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A B S T R A C T   

This paper aims at deriving an approximate model of stress-induced permeability enhancement for brittle 
cracked porous rock, based on the linear fracture mechanic theory. A recently proposed model of the effective 
permeability of a porous rock containing an anisotropic distribution of several crack families is used. In such a 
model, the fluid flow is modelled by Poiseuille’s law within the crack and Darcy’s law for the porous matrix. The 
presence of this effective permeability model coupled to an analytical expression of crack growth under shear 
loading enables the modelling of the permeability variation due to stress-induced cracking in a porous rock. The 
model is applicable for any initial crack density (i.e. lower, around or upper to percolation threshold). Com
parisons with experimental results and existing models show the validation and the advantage of the present 
model. All stages of fluid flow through a cracked porous medium are also reproduced. The proposed model can 
be easily implemented in a hydromechanical formulation with application to fractured geological formations.   

1. Introduction 

Rock materials are usually saturated in many geomechanical engi
neering applications. Thus, the coupled hydromechanical (HM) model
ling is essential in order to properly describe their behavior under 
different type of loadings. In such models, the intrinsic permeability is a 
key parameter, which is the most significant in the safety analysis of 
underground nuclear waste repository and CO2 sequestration. Damage- 
induced permeability variation changes the pore pressure distribution 
that in turn affects the mechanical response of the rock through the 
poromechanical coupling. Experimental studies have evidenced that the 
material damage process induces a significant permeability change in 
brittle rocks such as granite,1,2 sedimentary rocks,3 claystone.4 

Two main constitutive models have been proposed to describe the 
damage induced permeability change: micromechanical and phenome
nological models. The phenomenological model is represented by in
ternal variables that are a scalar variable for isotropic damage or second 
and fourth order tensors for anisotropic damage. The damage evolution 
law is determined according to the principle of irreversible thermody
namics. This law is implemented in any continuum finite element code 
for geomechanical application. The post-processing is then performed to 
formulate the relation between damage variable and permeability, with 

a focus on stress-induced crack opening5,6; crack length growth7; crack 
density distribution1,8; pore size distribution change9 and with the 
possibility of using empirical laws.10 The use of a phenomenological 
approach for a large dimension field scale modelling requires a high 
computationally cost. On the other hand, the micromechanical approach 
presents an alternative way to model the damage induced permeability 
variations.11,12 This approach allows to link the microstructure modifi
cation to the macroscopic properties and to the macroscopic behavior. 
The effective properties of cracked porous materials are estimated based 
on the closed-form solution of an individual defect coupling to an 
approximation schemes to take into account implicitly the interaction 
between cracks.13,14 The main features of crack growth, opening and 
closure, friction, interaction between cracks could be incorporated in 
such an approach. However, the micromechanical approach is usually 
used to describe the laboratory test but rarely in engineering applica
tions for field scale modelling. A significant micromechanical model was 
recently proposed by Chen et al.15 to describe an anisotropic 
damage-induced permeability change for crystalline rocks. The authors 
consider the frictional sliding and dilatancy behaviors of microcracks 
and the recovery of degraded stiffness when the microcracks are closed. 
Their model was validated against several experimental results from 
different brittle rocks. The use of phenomenological and 
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micromechanical models presents a different trend with respect to nu
merical study of fluid flow through a fractured porous media around 
beyond the percolation threshold. 

The linear fracture mechanic has been rarely used to predict the 
permeability change for the brittle porous material. Geomaterials are 
usually subjected to compressive stresses. Therefore, sliding wing cracks 
seem to be the principal propagation mode of microcracks, which has 
been proved by both theoretical and experiment studies.16–19 Simpson 
et al.20,21 approximated a wing crack by an equivalent straight crack. 
The authors proposed analytical expressions for predicting the perme
ability enhancement due to stress-induced microcracking of rock. In 
those studies, the authors assumed that the rock medium contains an 
initial isotropic distribution with fully connected cracks of identical size. 
However in reality, an initially damaged rock formation could present a 
distribution of cracks in one or several preferential directions. The crack 
distribution can be also spread out. For instance, the case of fault zone 
structure, the damaged zone relatively far from the fault core contains a 
weak crack density.22–25 When this zone is loaded by a deviatoric stress, 
the cracks with favorable orientation grow under wing crack form. This 
forms a percolated crack network and thus leads to a considerably in
crease in permeability. Modelling this process is the motivation of this 
work. 

