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Abstract The characterization of gas migration through low-permeability clay formations
has been a focus of R&D programs for radioactive waste disposal, which is also of great
importance for shale gas exploration, cap-rock behavior of hydrocarbon reservoirs, and CO2

sequestration. Laboratory tests have been performed on Opalinus Clay, aMesozoic claystone
that is being investigated in Switzerland as a potential host rock for the storage of nuclear
waste. The laboratory program included specific water and air injections tests, as well as
oedometer and isotropic compression tests. Undisturbed core samples have been retrieved
from a shallow borehole in the Mont Terri Underground Research Laboratory (URL) and
from a deep borehole in northern Switzerland. For the shallow cores from Mont Terri URL,
largely linear-elastic deformations associated with the gas injection test could be inferred
and the change in void ratio was accounted for by the pore compressibility. The correspond-
ing change in permeability was obtained from the results of the water tests, indicating a
log-linear relation between permeability and porosity. The derived porosity change and the
corresponding change in permeability were implemented in the standard TOUGH2 code,
which reproduced the measured gas test results using fitted water retention data derived from
laboratory measurements. Similar air injection tests performed on Opalinus Clay cores from
the borehole at greater depth showed overall similar behavior, but at lower porosities, lower
permeability values, and lower compressibility. These cases indicated nonlinear behavior
which was implemented using an effective stress-dependent porosity change and the associ-
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ated change in permeability. In addition, the anisotropy associated with the bedding planes
of the clay formation was considered by assuming different properties for “soft” and “hard”
layers to account for storage capacity for the injected gas prior to gas breakthrough. The com-
puted change in the overall porosity could be compared to the measured axial deformation
during the gas injection test and was used for calibration of the parameters describing the
relationship between the effective stress and porosity, as well as the corresponding change
in permeability and capillary pressure.

Keywords Two-phase flow · TOUGH2 code · Low-permeability clay · Gas injection ·
Deformation · Stress-dependency

1 Introduction

The characterization of gas migration through a low-permeability clay host rock for reposi-
tories is important because significant amounts of waste-generated gas mainly produced by
anaerobic corrosion of metals and degradation of organic materials are expected to migrate
from low- and intermediate-level waste (L/ILW) and high-level waste (HLW) repositories
into the surrounding host rock (Nagra 2004, 2008). In order to assess the long-term safety
of the repository, a comprehensive understanding of the relevant phenomena of gas and fluid
flow through low-permeability clay rock is required. The National Cooperative for the Dis-
posal of Radioactive Waste (Nagra), Switzerland has developed a comprehensive program
to characterize gas flow in the Opalinus Clay (OPA), a Mesozoic claystone formation and
one of the host rocks for a deep geological repository, through laboratory tests to determine
the relevant hydraulic, geomechanical and two-phase properties, and to develop appropriate
constitutive models through numerical analyses of the laboratory tests (Nagra 2009).

Understanding gas transport processes is an important issue in the assessment of radioac-
tive waste repository performance, as well as for shale gas exploration, and cap-rock behavior
of hydrocarbon reservoirs and CO2 sequestration. From the perspective of performance
assessment, the impact of gas transport on the mechanical integrity and the associated
hydraulic barrier function of the host rock needs to be evaluated. The actual gas migration
mechanisms may entail standard two-phase flow or more complex mechanisms involving
coupled two-phase geomechanical (Marschall et al. 2005) and possibly geochemical phe-
nomena. Previous investigations of gas flow in the OPA focused on estimating the gas-entry
pressures from gas tests on core samples (NAGRA 2002) and from packer tests in the Benken
borehole at a depth of about 600 m bgl (Marschall et al. 2005). Similar gas tests with preced-
ing hydrotest were carried out in shallow boreholes at the Mont Terri Underground Research
Laboratory (URL) (Marschall et al. 2003) that indicated dilatancy controlled gas flow (or
“pathway dilation”, terminology after Horseman et al. 1996). This dilatancy (expansion)
involved an increase in the pore space or microfracturing at rising gas pressures, which
resulted in an increase in intrinsic permeability.

