = Py v
Pyg

where Pg, Py are the gas and liquid pressures according to Van
Genuchten model'”; lyg is the shape function; and Pyg and Py are the
capillary pressure Van Genuchten parameters (where Py corresponds to
a finite air entry value; Eq. (9) valid for (Pg - P1) — Py 2 0). Py is cal-
culated as:

3 [ko
Pyg = Po\/ (10)

where Py is the initial capillary pressure and k is the initial permeabil-
ity. It should be noted that the retention curve may change with the
opening of fractures as pore size controls the gas entry values, and frac-
tures may represent large pores leading to a reduction of gas entry value.
Eq. (10) incorporates the cubic dependence of permeability with frac-
ture aperture b and the capillary pressure dependence on fracture aper-
ture, b, based on the equation for surface tension (Pg — Py = 6/b, where
o is surface tension).

AVl (9)

2.3. Model geometry and material heterogeneity

The 3D geometry of the sample was reproduced in the model (Fig.
1¢). The domain was divided into small sub-zones to which different ini-
tial properties could be assigned. Model dimensions for the cylindrical
sample test were, according to the specifications, 120 mm in length and
60 mm diameter. In addition, 5 mm-thick filters were included at each
end of the sample (corresponding to injection and backpressure zones).
A volume factor was internally incorporated to take into account the ef-
fective volume of the injection system (i.e., vessel, pipework, etc.). The
experiment also contains arrays used for hydration and to perform radial
measurements of pressure (Fig. 1a). Since these arrays were connected
by pipelines, an additional volume represented by a ring surface (with
a certain thickness) was considered. Both injection (i.e., porous stone
filter) and array volume factors (F; and F,) are defined to ensure that
the real volume in the apparatus is equal to F-times the volume in the
model.

The numerical domain was discretized with a mesh of 7168 hexahe-
dral elements and 8205 nodes. 375 triangular elements with a thickness
of 1 mm were used to represent the volume associated to the arrays (see
arrays detail in Fig. 1c).

2.4. Boundary and initial conditions

The pattern of gas flow though saturated clay specimens suggests
that material heterogeneity plays a key role in the phenomenon. Con-
sequently, an initially heterogeneous specimen was generated for the
analyses. As mentioned above, sample heterogeneity based on variations
of porosity was unable to provide an adequate representation of test ob-
servations. Instead heterogeneity was based on variations of permeabil-
ity.

A layer-by-layer random permeability distribution was assumed, as
shown in Fig. 2. Threw permeability values were considered. Fig. 2a
shows the permeability distribution assuming that the three values have
the same probability whereas the distribution shown in Fig. 2b is gen-
erated assuming that the lowest permeability has a probability of 2/
3 and the other two permeabilities have a probability of 1/6. For sim-

International Journal of Rock Mechanics and Mining Sciences xxx (XXXX) XXX-XXX

plicity, porosity can be considered constant as the predictive capability
of the model is not affected.

As it is explained later in the sensitivity analysis section, in addi-
tion to this layer-by-layer random permeability distribution, also an-
other case with a sort of connected permeability field (but still based on
random permeability distribution) was generated (see Fig. 2c) aiming
to produce preferential gas paths.

The sample is initially saturated with constant pore pressure of
0.1 MPa. An initial stress of 2 MPa was assumed, corresponding to the
swelling stress reached by the material during saturation.

The volume factor (F;) applied to the filter volume allows consider-
ing the actual injection volume present in the test that includes not only
the porous stone, but also the interface vessel, pipework and any other
additional device located in the gas injection before entering the ben-
tonite sample. An injection volume of about 130 cm? was considered for
the Base case (equivalent to F; = 15 in the model). However, the effect
of this parameter is later assessed as part of the programme of sensitivity
analysis. The volume factor (F,) to take into account the actual volume
of the array system (2.2 cm®) turned out to be 1, for the Base case, i.e.,
the actual volume in the experiment was equal to the volume of the ar-
ray ring in the model (see Fig. 1c).

