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Abstract

Clayey rocks with low permeability are investigated as a potential geological barrier for underground disposal of radioactive
waste. Subjected to thermo-hydromechanical loads, damaged zones can be created around underground structures. It is crucial
to investigate the evolution of permeability in those critical zones. In this study, an original experimental study is performed
on the Callovo-Oxfordian (COx) claystone investigated in the French radioactive waste disposal project. A cylindrical sample
is first subjected to a confining pressure, then to different values of shear stress until the creation of a planar fracture along
the height. Creep tests are conducted under the different steps of shear stress. Gas permeability is also measured during the
creep phases. Unloading-reloading steps of confining pressure are further realized to investigate the gas permeability change
of fractured sample. The correlation between gas permeability variation and fracture opening is analyzed.

Highlights

e An original direct shear test is performed in order to
investigate the creep deformation and permeability evo-
lution of sound and fractured claystone.

e The creep strain rate is not significantly enhanced by the
creation of fracture and it is mostly controlled by fric-
tional sliding along fracture surface.

e The shear sliding leads to a normal opening of fracture
leading to a significant increase of gas permeability.

e There is a clear correlation between gas permeability
evolution and fracture opening and closure.

Keywords Gas permeability - Direct shear test - Creep - Confining pressure - claystone

1 Introduction

Underground geological repository is considered as a fea-
sible solution for reversible disposal of radioactive waste.
In a number of countries, clayey rocks are selected as a
potential geological barrier. In the French project, a future
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disposal site is envisaged in the Callovo-Oxfordian (COx)
claystone in the East region of France. An underground
research laboratory (URL) has been constructed to investi-
gate thermo-hydromechanical responses of various storage
components in real conditions. A synthesis on the feasibility
evaluation of such a geological repository can be found in
Andra (2005).

In this context, oxidation of metal components can pro-
duce hydrogen gas which can diffuse through engineered and
geological barriers. An increase of gas pressure can induce
claystone cracking. At the same time, excavation of galler-
ies and boreholes can also generate damaged and fractured
zones (EDZ) (Armand et al. 2014). The existence of EDZ
can enhance diffusion of water and gas (de La Vaissiere
et al. 2015). It is, therefore, an important topic to investigate
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interactions between gas flow and claystone deformation,
damage and cracking.

A number of previous studies have been devoted to gas
flow in clay and clayey rocks. It is not our intention to deliver
an exhaustive review and only some representative works in
connection with the present one are mentioned. For instance,
coupled effects of water content, dry density and confining
pressure on gas permeability of a compacted bentonite-sand
mixture, studied as engineered barrier, have been investigated
in Liu et al. (2015a, b). Some studies have been devoted to the
characterization of gas breakthrough pressure and its correla-
tion with pore volume distribution (Song et al. 2016). Impacts
of bentonite fraction, water content and dry density on the
compaction and sealing properties of bentonite/claystone mix-
ture have been recently studied in Zeng et al. (2021). Some
authors have investigated wetting—drying cycle effects on the
COx claystone permeability and elastic modulus in Duan et al.
(2021) and Zeng et al. (2021). More classically, variations of
COx permeability during triaxial compression tests have been
characterized in terms of induced volumetric strain or damage
(Yang et al. 2010; Giot et al. 2018). Some authors have investi-
gated gas and water permeability variations of macro-cracked
COx claystone samples under hydrostatic compression (Davy
et al. 2007). Effects of creep deformation on gas permeability
of COx claystone have also been considered in Liu et al. (2016,
2018). Some authors have investigated permeability charac-
teristics of mudstone cap rock and inter-layers in bedded salt
formations (Liu et al. 2015c).

