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� Transport properties of concretes under compressive stress are investigated.
� Water permeability is measured by tests on hollow cylindrical specimens.
� Bespoke test setup is used to measure the rapid chloride permeability.
� Hydro-damage lattice model is proposed to assess stress induced changes in transport properties.
� Relation between water permeability and chloride diffusivity is proposed.
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a b s t r a c t

This paper presents experimental investigations and a lattice modelling of the water permeability and
chloride diffusivity of concrete under compressive stress and then proposes relationships between these
two transport properties. Two representative ordinary concretes usually used in structures, subjected to
compressive loading and water seepage or chloride contact, are considered.
Water permeability tests were performed on hollow cylindrical samples in which the water diffuses in

the radial direction through the sample thickness from the outer to inner surfaces under three different
pressure gradients 3, 4 and 5 atm. Four compressive stresses (20%; 40%; 60% and 80% of the compressive
strength) were applied on the sample top surface during the water permeability measurement. Rapid
Chloride Permeability Testing (RCPT) is used to evaluate the chloride diffusivity. RCPT was carried out
on cylindrical cores under four different stress levels (0; 25%; 50% and 75% of the stress at ultimate load).
Mesoscale hydro-mechanical lattice modelling is proposed to model the fluid flow and chloride ingress

in concrete under stress. In such a model, concrete includes three constituents: cement, aggregates and
interfacial transition zone (ITZ). A softening damage model is employed to describe the behaviour of the
cement matrix and the ITZ, while the aggregates are assumed to be elastic. Hydro-mechanical parameters
of concrete components are calibrated from the experimental results of both water permeability and
chloride diffusion tests. The proposed model allows extrapolating the experimental results for higher
compressive stress. A relation between water permeability and diffusivity coefficients is resulted from
both experimental and numerical investigations for a large range of compressive stress.

� 2020 Elsevier Ltd. All rights reserved.
1. Introduction

Water permeability and chloride diffusivity are two key param-
eters for assessing the serviceability and long-term durability of
reinforced concrete (RC) structure exposed to aggressive environ-
ments. These transport properties depend on two main factors:
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interconnected porosity of mortar and micro-cracks in concrete.
The latter one is controlled by the stress level and the stress path,
while the porosity and its interconnectivity is essentially influ-
enced by the ratio water/cement (w/c) as well as the compaction
and the hydration degrees. Water permeability and chloride diffu-
sion coefficients are usually individually evaluated by experimen-
tal or/and numerical investigations. Permeability of a porous
medium is fluid flux through a unit area section under a unit pres-
sure gradient. The permeability measurement methods of a con-
crete sample are divided into two categories: indirect and direct
methods [55]. Main existing methods of the water permeability
measure for concrete material has been recently reviewed and dis-
cussed by Amriou and Bencheikh [5]. The direct test on hollow
cylindrical samples, in which water flow radially from outside to
inside surfaces or vice versa, exhibits many advantages in com-
pared with other methods: (1) a great contact surface between
sample and fluid leading to a large water flow and thus a high
accurate measurement; (2) reduction of the test duration due to
a small sample thickness; (3) leakage reduction and (4) easy satu-
ration of the sample [5,15,17,44]. This method is adopted in this
study to evaluate the water permeability of concrete.

Chloride ingress and diffusion in concrete are controlled by dif-
ferent chemical and physical transport mechanisms, which are
classified into five categories: diffusion, permeation, migration,
convection and capillary suction [56,59]. Different techniques have
been developed and standardised to measure the diffusion coeffi-
cient and the chloride migration on the concrete specimen in the
laboratory tests: Rapid Chloride Permeability Test (AASHTO T277
[1], ASTM C1202 [8]); non steady-state diffusion test (NT BUILD
443 [49], ASTM C1556 [9]); electrical migration test (NT BUILD
492 [48]); ponding test (AASHTO T259 [2]). These laboratory meth-
ods are based on Fick and Nernst-Planck equations [47], moisture
movement [52], binding isotherms [73] and temperature variation
[64]. Laboratory methods yield three different chloride diffusion
coefficients: instantaneous and apparent coefficients measured
from the chloride natural diffusion test and coefficient determined
by rapid chloride migration (RCM). Relations exist between these
three coefficients [65,68]. Besides, destructive and non-
destructive techniques have also proposed for in-situ measure-
ment of chloride concentration in concrete structure. A review
and discussion of field methods can be referred in Abbas et al.
[3]. Wang et al. [69] proposed a laboratory method to measure
the chloride migration through a sample discs under different
compressive stress levels (NT BUILD 492 [48]). In the present work,
an experimental method is slightly modified from that of Wang
et al. [69] to measure the chloride permeability with taking into
account the compressive loading. The modification consists in
the use of RCPT (ASTM C1202 [8]) to measure the rapid chloride
permeability instead of the chloride migration carried out byWang
et al. [69].

Chloride diffusion through a cracked concrete has been widely
investigated by both experimental and numerical approaches
[28,29,38,42,43,58,60,70,72]. However, those studies have usually
dealt with an existing macrocrack which are created by tensile
stress. A few works consider the effect of uniaxial stress induced
microcracks on the chloride diffusion [28,69]. Moreover, the rela-
tion between transport coefficients has been rarely reported. Bhar-
gava and Banthia [17] modified the equation of Katz-Thompson
[30] to add the stress effect on the relation between water perme-
ability and chloride diffusivity. Djerbi et al. [28] related gas perme-
ability to chloride diffusion coefficient via damage variable
measured by ultrasound pulse velocity.

Modelling of transport phenomena in sound and cracked con-
crete is usually performed at a mesoscale, where the concrete
includes three phases: aggregate, cement paste and ITZ. The use
of classical finite element method, in which ITZ is explicitly
2

represented by a thin layer, often leads to mesh-sensitive results
when dealing with nonlinear hydromechanical coupling [62]. ITZ
can also modelled by the zero thickness interface element [4,45].
This approach also needs very fine mesh, when coupling to nonlin-
ear softening mechanical behavior, to reduce the mesh dependent
result [23,57]. Bolander and Sukumar [20] showed that the lattice
model exhibits the mesh-independent results, which helps to over-
come the limitations of a FEM modeling. Wang and Ueda [70]
firstly developed a 2Dmesoscale lattice model to describe the chlo-
ride diffusion in cracks and cracked concrete. Šavija et al. [58,59]
developped a 3D mesoscale lattice discretisation to describe the
chloride ingress in plain and cracked concrete. However, the
hydromechanical coupling was excluded in those lattice models.

