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Abstract:  Concrete structures near marine environments are subjected to a combination of chloride 
and varying stress conditions resulting in both macro and microcracking. Knowledge of the 
transport properties of cracked concrete is essential for predicting its durability. The impact of 
damage upon gas permeability and chloride diffusion through ordinary concrete (OC) and high 
performance concrete (HPC) was carried by an experiment in the present study. Concrete cylinders 
were induced microcracks by mechanical uniaxial compression between 60% and 90% of the 
ultimate strength. The damage of specimens was evaluated by elastic stiffness degradation and 
ultrasound pulse velocity. After unloading intrinsic gas permeability was measured using a constant 
head permeameter, the chloride migration coefficient was evaluated by migration test in steady state 
conditions, with the same concrete specimen. The damage of specimens showed correlation with 
gas permeability and chloride diffusion of concrete in this experiment. A linear correlation was 
obtained between intrinsic permeability coefficient and chloride diffusion coefficient depending on 
the damage variable, specific for each concrete type (OC and HPC).  
 

 

1 INTRODUCTION 

Understanding transport phenomena in 
concrete at its microstructural level has 
become of increasing importance in 
elucidating the deterioration process of 
concrete such as corrosion of reinforcement 
embedded in concrete which is caused by 
penetration of aggressive substances into 
concrete. Concrete structures near marine 
environments are subjected to a combination 
of chloride and load. The chloride resistance of 
concrete is governed primarily by the pore 
structure and the concrete diffusivity. The 
corrosion onset is dependent on the concrete 

permeability (Oxygen transport) [1] and on the 
thickness of concrete cover. 

Extensive work has been carried on over 
the past decades to understand transport 
properties of concrete, and numerous service 
life prediction models have been introduced. 
The disadvantage of these models is that all 
predictions are carried out considering a 
perfect, uncracked concrete [2-4]. Concrete 
structures in service are subjected to varying 
stress conditions resulting in both macro and 
microcracking. Knowledge of the transport 
properties of cracked concrete is essential for 
predicting its durability. The presence of 
cracks can significantly modify transport 
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properties of concrete. Microcracks that are 
discrete and well distributed will influence 
transport in very different manner compared to 
visible connected localized macrocracks. 
Transport in a cracked concrete is 
corresponding to a coupled phenomenon 
between transport into the matrix and the 
crack. However, since the kinetics of different 
transport process varies, changes resulting 
from cracking greatly depend on the 
mechanism which is predominant [5-17].  

In the case of localized damage it has been 
shown that gas permeability of concrete 
measured on disks fractured using a splitting 
tensile test increases with crack opening 
displacement COD cubed [5]. Concerning 
chloride diffusion measured by migration test, 
a linear variation was obtained between the 
diffusion coefficient through the crack and 
crack width, this coefficient was not dependent 
on material parameters and becomes constant 
when the crack width was higher than 80 µm, 
its value is the diffusion coefficient of chloride 
in a free solution [9]. 

 In comparison, the studies of diffuse 
damage obtained by compression load have 
shown a marked threshold effect which called 
percolation threshold, regardless of concrete 
studied and the experimental protocol adopted 
to measure the transport properties and crack 
of concrete [10-17]. If the crack network is not 
connected, these transport properties are 
related to the concrete itself, such as the 
porosity of concrete and interconnectivity of 
the pore system. Beyond the percolation 
threshold cracked concrete its related to crack 
properties, the gas permeability changes very 
significantly with the increase of damage 
level: an increase in permeability with several 
orders of magnitude for damaged concrete can 
be observed [8,10-13], while chloride 
penetration is much less affected by cracks 
[14-17]. 

Existing experimental data provide some 
correlation between the material degradation 
and the permeability of concrete. The same 
exists for the influence of the concrete 
degradation on chloride penetration. Moreover 
very little data are available on the relationship 
between permeability and chloride diffusion of 