However, in most previous studies, simple and conven-
tional mechanical loading paths have been considered,
mainly including hydrostatic and triaxial compression. In the
case of fractured samples, artificial fractures were usually
generated by indirect tension loading or simply by putting
two semi-pieces together to form an interface. In real situ-
ations, rock layers are subjected to more complex loading
paths. In the context of underground cavities, compressive
stresses are dominating. Rock cracking and fracturing are
generally created by the maximum shear stress exceeding the
critical shear strength. Furthermore, the created fractures are
subjected to frictional sliding under given normal effective
stress. It is, therefore, important to investigate permeability
evolution of rock subjected to compressive shearing before,
during and after fracturing. This is the main objective of the
present study. Some experimental methods have been pro-
posed to measure the permeability of clayey soils in a direct
shear device, for instance (Terzaghi et al. 1996). However,
there are significantly differences between those previous
studies and the present one. In soils, it is relatively easy to
create a fracture and to perform shear test with the help of
classical shear box. For hard claystone, it is difficult to cre-
ate natural fracture under direct shear loading. Furthermore,
as the permeability of claystone is much lower than that
of clayey soils, the measurement of permeability requires
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a high injection pressure and then a good lateral sealing of
sample. In the present study, we shall develop an original
experimental method allowing the creation and shearing
of fracture in a cylindrical sample under a given confin-
ing stress. This method is applied to investigate deforma-
tion, fracturing and gas permeability evolution of the COx
claystone during a direct shear test. The tested sample is
first subjected to a hydrostatic stress. A shear stress is then
applied to the sample with measurement of shear strain, per-
meability before and after the creation of fracture. Several
shear creep steps are also conducted to investigate the impact
of time-dependent deformation of gas permeability. Impacts
of confining pressure unloading-reloading on gas perme-
ability variations are also investigated.

2 Material and Experimental Method
2.1 Material and Sample Preparation

The tested material is the Callovo-Oxfordian (COx) clay-
stone cored from the main level of the Underground
Research Laboratory (URL) at Bure in France operated
by the French national agency for radioactive waste man-
agement (Andra). This clayey rock is mainly constituted
of clay minerals, carbonate, quartz and some minor com-
ponents (Robinet et al. 2012). The average clay fraction is
about 40-45%, carbonate (mostly calcite) about 25-35%
and quartz about 30%. The minor minerals include pyrite
and siderite. The porosity is in the range of 14-20%. The
natural water content of drilled cores ranges between 5 and
8%. In spite of its relatively high porosity, the average field
permeability of the COx claystone is very low and ranges
from 5 x 1072% to 5 x 1072 m?, due to the small mean pore
diameter which is about 20 nm (Armand et al. 2017).
Cylindrical samples tested in this study are cored from
big cores of 300 mm in length and 78.5 mm in diameter with
the reference EST58123. It is known that the COx claystone
exhibits a structural anisotropy (Armand et al. 2017). Its
thermal, hydraulic and mechanical properties are depend-
ent on loading orientation with respect to bedding planes. A
number of previous studies have been devoted to that topic
(Zhang et al. 2012; Liu et al. 2015e; Zhang et al. 2019). In
this study, the emphasis is put on the creep deformation and
gas permeability evolution under shear loading. The effect
of anisotropy is not taken into account. Therefore, all cylin-
drical samples are cored in the perpendicular direction to
the bedding planes. The average size of samples is 40 mm
in length and 37.5 mm in diameter. According to previous
results of microscopic analysis (Robinet 2008), the average
size of mineral grains (mainly calcite and quartz) is smaller
than 100 pm and the mean pore diameter is about 20 nm.
Therefore, the size of samples seems to be large enough
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to represent a representative volume element of the COx
claystone. Two sample ends are polished and rectified to be
parallel each to other. The sample preparation is completed
with caution to minimize the alteration of water content of
cores. Sample lateral surface is protected and exposure time
to atmosphere is minimized. All samples are sealed in plastic
bags and stored in a tank filled with nitrogen at a pressure of
2 bars and under a room temperature of about 23 °C.

