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a b s t r a c t

Characterisation and understanding of the stressestrainepermeability behaviour of a clay host rock
during damage and recompaction are essential for prediction of excavation damaged zone and for
assessment of its impact on the repository safety. This important issue has been experimentally studied
in triaxial compression tests on the Callovo-Oxfordian clay rock in this study. The samples were
sequentially loaded by (1) hydrostatic precompaction to close up sampling-induced microcracks, (2)
applying deviatoric stresses to determine damage and permeability changes, and (3) recompression
along different loading paths to examine reversibility of the damage. The critical stress conditions at the
onset of dilatancy, permeability percolation, failure strength, and residual strength are determined. An
empirical model is established for fracturing-induced permeability by considering the effects of con-
nectivity and conductivity of microcracks. The cubic law is validated for the variation of permeability of
connected fractures with closure. The experiments and results are also presented and discussed.
� 2016 Institute of Rock and Soil Mechanics, Chinese Academy of Sciences. Production and hosting by

Elsevier B.V. All rights reserved.
1. Introduction

Excavation of underground openings leads to a redistribution of
the rock stress, particularly to a high concentration of deviatoric
stresses in the surrounding rock where radial stresses are
decreased. This results in fractures and permeability increase in the
near-field if the damage and failure criteria of the rock are violated.
As observed in the Underground Research Laboratories (URLs) at
Mont Terri in Switzerland (Bossart et al., 2004; Blümling et al.,
2007) and at Bure in France (Armand et al., 2014), the excavation
damaged zone (EDZ) in the Opalinus and Callovo-Oxfordian argil-
laceous formations is developed near drift walls and the perme-
ability increases over several orders of magnitude. However,
reconsolidation of the EDZ can be expected due to convergent
compression of the surrounding clay rock, the increasing resistance
of the backfill/seal materials, and additionally the water-induced
swelling of clay minerals into fracture interstices. For reliable pre-
dictions of the EDZ development and for an assessment of its
impact on the long-term safety of a radioactive waste repository, it
is necessary to establish a robust database and adequate
ock and Soil Mechanics, Chi-

ics, Chinese Academy of Sci-
hts reserved.
constitutive models for description of the hydromechanical
behaviour of the host rock.

During the last decade, the hydromechanical behaviour of the
Callovo-Oxfordian and Opalinus clay rocks, which are being
investigated as the potential host rocks for radioactive waste re-
positories (Nagra, 2002; Andra, 2005), has been extensively studied
in laboratory experiments. Most of the investigations focused on
the stressestrainepermeability behaviour of the clay rocks during
the pre-failure phase (Renner et al., 2000; Zhang and Rothfuchs,
2004, 2008; Corkum and Martin, 2007; Naumann et al., 2007;
Popp and Salzer, 2007; Jobmann et al., 2010; Amann et al., 2014).
The knowledge of the pre-failure behaviour is useful for the eval-
uation of the intensity and extent of the EDZ as well as for an
adequate design of the support measures for the openings. More
important is, however, the post-failure behaviour of the damaged
host rock for prediction of the reconsolidation process of the EDZ
during the long-term post-closure phase of the repository. This
important issue has been not yet intensively investigated and so far
there are only very limited data available (Davy et al., 2007; Bock
et al., 2010; Zhang, 2013, 2015). In order to characterise the com-
plete pre- and post-failure behaviours of clay rock, a new series of
laboratory experiments has been performed on the Callovo-
Oxfordian claystone. The experiments and results are also pre-
sented and discussed in this paper.

2. Preparation and characterisation of samples

Core samples were extracted from the Callovo-Oxfordian argil-
laceous formation at the �490 m main level of the Meuse/Haute-
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Marne URL (MHM-URL) in France. The boreholes were drilled
horizontally parallel to the bedding planes. In order to prevent
desaturation and damage, the drilled cores were confined in special
cells developed by Andra (2005) and stored in a climate-controlled
room at 22 �C before testing. Cylindrical samples were carefully
prepared from the cores to a size of 70 mm diameter and 140 mm
length by cutting and smoothing the surfaces in a lathe. Because of
the high sensitivity of the clay rock to changes of the environment,
microcracks were unavoidably induced by sampling. They mostly
oriented along the bedding planes.

