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Effect of cracking due to thermal treatment in cement-based materials on 

chloride diffusion and gas permeability processes 
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ABSTRACT: In this paper, the real microstructure of the concrete is taken into account, particularly cracking 
obtained by thermal treatment. Our experimental studies aim at determining the influence of cracking state on 
transport by chloride diffusion and gas permeability processes and at linking these transport properties to mi
crostructure (cracking and porosity). The studied materials are two cement pastes (W/C=0.35 and 0.45). The 
chloride diffusion and gas permeability tests are performed on cracked and uncracked materials. The thermal 
treatment allows us to induce localized microcraking characterized by width of hundred micrometers. Our re
sults show that the transport properties are modified by thermal treatment. But these modifications may be ex
plained by the modification of the porosity and the cracking has little influence on the transport properties. 

1 INTRODUCTION 

The durability of concrete structures is a very im
portant issue in actual concrete research. Many pre
dictive models are developed and experimental works 
are carried out to predict service life of concrete 
structures. Concrete structures are exposed to serv
ice load (mechanical actions) and to chemical and 
physical actions (thermal or moisture gradients) due 
to their exposure to environment. These actions lead 
to diffuse microcracking characterized by width of 
ten micrometers or so and by localized microcracking 
(which forms a network) characterized by width of 
hundred micrometers. According to Gerard & Mar
chand (2000), it has been shown that the continuity 
of the crack network and the mean aperture of cracks 
have a marked influence on the material permeability 
(for cracking induced by mechanical loading). Nev
ertheless, few works consider the ability of concrete 
to be deteriored by cracking and deal with the inci
dence of cracks on diffusion properties. Furthermore, 
the few reports published on the subject are more 
and less contradictory. 

The aim of this study is to determine the influence 
of the cracking state on transport properties. The 
studied materials are two cement pastes with differ
ent Water/ Cement (W/C) ratio. Localized cracks are 
induced by thermal treatment and form an isotropic 
network characterized by the mean aperture (or 
width) of the cracks and the mean crack spacing. In 
our work, different experiments are carried out. On 
one hand, gas permeability and chloride penetration 
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tests are performed. And on the other hand, micro
structure of studied materials is analyzed by mercury 
intrusion porosimetry (MIP) and by optical micros
copy. 

2 TEST PROGRAM 

2.1 Materials 

The tested materials are two cement pastes (with 
different water/cement ratio) cast with a Portland 
cement, European grade CEM I. The water/cement 
ratio of the cement paste labeled CO is 0.35 and the 
one of the cement paste labeled CN is 0.45. 

Specimens are molded in 70 x 100 mm PVC cyl
inders. Moulds are then rotated for 24 h to avoid any 
segregation of the mixtures. After demoulding, the 
samples are wrapped in two superimposed adhesive 
aluminium sheets in order to ensure a suitable water
tightness until the beginning of experiments. The 
materials are more than 6 month old at the beginning 
of the experiments so that the microstructure can be 
considered fixed during diffusion and permeability 
tests. 

The cement pastes are perfectly dried at different 
temperatures ( 45°C, 80°C and 105°C) to generate 
cracking. The perfectly dry condition may be defined 
as constant mass (of samples), i.e. less than 0.5% 
variation of mass during 24 hours at each tempera
ture. After drying, the materials are exposed in water 
during 24 h 00 so that materials may be considered 
as saturated before diffusion and permeability tests 



and microstructural characterization. Four types of 
samples are then examined: the sample IA for the 
initial state, the 1B for the material dried at 45°C, the 
2A for the one at 80°C and the 2B for the one at 
105°C. Chloride penetration tests are performed on 
specimens of size 25 mm x 50 mm x 50 mm. For the 
gas permeability tests, only the IA and 2B samples 
are tested and the tested samples are 70 mm x 20 mm 
cylinders. 

2.2 Experimental procedures 

2.2.1 Microstructure 
Porosity of the studied materials is investigated by 
Mercury Intrusion Porosimetry (MIP) measurements. 
Before the testing, the samples are submerged di
rectly into liquid nitrogen for 15 minutes and then are 
vacuum dried at -55°C - for 24 h 00. 
Mercury Intrusion Porosimetry (MIP) measurements 
are carried out using a CE Instruments apparatus. 
The instrument is capable of a minimum intruding 
pressure of 2.6 kPa and a maximum of 200 MPa, so 
that the pore radius ranges from 3. 7 nm to 60 µm. 
The contact angle of 141.3° is used in the computa
tions. 