In the present study, only gas permeability is investigated
on partially saturated samples. All tested samples are not
resaturated or desaturated. We use a sample preparation
procedure to avoid as much as possible the modification of
initial water content of drilled cores. More precisely, for each
prepared sample, two or three small cut pieces are collected
and used for the measurement of water content. For this
purpose, the mass of each piece is weighed on a balance with
a precision of 0.001 g. It is then placed inside an oven for
being dried at 105 °C. When the mass variation between two
successive measurements in a 24 h interval is less than 0.1%,
it is assumed that the piece is fully dried. The corresponding
initial water content of sample w;;;._s0-c 1S calculated by
the following relation:

initial—20°C dried—105°C
Winitial-20°C = X 100%,

Myried—105°C M
where 1,120 15 the initial sample mass at room tem-
perature and mg;;.q_195-c 1S the dried one at 105 °C. For the
samples tested in this study, the average initial water content
is about 7.1 = 0.5%. This value is very close to the natural
water content of big cores as mentioned above.

2.2 Experimental Device and Procedure

In this study, a home-designed autonomous and auto-com-
pensated triaxial testing system is used (Liu et al. 2015d).
This one is composed of a conventional triaxial cell to apply
confining pressure, an upper pressure chamber to generate
axial force on the piston, and a flow circuit of interstitial
fluid. This system is also equipped with an auto-compensa-
tion chamber inside the upper part of the cell, which is con-
nected to confining fluid filling the main chamber. Therefore,
the application of confining pressure does not generate any
additional force on the piston. The axial force applied on the
piston generates a pure deviatoric stress which is equal to the
difference between axial and radial stresses. The axial force
and confining pressure are both controlled by two independ-
ent pressure generators.

Moreover, to conduct direct shear test on a cylindrical
sample, an original experimental device was designed and
used in this study. The objective is first to create a planar
fracture along the height of a cylindrical sample and then
to apply shear stress along the created fracture surface. A
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Fig. 1 Illustration of principal ideas for planar fracture creation and
direct shear test (Yang et al. 2017; Liu et al. 2021)

Fig.2 Picture of a COx sample fractured using the direct shear device

detailed description of the device can be found in Yang et al.
(2017) and Liu et al. (2021). The principal ideas of fracture
creation and shear test is illustrated in Fig. 1. Two especial
cylindrical discs with the same diameter as the sample are
fabricated. Each one is composed of two semi-discs made
of different materials, a soft one (A) and a stiff one (B). The
two semi-discs are placed in opposite positions at the top
and bottom surfaces of the sample. Due to a large stiffness
difference between the two semi-discs, an axial displacement
generated by the cell piston creates a shear stress along the
central plane of the sample, allowing the creation of a planar
fracture and subsequently, the application of a shear stress
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along the fracture. The axial relative displacement between
two half cylinders of the sample, measured by two LVDTs,
can be converted to the shear strain of fracture. At the same
time, the relative variation of sample diameter (/\D/D) is
measured by a self-designed circumferential strain ring, and
it can be used to evaluate the normal opening of the fracture.
In Fig. 2, one shows the picture of a COx claystone sample
containing a planar fracture created by using this specific
direct shear device. Furthermore, under both hydrostatic
and deviatoric stresses, it is possible to inject gas or water
through the interstitial fluid circuit to determine permeability
of sound or fractured sample. The whole set of system can
be placed inside a thermally controlled chamber in order to
regularize temperature throughout test. All monitoring and
measuring data are collected in an acquisition computer.

2.3 Experimental Procedure

To meet the multiple objectives of the present study, a spe-
cific experimental procedure is designed. The whole test is
composed of the following three main phases:

e Phase 1: gas breakthrough pressure of sound sample;
e Phase 2: gas permeability evolution during shear creep
test of sound sample;

e Phase 3: gas permeability evolution of fractured sample
under direct shear and confining pressure

The main test steps are summarized in Fig. 3. More detailed
descriptions of each phase are presented below.

In the phase 1, the confining pressure is first increased to
a desired value, for instance 12 MPa. Nitrogen gas is then
injected into the sample. The inlet pressure is step-by-step
raised until the gas flow is detected by a gas meter and the
gas bubbles are observed at the outlet side which is in con-
tact with the atmospheric pressure. The corresponding injec-
tion gas pressure is considered as the breakthrough pressure
of the intact sample.

