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Abstract This paper presents an experimental study on the gas permeability evolution with
deformation and cracking process in a white marble under compressive stresses. Uniaxial
and triaxial compression tests with different confining pressures are firstly carried out to
generate different states of deformation and induced cracks. The spatial distribution and geo-
metrical form of induced cracks are investigated by the X-ray micro-tomographic imaging
technique. Localized splitting-type macroscopic cracks are generated in the uniaxial test,
while diffuse-oriented micro-cracks are induced in triaxial compression tests. Then, each of
the cracked marble samples is subjected to a hydrostatic compression cycle, with the mea-
surement of permeability and axial and lateral strains. It is found that the initial permeability
of the sample with localized cracks is higher than that with diffuse cracks. The permeability
of cracked samples exhibits an irreversible evolution between the hydrostatic loading and
unloading, and the evolution trend is influenced by the initial crack state induced by the pre-
vious mechanical tests. The deformation of cracked samples under hydrostatic compression
is clearly anisotropic due to oriented crack distributions and irreversible due to the unilat-
eral closure—opening property of cracks. Finally, we propose to use the nonlinear regression
method to formulate best-fittingmodels to capture the relationships between the permeability
evolutions and effective hydrostatic stress or axial and lateral strains of cracked samples.
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1 Introduction

Hydromechanical behavior and permeability evolution of rock masses are a major concern
in many rock engineering applications. For example, in the context of the geological disposal
of radioactive wastes, the sequestration of acid gas and the unconventional exploration of
oil and gas, it is necessary to characterize both mechanical and hydraulic properties of host
rocks. On the other hand, the cracking initiation and propagation are the main mechanism of
inelastic deformation and failure in brittle rocks such as marble. The cracking affects not only
the mechanical behaviors but also the transport properties such as the permeability. Indeed, in
cracked rock materials, the macroscopic hydromechanical behaviors are controlled by both
the intact porous rock mass and the induced cracks. In the case of rocks with very low initial
permeability such as granite, marble and some hard clayey rocks, the overall permeability is
evenmainly governed by the spatial connectivity and aperture of cracks (Trimmer et al. 1980).

There are a number of experimental works devoted to the study of permeability evolutions
in various rock materials, staring from the 1960s (Snow 1968; Jones 1975). About a decade
later, the permeability of single fractures or joints in rock formations under hydrostatic stress
was extensively investigated and generally estimated by using the basic cubic law (Wither-
spoon et al. 1980), which relates the permeability to fracture aperture. This law is still in use
today in its varying forms. Then, some authors have studied effects of roughness and sample
size on hydraulic properties of rock fractures (Raven and Gale 1985; Tsang andWitherspoon
1983, 1981; Nœtinger 1994). In the past decades, the permeability properties of rock or rock
joints have extensively been studied through laboratory experiments subjected to confining
pressure or normal stress (Li et al. 2008; Baghbanan and Jing 2008; Zhang et al. 2007; Cappa
et al. 2006;Rutqvist andStephansson2003;Hans andBoulon2003;Lee andCho2002; Pyrak-
Nolte and Morris 2000; Myer 2000; Sibai et al. 1997; Henry and Sibai 1997; Boulon et al.
1993; Cornet andMorin 1997; Zimmerman and Bodvarsson 1996; Cook 1992; Li et al. 2009;
Kwon et al. 2001; Berryman 1992; Selvadurai and Nguyen 1999; Nguyen and Selvadurai
1998; Selvadurai and Selvadurai 2010) and described by the cubic law relating the fractured
rock permeability to the features of the apertures, such as the roughness and connectivity,
aiming at well obtaining the flow characteristics of the artificially created single fractures.

More recently, the hydrostatic stress-induced permeability change in single-fractured
rocks or rock mass has also been measured by different types of testing apparatus (Kishida
et al. 2011;Wong et al. 2013; Zou et al. 2013; Souley et al. 2015; Selvadurai 2015).Most of the
above experimental results investigated the hydromechanical behaviors of artificially created
single fractures in order to well develop and validate the theoretical models for characteriz-
ing the permeability of the rock fractures. However, the coupling between the permeability
evolution and mechanical behavior such as deformation and induced cracking process was
not always properly taken into account. Further, the relationship between the permeability
evolution and different induced cracks types (splitting or shearing cracks) was rarely inves-
tigated so far. Moreover, effects of mechanical loading history on the permeability evolution
should also be studied.