Cracking is observed by a technique using dye im
pregnation according to Hornain (1996). The proce
dure involves the impregnation of a section with a 
colored dye diluted in an alcohol. After a short im
pregnation period, the section is polished under wa
ter. Cracks are then observed using optical micros
copy. 

2.2.2 Permeability 
Gas permeability tests are performed with variable 
head permeameter (Figure 1) developed by LCPC 
(Care 2000) according to Yssorche (1995). The 
permeability K (m2

) is measured from Darcy's law 
(Eq.1): 

Q= KAdP 
µ dz 

(1) 

where Q =volume flow rate of air (m3 .s·1 
); 

A= cross-sectional area of the specimen (m2
); 

µ viscosity (N.s.m-2
) of the fluid at test tempera

ture; and dP/dz =pressure gradient (N.m·3). 

Theoretical considerations lead to the determination 
of the permeability K (Yssorche 1995), thus: 

K = ~ ln(h(O)) (2) 
Pw Agt h(t) 

where s =cross-sectional area of the tube (m2
); 

L =thickness of the specimen (m) in the direction of 
flow; Pw = relative density of water (kg.m-3

); t = time 
of measure (s); h(O) =height (m) of water in the tube 
at the pressure P(O) at time t=O; and h(t) =height (m) 

of water in the tube at the pressure P(t) at time t. 
A depressure is generated between the top of the 

specimen (at the pressure PA equal to the atmos
pheric pressure) and the bottom of the specimen 
thank a vacuum pump. At time t=O (P(O)~O. l bar), 
the vacuum pump is stopped so that air can cross the 
specimen at the volume flow rate Q. The permeabil
ity K is obtained by the measure of the time t neces
sary to reach the pressure P(t) or the height h(t). 

Before the permeability tests can be carried out, 
the specimens have to be desaturated, so the pre
pared specimens are brought to the same moisture 
condition. Specimens are put into sealed desiccators 
where the relative humidity (RH) is controlled by 
saturated salt solution. The samples are dried at T= 
20 °C, at about RH 90.4% for a period of about 100 
days. 
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Figure 1: Experimental set up for gas permeability test. 

2.2.3 Chloride diffusion 
For the characterization of the chloride ingress, diffu
sion tests (non steady-state regime) are carried out 
on each mixture protected from moisture exchange, 
except for the bottom surface, intended to be in 
contact with a chloride solution (Figure 2). The NaCl 
solution (30 g/L) is changed every week. For this ex
perimental set up, the capillary suction is considered 
as negligible. 

After 3 weeks of diffusion, the chloride penetra
tion is examined according to a colorimetric method 
(Maultzsch's procedure in Henry (2000)). The ce
ment paste specimen is slipt by dry sawing and then a 
revealer (potassium dichromate) and a reactive ( sil
ver nitrate) are sprayed in the face perpendicular to 
the chloride-exposed surface. The chloride penetra-



tion front is determined by the color change, which 
detects the chloride ions. This method allows us to 
determine the depth of penetration of chloride ions 
Xc1. The penetration depth Xc1 corresponds to the 
distance between the chloride-exposed surface and 
the border line between the two zones (zone without 
chloride ions and zone with chloride ions). On the as
sumption that the (soluble) chloride concentration at 
the color change border is the same for all specimens, 
this method appears to be a quick tool to compare 
chloride penetration in cracked and uncracked mate
rials. 

Figure 2: Experimental set up for diffusion test. 

3 RESULTS AND DISCUSSION 

3 .1 Microstructure 

Microstructure of studied materials is analyzed by 
mercury intrusion porosimetry (MIP) and by optical 
microscopy. 

3.1.1 Porosity 
The pore structure of all specimens is characterized 
by mercury intrusion porosimetry (MIP) and is given 
in Figure 3 and in Table 1. 

Table 1. Porosity measurements. ([:> is the total porosity (%) 
and de is the critical diameter (nm) measured by MIP. 

IA 
IB 
2A 
28 

CO CN 

([:> (%) dc(nm) ([:> (%) d0 (nm) 

9.8 40 10.6 20 
10.0 40 15.9 30 
12.7 120 17.7 80 
18 120 21.8 80 

For each specimen, one sample is tested. The Figure 
3 presents the pore size distribution of the cement 
pastes labeled CN-lA, -2B (Figure 3a) and CO-lA, -
2B (Figure 3b ). The Table 1 gives the porosity cJ) 

(%) and the critical diameter de (nm) for each speci
men. The diameter de is the critical diameter defined 
as the diameter, which corresponds to the maximum 
of porosity given by the pore size distribution. 
The thermal treatment tends to modify the pore 
structure: on one hand the overall distributions are 

shifted towards the coarser pores, i.e. de increases 
with the temperature of the thermal treatment and on 
the other hand the total porosity <D increases with the 
temperature of the thermal treatment. 
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Figure 3: Pore size distribution measured by MIP on the 
specimens CN-IA, -28 (Figure 3a) and CO-IA, -28 (Figure 
(3b) with dc=2R. 