concrete damaged by uniaxial compressive 
loading. The development of microcracks was 
often represented by compressive load levels, 
residual load, or cumulative crack length. That 
is why this study proposes a link between this 
concrete degradation and damage variable 
resulting from a reduction in stiffness of the 
concrete. Thanks to this research work a 
relationship between permeability and chloride 
diffusion will be established by introducing 
this damage variable in the case of concrete 
damaged by sustained uniaxial loading to 
simulate a short-term creep phase and to get 
diffuse damage. One objective of this research 
was conducted to achieve further information 
on the influence of microcracks on the gas 
permeability and chloride diffusion of ordinary 
concrete (OC) and high performance (HPC). 
Concrete cylinders were loaded under uniaxial 
compression between 60% and 90% of the 
ultimate strength. The time of sustained load is 
2 h for each load level, added 1h and 30 min 
for high load level. A damage variable can be 
obtained by static and dynamic method. After 
unloading intrinsic gas permeability was 
measured using a constant head permeameter, 
the chloride migration coefficient was 
evaluated by migration test in steady state 
conditions, with the same concrete specimen. 
These measurements allow the comparison 
between chloride diffusion and gas 
permeability for similar concrete at similar 
load levels.  

2 EXPERIMENTAL PROGRAM 

2.1 Specimen Preparation 

Two concrete mixes were made with the 
same cement CPA-CEM I 52.5: one ordinary 
concrete (OC) with a water/cement ratio of 
0.49 and high performance with a 
water/cement ratio of 0.32 (HPC), (see Table 
1). Concrete cylinders of length 22 cm and 
diameter 11 cm were prepared from a single 
batch for each mix. The concrete mixtures 
were cast in steel molds and compacted using 
a mechanical vibrator. After casting the 
cylindrical specimens were stored in a room 
maintained at 20°C and about 95% relative 
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humidity (RH) for 24 hours, and were cured in 
water at 20°C for 1 year. They were stored in 
air-conditioned room (20°C and RH 50 ± 5%) 
until testing. The characteristics of these 
concretes ageing 1 year are shown in Table 2. 
The open porosity was measured by water 
saturation.  

Table 1: Details of test series and mix proportion 

Mix ingredients (kg/m3) OC HPC 
Coarse aggregate, 12.5 – 20 mm 777 550 

Medium aggregate, 4 – 12.5 mm 415 475 

Sand (Boulonnais), 0 – 5 mm 372 407 
Sand (Seine), 0 – 4 mm 372 401 
Cement CPA-CEM I 52.5 353 461 

Plasticizer - 12.4 
Retarder  - 3.3 
Total water 172 146 
w/c  0.49 0.32 

Table 2: Material properties measured at 1 year 

 OC HPC 
Module of elasticity 

(static evaluation) E0(GPa) 
51 51 

Compressive strength 
fc(MPa) 

68 92 

Open porosity measured by 
water saturation (%) 

11 9.62 

 
All concrete specimens were tested under 

an axial compressive loading condition (see 
Figure 1). After unloading concrete discs of 5 
cm in thickness were cut off from the central 
portion of the cylindrical specimens with a 
diamond blade saw (see Figure 2).  

 

 
Figure 1: Experimental setup for compressive loading 

test 

 Ø 110 mm 

110 mm 

110 mm 50 mm thick specimen for gas 
permeability 

and chloride diffusion 
measurements 

 Figure 2: Preparation of the specimen 

These discs were sealed with two epoxy 
resin coats in order to ensure one-dimensional 
gas and chloride flow through the discs. 
Drying the discs before proceeding to any gas 
permeability test is necessary [12,13,18,19]. In 
this study, all disc specimens are oven-dried at 
60°C to constant weight. This procedure has 
taken 2 months for OC and 3 months for HPC. 
Then, they are cooled for 48h in a desiccator at 
20°C before being tested.  

After permeability test the cracked samples 
were then vacuum saturated in order to 
measure the chloride diffusion. These were 
placed in vacuum container with a 2.5 kPa 
pressure for 4 h. Then, with the vacuum pump 
still running, the container was filled with 
water saturated with NaOH (0.025 mol/l) and 
KOH (0.083 mol/l) in order to immerse the 
specimen. The vacuum was maintained for 24 
h before allowing the air to enter into the 
container [20]. After this saturation procedure, 
chloride migration test was driving.     