In this study, laboratory tests onOPAcores from a shallow borehole (∼ 300mdepth) in the
Mont Terri URL and from the deep Schlattingen borehole in northern Switzerland (880 and
936 m depth) were performed by two laboratories. The Laboratory for Soil Mechanics at the
Swiss Federal Institute of Technology in Lausanne focused on water retention behavior and
geomechanical tests,which are described inFerrari andLaloui (2013) andFerrari et al. (2014).
The Department of Civil and Environmental Engineering at the Universitat Politècnica de
Catalunya (Spain) performed specific water permeability and air injection tests to determine

123



Modeling of Gas Migration Through Low-Permeability Clay Rock...

(a) (b)

Fig. 1 Schematic of the test configuration for controlled-gradientwater permeability tests and fast air injection
tests followed by recovery period at constant volume showing a the triaxial cell and pressure volume (P/V)
controllers, and b the specified conditions for the different tests (Romero et al. 2012b)

single-phase liquid and two-phase properties. Oedometer and isotropic compression tests
were performed to study rock compressibility at different stress states and water permeability
dependency on void ratio, which are described in detail by Romero et al. (2012a, b), Romero
and Gomez (2013) and Romero and Gonzalez-Blanco (2015).

The following section describes the water and air injection test configuration and the
specific results of the air injection tests performedon the shallowborehole from theMontTerri
URL. The numerical modeling of these tests was previously presented in Senger et al. (2014)
and is summarized below. The previous study focused on standard two-phase flow analyses
by using the measured injection pressures and outflow pressure responses for calibrating
the two-phase flow properties using the laboratory-derived hydraulic and two-phase flow
parameters as initial estimates for the inverse modeling of the air injection test responses
using the ITOUGH2 code (Finsterle 2007). The measured axial deformation of these test
was used to relate the inferred changes in hydraulic properties to changes in effective stress
during the different stages of the tests.

In an extension of the previous analyses, the current analyses of the air injection tests
from the deep Schlattingen borehole used an updated test configuration and took into account
explicitly the measured deformation of the core sample during the air injection tests.

2 Air Injection Tests on Shallow Cores

The air injection tests were performed using a high-pressure triaxial cell, which was specifi-
cally designed to apply isotropic confining stresses and to inject water at specified gradients or
inject air at a controlled volume rate while measuring the outflow at a downstream chamber.
The axial deformation of the low-height core samples (25 mm in height, 50 mm diame-
ter), confined by several neoprene membranes and aluminum foils, was measured with an
external LVDT transducer (no local radial transducers were installed due to experimental
difficulties with the low-height specimen). A detailed description of the experimental setup
for the different tests and analyses is given in Romero et al. (2012a, b). A schematic of the
test configuration is shown in Fig. 1.
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Fig. 2 Measuredpressures at the injection andoutflowsides togetherwith outflowdata and axial displacements
for the air injection test parallel (a) and normal (b) to bedding for shallow OPA core sample (from Romero
et al. 2012a, b)

For the water tests preceding the air injection tests, prescribed gradient conditions were
used to determine the water permeability. For water tests under different confining isotropic
stress conditions, the measured axial deformation on low-height specimen was used to esti-
mate the change in void ratio and to derive a relationship between void ratio and stress,
and the corresponding change in permeability as a function of changes in porosity. It was
assumed that end restraint effects (contact of core with testing caps) induced negligible radial
deformation in these low-height samples (only the contribution of axial strain is assumed to
reflect the volumetric strain).

The time evolutions of air injection pressure during the fast controlled volume-rate air
injection test at 100 mL/min on two shallow OPA core samples with two bedding plane
orientations (flow orthogonal and parallel to bedding) are shown in Fig. 2 together with the
pressure/volume outflow response and axial displacement. The injection pressure increased
up to about 12 and 13MPa (depending on the orientation), followed by a shut-in and recovery
period. For the flow parallel to bedding, outflow response was observed immediately after
shut-in, corresponding to a sudden drop in the injection pressure, followed by a subsequent
gradual decline. The pressure in the fixed-volume outflow chamber rapidly increased until
reaching 2 MPa, when a constant pressure was maintained through a release valve.