The objective of the present work is then to perform a complementary laboratory study on
the permeability evolution with deformation and cracking process in a typical rock with a low
initial permeability, white marble. To this end, the marble samples will be first subjected to
uniaxial and triaxial compression tests to generate an induced state of cracks. The spatial dis-
tributions andwidths of induced cracks will be characterized by using themicro-tomographic
imaging technique. Both localized splitting-type cracks and diffuse shearing cracks will
be generated, respectively, from uniaxial and triaxial compression tests. Then, the various
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cracked samples will be subjected to a hydrostatic loading–unloading cycle. Both axial and
lateral strains as well as permeability evolution will be continuously measured during the
loading and unloading phase. The induced anisotropy and unilateral effect of deformation
in the cracked sample will clearly be demonstrated. The unilateral behavior of permeability
evolution between the loading and unloading phases will also be determined. Finally, based
on the nonlinear regression method, we will propose and compare some fitting models for
estimate the permeability evolution of cracked samples as functions of stress and strains.

2 Testing Apparatus and Experimental Method

The autonomous and auto-compensated hydromechanical testing system (seeFig. 1) designed
at the Laboratory of Mechanics of Lille (LML) was used to perform both mechanical tests to
generate different state of cracks and hydromechanical tests with permeability measurement.
The testing system consists of three independent components, respectively, for deviator stress
loading, confining pressure application and interstitial pressure generation and monitoring,
which are assembled around the triaxial cell. The acquisition of stresses, fluid pressure and
flow rate, displacements or deformations is realized by specific transducers and recorded by
a data acquisition center.

All tests were carried out in a thermally isolated small roomwith the constant temperature
(22 ± 0.3 ◦C) maintained by a central air conditioner in order to exclude the influence of
temperature. The specimens tested in the present work were drilled in a cylindrical form with
37 mm in diameter and 74 mm in height.

Uniaxial and triaxial compression tests with two different confining pressures (2 and
10MPas) are first performed in order to generate different states of deformation and cracking
in the marble specimens. In Fig. 2, we show the axial and volumetric strains of specimens
obtained in these tests. It is clearly seen that the mechanical behavior of the marble is strongly
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Fig. 1 Sketch of the testing apparatus for mechanical and hydromechanical tests. In steady-state method, the
outlet reservoir is replaced by the flow meter
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Fig. 2 Axial (ε1) and volumetric (εv) strains as function of deviatoric stress (q) during uniaxial and triaxial
compression tests

dependent on the applied confining pressure. In the uniaxial compression test and the triaxial
compression test with the low confining pressure of 2MPa, the strains in the marble samples
remain very small (less than 0.2%) until the failure stress is reached, and we observe a typical
brittle mechanical behavior. The volume strain remains in compression until the peak stress
and the relative volumetric dilation appears only in the post-peak regime due to the formation
of macroscopic cracks. On the other hand, in the triaxial test with the confining pressure of
10MPa,we observe important nonlinear strains and a progressive volumetric dilatancy before
the peak stress is reached. The mechanical behavior of marble becomes significantly ductile,
and the macroscopic failure of specimen appears at a large plastic deformation, for instance,
about 1% axial strain. Therefore, it is expected that strongly localized cracks are generated in
the uniaxial test and triaxial test with 2MPa confining pressures while diffuse micro-cracks
in the triaxial test with 10MPa. The distribution of generated micro-cracks and failure modes
will be investigated in the next section using the technique of micro-tomography imaging.

After the preliminary tests, some hydromechanical tests are then carried out on the three
cracked marbles specimens. It consists in applying hydrostatic compression cycles and mea-
suring permeability evolutions. The objective here is to determine the correlation between
permeability evolution and deformation of cracked specimens under different values of effec-
tive hydrostatic stress. The effective hydrostatic stress varies from 2 to 50MPa. During these
tests, pulse tests are performed to measure low permeability (Liu et al. 2015; Lin 1982). In
the present paper, similar as the work in Trimmer et al. (1980), we report the apparent gas
permeability of the fractured samples based on the cross-sectional area although discrete

123



Gas Permeability Evolution with Deformation and Cracking... 445

fractures are created by the triaxial compression phase. Each hydromechanical test of the
fractured sample is composed of the following steps:

(1) Install the specimen in the triaxial cell, check each part of the testing apparatus to make
sure it works well.