This study focuses firstly on the effect of compressive load
induced microcracks on water permeability and chloride diffusiv-
ity of concrete by experimental investigations and hydromechani-
cal lattice modelling at a meso description. Secondly, empirical
relation between these two transport coefficient are proposed.
Two industrial ordinary concretes were considered. Five stress
levels 0, 0.2, 0.4, 0.6 and 0.8 and four levels 0, 0.3, 0.5 and 0.7 of
the compressive strength were considered during water perme-
ability and chloride diffusion tests, respectively. Hollow cylindrical
samples were used in water permeability tests. Whereas, the
chloride diffusion coefficient is evaluated by the Rapid Chloride
Permeability Testing on a cylindrical sample. Mesoscopic
hydromechanical lattice modeling consists of the spatial discretisa-
tion and the constitutive behaviors for different components (ag-
gregate, mortar and ITZ). Discretization is based on a dual
element network: Delaunay triangles for mechanical elements
and Voronoi polygons for conduit elements. Aggregate is assumed
to be elastic, while cement paste and ITZ are represented by an
elastic-damage with softening model. The water seapage and chlo-
ride diffusion are respectively described by Darcy and Fick second
laws for intact material. Cubic law is used to model the fluid flow in
a crack, while the experimental result of Djerbi et al. [29] is imple-
mented into lattice model for cloride diffusion in a crack. The
mechanical and transport properties of three components are
taken from the open litterature, as well as calibrated from the
experimental results performed in this study. Both experimental
and numerical results allow to elaborate a relation between water
permeability and chloride diffusion coefficients. Numerical simula-
tion reproduces well measurement on the sample and also helps to
extrapolate the experimental results to 100% of the compressive
strength. This also indicates that the mesoscopic lattice model is
quite appropriated and helpful for predicting the durability of rein-
forced concrete structure.
2. Experimental programs

2.1. Materials

Two normal strength concretes C1 and C2 were investigated,
which are commonly used in construction and building. The mix-
ture proportion of these concretes is shown in Table 1. C1 is usually
used for substructures, while C2 is essentially used in the main
bearing structures. The particle-size distribution of aggregate is
determined by a sieve analysis in accordance to ASTM C136 [10],
in which the fine aggregate is natural river sand and the coarse
aggregate is crushed gravel with the maximum size of 12.5 mm.
The aggregate is designed according to the requirement of ASTM
C33 [6]. Portland cement is made with respect to the standard
specification ASTM C150 [7].

Prior to the main tests (i.e. water and chloride permeabilites of
concretes under compressive stress shown in Sections 2.2 and 2.3),
basic mechanical and transport properties of concretes and cement



Fig. 1. Water permeability test principle according to standards BS EN 12390-
8:2019 and DIN 1048.

Table 1
Mixture proportion for 1 m3 and mechanical propertie of two concretes.

Mixture
ID

Cement
(kg)

Fine aggregate
(kg)

Coarse aggregate
(kg)

Water
(kg)

w/c

C1 395 695 1231 170 0.43
C2 472 626 1197 170 0.36
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pastes at the age of 28 days, including Young modulus E, tensile
strength ft, compressive strength fc, water permeability K and chlo-
ride diffusivity D were characterized. Three mechanical properties
(E, ft, fc) are determined by the classical tests [11–13]. The chloride
diffusivityDwasmeasured by the test method shown in Section 2.3
Fig. 2. Hollow cylindral concrete samples for water

Table 2
Measured mechanical macroscopic parameters of two concretes C1 and C2.

Parameters C1 C2

Young’s modulus E (GPa) 31.4 34.3
Tensile strength ft (MPa) 2.52 2.82
Compressive strength fc (MPa) 41.7 52.4
Water permeability K (m/s) 1.15E�09 1.10E�09
Chloride diffusivity D (m2/s) 8.02E�12 6.30E�12

3

for the case without stress. On the contrary, the device for the mea-
surement of water permeability under stress described in Sec-
tion 2.2 can not be use to measure the water permeability K for
the case without stress due to the leakage problem. The water per-
meability was evaluated on specimen of size 150 � 150 � 150 mm
according to the standards BS EN 12390–8:2019 and DIN 1048. The
principle of this test is shown in Fig. 1. The water permeability is
the average value resulted from three tests with three hydraulic
heads 3, 4, 5 atm applied on the top surface of the specimen.

The basic properties are recapitulated in Table 2 for two con-
cretes C1 and C2, as well as two corresponding cement pastes with
w/c ratio 0.43 and 0.36 in Table 3. The w/c ratios were chosen to
achieve the required compressive strengths of two considered con-
cretes C1 and C2 (see Table 2).
2.2. Water permeability test

Hollow cylindrical concrete specimen, with 200 mm length,
100 mm external diameter and 50 mm internal diameter, were
prepared for water permeability test (Fig. 2). After casting for
24 h, samples were total immersion in water at 20 �C during
28 days before the tests. Two top and bottom surfaces of specimen
were sealed with rubber O-rings using a silicone glue to prevent
the leakage during the test. Water permeability tests were carried
out at the ambient temperature condition.

The method proposed by Banthia et al. [15] and Amriou and
Bencheikh [5] is used to evaluate the water permeability of con-
crete with uniaxial compressive stress. The permeability measure-
ment needs a measuring cage, a water tank and measuring devices
(Fig. 1c). Measurement devices include water inlet gauges, water
pressure sensors, load gauges, electronic scales, dataloger and
computer. The computer automatically controls the load levels
and records the mass of water flowing out. A water pressure upper
than the atmospheric pressure is applied on the outer wall, while
the atmospheric pressure is maintained on the inner wall to create
a pressure gradient and a radial flow from the outer to the inner
wall of the sample. The capacity of the device allows a maximal
water pressure 10 atm on the outer wall.

Specimens were installed in water-proof cages. Water was filled
in the cage to remove air. The lid of the cage was tightened with
bolts and rubber O-rings. The specimen was placed in the cage
such that water would permeate through 25 mm of thickness from
the outer wall to the inner hollow core. The water in the hollow
core is then drained out to a collection reservoir and water mass
was measured continuously and accurately using an electronic
permeability test (a, b); permeability cell (c).



Fig. 3. Experimental set up for water permeability test under compressive stress.
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scale connected to a computer. The cage was put in a testing
machine to apply a certain compressive stress on the specimen
during the test. The load relaxation could occur in the machine
with time, and this drop in load was offset by applying an addi-
tional force to achieve an experimental compressive stress. This
machine was connected to the computer to set up automatically
the mechanical load (Fig. 3).