The samples were characterised by measurement of their
mineralogical composition and physical properties. On average, the
claystone at the sampling locations contains 27e42% clay minerals,
28e38% carbonates, 26e36% quartz and small amounts of other
minerals (Andra, 2005). The physical properties obtained from
more than 30 samples are: grain density ¼ (2.7 � 0.01) g/cm3, bulk
density ¼ (2.4 � 0.02) g/cm3, porosity ¼ (16.8 � 1)%, water
content ¼ (6.5 � 0.8)%, and degree of water saturation ¼ (90 � 6)%.
It has to be pointed out here that the disturbed samples are not
quite representative for the intact natural rock that is water-
saturated and highly-consolidated under the geologically
confined conditions. For gathering more representative data for the
intact rock, the quality of the samples has to be improved. This was
done by hydrostatically compressing the samples up to the in situ
rock stress and even higher stresses.
3. Testing method and procedure

Triaxial compression tests were carried out on the samples to
measure various mechanical and hydraulic parameters. Fig. 1 il-
lustrates schematically the test principle. The sample is inserted in
a rubber jacket and covered between two load pistons, in which
piezo-electric wave transducers are installed for ultrasonic wave
measurement to detect changes in the inner structure of the
axial load

axial load

gas injection

gas outflow

sample

H2O 
height

flow meter

burette

pressure 
pump

filter

ultrasonic P wave 
transducer

rubber
jacket

temperature 
sensor

ultrasonic P 
wave receiver

circumferential 
extensometer 

30°

Axial load

Flow meterGas outflow

Burette

Ultrasonic P wave
transducer

Filter

Heater
Rubber 
jacket

Circumferential 
extensometer

Temperature
sensor

Pressure 
pump

Gas injection

Axial load

Ultrasonic P 
wave receiver

Fig. 1. Schematic assembly of a sample in triaxial cell with measurements of defor-
mation, gas permeability, and ultrasonic wave velocity.
sample. Axial strain 31 is monitored using a linear variable differ-
ential transducer (LVDT) installed outside the cell, while radial
strain 33 is recorded using a circumferential extensometer chain
mounted around the sample. Based on the measured axial and
radial strains, the volumetric strain can be obtained by 3v¼ 31þ 2 33.
The hydraulic system allows monitoring fluid flow through the
sample in the axial direction. In the tests, nitrogen gas was injected
at the bottom at a constant pressure of 0.2MPa and the outflowwas
determined by feeding the gas at the top into a burette at atmo-
spheric pressure. To ensure gas flow through the generated frac-
tures in case they did not link the end faces of the sample directly,
two thin filter sheets were inserted between sample and jacket in
the upper and lower sections along about 1/6 of the sample length
each, which was estimated assuming a fracture inclination angle of
about 30� to the major principal stress s1. From the steady-state gas
flow, the apparent gas permeability is obtained according to Darcy’s
law for compressive media:

k ¼ 2m
poq

p2i � p2o

l
A

(1)

where k is the gas permeability (m2), q is the flow rate of the gas
(m3/s), m is the dynamic viscosity of the gas (Pa s), l is the effective
length of the sample (m), A is the cross section of the sample (m2),
pi is the inlet pressure (Pa), and po is the outlet pressure (Pa).