The present work focuses on deriving an approximate model of 
permeability evolution under compressive stress for a porous rock 
embedding an anisotropic distribution of cracks, i.e. there are several 
crack families with different orientations. Each crack family is repre
sented by different average parameters, namely orientation, length, 
hydraulic conductivity and a crack density defined by a number of 
cracks within a unit area. The closed form model of effective perme
ability was recently derived for such a fractured porous medium (2D and 
3D) based on singular integral equation and homogenization 
approach.26–29 In such a model, the interaction between cracks is 
implicitly taken into account by a self-consistent scheme, which exhibits 
a percolation threshold for any type of crack distribution apart from a 
parallel crack repartition. The mass exchange between porous matrix 
and cracks was explicitly established at an intersection point between 
two or more cracks.30–32 Other significant analytical models dealing 
with the effective permeability of fractured porous media have been 
developed in 3D configuration.33,34 The theoretical crack growth model 
developed by Lehner and Kachanov17 helps to relate the fracture me
chanic to the permeability evolution under compression. The compres
sive stress induces the propagation of a pre-exiting crack under a wing 
crack form, whose geometrical parameters (length, orientation and 
average opening) are explicitly expressed as a function of applied stress. 
A wing crack system contains three intersecting cracks: initial and two 
kinked cracks. We consider these three intersecting cracks as three in
dividual cracks and their interaction is implicitly considered via the 
self-consistent scheme. Simpson et al.20,21’s approximation of wing 
crack system as an equivalent straight crack is also analysed and 
compared to the present approach. Hence, each crack with favorable 
orientation grows to create two new parallel cracks from its extremities. 
In other words, a new crack family of 2N cracks could be generated by a 
pre-existing family of N parent cracks. The new crack families with 
known geometrical and physical parameters corresponding to applied 
stress are introduced to the initial crack distribution. The comparisons 
with experimental results on numerous brittle rocks and with micro
mechanical and phenomenological models were made to validate and to 
show the advances of the proposed model. The model drawbacks are 
also discussed. 

The present model is practically interesting for geomechanical en
gineering application, since only poroelasticity is needed for damaged 
zone. Moreover, it can be easily implemented into any (thermo)hydro
mechanical (THM) finite element (FEM) code. The compressive stress 
induced crack growth leads to a change in the rock properties (elastic 
modulus, permeability, thermal conductivity via the crack distribution 
and crack opening). The update of the rock properties during the 

simulation affects the THM responses of damaged zone and the 
considered geological structure. 

2. Permeability evolution due to crack growth 

2.1. Effective permeability 

Let us consider a porous domain Ω with a uniform permeability 
tensor k and containing n crack families. Each family, numbered by i, has 
Ni cracks which are characterized by an average length 2Li, an average 
orientation ti, a density ρi ¼ Ni=Ω, and an average hydraulic aperture ei. 
The crack is modelled by a zero-thickness straight line. The fluid flow is 
governed by Darcy’s law in the porous host rock and Poisseuille’s law 
along the crack. The crack is assumed to have an infinite transversal 
permeability, i.e. it does not perturb the flow perpendicular to the crack 
line. The effective permeability keff of such a material was shown as a 
sum of the permeability of parent rock k and the fracture contribution 
kf.35 

keff ¼ kþ kf (1) 

The contribution of cracks to the effective permeability is repre
sented by the total fluid flow transported by all cracks per unit area, 
which was derived by Vu36 and Vu et al.37 using self-consistent effective 
medium. Herein, the derivation procedure of the permeability model is 
recapitulated. 

The contribution of an individual rectilinear crack to the whole 
permeability is 

Ψ¼
1
Ω

Z L

� L
qðsÞdsðt� tÞ (2)  

where L is the crack half length, t the tangential vector of crack, q the 
flow within the crack and s the curvilinear coordinate, Ω the area of 
considered domain. Ψ is a tensor and is a function of crack parameters: 
Ψ(e,L,t,k) (e is the crack opening and k the tensor of permeability of host 
rock). 

Consider a diluted distribution of several crack families. Each crack 
family i is characterized by average parameters: ei, Li, ti and a density ρi 
¼ Ni/Ω (Ni is the number of cracks of the family i). The interaction be
tween cracks is negligible for the diluted distribution. Therefore, the 
contribution of the cracks to the permeability is 

kf ¼NiΨðei; Li; ti; kÞ¼Ψðρi; ei;Li; ti; kÞ (3)  

and the effective permeability is 

keff ¼ kþΨðρi; ei; Li; ti; kÞ (4) 

The self-consistent scheme consists in replacing the matrix perme
ability tensor k in the crack contribution kf in the right-hand side of this 
equation by the effective permeability tensor keff. This allows to 
implicitly take into account the crack interaction. Self-consistent scheme 
yields33,34 

k f ¼
Xn

i¼1

Ni

Ω

Z Li

� Li

qðsÞtids¼
Xn

i¼1

2ρ’ici

ffiffiffiffiffiffiffiffiffiffiffi�
�k eff ��

q

2ci þ πLi

ffiffiffiffiffiffiffiffiffiffiffi�
�k eff ��

q ðti � tiÞ (5)  

where ρ’i ¼ ρiπL2
i is the dimensionless density of crack family i and ci ¼

e3
i

12f with f an empirical factor to account the crack roughness, jА j is the 
determinant of tensor А . 

The physical behavior of fluid flow through a cracked porous ma
terial is well reproduced by model (5). To illustrate the applicability of 
the present model, two examples are shown. The first one consists in an 
isotropic porous rock with permeability k ¼ kδ, which contains a 
random distribution of equal size cracks. The cracks have the length 2L 
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and the same variable c. The dimensionless variable η ¼ c= ðkLÞ is 
introduced. The second one consists in a parallel distribution (φ ¼ 90�) 
of cracks. 