For the flow perpendicular to bedding, the injection pressure increased to 12 MPa and
remained relatively flat after shut-in (Fig. 2). The outflow response is significantly delayed
compared to the case with flow parallel to bedding. Only after the apparent gas breakthrough
did the injection pressure show a steep decline. This test indicated gas migration into the
sample for certain time prior to gas outflow (i.e., gas breakthrough) at an injection pressure
of 12 MPa, which is significantly below the fitted van Genuchten (1980) capillary air-entry
parameter of 18 MPa from the water retention data (Romero et al. 2012b).

The axial deformation revealed two different deformation regimes. For the test parallel to
bedding (Fig. 2a), the initial pressure increase shows axial displacement at negative values
indicating expansion. During the early period after shut-in, the pressure slightly decreased
but the axial displacement continued showing expansive response. Afterward, as the pressure
continued to decrease, the axial displacement reversed indicating compression as the effective
stress increased.

For the gas test with flow normal to bedding (Fig. 2b), the axial displacement indicated a
similar pattern, although no measurements were available during the early injection period.
During the early period after shut-in, very little change in pressure occurred, whereas the
axial displacement went negative indicating expansion. At late time, the axial displacement
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reversed as the pressure decline steepened indicating compression. The axial deformation,
reflecting the changes in void ratio, indicated that during the injection period expansion and
a corresponding increase in void ratio occurred associated with gas migration into the pore
space of the core sample and effective stress decrease due to pore pressure increase. This
expansion continued beyond the shut-in as the gas pressure front propagated into the sample
causing the fluid pressure to increase and the effective stress to decrease. At late time after
the pressure in the outflow chamber started to increase, the injection pressure declined and
the effective stress increased, indicating compression.

For the analysis of the air injection tests, the test configuration was implemented in a
numerical model using the two-phase flow code TOUGH2 (Pruess et al. 1999). In a first
attempt, the measured results in terms of permeability, porosity, and pore compressibility,
as well as the two-phase parameters derived from the water retention data were used as
initial estimates for the inverse modeling using iTOUGH2 (Finsterle 2007), assuming visco-
capillary two-phase flow. The resulting simulations could not reproduce well the observed
injection pressure responses over the entire test and outflow responses for both air injection
tests (parallel and normal to bedding). Moreover, the estimated parameters were significantly
different from those derived from the measured retention curves and from the water tests, as
described in detail in Senger et al. (2014).

A revised approach was then used taking into account the relationships between void ratio
and stresses (Romero et al. 2012a). Changes in porosity are accounted for in the standard
TOUGH2code through thepore compressibility,whereas the potential change in permeability
is not. Assuming largely linear-elastic deformation associated with the gas injection test,
the inferred change in void ratio can be accounted for by the pore compressibility. With the
confining stress kept constant at 15MPa during the air injection tests, the variation in effective
stress can be related to the variation in pressures. In TOUGH2 the effect of compressibility
is accounted for by the change in porosity (dφ) in response to a change in fluid pressure (dP)
as:

dφ = φCpdP. (1)

Figure 3a presents compressibility results on isotropic loading. The corresponding change
in permeability was obtained from the results of the water tests, indicating a log-linear

Fig. 3 a Compressibility properties during water tests, and bmeasured permeability values and porosities for
water tests at different confining stresses for cores from shallow boreholes (MT) and from the deep borehole
(SLA) (from Romero et al. 2012a, b; Romero and Gonzalez-Blanco 2015)
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Table 1 Model input parameters (shallow OPA)

Test 1a parallel Test 1 normal

Permeability: k (m2)a 1.4E−19 4.3E−20

Porosity (–)a 0.20 0.18

Pore compress. Cp(1/Pa)a Eq. (1) 2.0E−08 1.5E−08

van Genuchten: P0(Pa)b 18.0E+6 18.0E+6

van Genuchten; n (with n = 1/(1 − m)) 1.67 1.67

Res. water saturation: Sclr 0.01 0.01

Res. gas saturation: Scgr 0 0

Initial saturationc 1 1

a Measured
b Fitted to WRC using van Genuchten/Mualem model:

Pc = P0 ·
(
S−1/m
el − 1

)1−m ; Sel = Sl−Slr
1−Slr

krl = S1/2el ·
[
1 −

(
1 − S1/mel

)m]2 ; Sel = Sl−Slr
1−Slr

krg = (
1 − Seg

)1/3 ·
(
1 − S1/meg

)2m ; Seg = 1
1−Sgr

c Assumed

relation between permeability and porosity (Romero et al. 2012a, b), which is presented in
Fig. 3b.