3. Axial gas flow: base case
3.1. Material properties and particular model features

The three sets of parameters to define the different hydraulic prop-
erties on the Base case (Case 1a) are presented in Table 1. The case in-
cludes material heterogeneity using the set of probabilities of 1/6, 1/6
and 2/3. The resulting variation of intrinsic permeability as a function
of the deformation of the internal fracture spacing is presented in Fig.
3a. The same figure also shows the variation of the equivalent intrinsic
permeability, defined by a weighted geometrical mean of the three val-
ues of permeability. It can be observed that the initial equivalent intrin-
sic permeability (3.3 x 1072! m?) is consistent with the value specified
by Tamayo-Mas et al.'® It can also be noted that the upper bound of the

equivalent intrinsic permeability is 7.0 x 10717 m2.

Fig. 3b shows the relative permeability functions. The gas relative
permeability function can be modified by changing the maximum gas
saturation to calculate effective gas saturation in Eq. (3). A value of 0.3
for the maximum gas saturation produces a rapid increase of gas relative
permeability as desaturation progresses. So the gas relative permeability
function changes from O to 1 in the range of 0-0.3 for gas degree of sat-
uration. To check the effect of this parameter, a sensitivity study to the
value of the maximum gas saturation has been carried out and is pre-
sented below.

The soil material stiffness was defined by an Elastic modulus
E = 307 MPa, and Poisson's ratio v = 0.40 corresponding to a shear
modulus G = 108.9 MPa and bulk modulus K = 568.5 MPa. Values of
yw = 24° for dilatancy (see Eq. (1)) and 0.5 for Biot's coefficient were
adopted (see Table 1).

In correspondence to the actual test, the gas flow rate (qg) was pre-
scribe. It increases linearly from 0 to 8.0 X 1077 kg/s/m? (from 46 to
67 days) and is kept constant at 8.0 x 10~/ kg/s/m? afterwards (from
67 to 71.5 days).

As explained above, a layer-by-layer randomly permeability distrib-
ution with different weighting was considered in the model, resulting
in three different model zones distinction. Base case was generated by
a (2/3)-weighting distribution for the highest permeability value, and
(1/6)-weighting distribution for the lower permeability values (see Fig.
2b).

This Base case (case 1a) corresponds to the analysis that best fit the
experimental measured data. The Base case was reached after perform-
ing a comprehensive set of sensitivity analyses involving multiple cal-
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tion).
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Table 1
Material model properties for the Base case.

Homogeneous part (same parameter value for the entire sample modelled):

Mechanical parameters

(Elasticity): Values:
- Young's modulus, E: 307
- Poisson's ratio, v: 0.4
- Dilatancy angle (elastic), 24
73
- Biot's coefficient: 0.5
Hydraulic parameters:
Fick's law:
- Tortuosity for dissolved 0.5
gas:
- Dispersivity for dissolved 0.01-axial and 0.001-radial
gas:
Relative permeability (Darcy's law):
- Liquid, m matrixgfractures: 3
- Max./min. liquid satura- 1.0/0.0
tion, Sl:
- Gas, ng,matrix: 2
- Gas, ng,fractures: 1
- Max./min. gas saturation, 0.3/0.0
Sg:
Other parameters:
- Initial porosity, ¢O0: 0.44
- Dry density, pdry: 1512
- Molar mass of Helium, M: 0.004
- Henry's constant, H: 10,000

Heterogeneous part (three different sample zones randomly distributed):

Hydraulic parameters: Values:
Water retention curve (van Genuchten):
- Capillary Py: 10.8//22.5//48.6
pressure:
Poo: 1.2//2.5//5.4
- Shape function, AVG: 0.45
- Max./min. liquid satura- 1.0/0.0
tion, Sl:
Intrinsic permeability (Darcy's law):
Matrix:
- Reference permeability, k;: 1.0 x 10719//1.0 x 10720//1.0 x 10~
Fractures:

- Associated width, a: 5.0 x 10 ~4//5.0 x 10 75//5.0 x 10 ~°

Homogeneous part (same parameter value for the entire sample modelled):

Mechanical parameters

(Elasticity): Values:
- Aper- initial, bo: 9.5 x 10 7%//5.0 x 10 %//1.5 x 10 ~°
ture:
maximum, 7.5 % 1077//3.5 x 10 7//1.5 x 10~/
biax:

- Initial strain, &q: 0.01//0.03//0.05

culations. The main sensitivity analyses carried out are described in the
next section.

3.2. Model results and comparison with test observations

The comparisons between the Base case results and the measure-
ments are presented in Fig. 4. They include the evolutions in time of
gas volume inflow, gas volume outflow, injection pressure and backpres-
sure, gas and liquid pressure measured in the arrays and radial and axial
stresses. It can be observed that the calculated results yield a satisfac-
tory agreement with the measured pore pressure data. In addition, the
breakthrough point was well captured at about 60 days after gas injec-
tion, as well as the magnitude of the maximum gas pressure reached. It
can also be noted that the measured pore pressure exhibits an irregu-
lar variation during gas dissipation at 70-80 days after the start of gas
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Fig. 3. (a) Intrinsic permeability evolution as a function of strain for Base case, and (b)
relative permeability as a function of liquid saturation (Note: equivalent global permeabil-
ity representation calculated by weighted geometric mean).

injection. The calculated liquid pressure results have also been plotted
in order to show the same behaviour (see Fig. 4d).

The individual components of the computed helium mass flux at the
mid cross section of the sample are plotted in Fig. 5. It can be observed,
that a complex flux combination takes place: gas flow is controlled by
diffusion of Helium in water from 10 to 40 days after gas injection, a
combination of diffusion/dispersion and liquid flux advection from 40
to 65 days, and finally, a gas flux controlled by gas advective flux from
65 to 121 days. After breakthrough (determined at about 55 days in this
mid-plane location), gas advection plays the dominant flux role while
liquid flux decays and some diffusion/dispersion component remains.
The computed maximum volumetric strains were about 0.3% compres-
sion at the back of the sample, whereas about 0.02% internal dilation
strain was computed within the main body of the sample during gas
breakthrough. Figures displaying the volumetric strains of the Base case
before and during gas injection, as well as during gas dissipation, can be
found in the Supplemental Material (Fig. S1).

Fig. 6 presents a sequential gas advection flux evolution within
the model sample; the same scale range (1.0 x 1078 kg/m?/s to
1.0 x 1077 kg/m?/s) applies to all times. In order to better identify pref-
erential gas flux paths, advective gas flux vectors are also plotted at a
longitudinal cross-section of the model sample. As expected, gas flux
goes through the higher permeability zones, generating preferential gas
paths in the axial direction of the sample.

4. Sensitivity analysys of axial gas flow
4.1. General

A programme of sensitivity analyses has been carried out to provide
a better understanding of the gas glow phenomenon as well as to deter-
mine the effects of a number of features of the numerical model devel-
oped.

The sensitivity analyses performed are listed in Tables 2 and 3.
The parameters in boldface indicate that they are the same as in the
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Fig. 5. Mass flux contributions at mid-plane of the model sample (Base Case 1a).

Base case. It can be noted that, for each particular sensitivity analysis,
only one parameter is varied with respect to the Base case. Table 2 ad-
dresses the effects of material heterogeneity and connected permeabil-
ity. Table 3 includes the analyses designed to examine the effect of
changes in constitutive variables and boundary conditions. The follow-
ing aspects are considered: material compressibility (Case 4), the initial
permeability approximation at sub-zones (cases 5a and 5b), the maxi-
mum gas saturation assumption (cases 6a and 6b), external volumes of
the testing system devices (cases 7a and 7b regarding the gas injection
system and cases 8a and 8b the connected radial array sensors).