The tests were divided into two groups comprising at least 10
samples each for examining the repeatability of the results. Table 1
gives the test conditions and major results. A common test proce-
dure was carried out for three sequential loading stages:

(1) Hydrostatic precompaction up to 15 MPa (group I) and 20 MPa
(group II) to improve the quality of the samples, which are
equivalent to and even higher than the in situ lithostatic
stresses of 12.5e16 MPa at the sampling positions (Armand
et al., 2014);

(2) Deviatoric loading by axial compression at a rate of 10�6 s�1

and at a lateral confining stress increasing from 0.5 MPa up to
12 MPa to investigate the deviatoric stressestrain response,
damage and permeability changes of the intact claystone; and

(3) Recompression along different loading paths that are expected
in the EDZ to examine the post-failure behaviour of the frac-
tured claystone.
4. Test results and interpretation

4.1. Hydrostatic precompaction

Some typical results of the precompaction up to 20 MPa are
presented in Fig. 2 in terms of volumetric strain and gas perme-
ability versus applied hydrostatic load and unload. The stresse
strain (sme 3v) curves along loading path show that the volumetric
compaction is nonlinearly related to the hydrostatic load in the
initial stage and then follows a linear relation. The initial nonlinear
compaction is mostly attributed to the closure of the sampling-
induced microcracks that are mostly aligned with the bedding
planes in the axial direction. This becomes apparent by comparing
the local strains perpendicular ( 3t) and parallel ( 3ǁ) to the bedding
planes, as shown in Fig. 3. The strain 3t is larger than 3ǁ indicating
less resistance to compaction in the normal direction of the cracks.
The subsequent linear compaction is due to the elastic closure of
the cracks and the pores in thematrix. Additionally, the progressive
compaction at constant load indicates the viscoplastic deformation
of the inner pore structure.



Table 1
Triaxial test conditions and characteristic parameters for the stressestrainepermeability behaviour of the samples.

Test Lateral stress,
s3 (MPa)

Yield stress,
sY (MPa)

Dilatancy
threshold and
strain

Peak strength
and strain

Percolation
threshold and
strain

Gas permeabilities Stress ratios Fracture angle,
b (�)

sD (MPa) 3D (%) sB (MPa) 3B (%) sP (MPa) 3P (%) ko (m2) kf (m2) sY/sB sD/sB

Group I 1 1 11.6 14.2 18.5 15.3< 0.04 9 � 10�21 3 � 10�15 0.63 0.77 25
2 2 13.8 23 0.07 23.5 0.07 21.3> 0.04 2 � 10�20 2 � 10�19 0.59 0.98 30
3 2.5 16 23 0.29 24 0.28 14.2> 0.25 5 � 10�18 2 � 10�16 0.67 0.96 30
4 3 17.2 25 0.39 26.6 0.39 24.6> 0.38 1 � 10�16 3 � 10�15 0.65 0.94 25
5 4 12.7 19.5 23 18.5> 0.13 9 � 10�21 1 � 10�16 0.55 0.85 27
6 5 16.9 25 0.48 25.4 0.48 15.7> 0.46 8 � 10�21 1 � 10�19 0.67 0.98 25
7 6 16.5 27.5 30.9 2 � 10�20 1 � 10�20 0.53 0.89 35
8 8 21 35 0.25 36.4 0.25 2 � 10�17 2 � 10�20 0.58 0.96 25
9 8 22.6 33 0.38 33 0.38 8 � 10�16 8 � 10�18 0.68 1 35

10 10 18 30 0.41 30.7 0.4 9 � 10�19 6 � 10�20 0.59 0.98 32
11 12 20.2 34 0.65 35.1 0.65 1 � 10�20 6 � 10�21 0.58 0.97 27

Group II 1 0.5 11 17 0.13 19.7 0.09 15.1< 0.13 0.56 0.86 23.9
2 1 14.5 18.7 0.09 21.8 0.03 17.2< 0.08 1 � 10�16 1 � 10�14 0.67 0.86 25.9
3 1 13.5 23 0.37 23.5 0.36 23< 0.37 4 � 10�21 4 � 10�14 0.57 0.98 19
4 2.5 11.8 21.8 0.17 25.9 0.16 24> 0.16 3 � 10�18 7 � 10�16 0.46 0.84 23
5 3 15.5 24.7 0.44 26.9 0.43 25.6> 0.41 5 � 10�21 1 � 10�15 0.58 0.92 22
6 5 16.3 26.7 0.27 27.8 0.25 26.3> 0.23 1 � 10�22 7 � 10�17 0.59 0.96 20
7 7 17.4 27.4 0.43 28 0.43 27.9> 0.41 9 � 10�22 6 � 10�19 0.62 0.98 24
8 8 18 29.1 0.34 31 0.32 28.7> 0.33 4 � 10�22 1 � 10�21 0.58 0.94 30
9 10 22 33 0.56 34.5 0.5 1 � 10�17 8 � 10�19 0.64 0.96 29.1