In the phase 2, a direct shear creep test is performed with
gas permeability measurement. More precisely, the con-
fining stress is kept to a constant value and the gas injec-
tion pressure is maintained at the breakthrough one. With
the help of specific device presented above, shear stress is
increased to about 50% of the estimated shear strength using
a constant axial strain rate of 107°/s. By keeping the shear
stress at this level, a shearing creep step is realized until the
stabilization of axial or shear strain. Then, the shear stress is
increased to about 90% of the estimated shear strength with
the same strain rate. A second shearing creep step is con-
ducted at this shear stress level. During each shearing creep
step, gas permeability is measured. Furthermore, under the
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Fig. 3 Schematic illustration of different loading steps of a complete direct shear test with gas permeability measurement
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constant confining stress and injection gas pressure, the
shear stress is increased by controlling the axial strain rate
until the creation of a planar fracture in the sample. After
that, the shear stress is decreased to about 45% of the actual
shear strength obtained while the confining stress and injec-
tion gas pressure are kept unchanged. A post-peak shearing
creep step is realized with gas permeability measurement at
this shear stress level. After then, the shear stress is again
raised to 80% of the actual peak value to perform a second
creep step of the fractured sample always with gas perme-
ability measurement.

The phase 3 is mainly devoted to investigate the effect of
confining stress on the gas permeability evolution of frac-
tured sample. To this end, the shear stress is first completely
unloaded. The confining pressure is step-by-step decreased
to a low value, for instance 2 MPa, and the gas permeabil-
ity is measured at each unloading step. During these steps,
the gas injection pressure is continuously adjusted. If this
one becomes higher than the confining pressure, it is then
decreased accordingly. Finally, the confining stress is step-
by-step increased to its initial value and the gas permeability
is measured at each reloading step. Again, the gas injection
pressure is adjusted with respect to that of confining stress
and breakthrough pressure.

2.4 Gas Permeability Measurement

We know that gas permeability is affected by the saturation
degree of tested claystone, which can be calculated on basis
of water content, porosity and specific gravity. For simplic-
ity, in this study, the water content is used to evaluate the
saturation of sample. In this study, the steady-state flow
method is adopted for gas permeability measurement. The
gas pressure is measured by a high precision gas pressure
sensor installed at the inlet, while the injected gas volume is
measure by a high precision gas flow meter of Bronkhorst.
And the outlet remains atmospheric pressure. The steady-
state flow method is adopted. According to Darcy’s law, the
following relation is used to calculate the gas permeability:

_Q 2uLP, )
T A(p2 2 )’
A (Pin - Pout)

where k (m?) is the gas permeability, L (m) the length of
sample, A (m?) the cross-sectional area, Q (m?/s) the gas
flow volumetric rate, y the viscosity coefficient for nitrogen
(u =1.76 x 107°P, s at 20°C), P,, (Pa) the inlet pressure,
and P, (Pa) the outlet pressure taken as the atmospheric
one in this study.
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Fig.4 Loading path of confining stress, variations of gas injection
pressure and accumulated flow volume with time

3 Experimental Results and Discussion

3.1 Gas Breakthrough Pressure Under Hydrostatic
Pressure

In this study, we have selected a representative test per-
formed under a confining stress of 12 MPa. As mentioned
above, the gas breakthrough pressure under hydrostatic
stress is determined in the phase 1 of test. In Fig. 4, one
shows the loading path of confining stress and the variations
of gas injection pressure and flow volume with time. It is
found that when the injection pressure is smaller than 3.7
MPa, there is almost no gas flow through the sample, and
the accumulated gas injection volume remains negligible.
As the inlet gas pressure becomes higher than 3.7 MPa, the
flow meter detects a small value of gas flow. However, no
bubble overflow at the outlet end is observed with the obser-
vation water cup. Then, the injection gas pressure continues
to increase and the gas flow rate shows an upward trend.
When the injection pressure is close to 5.5 MPa, the gas flow
rate rapidly increases and an obvious gas flow is detected at
the outlet end of sample. Therefore, for this test, the break-
through pressure is about 5.5 MPa. However, it is impor-
tant to point out that despite all the caution taken, the tested
sample is still partially desaturated and disturbed during
drilling and preparation steps. In general, it is easier for gas
to flow through the sample than the in-situ saturated COx
layer. Therefore, the gas breakthrough pressure obtained in
the present test is probably lower than that in the real in situ
conditions.
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Fig.5 Variations of shear stress, axial and radial strains with time
during different loading steps under a confining pressure of 12 MPa
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Fig.6 Shear stress versus accumulated axial and radial strains in a
direct shear creep test under a confining pressure of 12 MPa

3.2 Shear Creep Deformation and Fracture

In the phase 2, the shear stress is step-by-step applied
between two half parts of the sample, respectively, located
under the hard and soft semi-disc. Time-dependent strains
and gas permeability are measured at different loading steps
and during creep time.