The water masse rate (m3/s) was recorded when the flow was
stable. Water permeability measurements were taken place for a
period of 16 h, when the water pressure gradient was maintained
constant. Three pressures 3, 4 and 5 atm were applied on the outer
surface, while the atmospheric pressure is always maintained on
the inner wall. The permeability was measured at the four com-
pression stress levels r/rc = 0.2, 0.4, 0.6 and 0.8 (rc is the com-
pressive strength). To avoid the water leakage via top and
bottom surfaces, a compressive stress r/rc = 0.1 is sufficient for
the case where the water pressure applied on the outer wall is
0.5 atm. However, the leakage undoubtedly occurs for the case
r/rc = 0.0. As a reminder, the water permeability of concrete with-
out stress were measured according to the standards BS EN 12390–
8:2019 and DIN 1048.

The pressures 3, 4 and 5 atm are equivalent to water column
heights of 30, 40 and 50 m respectively. Therefore, the test condi-
tion represents the marine structures in which the depth of the
substructure varies from 30 to 50 m from the free surface of water.
Table 4
Water of permeability coefficients with concrete C1.

r/rc Kw (m/s) with 3 hydraulic head levels
(atm)

Average coefficient
of water
permeability (m/s)

3 4 5

0.0 1.13E�09 1.16E�09 1.15E�09 1.15E�09
0.2 9.59E�10 8.69E�10 9.30E�10 9.19E�10
0.4 1.05E�09 1.13E�09 1.24E�09 1.14E�09
0.6 1.38E�09 1.61E�09 1.75E�09 1.58E�09
0.8 2.74E�09 2.99E�09 3.29E�09 3.01E�09

4

The substructure is subjected to both the environmental impact
and service loading. Moreover, the water pressure imposed on
the outer surface does not present any risk for the sample wall
breaking.

For each permeability test, the coefficient of water permeability
Kw (m/s) is calculated by Darcy’s law

Kw ¼ Q :l
A:H

ð1Þ

where Q is the rate of water flow (m3/s), l is the thickness of a spec-
imen (l = 25 mm), A is the seepage area (m2) (A = 0.0628 m2), H is
the pressure head (m).

The water permeability coefficients measured over a period of
16 h for different water pressure levels and for different compres-
sive stress levels recapituated in Table 4 and Table 5 for concretes
C1 and C2, respectively. It is worth noting that the average coeffi-
cient of water permeability in Tables 4 and 5 for r/rc = 0 are
exactly the values given in Table 3 for two concretes C1 and C2.
They are from the same measurements according to the standards
BS EN 12390–8:2019 and DIN 1048.

2.3. Chloride rapid penetration test

Initial cylindrical concrete samples with 100 mm diameter and
200 mm height were prepared and cured during 28 days. Then,
Table 5
Water of permeability coefficients with concrete C2.

r/rc Kw (m/s) with 3 hydraulic head levels
(atm)

Average coefficient
of water
permeability (m/s)

3 4 5

0.0 1.08E�09 1.12E�09 1.11E�09 1.10E�09
0.2 9.36E�10 9.46E�10 9.81E�10 9.54E�10
0.4 1.00E�09 1.09E�09 1.27E�09 1.12E�09
0.6 1.23E�09 1.45E�09 1.74E�09 1.47E�09
0.8 2.49E�09 2.89E�09 3.18E�09 2.85E�09



Fig. 4. Experimental set up for RCPT under compressive stress.
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concrete discs of 50 mm were cut off from the initial samples at
their central position by a water-cooled diamond saw. The thick-
ness of each disc specimen was measured by a digital calliper with
an accuracy of 0.1 mm. Two epoxy resin coats were used to seal the
lateral surface of concrete discs to ensure one dimensional chloride
flow during the test. Specimens were saturated by placing in a vac-
uum container by ensuring that two end surfaces were exposed.
The pressure was decreased less than 1 mmHg and the vacuum
was kept for four hours before allowing air to introduce. Then,
water was introduced into the container to immerse the specimen
for 18 ± 2 h before taking out and placing the specimen in the test
setup.

Once the epoxy resin coat had hardened, the specimens were
loaded at a constant rate of 1.23 ± 0.1 kN/s until the failure. The
average load corresponding to the failure of three samples was
taken as the maximum load for each type of concrete, which is con-
sidered as the ultimate stress rmax (or rc). To create a state of
direct compression, stress is generated by a downforce from bolts
and adjusted by a load cell (see Fig. 4). After reaching the target
value of load, two chambers containing NaCl and NaOH solutions
were installed. Four stress levels were considered: r/rmax = 0;
0.3, 0.5 and 0.7. For the case without stress, we did not need
tighten the bolts to create the compression. Then, the test process
was performed to measure the chloride ion permeability by follow-
ing the standard Rapid Chloride Permeability Testing (RCPT) (ASTM
C1202 [8]). The specimen was placed between two acrylic cells,
one was filled with a 0.3 mol/l NaOH solution and other with a
Table 6
RCP values and chloride diffusion coefficients (D) of two concretes C1 and C2.

Stress levels
r/rmax

Concrete C1 Concrete C2

RCP
(Coulombs)

D (m2/s) RCP
(Coulombs)

D (m2/s)

0 2679 2767 8.02E�12 2076 2076 6.30E�12
2753 1948
2868 2203

0.3 2346 2332 6.95E�12 1857 1723 5.39E�12
2239 1749
2410 1564

0.5 3269 3241 9.16E�12 2459 2452 7.25E�12
3426 2374
3028 2523

0.7 3846 3759 1.04E�11 2769 2918 8.39E�12
3755 3018
3676 2967
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3% NaCl solution. The cells were connected to a 60-V power source.
Test device is connected to a computer system to determine auto-
matically the total amount of electrical energy transmitted through
the sample. The current was measured and recorded during 6 h
and then the total charge passed through the sample was com-
puted by integrating the current over time (RCP).

Berke and Hicks [19]’s emperical formulation is used to corre-
late the RCP value and the chloride diffusion coefficient (D)

D ¼ 0:0103 ðRCPÞ0:84 10�12m2=s
� �

ð2Þ

where the unit of RCP is Coulombs.
It is worth noting that this formula was obtained for the case

without loading, where the rapid chloride permeation occurs uni-
formly on two sample surface [19]. In this study, the frame loading
is designed similarly to that proposed by Wang et al. [69], which
ensures a quasi-uniform stress distribution within the sample. This
allows also a quasi-uniform distribution for the rapid chloride per-
meation. Moreover, the formula is fitted from the test data that the
dispersion is not negligeble. Therefore, we assume that empirical
law of Berke and Hicks [19] is also valid for the case with stress
in this study. Obviously, it is interesting to check this assumption
in further studies.