(2) Apply the confining pressure Pc to a given level, for example, Pc = 3MPa.
(3) Inject gas into the interstitial circuit to obtain an equilibrated gas pressure P0 at both

the inlet and outlet reservoirs. We have Pi0 = Po0 = 1.0MPa throughout this study.
(4) Close the valve between the inlet and outlet reservoir, apply a pressure pulse �Pi0 =

0.1MPa at the inlet reservoir and cut off the gas supply. The inlet pressure Pi will
decrease and the outlet pressure Po will increase with time t .

(5) Wait till the outlet pressure equals to the inlet pressure, i.e., Po = Pi = Pend, and thus,
a final pressure equilibrium state is obtained. With the recorded data of gas pressure
decay, the rock permeability can be approximately calculated by

k = m
μcL

A

ViVo
Vi + Vo

(1)

k is the permeability in m2, μ and c are, respectively, the fluid dynamic viscosity and com-
pressibility. L and A are the specimen length and cross-sectional area, while Vi and Vo are
the volumes of inlet and outlet reservoirs. And m is the slope of the curve of differential
pressure �P(t) versus time in log scale, i.e.,

In�P(t) = In�P0 − mt (2)

(6) Increase the confining pressure to a new value (for example, P ′
c = 5MPa) and restart

the procedure from the step 2) to obtain the gas pressure decay data as well as the
deformation data of the specimen at the confining pressure P ′

c. Increase the confining
pressure step by step up to 51MPa to realize the cracks closing phase and repeat the
permeability and deformation measurement at every selected confining pressure value.

(7) Reduce the confining pressure step by step to perform the cracks opening phase and
repeat the permeability and deformation measurement at each selected confining pres-
sure value.

To check the permeability of the intact space of the white marble, we have tested with the
steady-state method by maintaining the confining stress to be 3.0MPa and the inlet nitrogen
gas to be 2.5MPa. With a gas flow meter of measuring range from 0.004 to 0.850ml/min,
we observe no value in the flow meter. Based on this, the gas permeability of intact marble
can be obtained as much lower than 10−20 m2. This value is at least 5 orders lower than the
fractured sample. Thus, the permeability of the intact rock space is ignored when discussing
the apparent permeability of the fractured samples.

3 X-ray Micro-tomography Imaging of Cracked Specimens

In order to characterize the distribution of cracks, the three cracked specimens are investigated
usingX-raymicro-tomography scannermachine. In Fig. 3,we show some selected 2D and 3D
images of the cracked specimens. Due to the resolution limitation of the micro-tomographic
machine for large size specimens, cracks less than micrometer cannot be visualized in the
images obtained here.
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Fig. 3 X-raymicro-tomographic imaging for crack characterization ofmarble specimens; aCracked specimen
in uniaxial test; b Cracked specimen in triaxial test with Pc=2 MPa. c Marble tested in triaxial test with
Pc=10MPa
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We can see in Fig. 3a that the marble sample tested in the uniaxial test shows a pair
of longitudinal macroscopic cracks throughout the sample together with some randomly
distributed small cracks near the sample ends of the loading position. Thus, the generated
cracks propagated mainly along the major compressive stress direction in the specimen. As
given by the section views in Fig. 3a, the three intersections at which the cracks intersect the
sample surface approximately form an equilateral triangle. The cracks are connected from
one end to the other end of the specimen. The cracks aperture is about 1–4µm in free stress
state measured by the X-ray micro-tomography image technique.

For the sample tested in the triaxial test with a confining pressure of 2MPa (Fig. 3b), one
can observe a very regular geometry at the longitude section view with the crack orientation
intersecting the end surface at an angle of α ≈ tan−1 2 ≈ 70◦. Due to the friction effect at
the loading ends, the crack surface is in the form of a cone close to the specimen ends and a
plan in the middle part of the specimen. The crack in the longitude section as well as in the
entire specimen is generally antisymmetric to the middle cross section. And the cracks are
also connected through the specimen from one end to the other, similar to the sample tested
in the uniaxial test. The major crack intersects the maximum compressive stress direction
of the specimen with an inclined angle, which is different from that of splitting cracks in
the uniaxial test. The crack aperture is measured about 0.8–2.7µm in free stress state by the
X-ray micro-tomography image.

In a significantly different manner, the specimen tested in the triaxial test with a confining
pressure of 10MPa does not show connected cracks in the X-ray micro-tomography images.
Only one local crack at one end of the specimen is observed in Fig. 3c. Other micro-cracks
spread along only a quarter of the specimen height from the bottom end. The crack aperture
is smaller than 0.8µm in free stress state according to the X-ray micro-tomography image.
This result is well agreed with the mechanical responses given in Fig. 2. The failure of the
specimen under the confining pressure of 10MPa is controlled rather by diffuse volumetric
dilatancy than by localized macroscopic cracking.