The variations of shear stress and strains with time are
presented in Fig. 5, while the accumulated strains versus
shear stress are given in Fig. 6. At the first step, the confin-
ing stress and gas pressure are kept constant, respectively,
at 12 MPa and 5.5 MPa. The shear stress is successively
raised to 50% and 90% of the estimated peak value based
on a preliminary test. Both axial and radial strains are
continuously measured. Due to the specific testing device
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presented above, the axial strain is mainly induced by the
relative displacement of the half-part of sample under the
stiff semi-disc with respect to the other part under the soft
semi-disc. Therefore, the axial strain can also be interpreted
as the shear strain induced by the shear stress. At the same
time, the radial strain is measured in terms of the relative
variation of sample diameter AD /D (positive value for con-
traction and negative value for dilation). It is found that the
axial strain is significantly larger than the lateral one. The
later remains negative during the whole duration of test. This
indicates that the applied shear stress induces a continuous
radial dilation of sample. Moreover, at each level of shear
stress, creep strains are also measured. It is observed that
at 50% of the estimated peak strength, the axial and lat-
eral creep strains of intact claystone sample remain very
small and quickly reach stationary values. The creep strains
become clearly higher when the shear stress reaches 90%.
Therefore, the creep deformation of the intact claystone sam-
ple is obviously enhanced by the shear stress level.

At the end of second creep step, the shear stress is
increased to its peak value and a planar fracture passing
through the sample is created. This operation is realized by
controlling the axial displacement to avoid the brittle failure
of sample. During this step, one observes a sudden rise of
the axial strain due to the relative sliding along the created
fracture surface. At the same time, the shear sliding also
induces a rapid increase of radial dilation strain, or equiva-
lently normal opening of fracture. This indicates that the
fracture surface is not smooth but rough due to the existence
of asperities. The shear sliding-induced normal opening is
controlled by the fracture surface roughness.

Once the planar fracture is created, the shear stress is
decreased to 45% of its actual peak value for performing the
first creep step of fractured sample. It is interesting to notice
that nearly no variation of axial and radial strains is meas-
ured during the unloading of shear stress, indicating that the
fracture is locked by the confining stress and surface friction.
During the creep period of fractured sample, compared with
that of the intact one at a similar relative shear stress level
(50%), no clear differences between two states are observed.
It seems that the presence of planar fracture does not obvi-
ously enhance the shear creep deformation. This is mainly
due to the relatively high confining stress (12 MPa) which
induces a quite important frictional resistance to the shear
creep sliding. The shear stress is finally increased to 80% of
the actual shear strength to carry out the second creep step of
fractured sample. Clearly, an accelerated creep deformation
phase is obtained. The shear (axial) strain is rapidly multi-
plied by three times. At the same time, the radial dilatation
strain is also accelerated.

For a quantitative analysis, the axial and radial creep
strains rates are also calculated and presented in Fig. 7. In
consistency with the accumulated creep strains given in
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Fig. 7 Variations of creep strain rates during different loading steps
under a confining pressure of 12 MPa

Table1 Values of peak shear strength of COx claystone in direct
shear tests under different confining stresses