10 10 21.9 32 33.1 1 � 10�20 1 � 10�22 0.66 0.97

Note: ko is the initial permeability; kf is the final permeability after fracturing; <: percolation before the peak strength; >: percolation after the peak strength; mean values of
sY/sB, sD/sB and b are 0.6, 0.93 and 27� , respectively.
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Depending on the intensity of the disturbances in the samples,
the maximum degree of compaction reached at the applied
maximum stress varies from one sample to another. The samples
that had been stored for more than one year were more disturbed
and thusmore compacted to relatively high values of 3v¼ 1e2.5% at
a stress of 15 MPa (group I), while the compaction of the other
slightly disturbed samples is lower at 3v ¼ 0.3e0.8% even at the
higher stress of 20 MPa (group II). Finally, from the data for the
unloading path, one can identify some reversible expansion due to
the elastic reopening of the preclosed cracks and pores. The
remaining compaction implies the plastic closure of the cracks.

Corresponding to the closure of the cracks, the permeability
decreases significantly by several orders of magnitude from the
initial values of ko ¼ 10�13�10�19 m2 to very low levels of
kf ¼ 10�20�10�22 m2 at a stress of 20 MPa (Fig. 2b). The more
disturbed samples (group I) showed a reduction in permeability
from ko ¼ 10�13�10�16 m2 to kf ¼ 10�18�10�20 m2 at a stress of
15 MPa. The low permeabilities did not increase significantly when
unloading back down to 1e3 MPa. This is attributed to the per-
manent closure and disconnection of the crack networks.

Even though the sampling-induced microcracks were mostly
closed up by compaction, a full recovery of the original intact state
could not be achieved. In fact, the intact claystone is practically
impermeable for advective transport of gas under the usually
encountered pressure gradients (Horseman et al., 1996; Zhang,
2015).
4.2. Deviatoric compression

The precompacted samples were deviatorically stressed at
lateral stresses of 0.5e12 MPa to examine the deviatoric stresse
strainepermeability behaviour of the claystone, particularly stress-
driven damage evolution and permeability changes. Because the
test results in both groups are well repeatable within a relatively
small scatter of about 10%, only those of the second group are
illustrated in Fig. 4 in terms of differential stress (Ds ¼ s1 � s3) vs.
axial/radial strain ( 31, 33), volumetric strain vs. axial strain ( 3ve 31),
and permeability evolutionwith axial strain (ke 31). The short stress
relaxations in some tests result from keeping the axial strain 31
constant during the measurements of permeability. After testing,
the failure patterns of the samples were examined. Fig. 5 shows
some pictures of the typical fractured samples.
4.2.1. Characterisation of the pre-failure behaviour
Fig. 6 shows a typical example of the stressestraineperme-

ability response of the claystone and a conceptual mode of crack
evolution during triaxial loading. The establishment of this mode
takes into account the micro-tomography of localised damage and
deformation made on the same claystone during triaxial loading
(Viggiani et al., 2011), and also the typical fracture pattern observed
on the samples after testing (cf. Fig. 5). The stressestraineperme-
ability behaviour may be characterised in four sequential stages:

(1) The claystone deforms relatively largely in the very beginning
of the load due to the closure of the remaining microcracks, and
then it follows a linear axial compression 31, radial extension 33
and volumetric compaction 3v until a deviation appears at a
differential stress sY. The yield point indicates the onset of
microcracking, as detected by shear wave velocity on the
Opalinus claystone (Popp and Salzer, 2007). The yield stress
recorded is about 60% of the peak failure strength sB.

(2) Further increasing the stress results in a nonlinear plastic
hardening process with an overall volume compaction. This
implies that the pre-existing and newly created microcracks
mostly keep closed during shearing (Viggiani et al., 2011). As a
result, the initially very low permeability does not change
much.

