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Abstract

Gas migration through a potential host clay formation for the geological disposal of
radioactive waste in Belgium is experimentally investigated in the laboratory, and
numerical modelling is performed to help in the interpretation of the results. Selected
air injection tests under oedometer conditions on initially saturated Boom Clay samples
with oriented bedding planes are presented in the paper. Priority in the experimental
programme was given to the study of the deformation response along the injection and
dissipation stages, as well as to the analysis of the pore network changes, which detect
the opening of fissures that can act as preferential air pathways. The experimental
results were simulated using a fully coupled hydro-mechanical finite element code,
which incorporates an embedded fracture permeability model to account for the
simulation of the gas flow along preferential pathways. Clay intrinsic permeability and
its retention curve were assumed to be dependent on strains through fracture aperture
changes. The numerical results could reproduce upstream / downstream pressures,
outflow volume and soil volume change accurately. The experimental results,
combined with the numerical simulation, provide good insight into the role of the
volumetric response and of the bedding planes on the air transport properties of Boom
Clay samples, confirming that fracture aperture occurs during gas injection, which

eventually dominates further injection and pressure release stages.
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1. Introduction

Most of the research work performed on the Thermo-Hydro-Mechanical (THM)
behaviour of engineered barriers concerns the initial transient hydration processes under
the combined action of the water infiltrating from the host rock and the heat generated
by the canister. The experimental information concerning this transient process covers

only a short time period of the expected lifetime of the barrier.

The long-term behaviour of clay barriers has received comparatively less attention. A
significant issue in the long-term performance of clay buffers and the surrounding host
rock concerns the generation and migration of gases. Actually, in the post-closure phase
of a disposal system, gases can be produced as a result of the anaerobic corrosion of
metal canisters, radiolysis, microbial degradation of organic waste and radioactive
decay [1]. The pressure resulting from the gas generation in an almost impermeable
geological medium in the near-field of a repository will increase. Under high gas
pressures, the mechanical and hydraulic properties of the host rock and the barrier
system are expected to change significantly, which eventually may lead to the release of

the produced gases.

Belgium has been studying during the last decades the Boom Clay as a potential deep
and sedimentary clayey formation for the geological disposal of long-living and heat-
emitting radioactive waste. Research efforts have been spent on understanding gas
migration in sedimentary rocks [2, 3, 4, 5], and several laboratory and in-situ studies
have been performed on gas transport in engineering barrier systems. Within the
FORGE project [4, 5], consensus grew on the hypothesis that in such low permeability
porous media, saturated with water or close to saturation, transport of free gas occurs by
the creation of specific gas pathways, which, in turn, trigger further creation or

reactivation of discontinuities in the porous medium.

Marschall et al. [6] suggested different basic transport mechanisms depending on the
gas generation rate, based on purely phenomenological considerations. In a saturated
medium, the dominant process is diffusion and advection of dissolved gas for low gas
generation rate. A separate gas phase may develop at increasing gas generation rate, and
two-phase flow will occur if the gas pressure is higher than the gas entry pressure. At

high gas generation rate, the gas pressure may increase significantly. At constant
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confining stress, increase in gas pressure starts affecting the mechanical response of the
rock: unloading will be responsible of expansion of the clay, and eventually of its
degradation, which in turn will affect the gas migration. Micro-fissures can be generated
as a result of the high gas pressures and the relatively low tensile strength of the clay

rock. This micro-crack network can provide additional pathways for the gas flow.

In spite of the interest for long term prediction of waste disposal barriers performance in
sedimentary rocks, careful investigation of the coupled hydro-mechanical response of
sedimentary formations in relation with gas migration has not received much attention,
until recently [7, 8, 9, 10]. The latter studies showed that migration of gas in low
permeability rock formations is a rather complex phenomenon, governed by different
coupled mechanical and hydraulic processes. Specifically, intrinsic permeability,
porosity and water saturation, stress state and stress history, shear strength, strain level
and damage are all playing a role in the response, as well as the gas generation rate and
the gas pressure in the near field. Therefore, coupled hydro-mechanical experimental
tests are mandatory, in which gas migration is investigated to adequately evaluate the

long-term safety of the disposal system.

Experimental data on Boom Clay are still poor, with the exception of the results from
laboratory tests within the framework of the MEGAS project [11] and recent gas
diffusion experiments [12, 13]. To improve the knowledge on Boom Clay response to
gas migration and the predictive capabilities on the long term behaviour of Boom Clay
as host formation, a comprehensive series of air injection tests under oedometer
conditions is being performed at the Universitat Politécnica de Catalunya. Relatively
fast volume rate air injections tests (air pulse tests) have been performed to give priority
to dominant single-phase air flow mechanisms associated with the opening of stress-
dependent discontinuities, rather than on slower two-phase flow and air diffusion
mechanisms through the matrix. The tests are designed specifically on samples with
oriented bedding planes to investigate their effects on the coupled hydro-mechanical
mechanisms dominating gas migration, pressurisation and release in the clay. Contrarily
to previous works [2, 12, 13, 14, 15], volume changes are allowed in the experimental
setup, and the deformation response is analysed during air injection, air pressure

increase and dissipation.
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Particular attention is given to the change in the pore network in order to detect the
opening of fissures or discontinuities due to the air migration, by analysing the pore size
distribution (PSD) before and after the gas injection tests on data from mercury
intrusion porosimetry. The PSD data are used to show the evidence of preferential
pathways formed during gas injection and pressurisation and, to calibrate the hydraulic

laws used in the numerical simulations of the tests.

