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Abstract. In the present work, a coupled mechanical-hydraulic-based approach is proposed for
numerical modeling of the interdependent mechanical and hydraulic behavior of fractured concrete.
The proposed model is developed within the framework of the non linear poromechanics. A damage
based model is used to describe the mechanical behavior of the solid phase (the solid skeleton).
Crack estimation is, therefore, performed using a post-processing method based on the fracture energy
regularization. The hydraulic behavior is governed by the Darcy’s law for the uncracked material.
After cracking, the flow through fracture is driven by the cubic law and an anisotropic description
of the material permeability is, therefore, assumed. The validation is performed on a splitting test
where a real-time crack-permeability interaction is assessed. The capability of the proposed model to
accurately reproduce the experimental results is proven.
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Introduction

tal tests performed on concrete specimens under compression loading (axial compression [1]
or triaxial [12]) show that distinguished regimes
are observed regarding the permeability evolution. The same observations have been established using direct tensile tests [7] or splitting
test [21]. The permeability-increases depends
on the evolution of the crack openings. Within
the framework of damage mechanics, various
authors have proposed to relate the permeability evolution to the damage variable [4] or using two distinguished regimes, a diffused one
relating the permeability to the damage variable
and a localized one driven by the crack opening [5]. Experimental results issued from direct
tensile tests show that the permeability is directly related to the crack aperture. Therefore,
the crack opening estimation is the key of the

Flow and transport in fractured porous media is an important field of great interest in industrial applications. In the context of nuclear
industry, concrete is used both for the construction of nuclear power plant and the waste packages. The fracture process provides preferential pathways for fluid migration through concrete increasing its permeability. Therefore, understanding the fluid flow mechanism through
porous and cracked concrete is important for
assessing the leak-tightness. Analytic and numerical approaches should be considered to assess the coupling between the evolution of the
cracking process and the permeability. The coupling between damage, cracking and permeability has been already investigated. Experimen1
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σij the total stress tensor and εij the strain tensor of the porous frame, the pore pressure p
which is a scalar and its kinematic dual variable
ξ which represents the variation of fluid content.

permeability crack interaction modelling. Also,
some phenomena (Crack closure effect, Cyclic
loading ..) could not be taken into account using
the approaches based on a damage-permeability
interaction.
The objective of this paper is to study the
crack-permeability interaction. The proposed
approach is firstly described. In order to give
a discrete representation of the fracture properties in space (opening, propagation, ..), an
energetic based approach proposed by the authors [11] is used. The cracking process is
furthermore represented through a second order tensor (The Unitary Crack Opening Tensor) [10] which permits an anisotropic description of the fractured medium. The description
of the flow and the transport process in porous
uncracked concrete is described by the wellknown Darcy equation [3]. When cracks occur, the physical-mathematical description of
laminar flow through fractures is described by
the cubic-law [17] developed using the ParallelPlate Concept [20] [22]. The proposed approach is developed within the framework of
the non linear poromechanics. The validations are performed on a Brazilian splitting test.
Comparisons with experimental data are illustrated.
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Figure 1: A continuum medium with two continuum
phases

3 Governing equations
3.1 Equilibrium equations
The equilibrium equation reads
divσ + F = 0

(1)

and the continuity equation of the fluid phase
reads
∂ξ
+ divq = γ
(2)
∂t
the term q is the rate of fluid volume crossing
a unit area of porous solid and γ is the source
terms relating to the rate of injected fluid volume per unit volume of the porous solid.
3.2 Constitutive Laws
The stress-strain relations for the solid phase
is given by

2

Fundamental Basis
The proposed approach is developed within
the framework of the Biot theory of poromechanics. The porous medium has two phases
: the solid skeleton and the moving pore fluid.
When dealing with the modelling of flow transport in fractured media, investigations are associated with the scale considered for the description. In general, these scales are microscopic (pore scale) or macroscopic (field scale).
The coupling approach proposed here is developed considering a continuum scale and using
macroscopic quantities 1. The governing equation are written in terms of macroscopic parameters and properties. The fractured medium
with discontinuities (cracks) is considered a
continuum fractured medium. The following
dynamic and kinematic parameters are used :

