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h i g h l i g h t s

� The computed permeability increases in function of plastic dilatancy.
� The induced anisotropic permeability tensor is computed according to the directions of non-isotropic expansions.
� The crack spacing in geomaterials decreases when the size of ‘‘inclusions” decreases.
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a b s t r a c t

The safety and durability of concrete structures are significantly affected by cracking. This structural dis-
order provides a preferential path for the penetration of fluids and may accelerate the material deterio-
ration. This study investigates the mechanical damage and permeability interactions in geomaterials
subjected to compressive stress inducing cracking. The development reported here is implemented
within an elasto-plastic damage model able to compute plastic dilatancy. The model assumes an initial
isotropic permeability tensor which becomes anisotropic with non-isotropic expansion. The model capa-
bilities are highlighted by simulating uniaxial and triaxial compression tests. The simulation results are
compared with experimental data.

� 2016 Elsevier Ltd. All rights reserved.

1. Introduction

Cracking in civil engineering structures significantly affects
their durability and ultimately their safety. When cracks reach
the reinforcement, the load-bearing capacity is decreased and the
material deterioration can accelerate. Regarding the transfer prop-
erties, cracking leads to leaks and loss of containment ability
induced by the increasing permeability as cracks open.

Several experimental studies have been carried out in order to
predict the change of permeability caused by damage. For instance,
in the case of a localized crack initiated by a split test, it has been
shown that permeability variations can be expressed as a function
of crack opening [1–6]. When a laminar flow of water or gas is con-
sidered, Poiseuille’s law has been found appropriate to predict flow
rate through the macroscopic crack [3–6].

On the other hand, diffuse cracking, which is the focus of this
paper, is usually generated by uniaxial or deviatoric loading
[7–15]. In this situation, it has been shown that the change of per-
meability can be expressed as a function of a damage parameter, D,
proportional to the variation of Young’s modulus [10,12,16]. This
parameter quantifies the loss of stiffness induced by cracking.
It is a scalar quantity, the value of which can range between 0
(healthy material) and 1 (completely damaged material). For
instance, exponential [10,12] and logarithmic [16] empirical func-
tions have been proposed to manage permeability variations with
respect to the variable, D.

The experimental results found in [10,12,13] are plotted in
Fig. 1 and compared to the proposed empirical functions with
respect to D. These relationships were assumed to be appropriate
only when D 2 ½0� 0:15�. As shown in Fig. 1, the ratio of permeabil-

ities between the damaged and healthy samples k=k0
� �

remains

lower than 9 in the pre-peak phase, and does not change signifi-
cantly with the type of concrete: plain concrete (OC), high-
performance concrete (HPC) or high-performance fibre-reinforced
concrete (HPFRC) [10]. Other authors [12,13] have found that the
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ratio k=k0
� �

remains lower than 4 (for plain concrete). As will be

shown in the next section, these differences can be attributed to
the directions of flowmeasurements (according to the induced ani-
sotropy of cracking in a uniaxial compression test). For instance, in
reference [10], the measurements were carried out in the same
direction as loading, while in references [12,13], the authors made
them in the direction perpendicular to the loading.

When D 2 ½0:15� 1�, especially after the peak of the behaviour
law, the literature provides a group of empirical relationships
which have to be fitted according to experimental results and finite
element sizes in order to predict realistic permeability variations
[17,20,19]. As shown in Fig. 2, the empirical logarithmic function
proposed in [19] gave a reasonable fit for the experimental perme-
ability variations under the uniaxial compression test found in
[12]. The relationship proposed in [16], which was fitted on tensile
test [18,21] (see [21] for more details on the experimental device)
also seemed to give good agreement with measurements too. We
recall that, in pre-peak phase, this relation was fitted on a uniaxial
compression test [10].

In a first step, the mechanisms observed to be involved during
uniaxial compression or deviatoric loading leading to increased
permeability are highlighted and the drawbacks of previous sim-
plified damage formulations are pointed out. The second step of
this work focuses on the proposed anisotropic permeability model,
which is fundamentally based on the damage model [22] enhanced
by a coupling with non-standard plasticity (implemented in
CAST3M finite element program [23]). The model results are com-
pared to mechanical and permeability measurements. Finally, tri-
axial tests are simulated in order to demonstrate the relevance of
such modelling.

2. Change of permeability under compression loading

2.1. Drawback of damage-permeability relationship

As suggested by experimental results [10,12,14] and usually
adopted in numerical modelling, the change of permeability can

Nomenclature

Name Symbol
C fourth-order stiffness tensor
ee elastic strain tensor
epl;s plastic strain tensor including dilatancy
r total stress tensorer undamaged stress tensorerd deviatoric part of the undamaged stress tensor er
keq;s induced anisotropic permeability tensor due to dila-

tancy
fDP Drucker–Prager plastic criterion
d Drucker–Prager coefficient
/ friction angle
FDP non-associated Drucker–Prager yield function
b dilatancy coefficient
ds isotropic shear damage
eth;s dilatancy threshold used to compute ds

ek;s characteristic strain used to compute ds

eth;p strain percolation threshold used to compute keq;s

Djj equivalent crack spacing in the j direction
D isotropic equivalent crack spacing used to compute keq;s

k0 initial isotropic permeability
kFi permeability of the ith crack
wi

jj crack opening of the ith crack in the j direction

Q tot
j total flow in the j direction

Q0
j flow through the healthy part of the material in the j

direction
QF

j flow through the cracks in the j direction
‘jj size of the finite element in the j direction
n number of cracks
E0 initial isotropic Young’s modulus
m0 initial isotropic Poisson’s ratio
Rc
0 threshold stress to initiate plastic dilatancy

Rc compression peak strength
epeak;c strain at Rc

r0 confining pressure

Fig. 1. Predicted variations of permeability ratio k=k0
� �

[10,12,16] with respect to
the damage parameter: comparison with experimental permeability measurements
[10,12].

Fig. 2. Predicted variations of permeability ratio k=k0
� �

[17–19,16] with respect to
the damage parameter: comparison with experimental permeability measurements
[18,12].
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