Results of finite element numerical simulations performed with the Code_Bright [16],
are compared with relevant experimental measurements. An embedded fracture
permeability model [17] was used to explain the gas breakthrough observations. The
embedded fracture permeability model allows tracking the degradation of the soil
sample under gas pressurisation (increasing gas permeability) and helps in the

comprehension of the local coupled processes dominating the response of the material.
2. Soil properties and experimental methods
2.1 Boom Clay samples

Boom Clay, which was deposited 36 to 30 million years ago during the Rupelian age
(Northwest European Tertiary Basin), is located between 160 and 270 m depth at Mol
(Belgium) in an almost horizontal layer with a slight 1-2% north-east dip. The samples
used in this study were collected at a depth of 223 m in the URL (Underground
Research Laboratory) HADES (borehole 2012/2 in the Connecting Gallery, Ring 70-71
-horizontal borehole towards the west-). The main mineralogical composition of the
Boom Clay is: 20-30% kaolinite, 20-30% illite, 10-20% smectite, 25% quartz and
feldspar. Table 1 summarises the main properties of this clay and includes the initial test
conditions, which replicate the in situ conditions. Saturated Boom Clay specimens
displayed high initial suction due to stress relief upon sampling. The total suction
measured in the laboratory was 2.5 MPa, in good agreement with the data reported in
[18, 19, 20]. Water retention data on drying are plotted in Figure 1, which allows
estimating an air-entry value of about 5 MPa (higher than the initial suction) for an
initial void ratio 0.61. The data were obtained using a dew point psychrometer, by
stepwise drying of the specimens starting from the initial suction. The data are fitted to

the van Genuchten’s equation indicated in the figure.
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To characterise the initial pore network, mercury intrusion porosimeter (MIP) tests were
performed [21]. Figure 2 presents the pore size density function — calculated based on
the intruded volume of mercury referred to volume of solids (non-wetting void ratio e,)
—, which showed a mono-modal distribution with a dominant entrance pore size of 70
nm (Figure 2). This dominant pore size is associated with an air-entry value of 4.8 MPa
(Table 1).

2.2 Experimental equipment and protocol

A high pressure oedometer cell [20] was chosen to perform the air injection tests,
because of its high stiffness and the simplicity in measuring sample volume changes.
The soil samples, 20 mm thick and 50 mm in diameter, were placed between the top and
bottom caps made of concentric stainless steel rings, which operate as coarse porous
stones allowing the injection and recovery of water and air. A hydraulic vertical piston
with a maximum capacity of 10 MPa was used to apply the vertical stress. Vertical
displacements were measured with an external LVDT. The experimental setup includes
four automatic pressure/volume controllers: besides the one for the vertical stress, one
was adopted for air injection (upstream boundary - bottom of the sample -) and two for
water (injection at upstream and recovery at downstream boundaries). The cell and

auxiliary devices are presented in Figure 3.

The oedometer tests were run with the protocol described below and depicted in Figure
4,

1. Pre-conditioning path. The main objective of this initial path was to restore the in situ
effective vertical stress after pore water pressure equalisation [22]. The pre-conditioning

path consisted into two stages:

a) water undrained loading stage up to o, =3 MPa at a rate of 15 kPa/min at

constant water content and atmospheric air pressure p, = 0;

b) contact with synthetic Boom Clay water (SBCW) at atmospheric pressure
pw=0 (synthetic water was prepared according to [23]).
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2. Hydraulic conductivity of the intact samples was determined at steady-state under a
pressure gradient of 0.1 MPa (upstream and downstream water pressures were 0.6 and

0.5 MPa, respectively) and at constant total vertical stress (o, = 3 MPa).

3. Loading stage at controlled stress rate 0.5 kPa/min to ensure drained conditions, to a
total vertical stress o, = 6 MPa at constant water pressure (0.5 MPa). This maximum
effective vertical stress (5.5 MPa) did not exceed the yield stress of the clay (around 5.6
MPa), as will be later shown. At the same time, oy is large enough to inject air at a
pressure up to 4 MPa and avoid passage of air between sample and oedometer ring

(coefficient of lateral earth pressure at rest Ko= 0.84, [24]).

4. A fast drainage of the bottom line was performed at o, = 6 MPa to replace water by

air. An initial air pressure of 0.5 MPa was applied at the upstream boundary.

5. Air injection at constant controlled volume-rate to a maximum of 4 MPa (bottom
cap). At this air pressure, the injection piston was stopped (shut-off) and air pressure
was let to decay at constant air volume of the inlet line. This maximum air pressure was
limited to 4 MPa to avoid exceeding the minor principal stress (radial stress oy in the
figure) and the air-entry value of the material (refer to Table 1). Tests at two different
injection rates were performed (namely 2 mL/min and 100 mL/min) to observe its
influence on the coupled hydro-mechanical response. The selected rates were however
relatively fast (air pulse tests), in order to minimise air diffusion mechanisms through
the matrix and to enhance single-phase air flow mechanisms through discontinuities.
During the air injection stage, the downstream lines were full of water and the controller
was kept at constant pressure of 0.5 MPa. This controlled downstream pressure
increased when the air outflow was high, since the pressure/volume controller was not
able to keep this constant pressure condition (a maximum pressure of 1.8 MPa was
prescribed by a pressure release valve).