For two-phase flow, the change in porosity/permeability also affected the capillary pres-
sure, which was accounted for by the Leverett function (Leverett 1941), given as:

PC = PC0
1√
k/k0

, (2)

where PC0 and k0 are the referencevalues for capillary pressure andpermeability, respectively.
For the revised analysis, only forward simulations were performed using the estimated

permeability from the water test (Table 1); the two-phase parameters in the van Genuchten
model (van Genuchten 1980) were fitted to the measured retention curve data and using
the same shape parameter (n) for the relative permeability functions (Mualem 1976). The
results of the simulations for the air injection tests parallel and perpendicular to bedding
planes are shown in Fig. 4. The simulation, incorporating the coupling between the changes
in porosity due to pore compressibility associated with the increased pore pressure and the
corresponding permeability changes, reproduced both the injection pressure response and
the outflow pressure response. The peaks of the outflow response are due to the fact that
the opening of the release valve at 2 MPa was arbitrarily set at a certain time after the gas
breakthrough response.

Figure 4 shows that the outflow response for the test perpendicular to bedding is signif-
icantly later than for the test parallel to bedding. That is, gas continues to migrate into the
expanding pores prior to the breakthrough response. One can assume that preferential gas
pathways are established resulting in higher gas mobility and less phase interference. This is
represented by aGrantmodel for the gas relative permeability krg (e.g., krg = 1−krl, where krl
is the water relative permeability), which produced the more rapid injection pressure decline
following the gas breakthrough.

The computed changes in permeability due to the changes in porosity within the core
during the air injection test are shown together with the pressure and permeability profiles
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Fig. 4 Simulated (dashed lines) and measured (lines with symbols) pressures for air injection tests for flow
parallel to bedding) (a), and for flow perpendicular to bedding (b) (modified from Senger et al. 2014); the
arrows note the times for the profiles in Fig. 5

Fig. 5 Computed vertical profiles of gas pressure (Pg), liquid pressure (Pl) and permeability (k) throughout
the core height (perpendicular to bedding) after 4.17 min (a) and 45 min (b)

in Fig. 5. After gas injection stopped (after 4.17 min), the gas pressure profiles indicate
the gas front migrating into the sample. The computed permeability increases from the
initial 4.3E−20m2 to 2.5E−19m2 corresponding to an increase in porosity from 0.18 to
about 0.21 which, in turn, correlates to the axial displacements, shown in Fig. 2. After 45
minutes—at about gas breakthrough—the increased permeability extends across the entire
core corresponding to the maximum expansion of the core sample (Fig. 2).

3 Air Injection Tests on Deep Cores

The air injection tests on OPA core samples from a depth of about 880 and 936 m in the
Schlattingen borehole in northern Switzerland showed overall similar responses (Fig. 6)
as those from the shallow borehole at Mont Terri (Fig. 2). Only cores perpendicular to
bedding were available from the deep borehole. Similar to the shallow analyses, a series
of complementary tests were performed preceding the air injection tests, which included
compression tests, water permeability tests and water retention measurements, as well as
mercury intrusionporosimetry before and after the air injection test. These tests and associated
analyses are described in detail in Romero and Gomez (2013) and Romero and Gonzalez-
Blanco (2015).

The air injection tests in Fig. 6 were performed under isotropic stress conditions of 15
MPa for cores samples at two different depths of 880m and 936m. Compared to the air
injection tests on the shallow cores, the procedure of the deep tests was updated to measure
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Fig. 6 Measured pressures at the injection side and outflow volumes at the downstream side together with
axial displacements for the air injection test perpendicular to bedding for deep OPA core samples at 880 and
936m (from Romero and Gomez 2013, and Romero and Gonzalez-Blanco 2015)

the actual outflow volume increase instead of the pressure increase which was limited to a
maximum of 2 MPa. Even though the overall response was similar, the test on the deep cores
indicated a significantly later outflow response (only after more than 100 min) compared to
the shallow air injection test (Fig. 2). Also, the injection pressure following shut-in showed
a more distinct decline, indicating gas flow into the sample. That is, the injected gas has to
accumulate in the core until outflow response occurs.