Fig. 1 shows the variations of dimensionless effective permeability 
(k’ ¼ keff=k with keff is a diagonal component of the effective perme
ability tensor) versus the dimensionless crack density. As observed, 
model (5) shows that: (i) For the random distribution of cracks, the 
effective permeability gradually increases when crack density is weak; 
considerably at percolation threshold (for a large value of η) and pro
gressively when crack density is large. (ii) There is no percolation 
threshold for a parallel distribution of cracks. The percolation threshold 
corresponds to a considerably change in permeability (several orders of 
magnitude) for a high variable η. For an isotropic distribution of cracks, 
the percolation threshold ρ0c ¼ 2 (see Fig. 1). 

The permeability evolution versus crack density for a porous medium 
containing two or more crack families with different orientations has a 
similar trend as an isotropic distribution of cracks. Three stages of the 
permeability evolution versus crack density for an isotropic distribution 
of cracks: ρ < ρc, ρ � ρc, ρ > ρc (with ρc is the percolation threshold) have 
been also shown when modelling the fluid flow through fractured 
porous media by using different numerical methods: finite element 
method,38 finite volume method,39,40 boundary element method32 and 
finite different method.8 

2.2. Crack growth model 

Hoek and Bieniawski19 experimentally showed that a pre-existing 
crack grows, driven by slip along the crack, under a biaxial compres
sive stress field to form a “wing crack”. This observation has been widely 
demonstrated theoretically and numerically.26,27 Let’s consider an 
initial crack of length 2L and unit normal vector n submitted to a remote 
stress field σ ¼ σ1e1 � e1 þ σ2e2 � e2 (e1 and e2 are unit vectors of Car
tesian coordinate system) (Fig. 2). The axial stress σ1 is compressive 
(negative) and the lateral stress σ2 can be either compressive or tensile 
(positive). Lehner and Kachanov17 proposed a simple but rigorously 
accurate model to quantify the wing crack parameter geometry for large 
ranges of loading and of initial crack length. As seen in Fig. 2, an initial 
crack of favorable orientation n ¼ ðcos φ; sin φÞ grows from its two ex
tremities with a fixed deviation ω ¼ 70� to a length Lw. 

Consider that a wing crack can no longer develop when the stress 
intensity factor KI at the wing crack point decreases and reaches the 
fracture toughness KIC of the rock. An analytical solution proposed by 
Lehner and Kachanov17 for the stress intensity factor KI at wing crack 
tips is used: 

KI ¼
2L cos φðτ þ μσnÞ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
πðLw þ 3Lπ� 2 cos2 φÞ

p þ σ2
ffiffiffiffiffiffiffiffi
πLw

p
(6)  

where τ ¼ jðσ2 � σ1Þsin φ cos φj is the shear stress, σn ¼ σ1 sin2 φþ
σ2 cos2 φ is the normal stress on the initial crack and φ is the angle be
tween two vectors e1 and n. 

The kinked crack length Lw is therefore resulted by equating KI to KIC 
in Eq. (6), as follows: 

1
S
¼ �

½ � jð1 � λÞsin 2 φj þ μð1 � λÞcos 2 φþ μðλþ 1Þ�cos φ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
π2lþ 3 cos2 φ

p �
ffiffi
l
p

(7)  

where S ¼ � σ2
ffiffiffiffi
πL
p

KIC 
is the dimensionless stress; l ¼ Lw=L is the dimension

less wing crack length; λ ¼ σ1=σ2is the stress ratio; μ is the friction co
efficient of the initial crack. 

It should be noted that a positive solution of the dimensionless length 
l only exists in Eq. (7) for an angle range of φ1 � φ � φ2. Outside this 
range, cracks are inactive. 

Lehner and Kachanov17 has also given the equation for the sliding 
displacement of initial crack U as such: 

U
L
¼ 4

ffiffiffi
2
p ðτ þ μσnÞ

E
þ

2ρ
� ffiffiffi

2
p
� 1
�

cos φ
σ2

E
l (8) 

The wing crack opening at extremities of the initial crack is U sin ω. 
According to Jung,41 the average opening of a wing crack is approxi
mated by: 

e¼
U sin ω

2
(9) 

Once Lw, e and ω are available, the hydraulic contribution of two 
wing cracks to the permeability can be calculated by using Eq. (5). 

2.3. Stress induced permeability change 

2.3.1. Approximation of wing crack system 
Consider an initial porous host rock Ω (without loading) embeds in m 

crack families. Each crack family i is characterized by: a number of 
cracks Ni, an average length 2Li, an average orientation ti (angle φi), an 

average crack aperture ei (the variableci ¼
e3

i
12f) and a crack density ρi ¼

Ni=Ω. The total number of cracks within Ω is N ¼
Pm

i¼1
Ni. The initial 

Fig. 1. Effective permeability evolution versus dimensionless density: (a) 
isotropic distribution of cracks; (b) parallel distribution of cracks. 