(3) When the deviatoric stress reaches a high value sD close to the
peak sB, the volume compaction changes over to dilatation due
to crack opening. Exceeding the dilatancy threshold, the
microcracks grow and propagate much faster with further
loading. Just as some of the neighbouring microcracks coalesce
to a continuous network through the sample, the permeability
begins to rise. The corresponding differential stress sP is usually
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Fig. 2. Volumetric compaction (a) and permeability change (b) of claystone samples during hydrostatic loading and unloading.
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called percolation threshold. It occurs shortly before the peak
failure at low lateral stresses s3 � 1 MPa but shortly after the
peak at high lateral stresses. So it is reasonable to assume
sP z sB.

(4) Beyond the fracture percolation during the post-failure phase at
the residual stress, the connection of the cracks results in a
spontaneous increase of the permeability, accompanied with
very small dilatancy. After the crack connectivity is sufficiently
developed, further deformation is mainly dominated by frac-
ture slipping, so that the increase of the fracturing-induced
permeability is limited.
Fig. 3. Local strains perpendicular 3t (radial) and parallel 3ǁ (axial) to the bedding
planes obtained during hydrostatically compressing a claystone sample.
The damage and the resulting permeability change are depen-
dent on the lateral confining stress. As the confining stress is
increased, the inner structure of the claystone becomes more
compacted and fracturing is inhibited. The deformation changes
progressively from brittle to ductile (see Fig. 4). Because high
confining stresses suppress the initiation, growth and propagation
of cracks, the compaction phase before the onset of dilatancy lasts
longer and the fracture percolation occurs later on at high lateral
stresses. The increased permeability is also relatively low at high
confining stresses. Generally, the critical stresses and strains at
yield, dilatancy, percolation, and peak failure increase with
increasing lateral confining stress.
4.2.2. Damage and failure conditions
These critical stresses and strains identified from the stresse

strain curves are summarised in Table 1 for each sample. It appears
that the ratios of the yield and dilatant stresses to the peak
strength are more or less constant, being independent of the
confining stress. The average values are obtained as sY/
sB ¼ 0.6 � 0.05 and sD/sB ¼ 0.93 � 0.06. As mentioned earlier, the
percolation threshold and peak failure take place almost simulta-
neously, i.e. sP z sB.

The critical stresses (sY, sD, sP, sB) are plotted in Fig. 7 as func-
tions of the lateral stress s3. The relationships can be described by
the well-known MohreCoulomb and HoekeBrown criteria. The
peak strength data are fitted by the following envelopes.

(1) For MohreCoulomb criterion, we have

sB ¼ s1B � s3 ¼ 2c tan
�
45� þ 4

2

�
� s3

h
1� tan2

�
45� þ 4

2

�i

(2)

where s1B is the axial peak failure stress; c and 4 are the cohesion
and the internal friction angle, respectively, and c ¼ 6.5 MPa and
4 ¼ 24�.



Fig. 4. Deviatoric stressestrainepermeability curves obtained on the precompacted samples at different confining stresses.
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(2) For HoekeBrown criterion, we have

sB ¼ s1B � s3 ¼
�
mscs3 þ ss2c

�1=2
(3)
where sc is the uniaxial compressive strength which is determined
to be 19 MPa, and the other parameters m ¼ 4 and s ¼ 1.

Inserting the constant stress ratios mentioned above into Eqs.
(2) and (3), respectively, obtaining the yield, dilatancy and perco-
lation boundaries is straightforward. The MohreCoulomb and
HoekeBrown criteria curves are close to each other and fit the data
of each critical stress (sY, sD, sP z sB) well. These stress boundary
conditions are helpful for characterising the state of the rock sub-
jected to any given stress state. For stresses below the yield
boundary sY, the rock behaves elastically. Above the yield boundary
but below the dilatancy boundary, sY < s1 � s3 < sD, the overall
volume is under compression without damage even though some
microcracks are created. If the dilatancy boundary is violated,
s1 � s3 � sD, the microcracks grow and coalesce with increasing
deviatoric stresses. When the stress reaches the percolation and
failure boundary, s1 � s3 � sP z sB, a crack network builds up
leading to a spontaneous increase of the permeability and to failure.