2.2 Uniaxial damage 

Concrete cylinders were tested under 
uniaxial compression between 60% and 90% 
of the ultimate strength measured at 1 year 
called fc (see Table 2). An hydraulic press of 
2400 kN capacity was used for this test. On 
each cylinder, the longitudinal strain is 
measured using an extensometer cell equipped 
with three linear variable displacement 
transducers (LVDT), with a range agreeing 
within 0.5 mm and an accuracy of 1 µm, (see 
Figure 1). The transducers are laid every 120° 
intervals to take into account any asymmetric 
longitudinal strain. The concrete cylinders 
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were loaded progressively for predetermined 
load levels. Each load level was being 
sustained for varying periods  up to two hours 
(Table 3) to simulate a short-term creep phase 
[17,21]. The short duration of tests was 
required to avoid the broken of measurement 
system in the case of high load level (90% fc). 
These displacements are recorded during the 
loading and unloading phase until the recovery 
was negligible. The average longitudinal 
displacement is calculated with the three 
LVDT measurements. 

Table 3: Loading Program 

Number of specimens 1 1 1 3 
Load level (%) 60 70 80 90 

Time of load level (h) 2 2 2 0.5, 1 and 2 

2.3 Damage evaluation 
Damage, as pointed out by Lemaitre [22], 

can be measured by a number of means 
including microscopy (number/density of 
cracks), ultrasonic waves, density changes and 
changes in relative amplitude of load and 
strain. Concrete degradation is interpreted 
herein with the framework of damage 
mechanics. We adopted an isotropic scalar 
measure of damage [23], which derives from a 
reduction in the stiffness of the material, as in 
Eq. (1): 

d = (E0-E)/ E0 (1) 

Where E0 is the initial modulus of elasticity 
(Table 2), and E is the final modulus of 
elasticity obtained for damaged concrete. 

The modulus of elasticity can be 
determined by a static and dynamic evaluation. 
The static modulus of elasticity is usually 
calculated with (strength-strain) curve from a 
plastic-fracturing model [24]. Before each 
stress level, the initial modulus of elasticity of 
each cylinder was obtained with the slope of 
the loading curve calculated from 5% to 30% 
of the ultimate strength. The final modulus of 
elasticity for damaged concrete is calculated 
with the unloading curve also from 5% to 30% 
of the ultimate strength. . 

The dynamic modulus of elasticity of 
concrete can be determined non destructively 

using resonance tests based on measuring the 
fundamental flexural and torsional frequencies 
of concrete specimens using a ‘Grindosonic’ 
apparatus [25]. This last were carried out on 
concrete cylinders before loading to obtain E0 

and immediately after unloading to obtain E. 

2.4 Gas permeability test procedure 

An apparatus known as the CEMBUREAU 
permeameter was used for the determination of 
permeability [26]. This is a constant head 
permeameter and nitrogen gas is used as the 
permeating medium. A pressure difference up 
to 0.3 MPa can be applied to the specimens in 
the pressure cells which are sealed by a tightly 
fitting polyurethane rubber pressing under 
high pressure (0.7 MPa) against the curved 
surface. Permeability measurements were 
made in an air-conditioned room (20 ± 1°C 
and RH 50 ± 5%). Each disc was tested with 
five differential pressures: 0.05, 0.1, 0.15, 0.2 
and 0.3 MPa. The volume flow rate through 
the specimens is measured by means of a soap 
bubble flow meter. After initiating the 
percolation of nitrogen through a specimen at 
a given applied pressure, sufficient time 
(varying from 40 minutes to several hours) is 
provided for the establishment of steady state 
flow before an actual measurement is taken. 
This condition is verified by taking two 
measurements separated by a 15 minute time 
interval. If the two values differ by less than 
3%, a steady state flow condition is assumed 
to be achieved.  

The apparent coefficient of permeability kA 

(m²) is calculated from the Hagen-Poiseuille 
expression Eq. (2) for laminar flow of a 
compressible fluid through a porous body 
under steady state conditions [9,18]. 

kA =( Q/A)(2µLPatm / P2
i - P

2
atm) (2) 

Where L is the thickness of the sample (m), 
A is the cross-sectional area (m²), Q is the gas 
flow (m3/s), µ is the coefficient of viscosity 
(1.78.10-5 Pa.s for nitrogen gas at 20°C), Pi is 
the applied absolute pressure or inlet pressure 
(Pa), and Patm is the atmospheric pressure (Pa).  