In the following sections all sensitivity cases are presented. The re-
sults of the new analyses are compared to experimental observations

and to the results of the Base case. The following variables are com-
pared: gas volume inflow, gas volume outflow, pore pressure at the in-
jection point and in array 2, and mid-plane axial and radial stresses.
Only the calculations in the observations of the representative array 2
are presented for simplicity.

However, in order to first show the range of response from all model
cases, Fig. 7 presents together the injection gas pressure and gas out-
flow for all the sensitivity analyses. A significant range of results was ob-
tained, with significant different responses in terms of their magnitude,
variation pattern and time-dependent responses. As shown in the next
sub-sections, in some cases, a better agreement with a particular mea-
sured data is associated with larger departures for other observations.

4.2. Gas injection strategy: gas pressure or gas flow rate prescribed
Two alternative strategies of gas injection test were performed:

- Gas pressure (Pg) prescribed according to the measured gas pressure
(from 46 to 71.5 days).

- Gas flow rate (qg) prescribed linearly increasing from O to
8.0 X 1077 kg/s/m? (from 46 to 67 days) and kept constant at
8.0 x 1077 kg/s/m? (from 67 to 71.5 days).

The prescribed gas flow rate (qg) corresponds in fact to the real con-
ditions in the test, where the gas pressure is a result of the applied flow
rate and it is, therefore, a measured variable. The strategy of prescribed
Py was, however, initially useful to calibrate other model parameters.
The numerical solution of the two options should converge to the same
outcome when the parameters are correctly calibrated.
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at 55 days:

at 60 days (injection):

at 70 days (gas breakthrough):
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at 100 days (dissipation):

Fig. 6. Gas advection (m/s) distribution at different times during gas migration (Base Case 1a).

Fig. 8 presents the results from the two different gas injection strate-
gies considered. As indicated above, the prescribed gas flow rate (gg),
used in Base case (Case 1a), and it is the one that corresponds to the
real test conditions. Naturally, inflow results agree better with the pre-
scribed g rather than with P; (see Fig. 8a), and injection pressure
was obviously better captured when Py was prescribed (see Fig. 8c).
Both g, and Pg gas injection strategies returned similar response for the
axial and radial stress results, where the stress variation was reason-
ably well captured (about 5.5 MPa in both models compared with about
4.5 MPa was determined in the test). The sudden stress increase was,
however, not captured, in the same abrupt manner as in the model.
Also, the stress decay variation was also obtained by both model cases,
but not with the same slope. Furthermore, the comparison of outflow
results shown in previous Fig. 7b demonstrates the difficulty to cap-

ture the measured response in spite of other results agreeing reasonably
well with test observations.

4.3. Connected permeability, weighting distribution, and heterogeneity

In the Base case (Case 1a) the permeability was randomly distrib-
uted in the model (Fig. 4b) whereas in Case 1b a connected permeabil-
ity field was generated by connecting high initial permeability sub-zones
along the axial direction of the sample (Fig. 4c). In this way, gas
flow through specific/preferential pathways was favoured. Both con-
nected and not-connected permeability cases were generated through
the random distribution of permeability values in the model discretiza-
tion with the same weighting assumption (1/6—1/6—2/3). It must be
noted that the global equivalent permeabilities (weighted geometric

mean, calculated as the product of k},/ 6 k})/ 6 kf/ %) are the same in Cases
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List of cases to analyse the effect of material heterogeneity and connected permeability from Case 1a (Base case).