Therefore, the crack distribution and failuremodeofmarble are influenced by the confining
pressure in compression tests. The width of generated cracks is smaller when the confining
pressure is higher.

4 Permeability Evolutions in Cracked Samples

According to the experimental procedure presented above, a hydrostatic compression
loading–unloading cycle is applied to each cracked sample issued from the uniaxial and
triaxial compression tests. At different selected values of effective confining pressure rang-
ing from 2 to 50MPa, say every 5MPa, the gas permeability is measured by using the pulse
test. Note that the loading phase leads to the progressive closure of cracks,while the unloading
phase corresponds to the progressive opening of cracks. In Fig. 4, we present the evolutions of
permeability as functions of effective confining pressure during the loading (closing phase)
and unloading (opening phase) phases for three specimens.

From these results, three qualitative findings can easily be observed. The permeability
of all three cracked specimens clearly decreases with the effective confining stress up to
50MPa. The permeability values are different between the three types of cracked specimens
under the same applied stress along all loading path. For each of three cracked samples, the
permeability during loading phase (crack closing phase) is always higher than that during the
unloading phase (crack opening phase). There is a sort of hysteretic loop, and it seems that
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Fig. 4 Evolutions of permeability in three cracked samples during hydrostatic loading (crack closing) and
unloading (crack opening) phases

the hydrostatic compression induces an irreversible closure of cracks so that the permeability
is not recovered under the unloading phase.

From a quantitative point of view, depending on the applied hydrostatic stress, the per-
meability of the cracked marble specimen in the uniaxial test is generally in the range
from 4 × 10−15m2 to 2 × 10−17m2 during the loading (crack closing) phase and from
2 × 10−17m2 to 7 × 10−16m2 during the unloading (crack opening phase). The permeabil-
ity of the cracked specimen obtained from the triaxial test with 2MPa confining pressure
ranges from 2.6 × 10−16m2 to 9 × 10−19m2 in the loading phase and from 8 × 10−19m2 to
1.5×10−16m2 in the unloading phase. Finally, the permeability of the specimen issued from
the triaxial test with 10MPa confining pressure varies from 4 × 10−17m2 to 2.9 × 10−19m2

in the loading phase and from 2.9 × 10−19m2 to 9.5 × 10−18m2 in the unloading phase.
Therefore, under the effective same hydrostatic stress, the permeability of the specimen
issued from the uniaxial test is approximately one order of magnitude smaller than that
of the specimen from the triaxial test with 2MPa confining pressure and two orders of
magnitude smaller than that of the specimen from the triaxial test with 10MPa confining
pressure.

Moreover, the permeability evolution trend is also different between the three samples.
As shown in Fig. 4, for the specimen issued from the uniaxial test, the permeability quickly
decreases with the hydrostatic stress from 2 to 30MPa in the loading phase. When the stress
is higher than 30MPa, the permeability progressively trends toward a steady value. In the
unloading phase for this specimen, the permeability is nearly constant when the hydrostatic
stress remains higher than 30MPa. After then, the permeability increases again quickly
with the decrease in hydrostatic stress but always remains lower than its value during the
loading phase for a same value of applied stress. For two other specimens issued from triaxial
compression tests, even if there are similar evolution trends, there is no steady stage observed
during both loading and unloading phases.
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Therefore, the permeability evolution of crackedmarble sample is inherently related to the
state of micro-cracks induced by the preliminary uniaxial or triaxial compression tests. Under
the uniaxial stress, localized macroscopic cracks are formed. The initial permeability of the
cracked sample is then higher than that of the specimens with diffuse micro-cracks issued
from the triaxial compression tests. Also, the permeability evolution during the hydrostatic
loading and unloading is more sensitive to the applied effective stress.

5 Deformation Study of Marble

The effective permeability decrease as a result of pressure increase is in essence induced
by the deformation of the fractured samples. So it is better to correlate the permeability
to deformation. In Fig. 5a, b, we present the axial and lateral strains of the two cracked
specimens, respectively, from the uniaxial test and triaxial test with 2MPa confining pressure
as functions of the effective hydrostatic stress during both loading and unloading phases. One
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can see that the lateral strains in Fig. 5b of both specimens are much higher than the axial
strains in Fig. 5a. This means the deformations of the cracked samples are clearly anisotropic
in nature due to the oriented distribution of micro-cracks and cracks. Another important
phenomenon is that both axial and lateral strains exhibit an irreversible character between
the loading and unloading phases. The irreversible strains are much more important for the
lateral deformation than the axial one.