In fact, the gas percolation through a fine 
porous body like concrete, can be regarded as 
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resulting from two flow modes: viscous flow 
and slip flow or Knudsen flow. Various 
methods for the calculation of non
flow exist. The most widely used is the 
relation proposed by Klinkenberg 
introducing the concept of an intrinsic 
coefficient of permeability kV
viscous flow only. 

kA = kv (1+b/Pam) 

Where Pm is mean gas pressure, 
Patm)/2, b is the Klinkenberg coefficient (Pa) 
which is function of the porous body an
infiltrated gas, and kV is the limiting value of 
gas permeability when the mean pressure P
tends towards infinity. The method of 
determination of kV consists in measuring k
at different pressures (Pi) and plotting it 
against the inverse of the mean
(1/Pm). The slope of the line leads to the 
empirical Klinkenberg coefficient b and the 
origin leads to the intrinsic permeability.

2.5 Steady state migration test 

Since diffusion experiments are time
consuming, steady state migration tests were 
developed to accelerate chloride ions through 
the concrete [27-29]. Each specimen is placed 
between the two compartments of a cell where 
flat silicone circular seals ensure th
system is leaktight (Figure 3). 
were made with NaOH (0.025 mol
(0.083 mol/l) in upstream and downstream 
compartment. NaCl (0.513 mol/l) was added in 
the upstream solution. A 12 V was applied 
between the sides of the concrete sample and 
the test was carried out at temperature 
T=20±5°C. The downstream solution
titrated with silver nitrate (0.05M). As the flux 
becomes constant, Nernst-Planck’s relation 
allows to deduce the value of the diffusion 
coefficient, as seen in Eq. (4): 

J(x) = -De( ∂ c/ ∂ x) + De(zFE/RTL) c

Where De is the diffusion coefficient of 
concrete (m²/s), c is the chloride concentration 
of the upstream compartment (mol/m
assumed to be constant, J(x) is the flux of 
chloride ions (mol/(m2s)), z is the chloride ion 
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resulting from two flow modes: viscous flow 
and slip flow or Knudsen flow. Various 
methods for the calculation of non-viscous 
flow exist. The most widely used is the 
relation proposed by Klinkenberg Eq. (3) 
introducing the concept of an intrinsic 

V relative to 

(3) 

is mean gas pressure, Pm = (Pi + 
, b is the Klinkenberg coefficient (Pa) 

which is function of the porous body and the 
is the limiting value of 

gas permeability when the mean pressure Pm 
tends towards infinity. The method of 

consists in measuring kA 
) and plotting it 

against the inverse of the mean pressure 
). The slope of the line leads to the 

empirical Klinkenberg coefficient b and the 
origin leads to the intrinsic permeability. 

 

Since diffusion experiments are time-
consuming, steady state migration tests were 
eveloped to accelerate chloride ions through 

Each specimen is placed 
between the two compartments of a cell where 
flat silicone circular seals ensure that the 

). The solutions 
were made with NaOH (0.025 mol/l) + KOH 
(0.083 mol/l) in upstream and downstream 
compartment. NaCl (0.513 mol/l) was added in 
the upstream solution. A 12 V was applied 
between the sides of the concrete sample and 
the test was carried out at temperature 

. The downstream solution was 
titrated with silver nitrate (0.05M). As the flux 

Planck’s relation 
allows to deduce the value of the diffusion 

RTL) c+ cν(x) (4) 

is the diffusion coefficient of 
concrete (m²/s), c is the chloride concentration 
of the upstream compartment (mol/m3) 
assumed to be constant, J(x) is the flux of 

s)), z is the chloride ion 

valency (z=1), F is the Fa
96480 J/(V.mol)), E is the actual potential 
drop between the surfaces of specimen (V), R 
is the gas constant (R=8.3144 J/(mol.K)), T is 
the absolute temperature (K) and 
velocity of the solute (m/s). If the concrete is 
saturated, the velocity of the solute can be 
neglected. Since the potential drop is 
ions migrate as a result of the electrical field 
rather than of the concentration gradient. 
insures that the diffusion flow can be 
neglected in the experiments as sho
Andrade [27]. Eq. (4) can be simplified and 
then Eq. (5) is obtained: 

De=L/c (RT/zFE) J 

To establish a steady state, the 
concentration gradient must be constant during 
the test. Therefore we have to renew the 
upstream and downstream solutions 
frequently. The evolution of current during 
testing showed a small increase at the 
beginning of the test and then a stabilisation 
for all concretes.  