Table 6 recapitulates the RCP values and the chloride diffusion
coefficients (D) resulted from the formula for two concrete types
C1 and C2 for different loads. The chloride diffusivity (D) of two
concretes corresponding to r/rc = 0 are already given in Table 2.
These values for cement paste with two w/c ratios 0.43 and 0.36
were also measured and shown in Table 3 for the case without
loading condition.
3. Hydromechanical lattice models

Lattice discretisation for hydromechanical (HM) coupling
through a 2D domain consists in a dual network of Delaunay trian-
gles and Voronoi polygons, which are built from a randomly gener-
ation of nodes [14,53] (Fig. 5a). The 1D transport and mechanical
elements are respectively placed along the edges of the Voronoi
polygons and the Delaunay triangles. The middle cross-sections
of the mechanical lattice elements are the length of the corre-
sponding transport elements and conversely the cross-section of
the transport lattices elements are the length of the corresponding
mechanical lattice elements. The generation of nodes within a con-
sidered domain Sd is controlled by two parameters: spatial density
qn and the minimum distance between nodes dmin. The density of



Fig. 5. HM lattice discretisation: (a) Dual Voronoi and Delaunay tessellations; (b) coupling between a single transport element and a single mechanical element.
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nodes qn describes the distribution of the distances between
nodes, which is a function of the number of nodes Nn and the min-
imum distance dmin such as

qn ¼ Nnd
2
min

Sd
ð3Þ

The values of qn and dmin are taken sufficiently large to ensure
the convergence of the solution.

As a remainder, concrete at mesoscale is heterogeneous and
constituted by three phases: aggregate, cement matrix and ITZ.
Aggregates are assumed to be circular shape and randomly gener-
ated by Füler distribution. The generation of aggregates within a
sample is controlled by three parameters: volume fraction of
aggregates, their upper and lower diameters [34,36]. The lattice
discretization relating to aggregate does not place randomly nodes,
which are build such as the middle cross-section of the mechanical
lattice elements form the boundaries between aggregate and
cement matrix [21,22]. According to the computational efficiency
[37,41,61,62], ITZ’s thickness is setup to be 50 lm.

As seen in Fig. 5b, the HM coupling is performed at the point C,
the midpoint of a common edge of two adjacent Voronoi polygons,
where both transport and mechanical responses are available. Each
node of mechanical element has three degrees of freedom, includ-
ing two translations (u, v) and one rotation /, whilst each node of
conduit element has one nodal unknown either the fluid pressure
Pf (for the fluid flow problem) or the chloride concentration C (for

chloride diffusion problem). We respectively note u
�
e ¼ u1;v1;f

/1;u2; v2;/2gT and (Pf3,Pf4) as the nodal unknowns of displacement
and rotation for a mechanical element (1–2) and of that of pressure
for a transport element (3–4) (Fig. 5b). The relationship between
the nodal unknowns of a mechanical lattice element and the dis-
placement discontinuity at the midpoint C of the corresponding
transport lattice element (i.e. the element cross-section) in the
local coordinate system reads

u
�
c ¼ Bu

�
e ¼

�1 0 ec 1 0 �ec
0 �1 �he=2 0 1 �he=2

� �
u
�
e ð4Þ

where ec and he are respectively the eccentricity of the point C and

the length of the mechanical element; u
�
c ¼ ðuc;vcÞT in which uc and

vc are displacement jumps in the tangential and perpendicular
direction to the mechanical elements (see Fig. 5b). In Eq. (4), ec
becomes �ec if the midpoint C is on the right hand side with respect
to the mechanical element. The cross-section is determined by
A = let where le is length of mid-section (i.e. the length of the corre-

sponding conduit element), t is the out-plan thickness and I ¼ l3e t
12 is

the moment of inertia.
6

The displacement jump at C is transformed into the strain ec=
{enc,esc}T such as

ec ¼ u
�
c

he
¼ 1

he
Bu

�
e ð5Þ

where enc, esc are the tangential and perpendicular components of
the strain vector at the point C, respectively.

This strain relates to the stress via an elastic-damage model
shown below (see Section 3.1). The rigid matrix of lattice element
in the local coordinate system is determined by:

K ¼ A
he

BTDeB ð6Þ

where De ¼ E
�

0
0 cE

�

" #
is the elastic stiffness, E

�
and c are model

parameters. For the stress plane condition

E
�
¼ E

1� m
; c ¼ 1� 3m

mþ 1
ð7Þ

with E and m are Young’s modulus and Poisson ratio. According to
Grassl et al [33], accurate numerical solution is only obtained if
m � 0.2 (i.e. c � 1/3) for a randomly generation of lattice network.

The pressure Pf in a conduit element is assumed to linearly vary
between two nodes 3 and 4. Using n as the local coordinate with
n = �1 at node 3 and n = 1 at node 4, we have

Pf ¼ Pf4 � Pf3

2
nþ Pf4 þ Pf3

2
ð8Þ

At the point C: Pc ¼ Pðn ¼ 0Þ ¼ Pf4þPf3
2 .

The discretization of the chloride concentration of the chloride
diffusion problem is identical to the pressure of the fluid flow prob-
lem. The discretisation of the steady-state fluid flow and the chlo-
ride diffusion equations are shown respectively in Sections 3.2 and
3.3. The proposed lattice model has been implemented in the ori-
ented finite element package OOFEM that the solution method
has been found in Patzák [54].

3.1. Mechanical constitutive equations

Aggregates are assumed to be elastic. Whereas, the constitutive
damage equations proposed by Grassl et al [33] for tensile regime
and by Grassl and Pearce [37] and Nguyen et al [51] for compres-
sive regime are used in this work to model the stress–strain rela-
tion of cement paste and ITZ under both tensile and compressive
loads. A brief summary of this elastic-damage model is recalled
below.
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The stress–strain relation in the HM coupling framework reads

r ¼ ð1�xÞDeeþ brf ¼ ð1�xÞr� þbrf ð9Þ
where x is the damage variable; rf ¼ ðPf ; 0ÞT; Pf the pore pressure;

b the Biot’s coefficient; r ¼ ðrn;rsÞTthe stress vector; rn and rs the
tangential and perpendicular components of the stress vector (with
respect to the considered mechanical element orientation);

The variable x is a function of a history variable j, which is
determined by the loading function

f ðe;jÞ ¼ eeqðeÞ � j ð10Þ
where the equivalent strain eeq is defined as

eeqðes; enÞ ¼ 1
2
e0ð1� cÞ þ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ð1
2
e0ð1� cÞ þ enÞ

2

þ cc2e2s
s2

s
ð11Þ

where s = fs/ft, c = fc/ft, ft = Ee0 the tensile strength, fs the shear
strength, fc the compressive strength and e0 the model parameters.
The loading–unloading condition is ensured by

f 6 0; _j P 0; _jf ¼ 0 ð12Þ
The softening curve is controlled by the fracture energy of pure

compression Gfc and of pure tension Gft for compressive and tensile
conditions as follows

rn ¼ fte
� e

�
xi

� �
ð13Þ

with i = c (compression) or t (tension); xi = Gfi/fi; e
� ¼ k e k is the

equivalent crack opening; e is the crack opening vector defined by

e ¼ hexe ð14Þ
For pure compression or pure tension condition, eis ¼ 0, thus Eq.

leads to eeq ¼ ein and

ri
n ¼ 1�xð ÞEein ð15Þ
Introducing Eqs. (15) and (13) into the yield function

f ðe;jÞ ¼ eeqðeÞ � j ¼ 0 results in

1�xð Þj ¼ ce0exp � hedj
Gfi=f i

� �
ði ¼ c; tÞ ð16Þ

which allows determining the damage variable from history vari-
able j.