Additionally, the MohreCoulomb criterion also predicts a shear
plane angle oblique to the direction of the major principal stress s1,
i.e. b ¼ 45� � 4/2 ¼ 33�. This value slightly overestimates the
measured values of b ¼ 27� � 4�. From Fig. 5 one can see that the
development of cracks is localised along a single or a few major
shear planes, which are crossing the bedding planes at angle of
90��bz 63� � 4�. This indicates that shearing the claystonematrix
is the typical failure mode under triaxial compression conditions.

4.2.3. Permeability induced by fracturing
The fracturing-induced permeability observed in the tests

(Fig. 4) is represented in Fig. 8 as a function of the related volu-
metric strain and the applied lateral stress. The data show that (a)
the initial permeability of each sample does not change much until
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Fig. 7. Stress boundaries of yield, dilatancy, percolation and peak failure of the
claystone.
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percolation begins at the volume compaction 3P; (b) the subsequent
sudden increase in permeability is accompanied by small dilatancy
of less than 0.1%; (c) the smaller the lateral stress is, the higher the
sudden permeability increase is; and (d) the reached high perme-
ability varies very slightly with further dilatancy. The final per-
meabilities after sufficient fracturing range from kf ¼ 10�13 m2 at
s3 ¼ 0.5 MPa to kf ¼ 10�21 m2 at s3 ¼ 8 MPa. At higher lateral
stresses s3 � 8 MPa, the permeability does not change much with
dilatancy. This suggests that the cracks are highly under compres-
sion and not interconnected sufficiently to form a pathway.

The fracturing-induced permeability increase reflects the
percolation behaviour due to interconnection of stress-driven
cracks. Based on percolation theory, several percolation models
have been developed for the fracturing-induced permeability in
rocks in relation with geometry, density and distribution of
microcracks (Guéguen and Dienes, 1989; Peach,1990; Guéguen and
Palciauskas, 1994; Alkan, 2009). Contributions of the connectivity
and the conductivity of cracks to the apparent macroscopic
Fig. 8. Permeability evolution with volumetric strain at different lateral stresses.
permeability are considered in these models leading to a general
form for fracturing-induced permeability:

k ¼ kfP (4)

where kf is the ultimate permeability of the fractured rock with
fully interconnected cracks and P is the percolation probability
defining the fraction of cracks belonging to the conductive part of a
network.

The ultimate fracture permeability kf increases with decreasing
minor principal stress s3, as shown by the measured data in Fig. 9.
The kfes3 relationship can be approximated by an exponential
function:

kf ¼ ko expð � gs3Þ (5)

where ko is the permeability at theminor principal stress s3¼ 0 and
g is a parameter characterising the dilatability of the inter-
connected cracks. The values of the parameters are estimated to be
ko ¼ 3 � 10�13 m2 and g ¼ 1.9 MPa�1.

The percolation probability P can be expressed in terms of
different variables such as crack density (Guéguen and Dienes,
1989), dilatancy (Peach, 1990), and deviatoric stress (Alkan,
2009), combined with other geometric parameters of micro-
cracks. Because some of the crack parameters vary with loading
and practically are not measurable, the application of these
models is limited. Therefore, a simple model is proposed here for
the percolation probability based on the measurable parameter
dilatancy:

P ¼ 1� exp
�
� D 3D

3P

�
(6)

where D 3D ¼ j 3v � 3Pj is the dilatancy after the percolation
threshold at 3P. Substitution of Eqs. (5) and (6) into Eq. (4) gives the
final expression of fracturing-induced permeability as a function of
minimum principal stress and dilatancy:

k ¼ ko expð � gs3Þ
�
1� exp

�
� D 3D

3P

��
(7)

At D 3D ¼ 0 ( 3v ¼ 3P), it follows that P ¼ 0, which can be inter-
preted as a complete disconnection of the cracks. With increasing
dilatancy, the system of cracks tends to a full connection, P / 1 as
D 3D / N. In fact, a sufficiently high connectivity of the cracks for a
high and final permeability can develop at very small dilatancy, for
instance, D 3D < 0.1% as observed on the claystone in the tests.