6. Final unloading stage under undrained conditions.

After each injection test a MIP test was performed to study the changes in the pore size
distribution of the clay. Moreover, complementary reference oedometer tests were
performed, following the same stress paths but avoiding the air injection stage, so that



210
211

212

213
214
215
216
217
218
219
220
221
222

223
224
225
226
227
228

229

230

231
232
233
234
235
236
237
238

changes in the pore size distribution could be uniquely related to air injection and

transport.
2.3 Compressibility and water permeability

Figure 5 shows continuous loading results at controlled stress rate in terms of axial
strain (positive in compression) as a function of the vertical stress in the reference
oedometer tests, where the SBCW was placed in contact with the sample at a vertical
stress (3 MPa) approximately equivalent to the in situ effective stress. These reference
tests were carried out independently from the air injection tests, and included a drained
unloading path after attaining o, =6 MPa. The as-retrieved samples showed high
stiffness at the beginning, due to the high initial suction, while the stiffness decreased
after contact with the SBCW. In order to evaluate the slope of the virgin compression
curve, some of the tests were brought to stresses higher than the estimated yield stress,
which is around 5.6 MPa.

The water permeability was determined at several loading stages of the oedometer tests,
at different stress states and pressure gradients in order to establish a correlation with
the porosity of the clay. Figure 6 presents the relation between water permeability and
average void ratio. The results refer to samples in which the direction of the flow was
parallel to the natural bedding planes, of interest for this investigation, and they are in
good agreement with results reported by other authors [25].

3. Tests results
3.1 Air injection tests

Selected results of the air injection and dissipation stages at constant vertical stress are
presented in Figure 7. The figure shows the time evolution of the air injection pressure
at the upstream boundary and the outflow pressure and volume at the downstream
boundary, jointly with the average axial strain, calculated based on recorded axial
displacement. The tests were performed on two samples with bedding planes parallel to
air flow, at different injection rates, 100 mL/min and 2 mL/min. The time evolutions of
the relevant variables display similar pattern. The air pressure at the upstream boundary

increased in time from 0.5 to 4 MPa (A to B in the figure), followed by shut-off (point
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B) and dissipation at closed air injection line (B to C). The outflow volume rapidly
increased indicating the break-through time until the downstream controller was filled
(refer to the faster air injection test). At this break-through time the outflow pressure
started to increase until the maximum of 1.8 MPa limited by a release valve was
reached. Increase in injection pressure was accompanied by expansion (negative axial
strains), followed by compression strains along the dissipation stage. The first air
outflow break-through depended on the injection rate. In samples tested at 100 mL/min,
the first outflow was detected during the dissipation stage, whereas in samples tested at

2 mL/min it already occurred during the last phase of the injection stage.

Figure 8 presents the evolution of the average axial strain with a measure of the net
stress at the bottom boundary, defined as the vertical stress, o, minus the air pressure at
the bottom injection boundary, pa. The net stress at the bottom boundary, o, — p2otte™,
IS used as a “constitutive Stress variable” to provide an initial interpretation of the
deformation response of the material. Data during the air injection and dissipation
stages of the two selected tests at two volume-injection rates are presented. The
samples, kept at constant vertical stress (6 MPa) displayed some expansion during the
early air injection stage (A to B in Figure 8), which was slightly larger at the slower air
injection rate. After shut-off (point B in the figure), expansion continued in the sample
subjected to faster air injection (B to B’ in the figure) as the air pressure front
propagated into the sample, inducing the fluid pressure to increase and the constitutive
stress to decrease. After shut-off, no expansion was observed on the sample subjected to
the slower air injection rate, since the pore pressure was nearly equilibrated during air
injection. Some elapsed time later after shut-off, the air injection pressure started to
decline along the dissipation stage towards point C. Consequently, the constitutive
stress increased inducing compression on the material. The sample subjected to the
slower injection rate showed a quasi-reversible volume change response along the

dissipation stage.

Figure 9 shows a comparison of the stiffness of the soil samples during air injection
with the stiffness from data of conventional drained unloading paths (refer to Figure 5).
For the latter, the drained constrained modulus is estimated as the ratio between the
change in effective stress of samples saturated with water and the corresponding

changes in axial strain, E'y, = 8(0,, — py,)/8¢€,. These unloading results reveal that on
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saturated Boom Clay the drained constrained modulus drops considerably due to
swelling of the sample in contact with water during the drained unloading path. The air
injection stage, considered equivalent to an unloading stage of the material, was also
analysed in terms of stiffness E', = (o, — p2°tto™)/8e,. At the beginning of the
unloading stage, the constrained modulus was similar to the saturated samples, but

during the air injection process Boom Clay displayed a higher stiffness (Figure 9).
3.2 Pore size distribution changes after air tests

The previous results suggested that some changes in the pore size distribution of the
samples could take place during injection. To better investigate the consequences of air
injection, MIP tests were performed on freeze-dried samples to compare the pore
network before (intact state) and after the air tests. Figure 10 presents the pore size
density functions obtained for the intact material and after the air tests. Special care was
taken during the unloading stage under undrained conditions (after the air tests) to
prevent further expansion of the material. As indicated in the figure, a new family of
large pores, which was not detected on intact samples, was observed after the tests. This
new dominant pore size at entrance sizes larger than 2 um appeared to be associated
with the expansion undergone by the material during the air injection stage. Figure 10
also includes the pore size distribution of a sample after loading and fast undrained
unloading, which therefore followed the same loading path, but without the injection
stage. The large pores were not detected on this sample, which suggested that they were
actually related to the air injection / migration process. Two types of pore domains were
thus considered: a) small pores (micropores) associated with the clayey matrix and with
dominant pore size around 70 nm, and b) large pores (macropores) related to the
opening of fissures and with entrance sizes larger than 2 pm.