For more details, the axial strains of the two specimens (Fig. 5a) show a quasi-linear
stress–strain relation at the beginning of the loading phase. When the applied stress exceeds
a certain limit vale, the specimens exhibit a typical nonlinear stress–strain behavior. The
mechanical behaviors of the two specimens are qualitatively identical. However, the limit
stress value for the onset of nonlinearity is higher in the specimen from the uniaxial test
than that from the triaxial test. This difference can be again explained by the different states
of cracks induced by the preliminary mechanical loads. Indeed, as shown in Fig. 3a, the
surfaces of the major cracks of the uniaxial tested specimen are mainly parallel to the axial
direction. When the specimen is subjected to a hydrostatic compression, the axial strain is
rather contributed by the deformation of the intact part of specimen than the deformation
of the cracks. However, for the triaxial tested specimen shown in Fig. 3b, the major cracks
surfaces skew the specimen axis with an angle of 90◦ −α. When this specimen is subjected to
a hydrostatic compression, the deformation of the cracks contributes for an important part to
the axial strain of the specimen. That is to say, the axial strain of the uniaxial cracked specimen
is mainly due to the intact marble deformation and that of the triaxial cracked specimen is
mainly due to the closing or sliding of induced cracks. As the critical stress needed for crack
closure is generally smaller than that to generate nonlinear deformation of intact material,
the critical stress value for the axial strain nonlinearity onset is then smaller for the uniaxial
cracked specimen than for the triaxial tested one. This difference is also observed for the
lateral strains in Fig. 5b even if the appearance of nonlinearity is less obvious for the lateral
strains than the axial ones.

Another important result is the existence of important irreversible strains after the unload-
ing phase. And the irreversible strain is much more important in the lateral direction than
in the axial one. This phenomenon is again intimately related to the oriented distribution of
cracks in the preliminary cracked samples. As more induced cracks are mainly oriented in
the axial direction, the lateral strains are directly related to the progressive closure of cracks
under hydrostatic stress. Due to the unilateral property of most cracks, the irreversible closure
of cracks in the loading phase cannot be recovered in the unloading phase.

6 Nonlinear Regression Model of Permeability

As shown in Fig. 4, the permeability of marble is inherently related to the growth and prop-
agation of cracks. The realistic prediction of permeability evolution with cracking process
is an important issue for many engineering applications. So far, the theoretical modeling of
permeability evolution taking into account cracking process is still an open issue. Thus, from
a practical point of view, there is a need to formulate some experiment-based empirical mod-
els to estimate the permeability evolution in cracked rocks. In the present study, we propose
to use the nonlinear regression method for the formulation of such practical permeability
estimation models.

Thepermeability estimationmodels canbe establishedby the nonlinear regression analysis
in different forms, by using, for instance, the linear, exponential, logarithmic, polynomial and
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Fig. 7 Best-fitting models for permeability evolution as a function of axial and lateral strains, respectively,
for both uniaxial cracked sample (a, b) and triaxial cracked sample with 2MPa confining pressure (c, d)

power functions. In Fig. 6, we show the best-fittingmodels, with the determination coefficient
(R2) as criterion, for the evolution of permeability with the effective hydrostatic stress for
both the uniaxial cracked sample and triaxial cracked one with 2MPa confining pressure.
And in Fig. 7, the evolution of permeability is expressed as a function of axial and lateral
strains, respectively. The determination coefficient values given in these figures indicate that
all the fitting models have a good performance for estimating the permeability of the cracked
marble under hydrostatic compression.
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As shown in Fig. 6, the best fitting of permeability evolution with the effective hydrostatic
stress of the uniaxial cracked sample is given by the power model (Fig. 6a) while that of
the triaxial cracked sample by the exponential model (Fig. 6b), for both the loading and
unloading phases. In Fig. 7 and for both samples, one can see that the exponential model
provides the best fitting of the relationship between the permeability and axial or lateral
strains. Therefore, for the uniaxial cracked sample, the permeability evolution can be fitted
by the power model in terms of effective stress but by the exponential model in terms of rock
strains. For the triaxial cracked sample, the exponential model gives the best fitting of the
permeability evolution in terms of both effective stress and strains. In this way, it is useful to
formulate a unified fitting model for the permeability evolution of the uniaxial compression
cracked sample. This unified model is expressed by:

kuniaxial = a1σ
a2 + b1e

b2·ε1 + c1e
c2·ε3 (3)