The axial deformation of the deep cores (Fig. 6) shows a similar response as those from the
shallow cores (Fig. 2). However, the compressibility from the compression tests and initial
porosity is much lower for the deep core samples than for the shallow core samples (Fig. 3).
Potential non-reversible changes in the pore volume were indicated by the measured pore
size distributions before and after the air injection tests, changing to a bimodal pore size
distribution after the tests with new “pores” having two orders of magnitude higher entrance
pore size (Romero and Gonzalez-Blanco 2015).

Table 2 summarizes the properties of the deep OPA core sample, indicating also higher
suctions with a fitted van Genuchten parameter P0 of 34 and 49 MPa (Romero and Gomez
2013; Romero and Gonzalez-Blanco 2015). This information together with the additional
parameters is used as input for the numerical modeling described below.
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Table 2 Model input parameters
(deep OPA)

OPA 936m (normal)

Permeability: k (m2)a 3.3E−21

Porosity: φr (–) a (φo) Eq. (3) 0.1 (0.125)

Pore compress. Cp(1/Pa)a Eq. (1) 1.0E−09

van Genuchten: P0(MPa)b 34/49

van Genuchten; nb 1.58/2.05

Res. water saturation: Sclr 0.01

Res. gas saturation: Scgr 0

Initial saturationc 1

Coefficient: α(1/Pa) (soft) Eq. (3) 1.0 (0.8)

Factor for k − φ: c Eq. (4) 20

Enhancement factor for kg 50
a Measured, b Fitted to WRC,
c Assumed

4 Modeling Approach

The observed responses from the deep core sample suggest more complex phenomena of gas
migration through the clay implying nonlinear behavior associated with pathway dilation
(new “pores” detected by mercury intrusion porosimetry after the gas tests).

For this analysis, the layering of the OPA is explicitly implemented by alternating layers
of different material properties, allowing the soft layer to deform more than the stiffer layer,
similar to the two-part Hooke’s model described in Liu et al. (2009) . This allows preferential
gas migration into “softer” interlayers having somewhat higher porosity and correspondingly
enhancing permeability before migrating to the next interlayer. The gas migration front in
the axial direction is thus retarded and provides greater storage capacity for the observed gas
flow into the sample prior to gas breakthrough.

For this study, the potential changes in hydraulic properties are described as a function of
effective stress, using the empirical function given by Rutqvist et al. (2002):

φ = φr + (φ0 − φr) e
−ασ ′

(3)

where φ0 is zero effective stress porosity, φr is the residual porosity at high effective stress,
and the exponent (α) is a rock parameter that is used to represent the “stiff’ layer (α = 1)
and the soft layer (α < 1). Values of parameters are indicated in Table 2.

For relating the change in porosity to permeability, the exponential function given by
Rutqvist et al. (2002) is used:

k = k0e
c
(

φ
φ0

−1
)

(4)

where k0 is the initial reference permeability and c is a rock specific parameter (refer to
Table 2).

In terms of the implementation in the TOUGH2 code, the change in porosity is computed
from the effective stress that is determined from the simulated pressure and the confining
stress:

σ ′ = σT − P (5)

where the confining stress is constant (σT = 15MPa), and the pressure P represents the
gas pressure under two-phase conditions and the liquid pressure under single-phase liquid
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Fig. 7 Injection pressure, effective stress and computed porosity for two different values of α = 0.8 (a) and
α = 1.0 (b) based on Eq.3 (top) and corresponding permeability based on Eq. 4 (bottom), representing the
maximum changes at the upstream boundary of the core

conditions. The potential impact of two-phase conditions with high capillary suction on the
effective stress as described in Nuth and Laloui (2008) is not considered.

The standard TOUGH2 code considers a pressure-dependent permeability to account for
the effect of gas slippage through the Klinkenberg function, which describes the change in
gas permeability as a function of pressure for a given Klinkenberg parameter b, given as:

kg = kg0

(
1 + b

P

)
(6)

This function was modified in previous approaches for implementing pressure-dependent
permeabilities to account for pathway dilation associated with microfracturing in clay mate-
rial (Calder et al. 2006; Senger et al. 2008). In the current study, the permeability change is
related to the change in porosity (Eq. 4), which in turn is dependent of the effective stress (Eq.
3). Both equations were implemented as a separate option in TOUGH2, whereby both gas
and liquid (or intrinsic) permeability can be considered. In addition, the permeability change
can be assigned to different directions, allowing for anisotropy in the resulting permeability
change.