To better understand the nature of these pore domains, MIP data were interpreted in
terms of the fractal character of the porous network, admitting self-similarity of the
hierarchical void structure [21]. Figure 11 shows the fractal dimension D, of the porous
medium, obtained from the change of the intruded pore volume (non-wetting degree of
saturation, S,.,,,, Of intruded mercury referred to total pore volume) with respect to the
change in mercury intrusion pressure, p. The fractal analysis on intact material indicates

a pore domain for sizes < 100 nm with D, ~ 2 and a larger size domain (typically higher
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than 1 um) with D, ~ 3. The same pattern was found in the sample tested without the air
injection stage. Nonetheless, the fractal analysis on samples tested after the injection
tests indicates a decrease of the fractal dimension D¢ ~ 2.5 of the new family of large
pores developed. It appears that this macroporosity tends to a fissure-like structure,
consistent with the opening of fissures during the expansion undergone by the material
along the air injection stage. The visual observation after dismantling the tested samples
showed some areas drier than others in the same direction as bedding orientation. This
fact indicated the desaturation due to air passage through these fissures following the
bedding planes.

4. Numerical simulation of selected results

To provide further insight into the air injection process and on the consequences on the

deformation response, a numerical analysis was performed.
4.1 Background information

In most cases, the models used to simulate gas migration processes are based on the
concept of two-phase flow through continuous porous media. Stress-dependent porosity
and permeability are often used as a way to better reproduce rapid increase of gas flow
above a threshold injection pressure [10]. Other approaches suggest to couple explicitly
two-phase flow transport models with poro-mechanics models [26, 27] to better take
into account the role of the evolving stress field. The latter models are claimed to better
reproduce the effect of pathway dilation on gas transport at the relevant scale of the
system. The Two-Part Hooke’s Model (TPHM) has been used as a possible alternative,
which assumes that sedimentary rocks can be thought as a superposition of ‘soft’ and
‘hard’ parts [28, 29]. The model applied to a layered structure is conceived with soft
layers undergoing relatively large strains, thus showing higher permeability, and hard
layers which undergo small strains [30]. To take into account material anisotropy and
the possible presence of preferential gas transport pathways along a given orientation,
other authors used embedded fracture permeability models or added joint elements to a
continuum model [14, 31]. In many cases, the experimental data could be reproduced
reasonably well by the previous approaches for what concerns gas pressure evolution.
On the contrary, the deformational behaviour during the gas transport process has been

seldom tackled.
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In this work an embedded fracture model in a fully coupled hydro-mechanical approach
was adopted to simulate the gas injection tests. The coupled solution of the mechanical
and two-phase flow equations is performed using finite elements with Code_Bright
[16]. The adopted approach for gas and water flow through discontinuities including
mechanical interactions was described and demonstrated on some synthetic cases in
[32] and in [17], and afterwards applied to some experimental results on sand/bentonite
[15] and claystone [14].

Actually, modelling this type of tests is a challenging task and involves several aspects.
The main objective of the tests simulations is to better understand the coupled hydro-
mechanical consequences of gas flow passage through the material by analysing the

deformational response recorded in the experimental tests.

A 2D axisymmetric representation of the sample was selected. Both for the constitutive
model and the geometry of the problem simple approximations, still able to capture the
consequences of preferential path development, were made. The sample was modelled
by two zones having different hydraulic properties: the matrix and the zone of fracture
development (ZFD) in which the dominant advective flow of gas occurs. In the choice
of the latter, a single predefined central zone was chosen, renouncing to investigate the
local distribution of the fractures, but still keeping the possibility of reproducing the
global effect of the localised preferential paths on the sample response. For the matrix
and the embedded fracture zone the same mechanical parameters were chosen, but
different hydraulic models were used. Soil volume changes will be analysed.

4.2 Constitutive laws

The mechanical model adopted for the Boom Clay is the elastoplastic model BBM
(Barcelona Basic Model, [33]). To model the effects of the localised fissures along the
bedding planes (gas pathways parallel to bedding planes), a fracture development zone
is added, where the embedded fracture permeability model is applied. This hydraulic
model can take into account the variation of the intrinsic permeability and the capillary

air entry pressure with fracture aperture, which depends on strain.

The intrinsic permeability of the matrix depends on the porosity ¢ through Kozeny’s

law

13
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kmatrix(d)) = ko (1?¢)2 %éo (1)

where kg is the intrinsic permeability for the reference porosity ¢,.

In the single fracture, liquid and gas flow are computed using Darcy’s law, with the
intrinsic permeability calculated assuming laminar flow, as

bZ
kfracture =12 2

where b is the fracture aperture.

The equivalent element permeability is computed as follows

b3

keiement = Kmatrix + 12s (3)

where s is a characteristic dimension for a specific rock. This parameter, which weights
the role of the fractures on the hydraulic response, governs the constitutive functions for
permeability and capillary pressure variations. Therefore, it was chosen as fitting
parameter based on the available experimental data from water retention curve and

intrinsic permeability values.