Fig. 2. Winged cracks forming under compressive stress.  
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permeability of such a medium is determined by Eq. (5). 
We assume that there are mφ � m active families with total Nφ � N 

cracks, i.e. φ1 � φi � φ2 corresponding to a considered biaxial loading 
(σ1, σ2). An active crack family i generates a new crack family of Nφi ¼

2Ni wing cracks described by the length Lwi determined by Eq. (6) (haft 
length of the wing crack is L’wi ¼ Lwi=2Þ; the crack opening ewi calculated 
by Eq. (9); the orientation twi (φwi calculated from φi and ω ¼ 70� the 
angle between the initial crack and the wing crack). The total number of 

wing cracks is 
Pmφ

i¼1
Nφi ¼ 2Nφ. As a result, the effective permeability of the 

final configuration having Nþ 2Nφ cracks or mþmφ crack families is 
written as: 

k eff ¼ k þ
Xm

i¼1

Ni

Ω

2πL2
i ci

ffiffiffiffiffiffiffiffiffiffiffi�
�k eff ��

q

2ci þ πLi

ffiffiffiffiffiffiffiffiffiffiffi�
�k eff ��

q ðti� tiÞ

þ
Xmφ

j¼1

Nφj

Ω

2πL’ 2
wj cwj

ffiffiffiffiffiffiffiffiffiffiffi�
�k eff ��

q

2cwj þ πL’
wj

ffiffiffiffiffiffiffiffiffiffiffi�
�k eff ��

q
�
twj � twj

�
(10) 

Note that in the effective permeability model (5), Li is haft length of 
the parent crack. Therefore, haft length of the wing crack L’wi ¼ Lwi= 2 
must be used in Eq. (10) for the effective permeability of the final 
configuration. 

The model described by Eq. (10) exhibits some advances with respect 
to Simpson et al.20,21’s model. Indeed, this model can deal with an 
evolution from a non-percolated crack network to percolated one due to 
compressive stress (see Fig. 4) and an anisotropic distribution of several 
crack families. 

The wing crack system consisting of three intersecting cracks pre
sents a strong interaction between the initial crack and two kinked 
cracks. In the present model, the wing crack is approximated by three 
individual cracks. The interaction between cracks is implicitly consid
ered by the self-consistent scheme, which is appropriated for a strong 
interaction configuration.13 However, the homogenization solution is 
classically based on the determination of the contribution of a crack to 
the global permeability by calculation of the flow in a single crack in an 
infinite matrix. In other words, the flow solution of a wing crack system 
should be derived and then introduced into Eq. (5), instead of the 
approximation of the wing crack system as three individual cracks. 
However, the derivation of the flow solution through a nonrectilinear 
crack is not a trivial task. 

Herein, the approximation of the proposed model is qualitatively 
analysed. Let’s consider a wing crack system in an infinite porous matrix 
with an isotropic permeability k prescribed at the far field a pressure 
gradient A parallel to the initial crack (Fig. 3). To evaluate the interac
tion intensity between the initial crack and the kinked cracks, two 
imagined wing crack systems are added, where kinked cracks grow in 

the direction perpendicular (ω ¼ 90�) (Fig. 3b) or parallel (ω ¼ 0�) 
(Fig. 3c) to the initial cracks. As a remainder, the real wing crack cor
responds to ω ¼ 70� (Fig. 3a). With the assumption that the crack does 
not disturb the flow in the direction perpendicular to it, hence there is no 
interaction between the kinked cracks and the initial crack for the 
configuration in Fig. 3b. On the contrary, the case in Fig. 3c seems to 
present the most important interaction case. For a superconductive 
crack of length 2a, the flow within the crack is35,36: 

qðsÞ¼ � 2k
ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
a2 � s2
p

At (11)  

and the total flow is 
Z a

� a
qðsÞds¼ � πka2ðt� tÞA (12) 

The total flow transported by the wing crack system in Fig. 3c is thus 
πk (L þ Lw)2. This result is more important than πkL2 þ 2πk (Lw/2)2 that 
is the sum of total flow transported by an individual initial crack (2L) 
and two time of total flow within a kinked crack (2Lw/2). 

It should be expected that the interaction intensity between three 
intersecting crack increases with a decrease in ω and the real wing crack 
system with ω ¼ 70� may be a case where the interaction intensity is far 
from the case ω ¼ 0�. It must be remembered that the analysis above is 
for the case where the far-field flow is parallel to the initial crack. 

An alternative approach proposed by Simpson et al.20,21 is to 
approximate the wing crack system by an equivalent straight crack 
(Fig. 3d). In this case, the effective permeability becomes 

k eff ¼ k þ
Xm

i¼1

Ni

Ω

2πL2
eqiceqi

ffiffiffiffiffiffiffiffiffiffiffi�
�k eff ��

q

2ceqi þ πLeqi

ffiffiffiffiffiffiffiffiffiffiffi�
�k eff ��

q
�
teqi� teqi

�
(13) 

The index “eq” stands for the equivalent crack. Eq. (5) becomes Eq. 
(13) if the parameters of initial crack (Li, ci, ti) are replaced by those of 
equivalent crack (Leqi, ceqi, teqi). The latter ones can be easily determined 
from Fig. 3d.20,21 

However, this approach is not appropriated for an initial distribution 
of parallel cracks. Indeed, the equivalent crack approach always leads to 
a parallel distribution of cracks from the initial one. According to Fig. 1, 
the self-consistent model (5) does exhibit the percolation threshold. The 
percolation probability of a parallel repartition of cracks is very low 
even if for a large crack density.42 In reality, the deviation of kinked 
crack creates the bridges between initial parallel cracks and forms the 
fully connected crack network.41 Moreover, the present approach de
scribes more accurately the global flow direction within the crack 
network and in the cracked porous rock than the equivalent crack 
approach. The comparison between the present model and the equiva
lent crack approach proposed by Simpson et al.20,21 will be shown again 
in section 3. 