3.2. Water transport

The fluid flow is idealised by Darcy’s law due to a weak perme-
ability of concrete’s components and is considered in the steady-
state condition in order to determine the homogenized permeabil-
ity of concrete. In the lattice framework, the transport elements are
1D conductive pipes placed along the edges of the Voronoi poly-
gons and their cross-section is calculated from the length of the
corresponding edges of the dual Delaunay triangle. Water is
assumed to be incompressible. The stationary fluid flow through
a porous medium is fully described by the mass conservation equa-
tion, Darcy’s law and the boundary conditions. The combination of
two first equations gives the Laplace equation for the fluid pore
pressure

DPf ¼ 0 ð17Þ
The discretisation form of Eq. (17) for a conduit element is [31]

aePf ¼ fw ð18Þ

where ae ¼ he
le
k

1 �1
�1 1

� �
is the element conductivity; fw is the

nodal flow vector; Pf =(Pf1,Pf2) is the vector of nodal fluid pore
7

pressure; le and At = txhe are the length and the cross-section of
the transport element with he is the length of corresponding
mechanical element.

The total flow transported by a conduit element is the sum of
flow through intact and damage materials. Therefore, the hydraulic
conductivity is formulated by

k ¼ k0 þ kcðheÞ ð19Þ
where k0 is the hydraulic conductivity of undamaged material and
kc is the hydraulic conductivity of crack resulted by damage. We
assume that the fluid flow through a crack obeys the cubic law, i.e.

kc ¼ qg
l

e
�3

12he
ð20Þ

where g is the gravity; q and l are the fluid density and the fluid
dynamic viscosity.

3.3. Chloride diffusion

Chloride ingress also takes places in the transport elements, i.e.
edges of of the Voronoi polygons. Fick’s second law is used to
describe the chloride diffusion in 1D conduit element. The discrete
form of this equation in the lattice framework is

DeC þ Ce
@C
@t

¼ Fc ð21Þ

where C =(C3,C4)T is the nodal chloride concentration; Fc is the nodal
flux; De and Ce are the diffusion and capacity matrix:

De ¼ he

le
D

1 �1
�1 1

� �
; Ce ¼ hele

12
2 1
1 2

� �
ð22Þ

with D is the chloride diffusion coefficient of material.
Similar to the hydraulic conductivity of a transport element, the

damage induced diffusivity increase is taken into account via the
crack opening for damaged element.

D ¼ D0 þ Dc ð23Þ
where D0 is the diffusivity coefficient of undamaged material and Dc

is that of damaged material.
Two empirical relations between Dc and crack width have been

proposed by Ismail et al [43] (Eq. (24)) and Djerbi et al [29] (Eq.
(25)). Dc is a linear function of the crack width when the latter vari-
able is comprised between lower and upper bounds. No increase of
diffusivity occurs when the crack width is less than the lower
bound due to the crack healing phenomenon of cement-based
material. Šavija et al [59] implemented both equations into a trans-
port lattice modelling and showed that the relation (25) represents
the chloride diffusion within cracked concrete better than Eq. (24).
In this study, the empirical model proposed by Djerbi et al [29] is
adopted.

Dc ¼
0 for e

�
< 21lm

ð23:84 e
�þ8:37Þ � 10�10 for 21lm 6 e

�
6 55lm

1:4� 10�9 for e
�
> 55lm

8>><
>>: ð24Þ

Dc ¼
0 for e

�
< 30lm

2� 10�5 e
��4� 10�10 for 30lm 6 e

�
6 80lm

1:4� 10�9 for e
�
> 80lm

8>><
>>: ð25Þ

The three-dimensional permeability and chloride diffusivity
tests presented in the previous section are modeled by 2D
hydromechanical lattice model showed in this section. In the litter-
ature, 2D mesoscopic modeling has been usually used to describe
the behavior of concrete structure, in which concrete is usually
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assumed also to be constituted by three phases: aggregate, cement
paste and ITZ [16,25,26,32,34,35,46,62]. This simplification (3D
configuration to 2D representation) must be carefully verified
and validated against the test data, when using the 2D simplified
model to predict the behavior of concrete structure. This is the case
of this study as shown in the next section.
4. Results and discussion

4.1. Model calibration and validation

As a reminder, cement and ITZ are represented by a damage-
elasticity model that the stress–strain relation is fully described
by seven parameters: Young’s modulus (E); Poisson ratio (m); ten-
sile strength (ft); compressive strength (fc); shear strength (fs); pure
compression fracture energy Gfc and pure tension fracture energy
Gft. Whereas, aggregate is assumed to be elastic and thus character-
ized only by Young’s modulus (E) and Poisson ratio (m). These two

elastic parameters are related to the lattice model parameters E
�

and c by Eq. (7). The values of c are taken from Grassl and Pearce
[37] for three components of both concretes (aggregate, cement
and ITZ). Three parameters E, fc, ft of two cement pastes was mea-
sured (see Table 3). Young’s modulus of aggregate is assumed to be
70 GPa. This parameter of ITZ is evaluated by the following equa-
tion [37]

Eitz ¼ 1
2

1
Eaggr

þ 1
Ecem

� ��1

ð26Þ

The remainder of parameters, including fs, Gfc, Gft for the cement
pastes and ft, fc, fs, Gfc, Gft for ITZ were initially taken from Grassl
and Pearce [37] and then adjusted to satisfy: (1) the measured
macroscopic properties of two concretes shown in Table 2 and
(2) the water and chloride permeability tests under compressive
stress performed in this study. Only two fracture energy parame-
ters Gfc, Gft of both ITZ and cement matrix are adjusted. Whereas,
three parameters ft, fc (c = fc/ft) and fs (or s = fs/ft) of ITZ and the
parameter s = fs/ft for the cement paste are kept to be similar to
those of Grassl and Pearce [37]. Table 7 recapitulates all mechani-
cal models of different components of two concretes. These
mechanical parameters are closes to those used by Grassl’s studies
when dealing with normal strength concrete material [33–37].