The current aperture b can be estimated as a function of the strain & (positive when

describing expansion in the model) from
b =by+ Ab for Ab=0 (4)
Ab = sAe = s(e — &) for e>¢, (5)

Therefore the local strain results in changes in aperture. The strain perpendicular to the
fracture plane was chosen to estimate the aperture change. The threshold strain g, is
associated with fracture initiation. In this study, an existing fracture is considered with
an initial aperture b, and is assumed to be initially openat e = 0 (i.e.,g < 0and b =
by + s(—&y) > by). Normal extension will induce further aperture opening (e > &).
Unloading will imply fracture closure, but a residual aperture is expected owing to

irreversible strains.
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The variation of capillary air entry pressure caused by changes in the aperture is also

included. The capillary air entry pressure, P, necessary to desaturate a fracture is given

by

p= 20'Cb059 (6)

where o is the surface tension and 6 the contact angle.

This equation can be used directly to calculate the air entry value of the element. If Eq.
(6) is combined with Eq. (2), then the capillary air entry pressure to start desaturation is

obtained as

P= Pog\/% ()

where P,is the capillary pressure for a reference permeability k,, which eventually can

be the initial permeability.

Additional details of the embedded fracture permeability model are given in [17]. The

hydraulic equations used in the simulations are listed in detail in the Appendix.
4.3 Model parameters

Table 2 lists the mechanical parameters required for the BBM model used in the present
calculations and determined from different hydro-mechanical tests performed during
this study. This set of parameters is in accordance with those reported in [25] for Boom
Clay. Figure 12 shows the results of the numerical simulation of one of the mechanical
compression paths in Figure 5. The model is capable of reproducing the initial loading,
the swelling upon contact of the sample with the SBCW and the drained loading very

well.

For the retention properties of the matrix material the van Genuchten’s model is
adopted, while a power law is considered for both liquid and gas relative permeability
fitting the experimental data reported by [11]. Table 3 shows the hydraulic constitutive
parameters considered in the analysis. The diffusion coefficient was selected according
to [13] for samples with bedding planes parallel to the flow direction. In Figure 13 the

fitted Kozeny’s model for the intrinsic permeability changes of the matrix as a function

15
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of void ratio is shown, together with the experimental measurements for samples with

bedding planes parallel to water flow.

The required parameters for the embedded fracture permeability model were fitted by
using experimental data. An initial aperture b, = 100 nm - slightly higher than the
dominant pore mode of the matrix — was selected (Figure 2). The threshold strain, &,
and the characteristic dimension, s, were fitted so as to achieve a final capillary pressure
in the ZFD similar to the one determined by MIP after the air injection tests. The
procedure to obtain the water retention curve from MIP data is described in [21]. The
theoretical variation of the intrinsic permeability and the capillary pressure with the
selected parameters — according to Eq. (2) and Eq. (7) — is depicted in Figure 14
together with the corresponding initial and final values. The initial and the final water
retention curves of the ZFD — obtained with the initial and final value of the capillary

pressures, respectively — are in good agreement with the experimental data (Figure 15).
4.4 Boundary conditions at the injection stage

To properly simulate the test, it is necessary to include both the injection and recovery
systems in the model, which correspond to the drainage lines of the experimental set-up.
If these were not explicitly included in the numerical model, the actual injection and
outflow pressures history at the boundaries of the sample would not be properly
assigned, because the change in the density of the pressurised mass of air would be
disregarded. After the shut-off the mass of pressurised air in the upstream injection
system is significant and cannot be disregarded. Accounting for the controlling system
flexibility was achieved by adding to the model two reservoirs, which represent the
injection and recovery pistons, lines and coarse porous rings. These elements are
idealised with a porosity of 0.5 (the code cannot simulate non-porous materials), high
conductivity (permeability of 10 m?) and a flat retention curve with a very low air
entry value (P, = 0.001 MPa). The total volume of each system corresponds to the
volumes obtained from calibration tests of the equipment. The mechanical constitutive
law for these stiff elements was linear elasticity with a very high Young modulus. The
final geometry of the discretised problem is depicted in Figure 16. Null vertical
displacements at the bottom of the system and null radial displacement on the sample

lateral wall are imposed to simulate oedometer conditions.
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Before the air injection starts, the sample is fully saturated, as well as both reservoirs.
The first stage of the injection consists in replacing the water in the upstream reservoir
by air at 0.5 MPa pressure. An injection pressure ramp is then applied at the bottom of
the injection reservoir, which follows the recorded data during the test. The dissipation
stage starts once the injection pressure reached the maximum pressure of 4 MPa. The
bottom boundary becomes impermeable along this dissipation stage forcing the

accumulated air in the reservoir to flow upwards.

The pressure of the downstream pressure/volume controller is kept constant at 0.5 MPa
during the tests. This device is capable of maintaining this pressure by changing the
volume as the air flows through the sample. However, when the tank of the controller is
full, it is not able to keep the pressure anymore if the air flow continues and thus the
pressure begins to rise. In contrast, the upper reservoir in the simulation has a fixed
volume. As a result, an increase in the outflow pressure must be imposed in the
numerical model to properly model the boundary conditions. Accordingly, the pressure
boundary condition in the downstream reservoir was set constant in the first stage of the
simulation - water pressure at 0.5 MPa - and was increased up to 1.5 MPa in the last
stage. Table 4 summarises the simulation stages for the air injection.

4.5 Simulation of slower air injection test

The results of the computed injection and outflow pressure response in the ZFD (at
0.0005 mm from the axis) as a function of time together with the outflow volume and
the average axial strain along the sample height are shown in Figure 17 compared with

experimental results for the sample tested at the slower injection rate.