Fig. 3. Wing crack system: (a) ω ¼ 70� (real wing crack); (b) ω ¼ 90�; (c) ω ¼ 0�; (d) Simpson et al.20,21’s equivalent crack.  
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Most of experimental results show a decrease in permeability at a 
lower stress level due to the microcrack closure. This decrease is then 
normally followed by a constant evolution in permeability until a certain 
deviatoric stress level. This phenomenon can be modelled using Bandis’ 
law43: 

σn¼Kn
un

�

1 � un
umax

�γ (14)  

where σn ¼ σ1 sin2 φþ σ2 cos2 φ is the normal stress on the crack; un is 
the normal displacement; umax ¼ ei � ef is the maximum closure of 
crack; ei and ef are respectively the initial and minimum crack apertures; 
Kn is the normal stiffness and γ is a constant parameter. 

2.3.2. Permeability evolution 
To illustrate the physics and mechanisms taken into account in the 

present model, the stress induced permeability change for a represen
tative case is shown in Fig. 4. The rock sample is often initially damaged 
due to the preparation procedure (coring, conditioning, transport, 
sample preparation, etc). Thus, a diffuse distribution of cracks (weak 
crack density) can be present before the test. When submitting to stress, 
cracks can be closure and growth leading the permeability evolution. A 
typical change process can be divided into five stages: (1) decrease in 
permeability due to crack closure (Eq. (14)); (2) constant in permeability 
when the crack closure reaches ef and the deviatoric stress level is not 
large enough to activate the propagation of parent micro-cracks; (3) 
cracks start growing but the wing crack length Lw in Eq. (10) is still small 
and this leads to a slow increase in permeability, i.e. the crack network 
does not percolate in this state and the fluid flow is controlled by both 
porous matrix and cracks; (4) kinked cracks and pre-existing cracks form 
a crack network that reaches the percolation threshold corresponding to 
a dramatically increase in permeability; (5) progressive increase in 
permeability for large crack density. The crack network percolates and 
controls essentially the fluid flow. 

The percolation threshold corresponds to the total number of cracks 
(parent and kinked cracks) at the stage (4) in Fig. 4, where λ ¼ λc is 
known. Three last stages correspond to the three regimes of fluid flow 
through a fractured porous medium (without mechanical effect), which 
are described at the end of section 2.1. The typical permeability evolu
tion versus stress, reproduced by the present model, has been often 
observed during the triaxial test on the brittle rock.4,7,44–47 Generally, 
stage (4) corresponds to the peak and the post-peak (softening) of the 
stress-strain curve, while stage (5) matches the residual behavior. The 

axial stress decreases within the softening and the residual regimes. 
However, in some tests, the percolation threshold (some macrocracks 
result from the coalescence of microcracks) might occur during the 
pre-peak (hardening) regime.7,46 

When the sample embeds a percolated crack network, the trend of 
the stress induced permeability variation depends on the initial distri
bution of cracks. Fig. 5 presents an example of two crack families 
initially percolated. The orientations of these two crack families are 
φ1 ¼ 65� and φ2. As seen in Fig. 4, the trends of keff=k versus λ (keff is a 
diagonal component of the effective permeability tensor), corresponding 
to φ2 ¼ 0�, 45� and 120�, are different. Indeed, the effective perme
ability tensor depends on the orientations of existing crack families and 
induced cracks. 

3. Results and discussion 

3.1. Comparisons with existing results 

This section is dedicated to validate and to highlight the advances of 
the present model with respect to different micromechanical and 
phenomenological models by comparing them with experimental data 
available for different brittle rocks. The equivalent crack approach 
proposed by Simpson et al.20,21 (Eq. (13)) is also considered. The 
measured data of triaxial tests with permeability measurement on 
Westerly granite and Cerro Cristales granodiorite47; Lac du Bonnet 
granite and Senones granite,7 Beishan granite46 are used. For the sake of 
simplicity, the initial sample is assumed to contains only one parallel 
crack family that is characterized by an orientation φ0 and different 
average parameters: length 2L0; initial and minimum apertures ei0 and 
ef0; toughness KIC0; stiffness Kn0 and constant parameter γ0 of Eq. (14). 
The model parameters were calibrated by fitting the data curves keff=k 
versus λ. The open source inverse analysis LMFIT48 is used and adapted 
to automatically do the calibration procedure. The test confinement on 
the above rock samples, as well as the calibrated parameters are listed in 
Table 1. The initial dimensionless crack density ρ’ ¼ ρπL2 and the 
dimensionless crack permeability k’f ¼

e2
u

12k are also given in this table. 
According to Fig. 1, the initial crack distributions are not percolated for 
five considered samples, since the initial dimensionless crack density 
varies from 0.4 to 3.6. 