Figure 7 (top) shows the effective stress response computed from the measured injection
pressure and the confining stress of 15MPa. The computed porosity as a function of effective
stress assumed a parameterα = 0.8 and 1.0 Pa−1 for the “soft” and “stiff” layers, respectively
(Table 2). The computed porosity shows a steep increase when the peak injection pressure
and lowest effective stress is reached (Fig. 7 top), which compares to the volume expansion
indicated by the steep axial displacement (Fig. 6). The observed axial displacement is directly
related to the pore volume increase defined by the change in porosity due the increase in the
pressure and corresponding decrease in effective stress (Eq. 3).

The corresponding change in porosity and permeability as a function of effective stress
(Fig. 7, bottom) shows an exponential increase with decreasing effective stress. The perme-
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ability in Fig. 7 (bottom) depends largely on the coefficient (c) in Eq. (4) (refer to Table 2). As
used in the previous modeling, the change in permeability results in a change in the capillary
pressure using the Leverett scaling (Eq. 2). In addition, a separate enhancement factor for gas
permeability is specified (refer to Table 2), which can be assigned to the different Cartesian
directions. With these options, the enhanced gas permeability following breakthrough can be
more realistically represented. As described above, the previous modeling of the air injection
test for the shallow core samples oriented normal to bedding required a change in the gas
relative permeability following gas breakthrough to account for higher gas mobility, which
was represented by the Grant relative permeability (Fig. 4).

Compared to the previous air injection tests on the shallowOPAcores (Fig. 2, the boundary
condition on the outflow was changed. In order to directly simulate the volume increase, a
relatively high pore compressibility was assigned to the element representing the outflow
chamber. Any mass flow of water and gas into the outflow chamber and corresponding
pressure increase is represented by an increase in porosity according to Eq. (1), which can
be converted to a volume increase for comparison with the measured volume increase in the
outflow chamber. The outflow chamber was represented by a single element in the numerical
model with a given volume based on the measured volumes of the outlet lines and the initial
volume of the outflow chamber reported in Romero andGonzalez-Blanco (2015). The change
in porosity from the initial value of 1 can be calculated (Eq. 1) based on the pressure increase
and a value for the pore compressibility representing the outflow chamber. In order to prevent
the pressure in the outflow chamber to significantly increase, the pore compressibility has to
be set to a large value (Cp = 1.0E−5 Pa−1).

5 Simulation Results Using Random Heterogeneous Permeability

In order to account for some variability in hydraulic properties of the core sample, the core
was represented by a two-dimensional vertical cross-section model corresponding to the
height (25 mm) and diameter (50 mm) and where the thickness was adjusted to yield the
volume of the core sample. A two-dimensional random heterogeneous permeability field was
generated to reproduce the typical variability of the Opalinus clay (Papafotiou et al. 2011),
with a geometric average permeability of 3.3E−21m2 corresponding to the measured value
from the water test at 15 MPa confining stress (Table 2). The heterogeneous permeability
field is shown in Fig. 8 in terms of log-permeabilities, corresponding to a log10(kavg) of
− 20.48(kavg in m2) and a standard deviation of 0.18. Because of the relatively small range
in measured porosities of the deep core samples (Fig. 3), a uniform initial porosity of 0.1
was used for both soft and stiff layers. The high-permeable top layer in Fig. 8 represents the
high-porosity disk which is connected to a single element representing the outflow chamber.
Initial conditions in the core and in the outflow line and chamber are fully water saturated
at an absolute pressure of 0.6 MPa. The inflow chamber and inflow lines are air filled at
an initial pressure of 3 MPa, and a constant injection rate of 100mL/min was applied by a
mechanical piston to the injection chamber.