σij = Cijkl εkl − Bij p

(3)

where the first part Cijkl εkl represents the effective stress tensor, ie, the stress tensor in the
solid phase (The effective stress tensor concept leading to the Terzaghi effective stress for
Bij = δij ).
Cijkl is a fourth order tensor. Using a damage model, Cijkl is related to the damage variable. Bij is a the Biot coefficients tensor ( a
second-order tensor).
Equation 3 expresses the evolution of the
total-stress tensor components. The evolution
for the other dynamic variable (the pore pressure) is given by :
p = M (ξ − Bij εij )
2

(4)

M. Matallah, C. La Borderie

where M is the Biot Modulus.

The above equations are valid under the restriction that the permeability is a number. Under isotropic considerations, the hydraulic conductivity (or the intrinsic permeability) is described by a scalar variable. Uncracked concrete is often described by a ”scalar” permeability. However, under loading, cracks occur allowing more fluid penetration through preferential paths. Therefore, anisotropic hydraulic behavior should be considered. The flow through
cracks is described in the next section.

4

Solid and fluid behaviors
The solid phase bahavior is described by a
damage model. A non linear damage behavior is considered and the stress-strain governing
equation for the solid skeleton is given by [6]
0
(1 − d)εkl
σs = Cijkl

(5)

0
Cijkl
is the undamaged fourth order tensor. A
scalar damage variable is considered. The damage evolution law integrated is given by :

5 Crack-Permeability interactions
5.1 Crack openings computation
A practical method to estimate crack opening from a finite element computation based on
damage and/or plastic model has been developed by the authors in [11]. This method is
proposed in the Finite Element code Cast3M
(Procedure OUVFISS). The method is based on
the fracture energy regularization. The crack
openings evaluation concerns the concrete solid
phase. From a finite element computation based
a non linear damage/plasticity model, we could
compute the stress tensor σs (Equation 5). The
elastic stress is computed using the total strain
Eq. (10)
0
σije = Cijkl
εkl
(10)

εd0
d=1−
exp(B(εd0 − ε))
(6)
ε
where B is a parameter which controls the slope
of the softening curve defined by the exponential expression and εd0 the strain threshold (ie
the threshold triggering softening).
Under tensile loading (Mode I), the softening behavior is governed by the fracture energy
parameters. The fracture energy is, therefore,
given by
E ∗ εd0
(7)
B
where E the Young’s modulus with ft = E ∗εd0
and h is the finite element size related to the
localized band-width. This leads to a meshindependent energy release upon crack propagation in Mode I under tensile stress (See [11]
[9]).
For the second phase, a macroscopic description of the fluid transport in the pore could be
achieved using the Darcy Law :
Gf = h

The total strain in the solid skeleton ε is decomposed into two parts : an elastic part εe and a
cracking part represented by the Unitary Crack
Opening strain tensor εuco [10].
εij = εeij + εuco
ij

Multiplying (11) by the undamaged elastic stiff0
ness tensor Cijkl
, we obtain :

k
(8)
q = − ∇P
µ
where the body force per unit volume of fluid
are neglected, k is the intrinsic permeability
function of the porosity of the solid porous
(which does not depend on the fluid properties),
µ is the fluid dynamic viscosity. The fraction
K = µk represents the material conductivity.
The Darcy Law could also be written as
A
Q = −k ∇P
µ

(11)

s
in
0
0
0
εuco
εkl = Cijkl
εekl +Cijkl
σije = Cijkl
kl = σij +σij
(12)
The tensor of the crack openings strain is the
dual variable of the inelastic stress tensor and is
given by :
0
−1 in
εuco
ij = (Cijkl ) σij

(13)

The inelastic stress tensor is, therefore, given
by :
σijin = σije − σijs
(14)