Regarding transport proprieties, aggregate is usually assumed
to be impermeable in comparison to transport properties of mortar
[45,58]. ITZ represents the weakness zone in concrete and thus ITZ
is more permeable than the mortar. However, since ITZ phase is
located at the interface between aggregates and mortar, ITZ phase
is thus not percolated. Therefore, the contribution of ITZ to increase
the permeability of concrete is not significant [66]. In the literature,
the permeability of ITZ (KITZ) is usually assumed to be 10 times
more than mortar’s (Kce) [45,71,74] and the chloride diffusivity of
ITZ (DITZ) is 2–8 times that of cement paste (Dce) [27,59,58]. ITZ
transport properties have been widely estimated by using homog-
enization methods from the concrete properties and the volume
fraction of different phases [24,50].
Table 7
Summaries all mechanical model parameters.

E(GPa) c (–) ft (MPa)

Aggregate 70 0.08 –
Cement paste (C1) 28.2 0.33 2.5
ITZ (C1) 40.2 0.20 1.5
Cement paste (C2) 29.5 0.33 2.8
ITZ (C2) 41.5 0.20 1.5
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In this study, two coefficients kiK and kiD are introduced such as

Ki
ITZ ¼ kiKK

i
ce and Di

ITZ ¼ kiDD
i
ce ði ¼ 1;2Þ ð27Þ

which are determined by the adjustment between the numerical
solution and the experimental data for two concrete C1 and C2

(i = 1,2). Besides, we assume that Ki
agg ¼ 10�7Ki

ceand

Di
agg ¼ 10�7Di

ce. K
i
ce and Di

ce were directly measured (see Table 3).
4.1.1. Water permeability calibration

To determine kiK, a 2D lattice model is proposed based on the
experiment configuration which is shown in Fig. 6. It consists in
a rectangular specimen 200 � 25 (mm2) in which the aggregate
diameter varies from /min = 3 mm to /max = 12.5 mm. Two con-
stant pressures Pleft and Pright are prescribed on the left and right
sides of the model and no fluid exchange is imposed on the top
and bottom surfaces. Based on the Darcy’s law, the permeability
of concrete is calculated by lattice model as follows

Kspecimen ¼ qin

Sright Pright � Pleft
	 
 ¼

Pn
1 K�n

e Pe
right � Pe

left

� �h i
Sright Pright � Pleft

	 
 ð28Þ

where Sright = 200 mm2 is the boundary of the right surface; qin is the
sum of flux entering over all conduit elements on the right bound-
ary; Pe

right; P
e
left are the nodal pressures on the right and left nodes of

the transport element e connecting to the right boundary and K�n
e is

the water permeability of this element.
Numerical model allows plotting a continuous evolution in per-

meability versus uniaxial compressive stress r/rmax from 0 to 1.
By adjusting these curves against the experimental data for five
stress levels (r/rmax = 0.0; 0.2; 0.4; 0.6; 0.8), the value
k1K ¼ k2K ¼ kK ¼ 8 is obtained. Fig. 7 shows the compressive stress
induced permeability changes for two concretes (C1 and C2)
obtained by water permeability test (see Section 2.2) and by lattice
modelling. Test results show that the permeability slightly
decreases when r/rmax < 0.4. Since this slight drop is not signifi-
cant, this decrease in permeability due to the void closure is not
taken into account in the lattice model. A uniaxial compressive
stress threshold is observed between 0.4 and 0.6 times rmax,
beyond which the water permeability starts increasing due to the
occurrence of microcracks under compression. In the literature,
this stress threshold was observed about 0.3 to 0.4rmax [18,40].
The threshold value is much higher for gas permeability (from
0.5 to 0.8rmax). A review on the compressive stress induced (water,
gas, chloride) permeability change was done by Hoseini et al [39].
Increases about 1.5 and 2.8 times compared to the initial perme-
ability were observed at stress levels r/rmax = 0.6 and 0.8,
respectively.

The lattice model with kK = 8 allows to reproduce the increase in
permeability till 0.8rmax for both concretes C1 and C2. In spite of
the simplified assumptions, the present 2D hydro-mechanical
fairly well predicts the evolution of the permeability versus the
compressive stress for two considered materials.
fs (MPa) fc (MPa) Gfc (J/m2) Gft (J/m2)

– –
5.0 38 5 � 105 4.5 � 102

3.0 30 1.25 � 105 1.25 � 102

5.6 45 5.5 � 105 5.2 � 102

3.0 30 1.25 � 105 1.25 � 102



Fig. 6. Lattice model for water permeability test under compressive stress.

Fig. 7. Evolution of permeability versus stress level for two concretes C1 and C2 (experimental and modeling results).
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To the best of the authors’ knowledge, the experimental inves-
tigation on the change in water permeability for a compressive
stress close to rmax has not done yet for concrete material. How-
ever, the permeability measurement during a triaxial test has
widely performed for the brittle rock material, which shows gener-
ally: (1) slight decrease in permeability due to the void closure fol-
lowing by a constant value of permeability corresponding to the
elastic stage; (2) progressive increase in permeability from the
yield stress to the peak stress (nonlinear plastic hardening or
pre-peak stage) due to the occurrence of microcrack; (3) consider-
able increase in permeability corresponding to the post-peak or
plastic softening stage where microcracks coalesce to form the
macrocrack (percolated micro-crack network) and (4) a progres-
sive increase in permeability during the residual stage [63,67,75].
Concrete is much more heterogeneous than rock material. The
9

weakness zone at the interface between the aggregate and the
cement paste make concrete easier to be damaged than homoge-
neous rock by bond crack when subjecting to the compressive
stress. This might lead to a trend of permeability change of the
plain concrete different to that of the rock. However, as reviewed
by Hoseini et al [39], the variability of water and gas permeability
change under compressive stress is significant. The mesoscopic lat-
tice modeling of the ordinary concrete under compressive stress
shows that (1) the cracks are mainly initiated at the aggregate-
matrix interface within the hardening stage; (2) then ITZ becomes
strongly damaged and cracks also occur in the mortar at the peak
stress; (3) the cracks localise into two shear bands (macrocracks) at
the softening stage [37,51]. This explains a progressive increase in
permeability evidenced by lattice modeling from r/rmax ~ 0.5
(yield stress) to 1.0 (peak stress) in this study.
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4.1.2. Chloride diffusivity calibration
To determine the chloride diffusivity in the numerical model-

ing, two materials are considered including the heterogeneous
concrete with three phases (aggregate, mortar and ITZ) and a ficti-
tious homogeneous material with the homogeneous chloride diffu-
sion coefficient provided in Table 6 by the measurement. At a
compressive stress level r/rmax, hydromechanical lattice model-
ing is performed on the 2D sample described in Fig. 8. A chloride
concentration Cleft = 0.35 is applied on the left side and non-
exchange condition is prescribed on the other three edges. The
evolution of chloride concentration Cright(t) on the right side of

the sample is followed. Di
ITZ ¼ kiDD

i
ce (or the coefficientskiD)

(i = 1,2) are determined by adjusting the curve Cright(t) obtained
for the heterogeneous concrete in comparison with that of the fic-
titious homogeneous material. Herein, Cright is the average value of
nodal chloride concentration on the right nodes of all conduit ele-
ments connecting to the right boundary. As shown in Fig. 9, a good
accordance between two curves of Cright(t) for the heterogeneous
concrete and the fictitious homogeneous material is found for both
two concretes C1 and C2 with the choice k1D ¼ k2D ¼ kD ¼ 2:7. This
value is found in the range observed by previous studies [27,58,59].