Figure 17a shows that the air pressure decay at the bottom of the sample during the
dissipation stage is acceptably well fitted. Good agreement is also found on the fluid
pressure at the top, computed as the maximum between air and water pressure. The
computed sample volume change represented by the average axial strain is also
reasonably well reproduced (Figure 17b). The sample at an air injection rate of 2ml/min
undergoes expansion during the injection stage followed by compression during air
dissipation. The computed results show the same expansion, while a slightly larger
compression than the measured one is predicted.
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Moreover, the time in which the outflow takes place (Figure 17¢) compares well with
the measured one. Fixing the pressure boundary conditions at the downstream reservoir
as explained above, the outflow volume, computed as the sum of water and air volumes,

fits well with the experimental measurements.

The local sample response is depicted in Figure 18, with contour plots to better
understand the influence of the embedded fracture response. Absolute gas pressure,
porosity and liquid degree of saturation are represented at three different time steps. The
first one refers to 150 minutes after the start of gas injection, the second at the end of the
gas injection (shut-off) and finally during the dissipation stage. It is worth noting that
the opening of the fracture plays an important role in terms of air dissipation. On the
one hand, only when the air pressure increased enough, the fracture opens and becomes
desaturated, allowing the air to flow. On the other hand, as the air pressure decreases
due to the outflow, the fracture gradually closes up over the time. The matrix of the clay
presents a significant delayed behaviour, as its permeability does not change as the same
rate. Moreover, it remains fully saturated after the air passage. Indeed, within the
matrix, the dominant transport mechanism is the diffusion of dissolved air. Figure 19
shows the contribution of the diffusive and advective flows in the matrix and in the ZFD
at three different elapsed times. The dominant advective flow in the ZFD is clearly
observed. The simulated vertical profiles in the ZFD of the gas and the liquid pressures
at the same elapsed times are shown in Figure 20, where the evolution of the gas
pressure front along the ZFD can be clearly appreciated.

In Figure 21 the computed local radial strains (positive in compression) show that the
oedometer constraint does not prevent local radial strains associated with the aperture of
the fracture. The local strains start developing at the beginning of the gas injection and
clearly reach their maximum in correspondence of the maximum aperture of the
fracture. The intact matrix is subjected to compressive strains which compensate the
extension strains of the ZFD. Afterwards, they decrease during the dissipation stage. It
is worth noting that the non-null radial strain at the boundary of the sample is a
numerical artefact due to calculation of strains at the Gauss points. The position of the
maximum radial displacement moves towards the external boundary during the
injection tests, and its value at the boundary is correctly null, as shown in the same

figure.

18



507

508
509
510
511
512
513

514
515
516
517
518
519
520
521
522

523

524
525
526
527
528
529
530
531
532
533

534
535
536

4.6 Prediction: faster air injection test

The parameters of the embedded fracture model were calibrated by comparison with the
slower injection test. To demonstrate the predictive capability of the numerical model,
the air injection test at 100 mL/min was simulated with the previous set of parameters,
representing a blind test. The stages of the simulation were changed to adapt them to the
faster injection as the injection stage lasted only 4.87 minutes, but keeping the same
criteria regarding boundary conditions as before (Table 5).

Figure 22 presents the computed results together with the experimental ones showing a
general good agreement. The pressure release in the simulation was slower than the
measured, and thus the average expansion axial strain is slightly higher. However, the
overall deformation behaviour is well captured, displaying some expansion at the early
injection stage which continues after the shut-off, while the air pressure front propagates
into the sample. Afterwards, during the air pressure dissipation stage, progressive
compression of the sample is well caught. The outflow volume breakthrough at the top
of the sample is well reproduced, although the amount of outflow is slightly

overestimated.
5. Concluding remarks

Experimental data are essential to provide deeper understanding of the long-term
consequences of gas flow through saturated clays such as Boom Clay. The results
presented in this paper correspond to two oedometer tests carried out with orientated
bedding planes -parallel to air flow- and different injection rates. The main focus was
given to the coupled hydro-mechanical response, tracked through the measurements of
the axial displacements during the experimental tests, and complemented with results
from numerical simulations allowing preferential paths development. Injection and
dissipation stages were examined in order to investigate the volume change behaviour
and the hydro-mechanical coupling in the gas migration process in Boom Clay, as well

as to examine the consequences of preferential path development.

The air injection tests were performed in a dedicated oedometer at a constant vertical
stress of 6 MPa, on samples with pre-defined orientation of bedding planes, parallel to

the direction of flow. The maximum air pressure was achieved by injecting air at
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constant volume rate. In order to not exceed the minimum stress (radial stress) and the
air entry value, the maximum air pressure target was 4 MPa. In the analysed tests, large
amounts of fluid volume were measured at the downstream reservoir which indicated
the break-through point was exceeded. The deformation response during the process is
fully coupled with the hydraulic process. The samples underwent expansion during the
air injection (stress decrease), and compression when the air pressure decayed (stress
increase). MIP tests allowed detecting a new family of large pores with entrance sizes >
2 um after the gas injection tests and displaying a fractal dimension that suggests a

fissure-like structure.

The results of the experimental tests, already providing better insight into the long term
behaviour of the material subjected to gas injection, can be further evaluated with the
aid of numerical analysis, which give preliminary suggestion on the local stress-strain
response of the sample in oedometer. A FE coupled hydro-mechanical code was used to
analyse the results, adopting an embedded fracture permeability model within the
continuous elements of the matrix in order to simulate the fracture opening in the
material. The initial aperture of the fracture was set based on the dominant entrance
pore size detected by MIP, and the current aperture was assumed to be governed by the
local normal strain, once this overran a threshold strain. One of the experimental tests
was used to calibrate the unknown parameters, while a second one was performed as a
blind prediction test. It is worth noted that including the upstream and downstream
reservoirs explicitly is necessary to simulate the flexibility of the experimental system
and to accomplish reliable results, by properly assigning the conditions time history at

the boundaries of the sample.