The model predictions for the permeability evolution at
exceeding dilatancy are compared in Fig. 10 with the data obtained
during fracturing at different lateral stresses. It is evident that the
fracturing-induced permeability with the spontaneous increase
due to the formation of a continuous crack network and the sub-
sequent considerable slowdown of this increase with further
development of the network can be reasonably described by the
model. However, more experiments are needed to confirm the
parameters obtained here.
4.3. Recompression of fractured claystone

The post-failure behaviour of the damaged claystone was
investigated by recompressing the pre-fractured samples along
different loading paths: (a) hydrostatic compaction by simulta-
neously increasing axial and lateral stresses s1 ¼ s2 ¼ s3; and (b)
multistep deviatoric compression by increasing s1 at increased
lateral stress s3�i in several steps i ¼ 1, 2, 3, ., n.



Fig. 9. Final permeabilities reached after fracturing as a function of lateral stress.
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4.3.1. Hydrostatic recompaction
Fig. 11 shows the results of two hydrostatic recompaction tests

on the fractured samples (Nos. 3 and 7 in group II) in terms of
volumetric strain and permeability as a function of the applied load.
It can be seen that (a) the increase of hydrostatic stress closes up the
fractures and hence decreases the fracture permeability; and (b)
the subsequent unloading leads to some elastic reopening of the
fractures without significant reversibility of the permeability. It
suggests that parts of the fractures have been permanently closed
and disconnected from the pathway. The compactionepermeability
relation obtained on the stressing-fractured samples is quite
similar to that of the sampling-disturbed samples (cf. Fig. 2). The
quantitative differences are caused by different features of the
fractures such as the size, geometry, roughness, and connectivity.

4.3.2. Multistep deviatoric recompression
Supplementary to the hydrostatic recompaction, most fractured

samples were deviatorically reloaded step by step. The multistep
loading procedure beganwith a low lateral stress, at which the axial
stress was increased to achieve a sufficiently large deformation and
Fig. 10. Prediction of the fracturing-induced permeability in the claystone using the
newly formulated percolation model.
then unloaded shortly. This procedure was repeated several times
at increased lateral stresses up to 10e20 MPa. Typical results are
illustrated in Fig. 12 for three samples with different initial lateral
stresses in terms of differential stress vs. axial and radial strains
(Dse 31 and Dse 33), and volumetric strain and permeability vs. axial
strain ( 3ve 31 and ke 31).

The stressestrain curves show that (a) the post-failure behav-
iour at each elevated lateral stress is quite similar to the behaviour
under pre-failure conditions, i.e. nonlinear axial compression,
radial extension and volume compaction until the onset of dilat-
ancy at sD; (b) the stress does not increase much with strain
because further deformation is dominated by plastic sliding of the
fractures; (c) the maintaining dilatancy stress sD represents the
maximum residual stress-bearing capacity sR of the fractured
claystone; and (d) the residual strength increases with increasing
lateral stress s3.
Fig. 11. Volume recompaction (a) and permeability change (b) of the fractured samples
during hydrostatic loading and unloading.



Fig. 12. Stressestrainepermeability behaviour of fractured claystone during multistep deviatoric loading. (a) Lateral stress s3 ¼ 0.5 / 10.5 MPa. (b) Lateral stress
s3 ¼ 2.5 / 20 MPa. (c) Lateral stress s3 ¼ 10 / 16 MPa.
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The residual strengths obtained on the samples (EST34713B,
etc.) at different lateral stresses are depicted in Fig. 13. For each
individual sample, the residual strength is nonlinearly related to
the minor principal stress. This can reasonably be described by the
HoekeBrown criterion (Eq. (3)). However, the residual strength
varies from a sample to another due to different damage intensities
produced during the pre-failure stage. The relatively large band-
width of the residual strength of the damaged claystone can be
defined with the upper and lower boundaries with the obtained
respective parameters: sc ¼ 11 MPa and m ¼ 9 for the upper
boundary; sc ¼ 7 MPa andm ¼ 5 for the lower one; sc ¼ 9 MPa and
m ¼ 7 for the mean curve; and s ¼ 0 for all of them. The lower