To determine the macroscopic chloride diffusivity of a concrete
sample (heterogeneous material) at a stress levelr/rmax, the curve
Cright(t) is firstly computed. Secondly, the coefficient of chloride dif-
fusion of the fictitious homogeneous sample is adjusted in a way
Fig. 8. 2D lattice model for chloride diffu

(C1)

Fig. 9. Evolution of chloride concentration Cright(t) under five stress levelsr/rmax = 0.0 (a
dash line: homogeneous material.
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that the curve Cright(t) fits to the curve of the heterogeneous sam-
ple. This chloride diffusivity obtained by this adjustment is the
macroscopic coefficient (D) of concrete sample corresponding to
the loading r/rmax. D is computed for r/rmax = 0, 0.1, 0.2, 0.3,
0.4, 0.5, 0.6, 0.7, 0.8, 0.9 and 1.0 and the result shown in Fig. 10.
As a reminder, the actual lattice model does not predict a decrease
of D for a weak compressive stress due to the void closure as
shown by experimental result (r/rmax = 0.3). However, this
decrease is slight in comparison with the increase of D for high
stress level (r/rmax > 0.3). The numerical result shows the increase
in diffusivity starts fromr/rmax ~ 0.5, which is coherent to the per-
meability increase in Fig. 9. A slight increase is observed from
r/rmax = 0.5 to 0.7 and then a linear increase from r/rmax = 0.7
to 1.0. Two concretes C1 and C2 exhibit a similar trend of evolution
in chloride diffusivity. Once again, the proposed 2D lattice model is
in a good agreement with the test data for the chloride diffusivity
versus the compressive stress.
4.2. Damage induced permeability and chloride diffusivity changes

4.2.1. Damage versus stress level
Concrete sample is modelled at a mesoscale with three different

phases: elastic aggregate and mortar, ITZ represented by an elastic-
damage model. Aggregate is much solid than ITZ and cement paste.
Under a sufficient compressive stress level, the concrete can be
sion test under compressive stress.

(C2)

); 0.3 (b); 0.5 (c); 0.75 (d) and 1.0 (e) in which solid line: heterogeneous material and



Fig. 10. Evolution of chloride diffusivity versus stress level for two concretes C1 and C2 (experimental and modelling results).
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damage, which initiates and develops firstly in the ITZ elements
and then in the cement matrix. When the uniaxial compressive
stress varies from 0 to the compressive strength, the concrete sam-
ple passes two stages: elastic behaviour (r/rmax < ~0.5) and plastic
hardening (pre-peak) (0.5 < r/rmax < 1.0). If the loading is con-
trolled by the displacement, the softening and residual behavior
will be observed after the peak [51]. The damage variable d of a
concrete sample is introduced as follows

d ¼ 1� Er
E0

ð29Þ

where Er is the unloading modulus corresponding to the stress
level r; E0 is the initial elastic modulus (Er = E0 if r/rmax < 0.5).
As a remainder, the proposed model does not produce the irre-
versible (plastic) strain when unloading on the concrete specimen
since the aggregate is elastic whilst cement matrix and ITZ are mod-
elled by an elastic-damage model. Therefore, the unloading modu-
lus is identical the secant modulus (see Fig. 11 for concrete C1).
Fig. 11. Evolution of stress and of damage variable d
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The computation of damage variable as a function of stress by
using the geometry model described in Fig. 8 is reported in
Fig. 12. Lattice modeling shows that d starts being different to zero
at r/rmax ~ 0.47 for concrete C1 and ~ 0.49 for concrete C2. These
values of stress level corresponding to the thresholds where the
permeability starts increasing. The increase of d exhibits a slight
rate when r/rmax < 0.7 and the increase rate increases with the
increase of the stress level. At the highest stress level r/rmax = 1.0,
d = 0.26 for concrete C1 and d = 0.24 for C2, which are lower than 1.
Indeed, at r/rmax = 1, the concrete specimen fails at numerous ele-
ments (where x = 1), which forms one or two macrocracks (so-
called also by shear bands). However, the whole sample does not
fail completely, which resists to the low compressive stress due
to the friction of the macrocracks. This is the typical behaviour of
a softening plastic material. Fig. 11 shows the classical (axial)
stress–strain curve of the concrete sample under uniaxial condition
(for concrete C1). The compressive loading is performed by impos-
ing a constant displacement rate. As seen, the specimen does not
uring uniaxial compression test of concrete C1.



Fig. 12. Evolution of damage variable versus stress level for two concretes C1 and C2.
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fail immediately atr/rmax = 1 and it exists the softening stage. The
damage variable d reaches 1 when the axial strain (i.e. imposing
displacement) is large enough.
4.2.2. Permeability and chloride diffusivity versus damage
The evolutions of transport properties (Kw, D) and the damage

variable d relate to the stress level r/rmax (see Figs. 7, 10, 12).
Therefore, it is possible to relate the transport properties (Kw, D)
to damage variable d. Figs. 13 and 14 plot the relationships
between Kw and d, as well as D and d for two concretes C1 and
C2. The result shows an important increase rate of Kw and D when
the damage variable is weak (d < 0.02) followed by progressive
increase in permeability Kw and in chloride diffusivity D. The
appearance of the macrocrack (coalescence of microcracks or per-
colation of microcrack-network) usually takes place in the post-pic
(softening behaviour) state [75]. This might be a reason why lattice
modeling does not obtain a considerably increase in permeability
when r reaches rmax. Besides, the chloride diffusivity of a crack
is bounded by lower and upper limits (see Eq. (25)). Thus, there
is not a dramatically increase in the coefficient of chloride diffusion
Fig. 13. Relation between water permeability Kw and

12
even if at the percolation threshold of the microcrack-network (ap-
pearance of macrocrack).