We start with the Lac du Bonnet granite since the experiment study of 
Souley et al.7 on this material has shown a great interest and used as a 
reference data test for the elaboration and the validation of several 

Fig. 4. Stress induced permeability enhancement for a typical case.  
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phenomenological and micromechanical models.5,6,12,15 Fig. 6 presents 
the permeability evolution versus stress parameters λ from test data,7 

the micromechanical model of Chen et al.15 and the present model. The 
present model with the equivalent straight crack model represented by 

Eq. (13) is also added. The measurement exhibits all five stages of 
permeability change represented in Fig. 4. As expected, the test data has 
been reproduced both the trend and the value by the proposed model 
with only one initial parallel crack family. The introduction of the initial 
and ultimate crack apertures, incorporated to the crack closure obeying 
to Bandis’ law,43 helps to present the stages (1) and (2). Whereas, the 
self-consistent model (10) allows obtaining the stages (3), (4) and (5). 

Using the equivalent crack, model (13) does not reveal the percola
tion threshold. This is due to that only one parallel equivalent crack 
family is always considered during the compressive loading. Further
more, the present model reproduces the trend of the data test better than 
Chen et al.15’s micromechanical model. A similar trend to Chen et al.15 

has been also obtained by the micromechanical models of Massart and 
Selvadurai6 and Jian et al.,12 as well as by the phenomenological models 
proposed by Souley et al.7 and Shao et al.5 

If we assume that there are two crack families at the initial state with 
crack numbers 150000 and 130,000, crack lengths 0.00085 m and 
0.00065 m, crack orientations 65� and 25� and other parameters shown 
in Table 1. Fig. 7 presents the permeability enhancement versus λ 
derived from Eqs (10) and (13). The two approaches interestingly give a 
similar trend and close curves. They are in a good agreement with the 
test data of Souley et al.7 The equivalent crack approach yields a more 
pronounced anisotropy in permeability than the present approach. This 

Fig. 5. Stress induced permeability change of a sample initially containing a percolated crack network.  

Table 1 
Model parameters for five rocks.  

Parameters Lac du Bonnet granite Senones granite Beishan granite Westerly granite Cerro Cristales granodiorite 

Confinement σ2 (Mpa)  10 5 10 10 5 
Number of crack families 1 1 1 1 1 
Matrix permeability k (m2)  5.00E-22 1.30E-19 2.00E-20 6.05E-20 2.00E-21 
Crack density ρ (cracks/m2)  270,000 210,000 80,000,000 210,000 35,000,000 
Half of crack length L (m)  0.00085 0.000825 0.00012 0.0008 0.00011 
Crack orientation φ (�)  65 50 55 60 47 
Initial aperture ei (m)  2.07E-05 4.00E-05 1.73E-06 3.46E-05 5.00E-06 
Utime aperture eu (m)  1.38E-07 3.46E-06 1.73E-07 3.46E-06 1.15E-07 
Stiffness Kn (Mpa)  9.Eþ08 6.Eþ08 6.Eþ08 6.Eþ08 6.Eþ08 
γ  0.10 0.10 0.10 0.10 0.10 
μ  0.60 0.60 0.60 0.60 0.55 
S  0.60 0.60 0.60 0.60 0.65 

Initial dimensionless crack density ρ’ ¼ ρπL2  0.61 0.45 3.62 0.42 1.33 

Dimensionless crack permeability k’f ¼
e2

u
12k  

3.17Eþ06 7.67Eþ06 1.25Eþ05 1.65Eþ07 5.54Eþ05  

Fig. 6. Microcracking-induced permeability change for Lac du Bonnet granite.  
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comparison could justify the approximation considering the wing crack 
system as three individual cracks (parent and kinked cracks). 

The permeability components K11, K22 plotted in Fig. 6 are two di
agonal terms of the effective permeability tensor keff ¼ Kijei�ej (i,j ¼
1,2). The off-diagonal term K12 ¼ K21 is not nil. Fig. 8 illustrates the 
evolution of the permeability tensor and its eigenvalues (K1, K2) 
normalized by the permeability of the parent rock k. The vertical axis 
keff/k can not be represented in log scale since the off-diagonal term 
deceases and becomes negative when the axial stress increases. In this 
figure, the percolation threshold is readily sighted where the curve 
clearly changes the slope. A zoom at the beginning of the curves is also 
shown in which the vertical axis is represented by log scale for an easy 
observation. The initial minor eigenvalue is equal to the matrix 
permeability. Indeed, there is a parallel crack family at the initial stage 
and the cracks only contribute to the permeability in its tangential ori
entations. In other words, two eigenvectors of the initial permeability 
tensor are the normal and the tangent of the crack. The minor and major 
eigenvalues are respectively the matrix permeability k and the sum of k 
and the crack contribution. 