3 .1.2 Crack network 
The cracking network is characterized according to a 
technique using red dye impregnation. An example 
for the specimen C0-2B is given in Figure 4. 

Observations show that there are no cracks for the 
specimens CO-IA and CN-lA compared to the oth
ers specimens. The cracking network is seen to be 
about the same for all specimens (lB, 2A, 2B). The 
cracks are interconnected and form an isotropic net
work of a more and less polygonal shape, which is 
characterized by their mean aperture (or width) Lw 
and the mean crack spacing Lm (Figure 4). The mean 
crack spacing Lm is about 10-15 mm. The crack 
width Lw measured by optical microscope ranges 
from 50 to 100 µm and is about the same for most of 
the major cracks. Although cracks appear to be con
tinuous at low magnification, discontinuities are ob
served at high magnification and the aperture along a 
path of one single crack varies quite significantly. 
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Figure 4: Crack network (impregnated with the red dye) su
perimposed to a homogeneous material for the specimen C0-
28. Lm is the mean crack spacing. Lw is the crack width. 

The specimens such as lB, 2A or 2B can be assimi
lated to a composite material in which the crack net
work is superimposed to a homogeneous material. 
The cracks induced by thermal treatment are not de
termined by MIP (Lw> 60 µm). The porosity of the 
homogeneous material for each specimen is charac
terized by mercury intrusion porosimetry as shown 
previously and increases with the temperature of the 
thermal treatment. 

3.2 Permeability 

3 .2.1 Pre-conditioning 
./ Figure 5 shows the evolution of the variation of the 

weight loss for specimen CO-lA, 2B and CN-lA, 2B 
during pre-conditioning (20°C, RH= 90.4%). 

-co-IA -e-C0-2B 
-CN-IA ~CN-2B 

Days 

Figure 5: Variation of weight loss during pre-conditioning 
(T=20°C, RH=90.4%) for all specimens. 

The curve represents the average value for the three 
specimens. Specimens 2B are drying faster than 
specimens lA. Thanks to the choose of the pre
conditioning, only pores with widths of size 10 nm 
and larger are dried (according to the Kelvin-Laplace 
equation). 
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3 .2.2 Permeability test results 
The gas permeability test results are given in Figure 9 
and in Table 2. Three samples are tested per speci
men and the measured permeability for each sample 
is represented in Figure 6. 

Table 2. Results of gas permeability tests and of predicted val
ues for the specimens lA and 2B. Kexp (m2

) is the average ex
perimental value and Kibe (m2

) is the predicted result. 

IA 
2B 

CO CN 

1.9·10-19* I.8·10- 19 

1.no-19 3.8·10-18 

J.2· 10-ts 
s.2.10-18 

6·10-20 
2·10-18 

*Average on two values, except one value for CO-IA, which 
may be considered as non-significant. 

Our results show that the experimental permeability 
Kexp can vary of an order of magnitude. Kexp is higher 
for the specimens CN than for the specimens CO. 
Furthermore Kexp is higher for the specimen 2B than 
for the specimen lA. The difference between speci
mens lA and 2B may be explained either by the 
modification of the porosity of the homogeneous 
material or by the presence of cracks. 
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Figure 6: Experimental and predicted results for the gas per
meability tests. 

3.2.3 Discussion 
Katz-Thompson model is used in the following to 
analyze the effect of the microstructural parameters 
(porosity) on permeability K (Ollivier 1992). Based 
on percolation theory, the Katz-Thompson model 
establishes a relationship between permeability K, the 
formation factor F and the size of critical path de of a 
porous specimen: 

K=~ 
226F 

(3) 

The diameter de is traditionally determined by us
ing the mercury curve of the specimen (Table 1). The 
formation factor F is given as a function of the di
ameter de (Katz 1987) for very broad pore size dis
tribution and for hydraulic conductance, such as: 



F = dmax <DS(dmax) 
de 

(4) 

where dmax = 0.61.dc; and S =fractional volume of 
connected pore spaced involving pore widths of size 
dmax and larger. 

