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This paper presents an approach to assess the durability of RC structures, with respect to chloride-
induced reinforcement corrosion. The approach is based on durability indicators (DIs). First, perfor-
mance-based specifications, which involve solely DIs, are proposed for concrete mix-design. In addition,
within the framework of service life prediction, a multi-level modelling concept is presented, where DIs
are the main input data of the various models. A multi-level physically-based numerical model of chlo-
ride ingress has been developed within this framework, and is summarized in the paper. The model offers
currently three levels of sophistication in saturated conditions and one level in non-saturated conditions:
level 1 is a simple chloride diffusion model, level 2 is a multi-species model based on Nernst–Planck equa-
tion, level 3 involves transport-chemistry coupling, whereas level 4 is a coupled moisture-ion transport
model. Examples of application and validation of the model in lab and in field conditions, in particular
in the case of wetting–drying cycles, are given in the paper.

� 2009 Elsevier Ltd. All rights reserved.
1. Introduction

Nowadays, long-term durability of reinforced concrete (RC)
structures is a major concern for safety, economical and environ-
mental reasons. Therefore, worldwide efforts are being made to de-
velop lifetime-oriented design concepts and accurate predictive
models, in order to ensure a longer lifetime to RC structures at
the lowest life-cycle cost and to plan proper maintenance. With
the increasing use of complex concrete mixtures, which incorpo-
rate supplementary cementing materials (SCM) or recycled prod-
ucts within the framework of sustainable development, a
performance-based approach seems particularly relevant for mix-
design with respect to durability [1]. Service life (SL) prediction
of RC structures encounters at least two major difficulties: the par-
ticularly long lifetime required, and the multitude of the possible
combinations of solicitations (traffic, mechanical loads, etc.)/
aggressions (various types of chemical attacks brought about by
either internal or external agents). Therefore, if there is a need
for ‘‘fine” and long-term predictions, it will be necessary to resort
to sophisticated and precise tools. One can refer for example to
the comprehensive work performed by Ishida et al. [2,3], who
developed a unified computational platform able to predict both
material and structural behaviours under coupled actions and var-
ious environmental conditions. On the other hand, such tools may
ll rights reserved.
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appear difficult to use for conventional projects, for example as a
result of long computation time, or of the number/nature of input
data required.

Hence, a multi-level modelling concept seems to be particularly
relevant. It consists in proposing a set of models, covering different
levels of sophistication, where the various models are devoted to
different issues. Such a concept has been developed within the
framework of a general approach based on so-called durability indi-
cators (DIs) [4,5], which are key material properties with regard to
durability. This approach has been initiated in France in a Working
Group (which included many French and also foreign experts) of
the French Association of Civil Engineering (AFGC) [5]. The purpose
of this approach is to design concrete mixtures capable of protect-
ing structures against degradation (e.g. reinforcement corrosion or
alkali–silica reaction), for given target lifetime and environmental
conditions, thanks to performance-based requirements with re-
spect to the DIs, or conversely to predict the service life of a given
new structure at the design stage or the ‘‘residual” lifetime of an
existing and possibly deteriorated structure (in view of monitoring,
diagnosis, maintenance and support to serviceability extension or
repair decision). DIs are in this case the main input data of the pre-
dictive models. The most advanced models are either deterministic
or probabilistic tools that couple well-identified physical and
chemical mechanisms. For example with regard to the protection
against reinforcement corrosion, in non-saturated conditions, the
models include moisture and ion transport, and take into account
the microstructural changes induced by the degradation processes
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(e.g. clogging of the pore space by carbonation or crystallisation of
salts, increase in the porosity by leaching, or change in the pore
structure by formation of Friedel’s salt C3A, CaCl2, 10 H2O). Such
models can be used in methods based on inverse analysis, as well
as for understanding of mechanisms, accurate and long-term SL
prediction, or structural monitoring. The probabilistic feature al-
lows one, in particular, to take into account the uncertainties and
the variability of the physical and chemical parameters [5–8].
Within the framework of this approach, simple models are also
proposed for engineering purposes (e.g. standard design).