k-weighting
# Heterogeneity Homogeneity distribution Connectivity keg,0 (m 2) Comments:
la  heterogeneity 1/6-1/6-2/  not- 3.3 x 1072!  Base case
3 connected
1b connected 3.3 x 102 preferential path
2a 1/3-1/3-1/ not- 1.0 x 102 resulting from the
3 connected k distribution
change
2b 33 x 1074 prescribed
(changing ko and
geometric
parameters from
embedded
fractures)
3a homogenized NA 3.3 x 104 k = keq1a)
3b 33x 10720 k=10 X kegra
3¢ 33 %107 k=100 X keq1a)
3d 33 x 107k =1000 X keqriay
Table 3
List of cases to analyse the effect of different constitutive and/or boundary conditions from Case 1a (Base case).
Maximum
gas Gas
saturation matrix n-
Initial permeability, k; Sg, max External system power
# Stiffness, E (MPa) (=C x 10 ~19-20.-21) (%) volumes: variable:
Injection, Arrays,
Fi Fa ng,matrix
la 307 C=1.0 30 15 1.0 2
4 oo
S5a 307 C=05
(keq = 1.7 x 10721
5b C =20
(keq = 6.5 x 10721
6a C=1.0 50
6b 5
7a 30 25
7b 5
8a 15 0.05
8b 5.0
9a 1.0 1
9b 3

la and 1b (i.e., keg = 3.3 X 1072Y), Fig. 9 presents the relevant com-
parisons of the two cases. It can be noted that a significantly better out-
flow prediction was achieved with the connected permeability Case 1b
(Fig. 9b). However, the assumption of this case more arbitrary than that
of the Base case, as Case 1b forces the gas to flow through the higher
permeability paths that are explicitly generated. The injection and array
2 gas pressures resulted in better response for the Case 1a, fitting more
closely the decay variation of the measured data. Both cases resulted in
a similar response concerning the measured development of stresses.

Fig. 10 shows the computed advective gas flux vectors and perme-
ability at day 96 from the beginning of the test (i.e., during the gas dis-
sipation stage). These results provide qualitative information about the
gas flux through the sample. It can be observed that flux vectors show
more direction variation in the not-connected case (Case 1a) compared
to the connected one (Case 1b), where the flux is mostly oriented in the
axial direction, due to the presence of preferential gas flow paths. Also,
higher permeability paths are obtained associated with the preferential
gas paths.

To examine the effect of different heterogenous distributions of per-
meability, cases 2a and 2b were performed assuming the same proba-
bility (1/3) for the three values of permeability. The difference between
Case 2a and Case 2b is the resulting equivalent permeability value and
its evolution with strains development (see dashed curves in Fig. 11a
and b). The change of the weighting distribution produces a modifica-
tion of the equivalent permeability in Case 2a. In Case 2b, the initial
permeability values as well as the geometric parameters from the em-
bedded fractures model (basically, the a-parameter, which relates to the
associated width of the fractures; see Egs. (7) and (8) are modified to
obtain the same equivalent permeability variation with changing strain
as in the Base case. The effect of this different weighting permeability
distribution is shown in Fig. 12. The change to a uniform 1/3-weighting
in Case 2a reduces gas pressure evolution both at the injection point and
in the arrays (see Fig. 12a and c), and it also increases the outflow mag-
nitude (Fig. 12b). It should be noted, however, that Case 2a involves a
higher global-equivalent permeability of the material up to on order of
magnitude: keqa) = 1.0 X 10720 m? > keq(1a) = 3.3 X 1072 m? (see
Fig. 11a).
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Case 2b also uses the uniform 1/3-weighting but with small changes to
the geometrical parameter values defining the embedded fractures (i.e.,
a and b parameters; see Fig. 2) in order to achieve the same equivalent
permeability (i.e., keq2b) = keg(1a); S€€ Fig. 11b). This change, however,
does not results in a better performance of the model in any of the com-
pared results: a much higher injection gas pressure, a clear delay of the
pressure obtained at array 2, a much lower outflow and less decay vari-
ation of the stress evolution after breakthrough are obtained.