From Eq. 3 and Eq.4, the theoretical permeability 
l<.ihe may be estimated. The predicted values l<.ihe are 
given in Figure 6 and in Table 2 and are compared to 
the experimental values Kexp· This comparison is pos
sible because only pores with widths of size 10 nm 
and larger contribute to permeability Kexp· 

The theoretical values Kihe are about the same as the 
experimental values Kexp· For the specimen CN-lA 
the predicted permeability Kihe seems to be underes
timated compared to the experimental value Kexp· 
This difference may be explained by the fact that the 
pore size distribution is not broad in this case com
pared to the one of the others specimens. Further
more, the tendency given by the predicted values is 
quite similar to the tendency given by the experi
mental values. This comparison allows us to con
clude that the permeability is influenced by the po
rosity of the homogeneous material. 

Furthermore, the heterogeneities of microstruc
ture due to cracking are not well characterized by the 
determination of the permeability coefficient because 
it is a macroscopic measure, which doesn't distin
guish the different channels for the transport of 
gases. The contribution of the crack network on the 
volume flow rate of air Q is certainly weak compared 
to the one of the porosity of the homogeneous mate
rial. Then the measured permeability I<exp is certainly 
more influenced by porosity than by cracking. This 
result may be explained by the fact that the cracks are 
discontinuous (at high magnification) and that their 
width is less than 100 µm. As mentioned by several 
authors and reported by Aldea et al. ( 1999) for water 
permeability tests performed on concrete, the in
crease of the permeability K is all the higher as the 
crack opening is high (above 100 µm). The experi
mental results (and the tendency) should be verified 
on the others specimens (lB and 2A) to confirm this 
conclusion. 

3 .3 Chloride diffusion process 

3 .3 .1 Experimental results 
The chloride ingress is determined by colorimetric 
method as explained previously. The results of depth 
of chloride penetration are given in Figure 7 for the 
specimens CO-lA, 2B. The results for all specimens 
are given in Table 3. 

In the case of the specimens CO-lA and CN-lA, 
the color change border is rather linear and is char
acterized in Figure 7a by a dotted line. In the case of 
the others specimens (CO, CN- lB, 2A and 2B), the 
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separation between the two zones (zone A without 
chloride ions and zone B with chloride ions) is a little 
more irregular and is characterized in Figure 7b by a 
continuous line. Unfortunately, color pictures can not 
be reproduced in this document and the reader will 
not be able to distinguish well the color change bor
der. 

Figure 7: Chloride ingress revealed by colorimetric method for 
the specimens CO-lA (Figure 7a) and C0-2B (Figure 7b). 
Zone A: without chloride ions, Zone B: with chloride ions. 
Dotted line: average depth of chloride penetration, Continuous 
line: color change border. 

Furthermore, an average depth of chloride pene
tration may be determined and is given in Table 3 for 
each specimen. The average depth, which may be 
considered as a macroscopic measure of the chloride 
penetration, is higher in the specimens (lB, 2A and 
2B) than in the specimen (lA). This difference may 
be explained either by the modification of the poros
ity of the homogeneous material or by the presence 
of cracks. 

Table 3. Results of chloride ingress for all specimens. Xc1 is 
the depth of chloride penetration determined by colorimetric 
method. 

co CN 

Xc1(mm) Xc1(mrn) 

lA 4 8 
1B 7.5 14 
2A 11 17 
28 15 20 



3.3.2 Discussion 
To verify the fact that cracking may influence the 
chloride penetration, a crack, induced by thermal 
treatment, is simulated by a notch with saw-cut. This 
artificial crack is straight and its width (Lw = 300 µm) 
is larger than the one of the crack induced by thermal 
treatment (Lw < 100 µm). The chloride penetration 
determined by colorimetric method (Figure 8) is 
modified by the presence of the artificial crack (the 
specimen has been completely immerged into chlo
ride solution so that the crack is saturated and there 
is no coupling with capillary suction). This result is in 
accordance with previously published results. De 
Schutter (1999) shows that the chloride penetration, 
determined by colorimetric method, is increased by 
artificial straight cracks which range from 200 to 500 
µm. This result shows that, in the case of straight 
cracks, the colorimetric method allows us to distin
guish the different channels for the transport of chlo
ride. The superposition of the effect of several 
straight cracks, at a distance of 10-15 mm, can in
duce an increase of the depth of chloride penetration 
Xc1 and can explain the irregularities of the color 
change border. 