The comparison between the experimental data and the model predictions shows
encouraging agreement. The simple numerical model implemented for the analysis of
these oedometer tests provided some interesting information on the local hydro-
mechanical coupled response of Boom Clay subjected to gas formation, pressurisation
and transport. However, realistic modelling in a more general geometric configuration
can be achieved only by integrating the embedded fracture model in all the elements.
Including random permeability (or porosity) fields, like the ones proposed by Arnedo et
al. [14], would allow heterogeneity to automatically develop fracture patterns, without

the need for a pre-defined fracture zone. The experimental and numerical studies are
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569  continuing with the analysis of the influence of the inherent anisotropic structure of the
570  Boom Clay.
571
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Appendix: Hydraulic constitutive equations

Liquid and gas flows follow Darcy’s law
a0 = —K,(VP, — p,9) (8)
dq = _Kg(vpg - ng) )

where P; and P, are liquid and gas pressures, respectively, p, = p;o exp (8 (P, — Py))
(B = liquid compressibility) is the liquid density, p, is the gas density and K, = k-
k.. /Uq 1S the permeability tensor. The intrinsic permeability tensor, k, depends on the
pore structure of the porous medium. k,, is the value of relative permeability, which
controls the variation of permeability in the unsaturated regime and u, denotes the
dynamic viscosity. In this expressions, @ may stand for either [ or g depending on
whether liquid or gas flow is considered. The relative permeability of liquid and
gaseous phases depend on degree of saturation using empirical relationships. g is the

gravity vector,

The relative permeability of liquid (k,;) and gaseous (k) phases are made dependent

on S, (effective degree of saturation) according to

S1—=Sir

e = ﬁ <1 (20)
ki, = S} (generalised power law) (11)
kgr =A(1- S.)?  (generalised power law) (12)

where S; is degree of saturation, S;. and S;; are residual and maximum degrees of

saturation, respectively, and A, n and S are material parameters.

It is also necessary to define the retention curve of the materials by relating degree of

saturation with suction (s = (F, — P;) = 0). The expression selected (van Genuchten’s

model) is

-1
_ S1=Sir b i 1/1-1
Se - Sis=Sir - (1 + (PO) ) (13)
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where P, is a parameter related to the capillary pressure and A is a parameter which
controls the shape of the curve. Hysteresis effects have not been taken into account in

the analysis.
Finally, molecular diffusion of dry gas in liquid is governed by Fick’s law
i =—(@¢pSiDpDVoi (14)

where if is the non-advective mass flux of gas in liquid, 7 is the tortuosity, ¢ is the
porosity, w; is the mass fraction of gas in liquid and DJ is the molecular diffusion

coefficient of dry gas in liquid.
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723

TABLES:

Table 1. Boom Clay properties and initial conditions.

Main properties / initial conditions Symbol Value
Density of solids Ds 2.67 Mg/m®
Liquid limit W 67%
Plastic limit Wp 29%
Dominant entrance pore size from MIP 70 nm
Air-entry value from dominant 4.8 MPa
entrance pore size

Dry density Pd 1.66-1.69 Mg/m®
Void ratio e 0.57-0.61
Water content w 22.6-24.0%
Degree of saturation S, closeto 1
Total suction % 2.5 MPa
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Table 2. Parameters of the BBM model [33] used in the simulations.

Definition parameter Symbol Value
Elastic behaviour
Elastic compressibility (against mean stress changes) K 0.020
Volumetric compressibility against suction changes Ks 0.005
Poisson ratio v 0.33
Plastic and shear strength behaviour
Elastoplastic volumetric compressibility A0) 0.10
Parameters to define loading-collapse yield curve r 0.95
B 4 MPa™*
Parameter to define increase in cohesion with suction k 0.01
Reference stress P. 0.1 MPa
Slope of critical state line M 0.73
Parameter for the plastic potential a 0.333
Initial state
Initial preconsolidation stress for saturated conditions Po. 6 MPa
Lateral earth pressure at rest K, 0.84
Initial void ratio €0 0.57
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Table 3. Hydraulic parameters used in the simulations.

Definition parameter Symbol Value
Kozeny’s model

Reference intrinsic permeability Ko 4210 m?
Reference porosity b0 0.363
Embedded fracture permeability model

Reference intrinsic permeability ko 4210 m?
Reference porosity bo 0.363
Initial aperture bo 1-10" m
Threshold strain & -1-10*
Characteristic dimension S 3:10°m
Retention curve (van Genuchten’s model)

Shape function for retention curve A 0.6
Material parameter related to air entry P 10 MPa
value

Residual saturation Sh 0.2
Maximum saturation Sis 1
Liquid relative permeability

Power n 1.48
Gas relative permeability

Constant A 1
Power p 2.8
Diffusion of dissolved air

Molecular diffusion coefficient D& 5.10"° m?/s
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728  Table 4. Stages and pressure boundary conditions for the simulation of slower air

729  injection test.