Samples Confining stress Mean gas Effective  Shear strength
pressure confining stress

number  P_/MPa P,/MPa Piff /MPa Tmax/MPa

C15 6.0 0.75 5.25 7.12

Cl6 12 0.75 11.25 9.44

C17 12 2.75 9.25 9.06

Fig. 5, before the creation of planar fracture, the axial and
radial creep rates of the intact sample both increase with
the applied shear stress. The initial axial creep strain rate
is higher than that of the radial one. At the same time, the
axial creep strain rate decreases more slowly with time than
the radial one. After the creation of fracture (point B in the
figure), at 45% of the actual peak shear strength, the creep
strain rates are even slightly smaller than those of the intact
sample obtained at 50% of the estimated shear strength.
This confirms that under low shear stress and high confining
pressure (12 MPa), the creep deformation is not obviously
enhanced by the existence of fracture. However, when the
shear stress is at 80% of the peak shear strength, the creep
strain rates are amplified by several orders of magnitude,
leading to a large accumulated axial strain together with an
important radial dilation given in Figs. 5 and 6.

The shear fracture strength is also investigated. It is
noticed that for the formulation of strength criteria of materi-
als, stress invariants, such as mean stress, generalized devia-
toric stress and Lode angle, are generally used. However, for
the description of shear strength of fractures, interfaces and
joints, it is physically preferable to adopt the normal and
shear stresses defined in the local coordinates frame. Indeed,
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T = 0.4Pc + 5.1 (MPa)

44 O Experimental data

—— Linear regression
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Fig.8 Shear strength approximation of COx claystone subjected to
direct shear tests under different effective confining (normal) stresses
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Fig.9 Variations of gas permeability with time during direct shear
test under a confining pressure of 12 MPa

the shear strength of such discontinuous surfaces is usually
expressed as a function of the normal stress. In case of satu-
rated fracture, an effective normal stress is defined. In the
present study, the following method is adopted. Three direct
shear tests are performed of COx claystone samples: the first
one with a confining stress of 6 MPa and a gas injection
pressure of 1.5 MPa, the second one with a confining stress
of 12 MPa and a gas injection pressure of 1.5 MPa, and the
third one is that presented above with a confining pressure
of 12 MPa and a gas injection pressure of 5.5 MPa. Further-
more, to define the shear strength of saturated fractures in
the COx claystone, the widely used Terzaghi’s concept is
adopted to define the effective normal stress. However, as the
gas pressure is not uniform along the sample height, a mean
value is used to calculate the effective confining stress. In
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Table 1, the values of peak shear stress leading the creation
of planar fracture are reported. With these values, in Fig. 8,
the peak shear stress is plotted as a function of effective
confining pressure which can be seen as the effective nor-
mal stress applied onto the fracture. It is found that as a first
approximation, a linear failure criterion can be identified.
The values of friction angle and cohesion can be estimated
and one gets ¢ = 5.1 MPa and ¢ = 24°.

3.3 Gas Permeability Evolution Under Shearing

In Fig. 9, the evolution of gas permeability is presented. The
initial value of permeability of the tested sample is about
1.5 X 10722 m?. During the first creep step under 50% of the
estimated peak shear strength, there is no significant varia-
tion of permeability despite a small dilation of radial strain
shown in Fig. 5. When the shear stress is increased to 90%
in the second creep step, there is even a slight decrease of
gas permeability from 1.5 x 10722 to 4.3 x 1072 m?, fol-
lowed by a relatively stationary period. At the same time,
the radial strain dilation continues to slowly increase (see
Fig. 5). Such results indicate that no localized pathways are
created to enhance gas flow through the sample. The small
decrease of permeability can be due to the overall volumetric
compaction of sample due to high confining pressure. At the
end of the second creep step, the shear stress is increased to
its peak strength and a longitudinal planar fracture is cre-
ated, inducing a sudden increase of both axial and radial
strains. After then, during the first creep step of the frac-
tured sample at 45% of the actual shear strength, there is
a rapid raise of gas permeability to reach a value of about
2.5% 1072 m?, in consistency with the continuous increase
of radial strain dilation. During the second creep step of
the fractured sample at 80% of the real peak shear strength,
important fluctuations are observed around an average value
of 2.5 x 10722 m?. Despite a rapid radial dilation raise (see
Fig. 5), no significant increase of permeability is observed,
which only increases from 1.9 x 1072? to 3.2 x 10722 m?.
This can probably be a consequence of the progressive self-
sealing of fracture due to fine clay particles deposit during
shearing process, causing an increase of tortuosity. As a par-
tial conclusion, it seems that the gas permeability variation
is dominantly controlled by the creation of localized fracture
which represents a privileged pathway for gas flow. The role
of fracture in enhancing gas permeability is influenced by its
tortuosity. However, compared with a typical over-consol-
idated clay which is known to dilate during shearing, lead-
ing an increase of permeability, the deformation mechanism
and permeability evolution of hard claystone during shear-
ing under high confining stress seem to be more complex.
Indeed, the micro-structure and fracture surface morphology
are quite different between over-consolidated clay and hard
claystone. Under a high confining stress such as 12 MPa
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used in this study, shearing does not systematically induce
overall dilation. In a fractured sample, the relationship
between normal dilation (or compaction) and shear strain
also depends on fracture surface roughness. Moreover, the
correlation between gas permeability and volumetric dilation
is also more complex than for water permeability. In many
cases, the gas permeability is enhanced by different types
of privileged pathways such as thin cracks and interfaces.
And this enhancement is not systematically related to overall
dilation. Therefore, further investigations are still needed to
quantify the gas permeability evolution with stress, strain
and crack states.