Figure 3: Migration cell

3 RESULTS AND DISCUSSI

3.1 Effect of uniaxial damage on the strai
results 

Figure 4 presents the evolution of maximal 
strain εmax under loading versus load level.
results enhanced that the maximal strain 
obtained at 2 hours increased regularly with 
the level of applied load for both concretes. It 
was generally accepted that the compressive 
load below 30%fc will not cause microcracks 
and thus the crack system remains stable. At 
30%fc to 60%fc micro cracks in transition zone 
between the mortar matrix and aggregate 

valency (z=1), F is the Faraday constant (F = 
96480 J/(V.mol)), E is the actual potential 
drop between the surfaces of specimen (V), R 
is the gas constant (R=8.3144 J/(mol.K)), T is 
the absolute temperature (K) and ν(x) is the 
velocity of the solute (m/s). If the concrete is 

ted, the velocity of the solute can be 
Since the potential drop is ≥ 10V, 

ions migrate as a result of the electrical field 
rather than of the concentration gradient. This 
insures that the diffusion flow can be 
neglected in the experiments as shown by 
Andrade [27]. Eq. (4) can be simplified and 

 

(5) 

To establish a steady state, the 
concentration gradient must be constant during 
the test. Therefore we have to renew the 
upstream and downstream solutions 

equently. The evolution of current during 
testing showed a small increase at the 
beginning of the test and then a stabilisation 

Migration cell 

RESULTS AND DISCUSSION 

Effect of uniaxial damage on the strain 

presents the evolution of maximal 
under loading versus load level. The 

results enhanced that the maximal strain 
obtained at 2 hours increased regularly with 

load for both concretes. It 
was generally accepted that the compressive 

will not cause microcracks 
and thus the crack system remains stable. At 

micro cracks in transition zone 
between the mortar matrix and aggregate 
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particles begin to increase in length, number, 
and width as the load increases (
[17,30]). However in these tests, at 60%f
above the crack system becomes unstable and 
continuous due to the rapid propagation of 
cracks in the concrete. At 90%f
strain increased with the increase of the time 
load. This might be explained by the increase 
of the crack size due to the expansion of the 
cylinder and the increase of longitudinal 
displacement. This result confirms that the 
cracking pattern is developing during the 
loading phase only.  

 Figure 4: Maximal strain versus stress level

The residual strain εres evaluated after 
unloading increase linearly with the increase 
of maximal strain εmax for both concretes (see 
Figure 5). 

Figure 5: Maximal strain versus residual strain

The microcracking patterns var
the mixes for each load level the maximal 
strain under loading of HPC is higher than OC 
but the residual strain is lower. This implies a 
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es begin to increase in length, number, 
and width as the load increases (as reported in 
[17,30]). However in these tests, at 60%fc and 
above the crack system becomes unstable and 
continuous due to the rapid propagation of 
cracks in the concrete. At 90%fc the maximal 
strain increased with the increase of the time 
load. This might be explained by the increase 
of the crack size due to the expansion of the 
cylinder and the increase of longitudinal 
displacement. This result confirms that the 

developing during the 

 
Maximal strain versus stress level 

evaluated after 
unloading increase linearly with the increase 

for both concretes (see 

 
Maximal strain versus residual strain 

The microcracking patterns varied among 
the mixes for each load level the maximal 
strain under loading of HPC is higher than OC 
but the residual strain is lower. This implies a 

partial closure of the microcracks of HPC 
concrete after unloading which is due to a 
more elastic response of
Table 2) 

3.2 Increase Permeability versus strain

The results obtained from uniaxial damage 
tests have been used to investigate the damage 
effect at high load level and its relation wi
transport properties of concrete (gas 
permeability and chloride diffusion). 
Characteristic gas permeability through 
cracked and uncracked concrete was studied. 
The concrete under investigation was prepared 
according to the drying procedures which are 
given in section 2.1. Gas permeability was 
than calculated from the volumetric gas flow 
using Darcy’s law for a compressible fluid 
(Eq. 2.).  

The results enhanced that the 
permeability coefficient k
increased with the increase of the
strain, and HPC kV values were 
OC values (Figure 6).  