Time (min) Stage Boundary conditions

i . Upstream air pressure increases up to 0.5 MPa
0-500 Replace water by air Downstream pressure constant (0.5MPa)

Upstream pressure increases from 0.5 to 4 MPa
Downstream pressure constant (0.5MPa)

Upstream boundary becomes impermeable
_______________________________________________________ Downstream pressure constant (0.5MPa)

1080-2300  Air dissipation Upstream boundary remains impermeable
Downstream pressure increases up to 1.5 MPa

730
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731  Table 5. Stages and pressure boundary conditions for the simulation of faster air

732 injection test.

Time (min) Stage Boundary conditions

i . Upstream air pressure increases up to 0.5 MPa
0-500 Replace water by air Downstream pressure constant (0.5MPa)

Upstream pressure increases from 0.5 to 4 MPa
Downstream pressure constant (0.5MPa)

Upstream boundary becomes impermeable
Downstream pressure constant (0.5MPa)

Upstream boundary remains impermeable
... __Downstream pressure increasesupto 18 MPa

S Upstream boundary remains impermeable
541.68-2000  Air dissipation Downstream pressure constant (1.8 MPa)
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734  FIGURES:

735  Figure 1. Drying branch of the water retention curve of intact Boom Clay.
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738  Figure 2. Pore size density function of intact Boom Clay samples.
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747

Figure 3. Scheme and picture of the experimental set-up. 1) Oedometer cell; 2) sample;
3) coarse porous concentric rings; 4) axial loading piston; 5) pressure/volume controller
for vertical stress; 6) air pressure/volume controller; 7) and 8) water pressure/volume

controllers; 9) LVDT; 10) acquisition system.
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748  Figure 4. Scheme of test protocols followed: 1) Pre-conditioning path: a) undrained
749  loading; b) contact with SBCW. 2) Water permeability determination. 3) Drained
750  loading. 4) Fast replacement of water by air at the bottom cap. 5) Air injection and

751  dissipation stages. 6) Undrained unloading.
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754  Figure 5. Compressibility curves including water undrained loading to in situ
755  conditions, contact with SBCW, and drained loading and unloading.
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758  Figure 6. Water permeability as a function of the average void ratio for samples

759  orientated with bedding planes parallel to flow.
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762  Figure 7. Time evolution of outflow volume, axial strain, and pressures at the injection
763  (inflow) and recovery (outflow) boundaries, for the two injection rates. A to B: air
764  injection stage; B: shut-off; B to C: dissipation stage.
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767  Figure 8. Axial strains against constitutive stress (vertical stress minus air pressure at

768  the upstream boundary) for tests at two injections rates.
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771  Figure 9. Drained constrained stiffness during the unloading paths and during the air

772 injection stages under oedometer conditions.
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775

776

777

Figure 10. Pore size distribution changes before and after air injection tests.
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778  Figure 11. Fractal analysis of the pore network before and after air injection tests.
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781  Figure 12. Computed versus measured axial strains during hydro-mechanical loading.
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784  Figure 13. Intrinsic permeability changes with void ratio together with fitted Kozeny’s
785  model.
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788  Figure 14. Theoretical variation of intrinsic permeability and capillary pressure in the

789  fracture. Initial and final values for the set of parameters indicated in Table 3.

o 10" —=
£ T e Model
x 7 O |Initial value
219" 5 O Final value
5
8 107
1 E
— p—
5 =
e 7
© 10" —
on =
£ -]
= 1
c 19
= 10 IRALL R IR N
10° 10 107 10° 10°
Fracture aperture, b (m)
© 10 <
o =
= -
o i
o 1 -
o =
> —
7 =
@ -
9 |
o
> O "o e Model
g - O |Initial value
3 - O Final value
© o.01 UL AL LI
10° 10°® 107 10° 10°
790 Fracture aperture, b (m)

791

46



792  Figure 15. Experimental water retention curves before (matrix) and after (fracture) air

793  tests together with their modelling curves.
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Figure 16. Materials and geometry for numerical simulation.
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799  Figure 17. Computed versus measured in the ZFD (at 0.0005 mm from the axis): a)
800 injection and recovery pressures; b) average axial strains; c) outflow volumes. Slower

801 air injection test.
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804  Figure 18. Simulated distribution of absolute gas pressure (left, in MPa), porosity
805 (middle) and liquid degree of saturation (right) during the air injection (=150 min), at
806  shut-off (t=245 min) and during the dissipation (=600 min).
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809  Figure 19. Diffusive and advective fluxes along the core height in the ZFD (at 0.0005
810  mm from the axis) and in the matrix (at 0.0125 mm from the axis) at air injection (t=150
811  min), shut-off (t=245 min) and dissipation (t=600 min) stages.
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814  Figure 20. Simulated vertical profiles of gas pressure, Pq, and liquid pressure, Py,
815  throughout the core height in the ZFD (at 0.0005 mm from the axis) at air injection
816  (t=150 min), shut-off (t=245 min) and dissipation (t=600 min) stages.
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819  Figure 21. Computed local radial strains and radial displacements at the mid-height of
820 the sample as a function of the distance from the symmetry axis at air injection (t=150
821  min), shut-off (t=245 min) and dissipation (t=600 min) stages.
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824  Figure 22. Computed versus measured in the ZFD (at 0.0005 mm from the axis): a)
825 injection and recovery pressures; b) axial strains; c) outflow volumes. Faster air

826  injection test.
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Highlights:

Volume changes due to gas injection and pressure release are measured

Opening of preferential paths can occur even in a constrained setup (local
strains)

Gas transport rate depends on volumetric strains and preferential path opening
Opening of fractures after gas injection is confirmed by MIP tests

Aperture changes affected the intrinsic permeability and air-entry value