3.4 Effect of Confining Stress Variation on Gas
Permeability of Fractured Sample

In the phase 3, the emphasis is put on the permeability
dependency of fractured sample on the variation of confin-
ing pressure. For this purpose, unloading-reloading cycles
of confining and gas injection pressures are realized. As
shown in Fig. 10, the confining pressure is decreased from
12 to 5.8 MPa, while the gas injection pressure is kept at
5.5 MPa. It is seen that the gas permeability remains quasi
unchanged during the first period of unloading and then sud-
denly increases by almost three orders of magnitude, from
2.5 % 1072% to 3.5 x 107" m?. This indicates that a privi-
leged flow pathway is created due to the opening of frac-
ture induced by the confining pressure decrease. After then,
both the confining and gas injection pressures are decreased,
respectively, to 2 MPa and 1.8 MPa. After a period of defor-
mation stabilization, they are step-by-step reloaded, in an
alternative manner, respectively to 12 MPa and 5.8 MPa, as
shown in Fig. 11. In the first step, the confining pressure is
raised while the gas injection pressure is kept constant, the
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Fig. 10 Permeability evolution of fractured sample during unloading
of confining pressure
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Fig. 11 Permeability evolution of fractured sample during reloading
of confining pressure
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Fig. 12 Permeability evolution of fractured sample in terms of Ter-
zaghi effective confining pressure unloading

gas permeability continuously and significantly decreases
by about three order of magnitude, from 4.8 x 1072 to
5.0 x 102> m?. During the second step, the gas injection
pressure is raised to 5.5 MPa by keeping the confining pres-
sure unchanged, there is an obvious increase of permeability,
from 5.0 X 10723 to 1.4 x 1072! m?. In the third step, the con-
fining pressure is increased again by holding the gas injec-
tion pressure at 5.5 MPa. This leads to a decrease of perme-
ability, from 1.4 x 1072! to 7.8 x 10722 m”. But compared
with the first step, the amplitude of permeability decrease is
much less important. This indicates that the gas flow paths
are largely closed by the confining pressure reloading during
the first step and not fully recovered in the second step by
the gas pressure reloading.
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Fig. 13 Permeability evolution of fractured sample in terms of Ter-
zaghi effective confining pressure reloading
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Fig. 14 Relative permeability variation versus radial dilation of sam-
ple C16 during unloading of confining pressure with a gas injection
pressure of 1.5 MPa

It is worth noticing that the confining and gas injection
pressures are alternatively changed in this phase. To investi-
gate their combining effects on the permeability variation, In
Figs. 12 and 13, we present the gas permeability variations
in terms of Terzaghi effective confining pressure (difference
between confining pressure and mean value of gas injection
and outlet pressures). One can observe an obvious correla-
tion between the permeability variation and effective con-
fining stress change. The decrease (or increase) of effective
confining pressure leads to the increase (or decrease) of the
gas permeability of fractured claystone sample.