Furthermore, from theoretical considerations in 
the case of steady-state regime, Gerard (2000) shows 
that an isotropic crack network, consisting in straight 
and connected cracks, increases the diffusive proper
ties of chloride in cracked material compared to the 
one in uncracked material. This increase depends on 
the characteristics of the network (the mean aperture 
of the cracks and the mean crack spacing) and on the 
diffusive properties of the composite material (the 
diffusion coefficient D1 of chloride ions in the crack 
and the diffusion coefficient Do in the uncracked 
material). According to Gerard (2000), the diffusion 
coefficient D of the cracked material in the case of an 
isotropic cracking pattern is given in Eq. 5: 

D 2 D1 
=-.-+I 

f Do Do 
(5) 

where f = Lw!Lm = crack spacing factor and for f> >I. 
For an isotropic cracking pattern such as described in 
Figure 4 (Lm::::; 12.5 mm and Lw::::; 75 µm), for 
D, ::::; 10-9 m2/s (diffusion coefficient of chloride ions 
in an ideal solution) and for Do::::; 5.10-12 m2/s (deter
mined by means of simple diffusion experiments for 
cement pastes such as CO and CN given in Franc;ois 
(2001) ), the diffusion coefficient D of the cracked 
material is about equal to 3.5 D0• So in our work, on 
the assumption that the diffusive properties of mate
rial may be linked to the depth of penetration of chlo
ride (chloride binding are negligible), the increase of 
the average depth of chloride penetration Xc1 can be 
explained by the straight and connected cracks, 
which form an isotropic network. 
The previous modeling considers that the diffusion 
coefficient of the homogeneous material of the 

Figure 8: Chloride ingress revealed by colorimetric method for 
the specimen CN-lA with an artificial crack (Lw=300µm). 

cracked material is the same as the one of the un
cracked material. This diffusion coefficient is related 
to the porosity of the material (Garboczi 1992). As 
the materials CN-IA and CO-IB have the same po
rosity (i.e. the same diffusive properties Do), the
modeling given by Gerard (2000) for straight and 
connected cracks shows that the average depth XCl 
should be different for both materials. Nevertheless, 
experimental results are in contradiction with this 
conclusion. The average depth of chloride penetra
tion for the uncracked material CN-IA is the same as 
the one for the cracked material CO-IB. These ex
perimental results show that the used modeling is not 
valid and that cracking has no effect on the chloride 
penetration. As for gas permeability tests, this result 
may be explained by the intrinsic tortuosity of the 
cracks (the cracks are discontinuous at high magnifi
cation) and by their width (less than 100 µm inferior 
to the width of the artificial crack - Figure 8- which 
is about 300 µm). 

Furthermore, the crack network is quite similar 
for the specimens IB, 2A and 2B, i.e. the crack 
spacing is the same and the average depth Xc1 of 
chloride penetration is different for these specimens. 
As the porosity <!> of the homogeneous material of 
these materials is different, the depth of chloride 
penetration Xc1 has to be related to it. In order to 
analyze the effect of the porosity of the homogene
ous material on the depth of chloride penetration, the 
relation between the depth of chloride penetration Xc1 
and the total porosity <!> is given in Figure 9. 
Figure 9 shows that there is a very good correlation 
between the depth of chloride penetration Xc1 and the 
total porosity <!>. This relationship shows that the 
chloride penetration is certainly more influenced by 
the porosity of the homogeneous material than by the 
cracking generated by thermal treatment. This result 
confirms that the chloride diffusion process in the 
cracks induced by thermal treatment has probably lit
tle influence on chloride ingress, although the front 
of chloride penetration is a little more irregular on 
specimens IB, 2A and 2B than on specimens IA. 
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Figure 9: Relationship between the depth of chloride penetra
tion Xc1 and the total porosity IP. 

4 CONCLUSIONS 

The aim of this study was to determine the influence 
of localized microcracks induced by thermal treat
ment on transport properties. Materials (cement 
pastes) and experimental procedures are described. 
The thermal treatment induces an isotropic crack 
network, which is characterized by the mean ape11ure 
of cracks and by the mean crack spacing. Chloride 
diffusion and gas permeability tests are performed on 
uncracked and cracked materials. 

Experimental results show that the heterogeneities 
of microstructure due to cracking are not well char
acterized by the determination of the permeability 
coefficient because it is a macroscopic measure, 
which doesn't distinguish the different channels for 
the transport of gases. The characterization of the 
chloride ingress by colorimetric method allows us to 
distinguish the different channels for the transport of 
chloride in the case of straight cracks. Nevertheless, 
the transport properties are not influenced by the 
cracks induced by thermal treatment. The influence 
of cracks is weak, certainly because of the width of 
cracks and their intrinsic tortuosity. 

This work shows that the modification of the 
transport properties due to thermal treatment is ex
plained by the modification of the porosity. So, in the 
case of chemical and physical actions which induce 
cracking, such as freezing-thawing or chemical at
tacks, the modification of porosity has to be investi
gated too. 

In future works, influence of aggregates has to be 
considered to consider diffusive cracks localized in 
the paste-aggregate interfaces. 
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