As seen in Figs. 13 and 14, the variations of Kw and D versus d
can be fitted by a power law such as

KwðdÞ
K0i

¼ Aid
mi and

DðdÞ
D0i

¼ Bid
ni i ¼ 1;2ð Þ ð30Þ

where i = 1 for concrete C1 and = 2 for concrete C2; K0i = Kw(d = 0);
D0i = D(d = 0); Ai, Bi, mi, ni are fitting coefficients: A1 = 9.8113;
m1 = 0.3325; A2 = 8.3254; m2 = 0.3029; B1 = 3.2890; n1 = 0.1760;
B2 = 3.9211; n2 = 0.1938.

4.3. Relationship between permeability and chloride diffusivity

Eq. (30) allows deducing a power relation between the water
permeability Kw/K0 and the chloride diffusivity D/D0 via the dam-
age variable d such as

Kw

K0i
¼ AiB

n
m
i

D
D0i

� �m
n

¼ Ei
D
D0i

� �t

i ¼ 1;2ð Þ ð31Þ

where E1 = 1.035; t1 = 1.8892; E2 = 0.9840; t2 = 1.5630.
damage variable d for two concretes C1 and C2.



Fig. 15. Relation between Kw/K0 and D/D0 for concrete C1.

Fig. 14. Relation between chloride diffusivity D and damage variable d for two concretes C1 and C2.
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The variation of Kw/K0 versus D/D0 obtained by the proposed lat-
tice model can be also fitted by an exponential relation (see Fig. 15)

Kw

K0i
¼ Fiexp Hi

D
D0i

� �
i ¼ 1;2ð Þ ð32Þ

where F1 = 0.3299; H1 = 1.1699; F2 = 0.4390; H2 = 0.8781. Exponen-
tial regressions were also proposed by Djerbi et al. [28] for plain and
high-performance concretes to relate the gas permeability to the
chloride diffusion coefficient.

Based on a theoretical analysis, Bhargava and Banthia [17] pro-
posed the following relation between the water permeability and
chloride diffusivity

Kw ¼ HF0:5S0:5D ð33Þ
where F is a factor to consider the effect of fiber content in concrete,
which is expressed by the ratio between the permeability coeffi-
cient of the fiber reinforced concrete and the water permeability
coefficient of the concrete without fiber. When considering only
normal strength concrete (F = 1), the formulation becomes
13
Kw ¼ HS0:5D ð34Þ

where S is the effect of stress on water permeability of concrete that
is expressed as the ratio between the permeability coefficient of
concrete under stress and without stress. H is a factor to consider
the correlation between the permeability coefficient and the chlo-
ride diffusion coefficient in unstressed state H = K0/D0. Hence,
H = 142.93 (m�1) for concrete C1 and H = 175.13 (m�1) for concrete
C2.

Re-writing Eq. (33) for Kw/K0 and D/D0

Kw

K0i
¼ D

D0i

� �2

i ¼ 1;2ð Þ ð35Þ

The fitting (power and exponential function) and Bhargava and
Banthia [17] relations are plotted in Figs. 15 and 16 for concretes C1

and C2. The comparison shows that the power function is the best
approximation of the lattice modelling results for the range of
loading r/rmax from 0 to 1 for both concretes C1 and C2. The
exponential function is not as good as the power function but



Fig. 16. Relation between Kw/K0 and D/D0 for concrete C2.
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acceptable. The Bhargava and Banthia [17]’s relation is close to the
lattice modeling (and thus the experiment result) for C1 with r/
rmax < 0.9. However, this empirical formulation is far from the lat-
tice modelling result (and experiment data) for concrete C2.

The result from two considered concretes is useful for a prelim-
inary assessment of the transport properties of a normal strength
concrete, particularly the case that the concrete composition is
close to C1 and C2. According to the power Eq. (31), two relations
between the water permeability and the chloride diffusivity are
not similar for two considered concretes C1 and C2. Hence, the
result in this study can not be applied directly to other concrete.
However, the proposed lattice model can help to predict the water
permeability and the chloride diffusivity under a service loading
for a specific concrete if its compositions and its basics properties
are known (e.g. Young modulus, compressive and tensile strengths,
water permeability, chloride diffusivity).
5. Conclusions

This study proposes relations between the water permeability
and the chloride diffusivity of two ordinary concretes under uniax-
ial compressive stress condition from unstressed state to the com-
pressive strength. Experimental approach and hydro-mechanical
lattice modeling were investigated to determine the transport
properties. Water permeability and chloride diffusivity were mea-
sured by using standard methods: direct test on a hollow cylindri-
cal sample for water permeability and Rapid Chloride Permeability
Test for chloride diffusion coefficient measurements. Water per-
meability were measured under five stress levels (r/rmax = 0,
0.2, 0.4, 0.6 and 0.8). Four stress levels (r/rmax = 0, 0.3, 0.5, and
0.7) were applied when measuring the chloride diffusivity. The
experimental results show a slight decrease of transport properties
of two concretes when the compressive stress is small
(r/rmax < 0.4) and start increasing about the stress threshold
(r/rmax ~ 0.5).

Hydro-mechanical lattice modelling is proposed to cover a lar-
gest range of compressive stress (r/rmax from 0 to 1). In such a
model, concrete is considered at a mesoscale and is constituted
by three different phases: elastic aggregate; mortar and ITZ are
represented by a damage model with softening behaviour. The
hydromechanical coupling is performed by Biot’s theory. Mechan-
ical and transport properties of these three phases are estimated
14
based on the test data. The proposed model reproduces the diffu-
sion phenomena of water and chloride within concrete under com-
pressive stress observed by the tests. Damage variable is calculated
as a function of stress level. The power formulation is proposed to
relate the transport properties to the damage variable. This allows
to obtain the relation between water permeability and chloride dif-
fusivity. Both power and exponential functions can be used to
approximate that relations for two considered concretes. However,
the power formulation is the best approximation. It helps to deter-
mine one property if the other is available. Despite the limitation of
the present hydro-mechanical lattice model is the 2D representa-
tion, it reproduces fairly well the test observation for both water
permeability and chloride diffusivity tests.

Two considered concretes in this study C1 and C2 have been
widely used for bride construction based on the American standard
(AASHTO LRFD Bride Design Specification), where C1 is usually
used for substructures while C2 is commonly employed for the
main structure. Therefore, the result relating to the transport prop-
erties (water permeability, chloride diffusivity) in this study should
be useful to assess the durability of the structure made by a con-
crete that its composition is close to C1 and C2. Moreover, the pro-
posed hydromechanical lattice model, fairly well validated against
test result, can be used to predict the transport properties under a
service loading for a specific concrete if its composition and its
basic hydromechanical properties are known.
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