Figure 6: Permeability versus residual strain

This might be explained by the progressive 
change in the internal structure of the 
specimen due to the increasing of load level. 
Concrete is a capillary porous material and its 
permeability is closely related to its 
microstructure. The HPC porosity is lower 
than OC porosity (see Table 2) and thus the 
HPC gas permeability is lower than OC 
permeability, the average 
virgin specimen, were 2,57 10
and 1,11 10-17 m2/s for HPC.

partial closure of the microcracks of HPC 
concrete after unloading which is due to a 
more elastic response of HPC than OPC (see 

Increase Permeability versus strain 

The results obtained from uniaxial damage 
tests have been used to investigate the damage 
effect at high load level and its relation with 
transport properties of concrete (gas 
permeability and chloride diffusion). 
Characteristic gas permeability through 
cracked and uncracked concrete was studied. 
The concrete under investigation was prepared 
according to the drying procedures which are 

ven in section 2.1. Gas permeability was 
than calculated from the volumetric gas flow 
using Darcy’s law for a compressible fluid 

The results enhanced that the intrinsic 
permeability coefficient kV of OC and HPC 
increased with the increase of the residual 

values were lower than the 

 
Permeability versus residual strain 

This might be explained by the progressive 
change in the internal structure of the 
specimen due to the increasing of load level. 
Concrete is a capillary porous material and its 

rmeability is closely related to its 
microstructure. The HPC porosity is lower 
than OC porosity (see Table 2) and thus the 
HPC gas permeability is lower than OC 

the average kV values for the 
virgin specimen, were 2,57 10-17 m2/s for OC 

/s for HPC. Once there are 
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micro cracks in the concrete caused by 
uniaxial damage, there would also be 
favourable passages for gas flow, This can be 
explained by the gas flow through the pores 
and additionally through cracks in the case of 
cracked concrete, (as reported in [12,13]). 
Therefore, higher residual strain would result 
in higher gas permeability as obtained in 
figure 6. 

3.3 Relationship between increase in gas 
permeability and damage value 

The damage coefficient, d, which is a 
measure of the stiffness degradation, can be 
calculated using (Eq. 1). This coefficient was 
evaluated by both methods (see section 2.3). 
The first is the static method where the 
stiffness loss is calculated with the 
strength/strain curves (as reported in [12,21]). 
The second is the dynamic method where a 
reduction of flexural and torsional frequencies 
of the specimen was observed after unloading 
measured with the “grindosonic”. For these 
load levels (60%fc to 90%fc), damage 
coefficients approximately from 0.015 to 0.16 
were obtained (see Figure 7).  

 
Figure 7: Relationship between damage value 

obtained by static and dynamic method 

The damage coefficient of OC and HPC 
increased with the increase of the load levels; 
this is due to the applied load which produces 
the degradation in the materials shown by a 
continuous reduction in the elastic modulus 
and appearance of the residual strain. The 
damage coefficient evaluated by static or 
dynamic method of OC is higher than HPC for 

the same load level. This result confirms that 
the crack pattern of OC is more significant 
than HPC. There is a relationship between the 
damage variable measured by the static 
method and that measured by the dynamic 
method with a correlation coefficient R2=0.95 
(Figure 7). This linear relationship shows that 
the damage obtained by the dynamic method is 
slightly higher than that obtained by the static 
method. This linear trend which is non 
material dependent should be confirmed with 
others cementious materials before being used 
to get damage rate with this very useful non 
destructive technique. 

The relative permeability of cracked 
concrete kv(d)/kv0 is defined as the ratio 
between the permeability coefficient of 
cracked concrete kv(d) and the permeability 
coefficient of uncracked concrete kv0. It can be 
related to the damage variable “d”. The 
increase in permeability relative permeability 
kv(d)/kv0 with the damage coefficient 
evaluated by dynamic method is illustrated in 
Figure 8. kv(d)/kv0 tended to increase slightly 
beyond the damage coefficient of 0,03 for both 
concretes.  