For the soft interlayers, the porosity increase was calculated using an ‘α’ parameter of
0.8 Pa−1, compared to the stiff layers for which the parameter was set to 1.0 Pa−1 (Table 2 and
Fig. 7). The increase in permeability for both layers was for both gas and liquid permeability.
In addition, an enhancement factor for the gas relative permeability was also considered to
account for the higher mobility when a gas path has developed (Table 2), but only parallel to
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Fig. 8 Two-dimensional random permeability field (Log-k) based on a geometric average permeability of
3.3E−21m2

bedding. This represented a permeability increase throughmicrofracturing parallel to bedding
which was expected to be air filled, due to the decrease in capillary pressures.

The results for this simulation are shown in terms of time evolutions of the simulated
pressures at the injection chamber and outflowchamber (Fig. 9a), air inflow rates at the bottom
of the core, and outflow rates of air and water at the top of the core (Fig. 9b), as well the axial
displacement (Fig. 9c) and outflowvolume (Fig. 9d). The simulated injection pressures follow
the measured pressure during the constant-rate injection phase. However, after the shut-in,
the simulated injection pressures remained nearly constant to about 1,000 minutes when the
injection pressure started to decrease with a similar slope (in semilog scale) as the measured
pressure but at a higher pressure level (Fig. 9a). The simulated outflow pressure showed only
a small increase, which allowed computing the porosity increase and corresponding volume
increase in the outflow chamber for comparison with the measured outflow volume increase
(Fig. 9d). The measured outflow volume was converted to an equivalent volumetric rate for
comparison with the simulated flow rates of air and water out of the core sample (Fig. 9b). In
addition, the flow rate of gas into the core sample following the shut-inwas estimated from the
measured injection pressure decline, based on the ideal gas law given the remaining volume
in the injection chamber. The derived flow rates show relatively large variations due to the
variation in the measured pressure responses, and are only used for a qualitative comparison
with the simulated flow rates.

The simulated flow rate of air into the core sample indicates a steep increase to a peak
of about 1.E−7 kg/s at shut-in followed by a steep decline to about 1.E−9 kg/s after 100
minutes.Whereas the peak rate compares to the early injection rate into the sample calculated
from the pressure decline after the shut-in, the subsequent flow rate significantly underes-
timated the measured rate. In comparison, the simulated outflow rates show similar pattern
at later time, whereby the flow rate calculated from the test outflow volume represents a
volumetric rate of the air–water mixture, whereas the simulation shows mass flow rates of
air and water (Fig. 9d). The computed and measured outflow volumes are in the same range,
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Fig. 9 Simulated and measured injection pressures (a), simulated and calculated flow rates (b), calculated
and measured axial displacement (c), and calculated outflow volume increase for comparison with measured
outflow volume increase (d)

except at late time where the computed volumes indicate a steeper increase, which can be
related to higher injection pressures at late time compared to the measured pressures.

The computed porosity changes of the core sample and corresponding axial displacement
reproduce the overall pattern in terms of volume expansion following the shut-in reason-
ably well; however, the early steep expansion could not be reproduced and the late time
compression occurs slightly earlier (Fig. 9c).

The overall system response is depicted in more detail in Figs. 10 and 11 in terms of the
spatial distribution of the different variables and at two different elapsed times. Figure 10
shows the simulated porosities, permeabilities and gas saturations after 300 minutes. The
simulated porosities (Fig. 10a) show the layered pattern with higher porosities in the “soft”
layers represented by the value of α = 0.8 Pa−1 (Table 2) according to Eq. 3. The correspond-
ing permeability increase is shown in terms of “liquid” permeability and “gas” permeability
in Fig. 10c, d, indicating the significantly enhanced gas permeability, which is mostly in the
horizontal direction corresponding to microcracks parallel to bedding in the “soft” layers.
The vertical extend of the gas permeability distribution indicates the gas front in the core
sample. The resulting gas saturation distribution shows the changes primarily in the soft
layers associated with the increased porosity and particularly with gas permeability increase
(Fig. 10b).