And for the triaxial compression cracked sample, the following unified model can be
obtained:

ktriaxial = a1e
a2·σ + b1e

b2·ε1 + c1e
c2·ε3 (4)

In these relations, kuniaxial is the estimated permeability of the uniaxial cracked marble,
and ktriaxial is that of the triaxial cracked one. σ, ε1 and ε3 are, respectively, the effective
hydrostatic stress, the axial and lateral strains. a1, a2, b1, b2, c1, c2 are the fitting parameters,
which can be obtained from the experimental data. For instance, when b1 = 0, c1 = 0, Eqs.
(3) and (4) reduce to the fitting models given in Fig. 6a, b, respectively. Similarly, when
a1 = 0, and either b1 = 0 or c1 = 0, Eqs. (3) and (4) recover the fitting models given in
Fig 7.

The performance of the fitting models given in Eqs. (3) and (4) can be verified by the
comparison between the experimental data and predicted results, as shown in Fig 8. After the
determination of fitting parameters, the unified fitting models can be given in the following
forms:

kuniaxial = 3.13 × 10−15σ−0.29 − 3.04 × 10−14e−36.99ε1

+ 2.64 × 10−14e−16.96ε3 (R2 = 0.9530) (5)

ktriaxial = 7.63 × 10−17e−0.10σ + 7.37 × 10−14e−68.57ε1

+ 1.52 × 10−14e−28.86ε3 (R2 = 0.9705) (6)

All the variables appearing in the above equations have the SI units.

7 Conclusion

In this paper, we have investigated the permeability evolution and deformation behavior of
fractured marble samples under hydrostatic compression loading and unloading. The tested
samples have previously been subjected to in cracking process in both uniaxial compression
and triaxial compression tests with two different confining pressures. The spatial distribution
and morphology of the induced cracks have been characterized by using the X-ray micro-
tomographic imaging technique. In the uniaxial cracked sample, macroscopic splitting-type
cracks were formed in the direction of the major compressive stress, while inclined diffuse
shear-type cracks were observed in the triaxial cracked samples. The average aperture of the
splitting cracks was greater than that of the shearing cracks.
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Fig. 8 Experimental verification of unified fitting models for permeability evolution in uniaxial cracked
sample (a) and in triaxial cracked sample (b)

The permeability evolution of the cracked samples under hydrostatic loading and unload-
ing is intimately related to the morphology of the induced cracks. The permeability of the
sample with splitting cracks was more sensitive to applied effective hydrostatic stress than
that of the samples with shearing cracks under low values of stress, say less than 15MPa.
Under high stress values, the permeability of the sample with splitting cracks exhibited a
steady stage while that of the samples with shearing cracks showed a continuous decrease
until 50MPa. Further, the initial permeability (under 2MPa effective stress) of the uniaxial
cracked sample is one or two order of magnitude higher than that of the triaxial cracked
samples, respectively, with 2 and 10MPa confining pressures. Finally, for all three cracked
samples, the permeability evolution exhibited an irreversible process between the loading
and unloading phases due to the unilateral property of cracks.

For all three cracked samples, the deformation due to hydrostatic compressionwas strongly
anisotropic due to the fact that the induced cracks aremainly oriented in themajor compressive
stress. Therefore, the lateral strains are much higher than the axial ones. Moreover, the lateral
deformation of cracked samples exhibited very important irreversible strains due to the strong
unilateral opening/closure behavior of cracks. Between the three samples, both axial and
lateral strains of the uniaxial cracked sample are higher than those of the triaxial cracked
samples.

Finally, we have applied the nonlinear regression method to formulate some best-fitting
models for the permeability evolutions of cracked samples under hydrostatic compression.
For the uniaxial cracked sample, the permeability evolution can suitably be fitted by the power
model in terms of effective stress but by the exponential model in terms of rock strains. For
the triaxial cracked sample, the exponential model gives the best fitting of the permeability
evolution in terms of both effective stress and strains. We have finally combined these two
functions to propose a unified fitting model for both samples in terms of effective stress and
strains. The efficiency of the proposed model has been verified against the experimental data.
In future works, it is wished to perform a deeper microstructural analysis of induced cracks
in order to establish some quantitative correlations between the permeability evolution and
cracks distribution.
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