Figure 8: Relation between relative permeability and 
damage value 

This range of damage coefficient 
corresponds to the observed load level which 
was found 70%fc for OC and HPC. An 
exponential curve for the relative increase of 
gas permeability was obtained as a function of 
damage coefficient. A similar relation was 
obtained by Picandet et al. [12] using cyclic 
compression test. 
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3.4 Effect of uniaxial damage on chloride 
diffusion 

After the measurements of the gas 
permeability on virgin and cracked specimen, 
these specimens were then saturated in basic 
solution in order to measure the chloride 
diffusion. The accumulation of chloride ions in 
the downstream compartment is shown as a 
function of time for OC and HPC in Figure 9.  

 
a. OC 

 
b. HPC 

Figure 9: Evolution cumulative increase of chloride in 
downstream cell 

The amount of chloride ions that had 
flowed through the thickness of the concrete 
specimen was recorded and plotted versus time 
and for different load level. The results show a 
transition period and a steady state period. The 
transition period was dependent on the 
concrete mixes and on the microcracks. In 
steady state period the increase in the amount 
of chloride ions became linear and the flux J is 
calculated with the constant slope of a 
regression line. These slopes were used to 
calculate the diffusion coefficient of chlorides 
ions using Eq. (5).  

The time to penetrate through the specimen 
is called lag time (Tlag), which is the 
intersection point of the line with the X-axis 
[9]. The results showed that for virgin concrete 
the chloride diffusion coefficient increased 
with the increase of the porosity, the average 
diffusion coefficients for the virgin specimen, 
were 1,88 10-12 m2/s for OC and 0,67 10-12 
m2/s for HPC. For the applied load of 90% fc 
for 2 hours, the diffusion coefficient were 5,74 
10-12 m2/s for OC and 1,28 10-12 m2/s for HPC. 
Figure 10 presents the variation of time lag 
versus the diffusion coefficient. The results 
show that for virgin concrete Tlag of HPC are 
higher than for OC. A higher Tlag may result 
from a lower porosity. This is an effect of the 
material. Tlag depends on the porosity of 
concrete and chloride binding [31] However, 
for cracked specimen it appears that Tlag 
decreased with the diffusion coefficient De 
increasing. A linear correlation was obtained 
between the diffusion coefficient De and the 
time lag Tlag. 

 
Figure 10: Relation between time lag and diffusion 

coefficient 

The time lag reduction Tlag between virgin 
and most cracked concrete is more marked for 
HPC which has a Tlag of virgin concrete higher 
than the OC. The Time lag reduction of HPC 
is about 65h while it’s about 47h for OC. This 
was due probably to chloride ion penetration 
from microcracks to the virgin concrete, which 
was considered to occur more easily in OC 
concrete compared with HPC as OC porosity 
is higher than HPC porosity. This essentially 
means that the effect of cracking on Tlag is 

Time (h) 
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more important for dense materials with a 
higher Tlag for the uncracked material. 

3.5 Increase chloride diffusion coefficient 
versus strain 

The chloride diffusion coefficients 
evolutions of OC and HPC versus a residual 
strain are reported in Figure 11. It seems that 
the diffusion coefficient less sensitive than gas 
permeability to the residual deformation 
obtained. This variation begins for residual 
deformations in excess of 100 µ/m 
corresponding to loads greater than 70%fc for 
OC and 80% fc for HPC.  

 
Figure 11: Effect of residual strain on chloride diffusion 

3.6 Relationship between increase chloride 
diffusion coefficient and damage value 

The relative diffusivity of cracked concrete 
De(d)/De0 is defined as the ratio between the 
diffusion coefficient of cracked concrete De(d) 
and the diffusion coefficient of uncracked 
concrete De0. It can be related to the damage 
variable “d”. Figure 12 presents the evolution 
of relative diffusivity of cracked concrete with 
damage value assessed by the dynamic 
method. This evolution which is non material 
dependant is consistent with an increasing 
more marked for OC which has a diffusion 
coefficient of uncracked concrete larger than 
the HPC. The relative diffusivity of OC for the 
high load level is about 2.5 while it’s about 
2.19 for HPC. From Figure 12 the relationship 
between these two parameters has an 
exponential variation with a correlation 
coefficient R2=0.94. This relationship is 

similar to that obtained for the gas 
permeability with different empirical 
coefficients. This allows to develop an 
empirical relationship between these two 
transfer parameters, even if they are not 
corresponding to the same transport 
mechanisms. 