To explore further the role of heterogeneity, a number of analy-
ses of homogenous specimens have been performed (cases 3a to 3d).
Cases 3a to 3d refer to homogenous material models, all the domain has
the same permeability. The differences between the various cases is the
permeability value: 3.3 x 1072! m? for the Case 3a (corresponding the
keq-value of Case 1a as well as to the value from test specifications) and
3.3 x 10720 m2 3.3 x 10719 m?2 and 3.3 x 10718 m? for cases 3b, 3c
and 3d, respectively. It should be noted that these higher permeability
values are not realistic for the Mx80 material or other bentonites. The
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different permeability evolutions with regards to strain development are
shown in Fig. 11c.

Fig. 13 presents comparison results doe the cases involving homoge-
nous samples. It can be observed that a good approximation of gas pres-
sure to the measured and Base case results requires a much higher per-
meability for a bentonite. Furthermore, even with a very high perme-
ability value of 3.30 x 10718 m? (Case 3d), the gas outflow was lower
than in the Base case. All the other homogenous analyses with lower
permeabilities do not show any significant outflow response. Thus, it is
not possible to obtain satisfactory results even when using unrealistically
high value of bentonite permeability.

4.4. Material compressibility, permeability, and maximum gas saturation
The effect of assuming an incompressible material (Case 4) is shown

in Fig. 14a; a different response from the Base case is obtained. Whereas
the breakthrough time-point is better captured at array 2, the
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magnitudes for the injection gas pressure and outflow are further from
the measured data.

Fig. 14b presents the effect of initial permeability but with no
changes in heterogeneity or the weighting distribution from the Base
case. Case 5a and Case 5b assumes permeability values one half
(C = 0.5) and double (C = 2) those of the Base case, respectively. The
equivalent permeabilities of cases 5a and 5b are different from the Base
case (see Table 3), but they are of the same order of magnitude. As ex-
pected, gas pressure, outflow and stress results with lower and higher
permeabilities bracket the base case. The higher permeability (Case 5b)
results in a better response at outflow both in terms of maximum magni-
tude and variation shape, but the pressure decay for both injection and
array locations are less accurate than the Base case when compared with
the measured data.

The effects of the maximum gas saturation assumption are assessed
by Cases 6a (Sg,max = 50%) and 6b (Sg,max = 5%) and the results are
shown in Fig. 14c. As before, higher or lower gas saturation values re-
sult in responses that bracket the Base case (Sgmax = 30%), with the
exception of the gas detected at array 2 during gas breakthrough (see
Fig. S3a). A higher outflow is obtained with the lower gas saturation
assumption and the radial stress decay yields a good agreement with
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measured data. However, gas pressure decay was not properly captured
lying far from the measured response.

4.5. External system volumes

As indicted above, the volume factor allows, the use of more realistic
injection system volume values. As it can be observed in Fig. 14d, the
injection volume factor variation has a direct and significant effect on
the gas pressure evolution and gas outflow, as well as on stress develop-
ment. As expected, the smaller system injection volume involved (Case
7b), the faster the response in terms of gas pressure and stress showing
more sudden variations and, in general, an earlier response as well. Also
significantly more outflow is obtained. Alternatively, if more injection
system volume is assumed (Case 7a), the gas outflow and generated gas
pressure are lower as the system is able to accommodate more gas with-
out affecting the material.

As shown in Fig. 3, the model incorporated the volumes connecting
the 4 different radial cells at each array location. Different volume fac-
tors (F,) have been assigned in cases 8a and 8b. As observed in Fig. 14e,
with the values assumed, the volume factor in the arrays plays generally
a minor role in the results obtained (and logically almost null effect con-
cerning the injection gas pressure and stresses). The case with a higher
volume factor at arrays (Case 8b) leads to a better delayed response in
the gas pressure at arrays (see Fig. S5a) due to the gas absorbed by the
arrays volume, however, with significantly less computed outflow.