(9)
3
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Eq. (13) gives the Unitary Crack Opening strain
tensor. The value of the normal crack opening
displacement is given by :
δn = ni δij nj = ni hεuco
ij nj

anisotropic permeability tensor. The volumetric
flow in the Z directions (Figure 2) is not modified and is defined by the Darcy law with a permeability coefficient of the uncracked material.
If we consider ex and ey the two orthonormal
vectors in the crack plane, and ez the outward
unit normal to this plane the fluid-flow governing equation reads

(15)

Where n is the unit vector normal to the crack
and h the length over which the crack is supposed smeared. The method has been validated
under different arbitrary loadings and complex
boundary conditions [11], [18], [13].

Az
∇P.ez
(17)
µ
where Az is the cross sectional area in the Z direction.
For the X and Y directions, in the uncracked
solid matrix, the flow is also described by the
Darcy law
Q.ez = −k

5.2 Evolution of the permeability tensor
Flow through non-fractured porous media
occurs at the micro-scale through interstitial
pores. This process is well described by
the Darcy law.
As it has been outlined
in the introduction, when cracks occur, the
physical-mathematical description of laminar
flow through fractures is described by the cubiclaw developed using the Parallel-Plate Concept
[20] [22](Figure 2)

Q.ex = −k Aµx ∇P.ex
Q.ey = −k Aµy ∇P.ey

(18)

Ax and Ax are the cross areas in the directions
X and Y .
The quantities flowing through the crack are
given by
3

yw
Q.ex = −( L12µ
)∇P.ex
3

(19)

xw
)∇P.ey
Q.ey = −( L12µ

These equations are similar to the Darcy
ones with a cracked cross area Axcr = Ly w and
Aycr = Lx w. Equation 19 reads
2

x

2

y

Q.ex = − w12 Aµcr ∇P.ex
Q.ey = − w12 Aµcr ∇P.ey

(20)

Figure 2: Parallel-Plate Concept

The intrinsic permeability coefficient is w2 /12.
So we have two kind of transport-law equations
driving the flowing through the cracked volume.
The first ones govern the flow through the uncracked matrix and is given by

lw3
Q = −(
)∇P
(16)
12µ
The similarity of the cubic law with the
Darcy equation (equation 9) leads to the following definition of the intrinsic permeability
2
k = w12 .
If we consider a fractured element with a
crack aperture w in the Z direction. The hydraulic behavior should be described by an

Q0 .ex = −k LyµLz ∇P.ex = −k Aµx ∇P.ex
Q0 .ey = −k LxµLz ∇P.ey = −k Aµy ∇P.ey
Q0 .ez = −k LxµLy ∇P.ez = −k Aµz ∇P.ez
(21)
4
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and those driving the flowing through the fracture
3
yw
)∇P.ex
QF .ex = −( L12µ

water permeability and the crack openingsdisplacements in a saturated concrete specimens. The permeability test is performed simultaneously with the mechanical loading. Figure 3 shows the configuration of the test setup.
More details are given in [15] [16].
The numerical simulation are performed using the poromecanical-damage based model
proposed. Table 1 gives the values of the model
parameters used in simulations

(22)

3

xw
QF .ey = −( L12µ
)∇P.ey
QF .ez = 0

We could express the last equations in terms of
the total cross area A in each direction (Ax =
Ly Lz ,Ay = Lx Lz ,Az = Lx Ly )
3

3

yw
w Ax
QF .ex = −( L12µ
)∇P.ex = − 12L
∇P.ex
z µ
3

ft (M P a) E(GP a) Gf (N/m)
3
47
80
µ(P a.s) B M (GP a)
10−3
0.3
100

3

w Ay
xw
QF .ey = −( L12µ
)∇P.ey = − 12L
∇P.ex
z µ

QF .ez = 0.
(23)
Therefore, in the orthotropic plan of the crack,
the fractured permeability tensor is given by



w3
k0 + 12L
0
0
z
w3

0
k0 + 12L
0
z
0
0
k0

Table 1: Numerical Model Parameters for the Splitting
test simulation

(24)
Specimen
5mm Thick Plate
LVDT

k0 is the initial permeability of the the uncracked material.
The preceding permeability tensor has been
developed considering one fracture in the Z direction . If we consider a general case where the
concrete element develops cracks in the three
directions, the following tensor should be considered to be added to the initial permeability
tensor.