Fig. 13. Residual strength of fractured claystone as a function of minor principal stress.
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boundary shall be applied for the residual strength of the heavily
damaged clay rock near drift walls, while the upper one for the less
damaged rock mass in the far-field.
Fig. 14. Variation in permeability of fractured claystone with volume compaction
during (a) hydrostatic and (b) multistep deviatoric loading.
4.3.3. Permeability variation with fracture closure
In correspondence with the closure of fractures or the volume

compaction of the damaged claystone before the onset of dilatancy
at each increased lateral stress, the permeability decreases. Further
deviatoric loading gives a rise in dilatancy but the permeability
does not change much. Generally, the permeability in fractured
claystone is largely determined by the amplitude and distribution
of the apertures and surface roughness of the interconnected
fractures along the flow path. Previous investigations on the same
claystone (Zhang, 2013, 2015) have shown that the relation be-
tween permeability and fracture aperture can be approximated by
the cubic law developed for fluid flow through a set of parallel
plates. It can be written in terms of permeability k as a function of
volumetric strain 3v:

k ¼ DðD 3RÞ3 ¼ Dj 3F � 3vj3 (8)

where 3F is the maximum dilatancy reached after sufficient frac-
turing, D 3R ¼ j 3F � 3vj represents the residual voids in the frac-
tures, and D is a parameter characterising the rock state after
fracturing, D ¼ kf= 33F . As the residual fracture void tends to zero,
D 3R / 0, the fracture permeability disappears.

Fig. 14 shows a comparison of the predicted permeability based
on the cubic law and themeasured permeability as a function of the
residual volumetric strain during the hydrostatic and multistep
deviatoric compressions. The parameter D is derived from the
measured 3F and kf data to lie in the range of 7 � 10�10 m2 to
1 � 10�7 m2. A satisfactory agreement between the model and the
data can be stated for the compaction phases during the deviatoric
loading. However, there remain also some quantitative differences.
Obviously, more experiments are needed to confirm the data and to
validate the model for low fracture voids of 3R < 0.1% and low
permeabilities of k < 10�17 m2, where an increasing degree of
disconnection of the fracture network and thus a rapid decrease in
permeability are expected.
5. Conclusions

The complete pre- and post-failure stressestrainepermeability
behaviour of the Callovo-Oxfordian claystone was experimentally
investigated with measurements of deformation and gas perme-
ability during damaging and recompressing the samples. The
claystone behaves elastoplastically with an overall volume
compaction until the onset of dilatancy at a high stress. Closely as
the peak stress is reached, a single or a few shear fractures is
created leading to a spontaneous increase in permeability and to
failure. The damage and failure are suppressed under high values of
the minor confining stress. After failure, the claystone still pos-
sesses a certain residual strength depending on the damage in-
tensity and the minor confining stress. When the minor principal
stress is increased again, the fractures tend to be closed.

The permeability variations of the claystone with damage and
recompaction can be approximated by an empirical model:
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k ¼
8<
:

kc
ko expð�gs3Þ½1�expð�D 3D= 3PÞ�
DðD 3RÞ3

ðs1�s3 < sBÞ
ðsB � s1�s3 � sRÞ
ðs1�s3 < sRÞ

(9)

The permeability of the intact claystone is very low, <10�21 m2,
and varies negligibly until the percolation occurs at the peak stress
sB. Beyond the peak during the post-failure phase, the fracturing-
induced permeability increases exponentially with increasing
dilatancy D 3D and decreasing minor principal stress s3. When s3
increases again, the fractures tend to be closed and the fracture
permeability reduces following the cubic law.
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