The simulation results after 3000 min are shown in Fig. 11, with gas saturations (a)
and gas pressures (b), and computed gas flow velocities in terms of magnitude and flow
patterns (c) and (d), respectively. The gas saturations show the heterogeneous distribution
associated with the underlying permeability variations, which was enhanced by the porosity
and corresponding permeability increases. The gas saturations in the top layer of the model
indicate preferential outflow locations of gas flow. These locations may correspond to the
observed spotted pattern observed at the top surface of the core sample after dismantling
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Fig. 10 Simulated distribution of porosity (a), gas saturation (b), liquid permeability (c) and gas permeability
(d) after 300 min

Fig. 11 Simulateddistributionof gas saturation (a), gas pressure (b), andgasflowvelocities (c),with computed
gas flow vectors (d) after 3000 min

(Romero and Gonzalez-Blanco 2015). Even though the gas pressure gradient is relatively
uniform upward, the gas flow vectors show large variability in direction (Fig. 11d).
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Fig. 12 Computed axial displacement and outflow volume based on simulation using the lower capillary
strength parameter of van Genuchten P0 = 34MPa

6 Discussion and Conclusions

The implementation of an effective stress-dependent porosity and corresponding permeabil-
ity change can be used to reproduce the overall pattern of themeasured injection pressure- and
outflow responses, as well as the measured axial displacement. The approach used required
representing the bedding of the Opalinus claywith alternating soft and stiffer materials allow-
ing for different degrees of changes in porosity and permeability and associated anisotropy,
particularly for the gas permeability. However, the model could not reproduce the gradual
pressure decline following the shut-in and the steep increase in the axial deformation at peak
injection pressure.

Themeasured axial displacement constrains themagnitude ofmaximumporosity increase,
which can be controlled by the α and φ0 parameters in Eq. (3). The simulation results used
a value φ0 = 0.125, representing the maximum porosity at zero effective stress. As shown
in Fig. 6, smaller α values (soft layers) result in greater porosity increase. It can be shown,
that the steep increase in axial displacement can be reproduced by increasing φ0 to 0.15.
However, this would significantly overestimate the maximum displacement at late times. The
implemented anisotropy in gas permeability is required for themodel to reproduce the delay of
the outflow response. Romero and Gonzalez-Blanco (2015) showed some desaturation at the
injection surface suggesting that some fissures were created in the near surface providing air
pathways into the sample. This was indicated by theMIP measurements that were performed
on the core samples after dismantling, which showed a significant shift of the water retention
curve to lower saturations compared to the MIP prior to the air injection test (Romero and
Gonzalez-Blanco 2015). Such fissures perpendicular to bedding near the injection surface
could account for enhanced gas flow that would induce a greater pressure decline following
shut-in.

The presented simulation case in Figs. 9, 10 and 11 used the higher vanGenuchten air-entry
parameter of P0 = 49MPa (Table 2), which produced a better fit of the axial deformation
than when using the lower value of 34 MPa. This is better observed in Fig. 12 with a lower
P0 = 34MPa, which induced an earlier peak in the axial displacement and a somewhat
earlier outflow volume response compared to that shown in Fig. 9. With all other parameters
the same, the capillary effects do affect the propagation of the gas front through the sample
and the corresponding deformation associated with the changes in porosity and permeability.

The detailed analyses of laboratory experiments on Opalinus Clay cores were used to
develop and refine a conceptual and numerical model for simulating two-phase flow of gas
through a low-permeability clay formation. The air injection tests complemented by isotropic
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compression tests, water permeability and water retention measurements provided consistent
data sets, which are enhanced by themeasured displacement during the air injection tests. The
air injection test responses for the shallow OPA cores could be reasonably well reproduced
assuming standard two-phase flow accounting for the change in porosity associated with the
measured pore compressibility and for the change in permeability and capillary pressure. The
results of the air injection tests of the deep OPA cores indicated overall similar behavior in
terms of pressure responses and measured axial displacement as the shallow cores. However,
the implied changes in porosity and permeability requiredmore complex processes associated
with the creation of additional pore space through pathway dilation. The implementation of
effective stress-dependent porosity/permeability changes accounting for the layered structure
of the Opalinus Clay assuming soft interlayers could reasonably well reproduce the overall
hydraulic and geomechanical response. Refinement of the models to improve the fit include
accounting for fissures normal to bedding at the injection surface to allowpreferential gas flow
into the sample following shut-in. Furthermore, the potential initial anisotropy of permeability
and porosity may need further examination.
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