 
Figure 12: Relation between increase in diffusion 

coefficient and damage value 

3.7 Relationship between increase in the 
gas permeability and chloride diffusion 
coefficient  

Gas permeability and diffusivity are 
governed by two transport modes. The 
variation of these two parameters depends on 
the microstructure of concrete and cracking 
that can be characterized by the damage. 
According to the equations presented in Figure 
8 and Figure 12, we find that the gas 
permeability and diffusion coefficient show a 
same trend based on the damage variable. This 
allows us to establish a relationship between 
these two transfer parameters. Gas 
permeability is measured on a dry sample as 
the diffusion coefficient is measured on the 
same sample in saturated state by migration 
test under steady state condition. The results 
show that there is a linear relationship between 
the evolution of these two parameters 
depending on the damage variable, specific for 
each concrete type (Figure 13), with a 
correlation coefficient R2 = 0.98 for OC and 
R2 = 0.99 for HPC. 

Figure 14 shows the variation of the 
kv(d)/kv0 according to the ratio De(d)/De0 for 
OC and HPC. The existence of a microcrack 
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network seems to modify significantly the 
sustainability indicators. However, the 
influence is different for each concrete. It is 
observed that gas permeability is more 
sensitive to damage: in the case of OC 
kv(d)/kv0 increases by a factor of 10 while 
De(d)/De0 increases by a factor of 2.5. For 
high-performance concrete kv(d)/kv0 increases 
by a factor of 7 while De(d)/De0 increases by a 
factor of 1.9. 

 
a. OC 

 
b. HPC 

Figure 13: Relationship between chloride diffusion and 
gas permeability  

It is noted that the relative permeability 
increases linearly with the relative diffusion 
coefficient, with a correlation coefficient R2 = 
0.98 for OC and R2 = 0.97 for HPC. This 
relation could be assimilated to a no material 
dependant linear relationship. This could be 
useful to avoid experimental test: only gas 
permeability are request to calculate the 
relative diffusion coefficient of cracked 
concrete. The increase obtained for these two 
transfer parameters is more important for OC 
than for HPC, this result confirms that micro 
cracking obtained with diffuse damage impact 
on the transfer parameters for concrete which 

have higher porosities. Cracking contributes to 
the increase in the total porosity of the material 
and causes a change in the distribution of pore 
size [32]. The increased connectivity of cracks 
is more important for concrete which has the 
highest porosity. 

 
Figure 14: Comparison between relative permeability  

and relative chloride diffusion coefficient 

4 CONCLUSIONS 

From the results presented in this paper it 
can be concluded that: 

The diffuse damage of concrete can be 
obtained using a uniaxial compression test. For 
loads above 60%fc, the maximal strain εmax 
and residual strain εrés increase with increasing 
load and time load for both concretes OC and 
HPC. This variation can be interpreted by the 
existence of microcracks and their evolution 
according to the applied load.  

The diffuse damage obtained by uniaxial 
compression test in pre-peak affects the 
diffusion of chloride ions. This damage causes 
an increase in the diffusion coefficient De and 
a decrease in the time lag Tlag. There is a linear 
correlation between these two parameters; this 
relationship is specific for each of concrete 
type. The effect of cracking on reduction of 
time lag Tlag is different than on the increase of 
the relative diffusivity De(d)/De0. The 
reduction of Tlag  is more pronounced on HPC 
than OC, whereas the increase of the relative 
diffusivity De(d)/De0 is more marked for OC 
than for HPC. This can be explain by transport 
process of chloride ions in cracked concrete, 
for the same load level the penetration of 
chloride ions through the cracked sample is 
easily for HPC compared to the OC but with a 
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flow low than OC. This results in an increase 
of the relative diffusivity for OC than for HPC 
and reduced Tlag for dense concrete. 

A linear correlation is obtained between 
intrinsic permeability coefficient kV and 
diffusion coefficient De depending on the 
damage variable, specific for each concrete 
type (OC and HPC). The increase of these two 
transfer parameters is greater for OC than for 
HPC. This type of damage assigns more 
particularly the concrete that have a higher 
porosity. 

Gas permeability is more sensitive of 
concrete damage than chloride diffusion: in the 
case of OC kv(d)/kv0 increases by a factor of 
10 while De(d)/De0 increases by a factor of 2.5. 
For high-performance concrete kv(d)/kv0 
increases by a factor of 7 while De(d)/De0 
increases by a factor of 1.9. 
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