4.6. Matrix ng,s power value

The effect of the gas matrix n-power variable (cases 9a and 9b) that
defines the relative gas permeability of the material matrix (Eq. (3)) has
been studied. It should be noted that the gas fracture n-power for the
fractures was assumed to be fixed and equal to 1, as generally accepted
for fractures!® and the liquid n-power was also fixed to be 3, a common
assumption for relative liquid permeability in low permeability materi-
alg 2021

Fig. 14f compares three cases to assess with different n-power. When
the power is equal to 1 (Case 9a), matrix and fracture use the same rel-
ative permeability and less pressures and stresses are developed, despite
a slightly larger computed outflow volume. In the other case (ng = 3;
Case 9b), significant less outflow volume and higher gas pressures are
reached at both injection and array locations.

5. Spherical gas flow

A well validated model should be sufficiently general to be applied to
other conditions. A spherical gas flow test performed in the same testing
programme provides an opportunity to check the modelling approach
and parameters developed for the axial gas flow test. Consequently, the
same model and parameter values of the Base case (Case 1a) have been
applied to the simulation of a spherical gas flow experiment and the re-
sults compared to the measured data 6.

In the spherical gas flow test, the gas flow injection is performed at a
point in the centre of the specimen. In the model, the internal injection
at the centre of the sample is represented through a small volume with
a single node connected to the sample and other free nodes applying the
gas flow rate prescribed. The same modelling strategy, permeability het-
erogeneity, material properties, and equivalent injection system volume
factor as in the Base case were adopted.

Results from spherical gas flow conditions are shown in Fig. 15,
during the gas injection period from 735 to 835 days (as specified in
the benchmarking exercise). The comparison with the experimental data
show that the results exhibit a satisfactory agreement with observa-
tions properly capturing the history of injection gas pressure and the
gas pressure decay. The measured outflow variation is also reasonably
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well captured although the computed outflow evolution is smooth in
contrast with the oscillations recorded in the test. The variation of both
radial and axial stresses is also well captured by the numerical model.
To illustrate the development of the test according to the analysis, Fig.
16 shows the computed distributions of gas pressure gas flux obtained
at various time of the gas injection process.

6. Concluding remarks

The proposed formulation has provided satisfactory simulations of
axial and spherical gas flow through saturated Mx80 bentonite under
constant volume boundary condition.

The formulation involves material heterogeneity and incorporates
embedded fractures. An initial heterogeneity is introduced by means of
a non-uniform distribution of parameters for permeability and reten-
tion curve. Intrinsic permeability has been considered with two terms,
one corresponding to the matrix, and the other to embedded fractures.
Matrix permeability varies according to Kozeny's law and the embed-

13

ded fractures permeability varies according to a cubic law. A gas relative
permeability function for each term is considered. Gas pressure-induced
deformations during the test lead to variations of permeability due to
changes in matrix porosity and, especially, fracture aperture.

Additional volumes have been introduced in the definition of the
analysis domain in order to represent more closely the injection system
and the measurement arrays. In accordance with the actual test proce-
dure, a prescribed injection gas flow rate is the boundary condition ap-
plied and, hence, injection pressure is a calculated result.

A satisfactory reproduction of the axial gas flow test has been
achieved. The analysis is able to capture gas breakthrough together with
a good response in terms of peak and decay for both gas pressure and
stresses evolution. Stress development is also well represented by the
model. The variation of the computed outflow flow rate, however, is
smooth whereas measurements exhibit irregular oscillations.

A comprehensive and systematic sensitivity program has been car-
ried out for the axial flow test. The effect of the following model as-
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pects and parameters have been explored and identified: heterogeneity
and connectivity, intrinsic and relative permeability, stiffness, and addi-
tional volumes for the injection system and measurement arrays. Each
sensitivity case produced a variety of results for the different sensors,
improvements in a particular measurement was often accompanied by
deterioration in the prediction of other sensor observations. The set of
sensitivity calculations has contributed to a better understanding of the
phenomenon and it has highlighted its high degree of complexity.
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Modelling the spherical gas flow test using precisely the same as-
sumptions and parameters calibrated in the axial gas flow test has re-
sulted in a very good simulation of the experiment, suggesting that the
developed formulation has a potentially wide range of applicability.
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