w3
12Lz

+
0
0

w3
12Ly

w3
12Lz

0
+
0

w3
12Lx

w3
12Ly

0
0
+

k(m2 )
10−21

LVDT2

Solid Platen

Front−Rear View

Lateral View

Figure 3: Splitting Test Setup

The computation is performed in 3D, and the
boundary condition are applied in order to be
as close as possible of the experimental conditions. The field of crack openings computed at
the end of the loading are presented at figure 4.





w3

LVDT1

12Lx

(25)
6 Validation
6.1 3D Numerical macroscopic modelling
of the splitting test
In [15], an experimental procedure has been
performed in order to relate in real-time the

Figure 4: Field of crack openings

5
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Some authors proposed a constant value of ξ.
In [15], this empirical coefficient is no longer
considered as a constant parameter, but it depends on the crack aperture and the following form is proposed ξ = min(αwγ , 1) with
α = 5.62510−5 m and γ = 1.19. For the sake
of unit homogeneity, we propose the equivalent
formulation which is not unit dependent :
 γ
w
if w < wf
(27)
ξ=
wf

Simulation
Experimental-1
Experimental-2
Experimental-3
Experimental-4
Experimental-5
Experimental-6

20
15
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0
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Diameter Variation (10 m)

with wf = 228.3µm Figure 6 shows the evolution of the normalized apparent permeability
k/k0 for both experiments and computations.
The good agreement shows that the model is
correctly implemented into the Finite Element
code.

Figure 5: Load-Displacements response of the hydromechanical test : Experimental Vs Numerical results

The global behavior represented in Figure 5
gives the evolution of the Load Vs the Diameter variation of the cylinder. The numerical
simulation result is compared to the experimental ones. Experimentally, six specimens were
tested. The numerical results approximates well
both the peak load and the post-peak behavior.
Regarding the evolution of the ”apparent”
permeability, experimentally, this permeability
is estimated according to the Darcy’s law under the assumption that the percolation crosssection area is that one with the diameter 77mm
(The sample effective surface). Numerically,
the finite element computation gives numerical values of the intrinsic permeability at integrations points. In order to estimate the ”apparent” permeability using the Darcy’s law, the
volumetric flux resulting from the finite element
computation is computed and reduced on the effective area (d = 77mm). Before discussing the
numerical results about the apparent permeability, it is very important to mention that in the
cubic law based on the Parallel-Plate Concept a
constant crack aperture is assumed for the total
fracture surface (Figure 2). The latter approach
is a very strong hypothesis. The crack roughness, aperture variation and tortuosity effect are
not taken into account. Many authors [19] [8]
introduces an empirical coefficient ξ to correct
the standards cubic law
lw3
Q = −ξ(
)∇P
(26)
12µ
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Figure 6: Evolution of the normalized permeability : Experimental Vs Numerical results

6.2 Mesoscopic modelling
The previous approach is now used at the
mesoscopic scale. The concrete is no more considered as homogeneous but as a structure discretized at the scale of sand grain. The method
used, described in previous papers [2, 14], allows to better describe the cracking process
zone which may influe on the permeability in
particular when the cracks are not completely
localized. In order to keep computation time
reasonable, a 2D approach is plane stresses in
used. The mesh, the damage field an crack
opening at the end of computation are pictured
at figure 7
6
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The first validations proved the capability of
the proposed model to reproduce the hydromechanical behavior interdependent. Future
works will be related to the investigation of the
tortuosity effect and the interaction of the Biot
coefficient with the cracking process.

Figure 7: mesoscopic mesh, crack width
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