Comparisons between the experimental data, Chen et al.15’s micro
mechanical model and the present model for other rocks are shown from 
Figs. 9–12. The measured data showed that the stress induced perme
ability changes of Beishan granite sample also exhibits all five stages 
described in Fig. 4. Whereas, it seems that three stages (1), (2) and (3) 
are observed for Senones granite and Cerro Cristales granodiorite sam
ples and two stages (2) and (3) for Westerly granite. Similarly, the 
present model is in good accordance with the test data both the trend 

and the value for Beishan granite. While with this material, the micro
mechanical model exhibits some difficulties to reproduce accurately the 
trends. As observed, model (10) are also in good accordance with the test 
data for other considered brittle rocks. 

The triaxial tests considered in this section follow a compression 
loading paths. As mentioned in section 2.2, the solution of wing crack is 
right for a compressive axial stress (negative) and an either compressive 
or tensile lateral stress. Thus, the present model can be used to analyse 

Fig. 7. Two crack families at the initial state: comparison between present and 
equivalent crack approaches. 

Fig. 8. Evolution of permeability tensor and of its eigenvalues.  

Fig. 9. Microcracking-induced permeability change for Senones granite.  

Fig. 10. Microcracking-induced permeability change for Beishan granite.  

Fig. 11. Microcracking-induced permeability change for Westerly granite.  
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the triaxial test under different conditions, for instance extension 
loading paths. 

It is worth reminding that the purpose of this section is not only the 
calibration but rather the correct reproduction of test data with the as
sumptions about the crack parameters at the initial state. Indeed, it is 
hard to determine the microcrack parameters even if the microstructure 
is available. However, the present model using the assumptions with 
physical meaning shows: (1) more possibilities in comparison with 
Simpson et al.20,21’s model about the anisotropy of permeability, the 
crack density at the initial state and the global fluid flow direction 
within the crack network; (2) a better representation of the trend of the 
evolution in permeability with respect to micromechanical and 
phenomenological approaches. The present model is inspired by the 
physics of the fluid flow through a fractured porous medium as shown in 
numerical simulations.8,32,38–40 

3.2. An example of fault core 

The present model can be used for a preliminary assessment of the 
permeability enhancement for a fractured formation when the stress 
state is known, for instance stress state resulted from a field scale 
simulation. 

The macrocracks present in many geological applications, particu
larly in fault zones. As an example, in CO2 storage safety study, the fault 
core is often considered as a barrier to fluid flow.49,50 Therefore, the CO2 
injection results in an important suppression in a side of the fault core 
during the injection phase. This normally leads to an increase in deviator 
stress. This phenomenon could activate the pre-existing cracks within 
the fault core and then the permeability considerably increases. In other 
words, the role of the barrier to fluid flow could not be maintained over 
the injection of CO2. 

According to Jung,41 an almost parallel crack distribution is usually 
observed in the fault core (Fig. 13). The CO2 injection can induce a great 
anisotropic compression that activates the crack growth under the wing 
crack form. Kinked cracks intersecting pre-existing cracks constitute a 
percolated crack network that considerably increases the permeability 
of fault core. To show this phenomenon, the permeability enhancement 
determined by the present model for an initial distribution of a parallel 
crack family in the fault core is shown. The model parameters are: 
number of crack family N ¼ 1; crack density ρ ¼ 10 crack/m2; crack 
orientation φ ¼ 60�; initial crack aperture ei ¼ 3.42e-6 m and μ ¼ 0.6. 
The ultimate aperture is assumed to be equal to the initial aperture (ef ¼

ei ¼ e), i.e. there is no effect of crack closure on the permeability change 
(the feature of Eq. (14)) is simply deactivated). The permeability of the 
fault core matrix is 10� 20 (m2). 

Fig. 14 plots the variation of three components ðK11;K22;K12Þ of the 
permeability tensor (keff ¼ K11e1 � e1 þ K22e2 � e2 þ K12e1 � e2 þ

K12e2 � e1) as a function of λ for three dimensionless stress S ¼ 0:3, 1 
and 5. The value λc, at which the percolation threshold occurs, decreases 
when S increases. Beyond the λc, the effective permeability is almost 
linear to the stress ratio λ. This trend is similar to the numerical results 
reported by Maleki and Pouya.8 

For an accurate evaluation of the HM damaged zones’ behavior, the 
approximate model described in section 2 must be implemented into 
computational tools. This future work may be practically interested in 
the geomechanical application when dealing with a large dimension 
field scale simulation, since we only need the poroelasticity. For 
instance, nuclear waste repository, CO2 sequestration, where the 
permeability is the most important parameter for their long-term safety. 
Indeed, the used of the phenomenological models and the discrete crack 
model51,52 are expensive in computational resources and needs a fine 
mesh to reduce the mesh-sensitive results. Besides, the micromechanical 
model is not usually in engineering application. The present model can 

Fig. 12. Microcracking-induced permeability change for Cerro Cristales 
granodiorite. 