These results presented above suggest that the gas per-
meability variation is not an reversible process during the
unloading— reloading phases of Terzaghi effective confining
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stress. This phenomenon can be related to several fac-
tors. The mechanical behavior of fractured sample under
compression is not fully elastic and plastic deformation is
produced during loading—unloading cycles. Creep strains
continuously evolve between the unloading and reloading
periods. This inelastic behavior should be taken into account
in future study when developing theoretical models for the
description of deformation and permeability variation.

Unfortunately, due to some technical troubles, the radial
dilation strain was not measured during the phase 3. It is
then not possible to provide a quantitative analysis on the
relationship between the gas permeability variation and frac-
ture dilation. However, to remediate this lack, in Fig. 14,
the relationship between the permeability change and radial
dilation during the unloading of confining pressure are
presented for the sample C16 used in the shear test with
the gas injection pressure of 1.5 MPa (see Table 1). Three
variation stages of gas permeability can be observed. This
one increases slowly with the radial dilation during the first
stage. This is probably due to the fact that the privileged
flow paths are not fully created. There is a rapid increase
of permeability in the second stage due to the significant
opening of fracture. In the third stage, the permeability con-
tinues to increase but with a much smaller rate than that of
the first stage. It is not easy to give a definite explanation
of this phenomenon. One may invoke a possible modifica-
tion of fracture surface tortuosity due to the formation of
clay particles. It is worth noticing that in the present study,
the permeability variation is interpreted only in terms of
deformation and stress state during shearing process. Other
important phenomena can significantly affect the permeabil-
ity (gas and water) evolution, in particular fracture healing
due to dissolution, precipitation and other processes. These
issues should be investigated in future studies.

4 Concluding Remarks

In this study, the creep deformation and permeability evo-
lution have been investigated on sound and fractured states
of the COx claystone subjected to direct shear loading. The
main outcomes are summarized below.

The shear strength of COx claystone is influenced by
effective confining pressure. As a first approximation, a lin-
ear shear strength criterion can be identified for the stress
range considered in this study. Under a confining pressure of
12 MPa, the gas breakthrough pressure of the tested sample
is about 5.5 MPa. This value should be smaller than that in
the real in situ conditions due to the disturbances induced
during core drilling and sample preparation.

The creep strain rate of the sound state (before creation
of fracture) is generally quite small, say less than 1x107%/s.
After the creation of planar fracture, the creep strain rate
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remain small if the applied shear stress is low with respect
to the peak shear strength, for instance 45%. The creep strain
rate is amplified by several orders of magnitude when the
shear stress is close to 80% of the peak shear strength. The
deformation of fractured sample is mostly controlled by fric-
tional sliding along fracture surface. The elastic shear strain
is negligible. The plastic and viscoplastic shear sliding leads
to an normal opening of fracture.

The initial value of gas permeability of tested sample is
about 1.5x10722m?. The variation of gas permeability of
the sound state during direct shearing is very small. The
creation of planar fracture plays the key role in the evolu-
tion of gas permeability of fractured state. This one can be
amplified by ten times during the creep steps of fractured
sample. Furthermore, the gas permeability is strongly influ-
enced by the effective confining pressure which is equiva-
lent to the effective normal stress applied onto the fracture.
The gas permeability increases when the effective confining
decreases and inversely. But the variation of gas permeabil-
ity during unloading-reloading cycles of effective confining
pressure is not entirely reversible. The permeability increase
during unloading is more important than that during reload-
ing. There is a clear correlation between the gas permeability
change and normal opening of fracture which constitutes a
privileged gas flow path. However, the gas permeability is
also significantly affected by the roughness and tortuosity
of fracture surface.

As perspectives, additional tests should be useful to
confirm the main conclusion obtained in this study. Fur-
ther investigations including microscopic analysis of shear
fracture surface are necessary to identify effects of rough-
ness, tortuosity and clay fines on gas permeability variation.
To account for real disposal conditions, thermal effects on
deformation, fracture and permeability variation of COx
claystone under direct shear condition should also be taken
into account. The fracture healing is also an important issue
to be investigated.
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