Fig. 13. Crack growth with a fault core under an anisotropic compression.  
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be incorporated to a poroelastic modelling, in which the stress field is 
extracted at each time step to calculate crack parameters and then the 
effective permeability and the stiffness of the damaged zones and update 
them for the next time step. This future implementation can be applied 
to assess more accurately the integrity of CO2 injection in a deep 
geological aquifer with the presence of fault zones. The fractures dis
tributions in the fault zone are available in some studies,23,24,49,50 in 
which the crack growth induced permeability change has not been taken 
into account yet. The present model could be also interested in consid
ering the THM of damaged zone during the sliding of fault core (fault 
reactivation). 

3.3. Advantages and limitations of the proposed model 

This sub-section is dedicated to recapitulate the advantages, the 
limitations and the possibilities of improvement of the proposed model. 

The present model shows additional possibilities with respect to 
Simpson et al.20,21’s model that is only applicable for an isotropic and 
fully connected cracks. The proposed model can deal with an anisotropic 
distribution of cracks at the initial state and any density value (lower, 
equal or higher than the percolation threshold). 

Furthermore, the use of the equivalent crack is a disadvantage for the 
particular case of a crack family at the initial state, where the percola
tion threshold does not occur for high stress level. Taking into account 
the kinked crack orientation also helps to represent better the global 
direction of fluid flow through cracked porous media. 

Besides, the proposed model also reveals some drawbacks that 
should be improved. Firstly, we consider the wing crack system as three 
individual rectilinear cracks and use the flow solution of a single crack 
coupling with the self-consistent scheme, which are not the ordinary 
homogenization approach. The derivation of the flow solution in and 
around a single wing crack system is a new challenge for the authors to 
justify this assumption and/or improve the actual model. Secondly, the 
calibration of parameters at the initial state is not a trivial task for the 
case of laboratory sample. However, it exists some data from field 
estimation of fault zone that the model can use directly. Thirdly, the 
model presents a monotone relation between stress and permeability. 
Therefore, the model is only applicable for elastic and hardening (pre- 
peak) behavior. Finally, the permeability of host rock is constant. 
However, this limitation can be avoided when implementing the model 
into a THM FEM code. The permeability of each element can be changed 
through the porosity that is a function of mechanical variables. 

4. Conclusion 

This present paper derived an approximate model to predict the 
permeability variation due to the compressive stress for crystalline rock 
of low porosity (low permeability matrix). The rock usually contains 
cracks that can be non-percolated or percolated. Load may induce cracks 
with favorable orientation with respect to loading direction to be 
propagated. Under compressive stress, a single crack grows and creates a 
wing crack system consisting of initial crack and two kinked cracks. All 
wing cracks systems can form a percolated crack network and increase 
the permeability of the whole rock. 

A closed-form permeability model, based on the self-consistent 
scheme, is used to determine the effective permeability of a porous 
rock containing an anisotropic distribution of several crack families. The 
Linear Elastic Facture Mechanic theory allows to determine the geom
etry of the kinked cracks of a wing crack system as a function of stress. 
The kinked cracks are considered as new individual cracks and added to 
the effective permeability model in order to update the permeability at 
an applied stress level. This approximation of a wing crack system as 
three individual cracks are qualitatively justified by considering the 
interaction intensity between kinked and initial cracks, as well as by 
comparison with the equivalent crack approximation proposed by 
Simpson et al.20,21 The use of Bandis’ law for crack closure with the 
difference between the initial and ultimate apertures allows to model the 
permeability decrease. 

The proposed model shows that the permeability evolution under 
compressive stress for a typical case includes five steps: (1) Permeability 
decreases due to crack closure; (2) Permeability remains constant when 
the ultimate crack aperture is reached; (3) A slight increase in perme
ability occurs due to the creation of wing cracks; (4) Permeability 
dramatically increases at percolation threshold; (5) Progressive increase 
in permeability beyond the percolation threshold. The last three stages 
correspond to the fluid flow regimes versus crack density through a 
fractured porous medium, which have been evidenced by different nu
merical methods. The present model is used to reproduce the test data on 
several brittle rocks. Depending on the initial state and on the stress 
range, the test data show all in some cases and a part of the five stages in 
the other ones. A good agreement between test data and the proposed 
model for both trend and value is shown. Comparison with micro
mechanical and phenomenological models show a better trend repro
duced by the present model when comparing to the test data, in 
particular, the permeability change around and beyond the percolation 

Fig. 14. Stress induced permeability change of a fault core surrounding an initially parallel crack distribution.  
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threshold. The model presents some advantages regarding the previous 
one (Simpson et al.20,21) in term of crack distribution and crack density 
(see section 3.3). 

The analytical form of the presented model is easy to implement in a 
THM computational tool. This must be useful for engineering applica
tions when considering a large geometry field scale model, for example 
the nuclear waste repository, deep CO2 geological storage, in which the 
permeability is the most important parameter. The poroelastic behavior 
makes possible to deal with the large dimension field scale simulation, in 
which the stress resulted from each time step is introduced into the 
proposed model to calculate the permeability and update it for the next 
time step. Ongoing work focuses on the implementation of this 
approximate model into a FEM code and use it to study the behavior of 
the fault zone during the CO2 injection within a deep aquifer. 
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