As far as reinforcement corrosion is concerned, chlorides are
well-known aggressive species and they are present in various
types of environments (marine, coastal, or road submitted to de-
icing salts). Chlorides can also be present in the original mix ingre-
dients. In saturated conditions, chlorides from the environment
penetrate into the covercrete by a coupled diffusion-binding pro-
cess. This process involves a penetration front, which propagates
at finite velocity, depending on the material properties and on
the environmental conditions. Therefore, in chloride-contaminated
environments, RC structure durability will strongly rely on the
location of this front. In non-saturated conditions, advection also
takes place. This means that chlorides will be transported with li-
quid water, under a total (or capillary) pressure gradient, according
to the extended Darcy’s law (see Section 3.4). This induces a higher
rate of chloride ingress and of reinforcement corrosion, in particu-
lar in the case of wetting–drying cycles, compared to diffusion (i.e.
in saturated conditions) [9–11]. Even if some models described in
the literature take this advection process into account [10,12–17]
(see also the literature reviews presented in [5,18]), most of them
do not take into account all of the other physical and chemical
mechanisms/processes. In addition, the movements of liquid water
(involved in the advection process) and of water vapour are usually
not separated, thus inducing errors in the predictions.

In this paper, performance-based specifications are proposed
for concrete mix-design, as a function of the environmental condi-
tions and of the target structural SL, where the criteria involve so-
lely DIs. Moreover, within the framework of the described
approach, this paper focuses on the understanding of chloride in-
gress in partially saturated concrete and on SL prediction by means
of physically-based models. In particular, the paper deals with a 1-
D multi-level numerical model of chloride ingress developed in
isothermal conditions. Examples of application and of validation
of the model in lab and in field conditions are given, particularly
in the case of wetting (by a salt solution) and drying cycles.
2. Durability indicators, associated classes and performance-
based specifications

The list of so-called general DIs, which are relevant to many deg-
radation processes, has been selected upon the criteria of theoreti-
cal relevance in the quantification and the prediction of durability
and of easy and reliable assessment by means of validated lab test
methods [4,5]. This list includes: (initial) calcium hydroxide (con-
tent), porosity (accessible to water), (chloride) ion diffusion coeffi-
cient(s), and permeability (to gas and to liquid water). This list may
be complemented by so-called specific indicators (which are rele-
vant to a given degradation process such as alkali–silica reaction
[5] or freeze–thaw damage), or/and by complementary parameters
(CPs). CPs can be required for example as input data for a predictive
model. As a matter of fact, the chloride concentration at the con-
crete surface (cs) and the chloride binding isotherm appear as useful
CPs with regard to chloride-induced corrosion, more precisely for
empirical and physical models of chloride ingress, respectively,
(see next sections). Note that (the same) DIs are used for concrete
mix-design, as well as for models (as in input data).
A system of classes [5] with respect to the ‘‘potential” durability
to reinforcement corrosion has been proposed for each general DI.
These classes, five levels ranging from very low (VL) to very high
(VH) ‘‘potential” durability, can be used for mixture comparison.
When several DIs have been assessed, the ‘‘potential” durability
of a RC can be based on an overall weighted rating. Examples are
provided in [4].

An illustration of these classes, with regard to the DIs apparent
gas permeability (at degree of liquid water saturation Sl = 0) and
apparent chloride diffusion coefficient, as well as the range of val-
ues covered by these DIs, is provided in Fig. 1 (the VL, L, M, H and
VH classes previously defined are reported in the graphs). In this
figure, the experimental results, obtained on a large number of
concretes ranging from low-grade materials (average 28-day cylin-
der compressive strength, c.s., around 25 MPa) up to very-high-
performance concretes (28-day c.s. > 90 MPa), are plotted vs. the
average 28-day cylinder c.s. of the materials. Air-entraining admix-
ture (AEA), fly ash (FA), or silica fume (SF) were incorporated in
some of the mixtures, and some concretes were prepared with
blastfurnace slag cements (CEM III/A, with here 43–64% blastfur-
nace slag). The gas permeability was measured by the constant
head CEMBUREAU apparatus (at inlet gas pressure Pinlet = 0.2 MPa)
after water curing and oven drying at T = 105 ± 5 �C, according to
the AFPC-AFREM procedure [19], whereas the chloride diffusion
coefficient was obtained from migration tests under an electrical
field in non-steady-state (nss) conditions, on saturated concrete
samples, after water curing [20,21]. These experimental data were
obtained within the framework of various studies, in particular the
AFGC Working Group, the LPC research project ‘‘Performance-
based and probabilistic durability approach”, and the French Na-
tional Project ‘‘BHP 2000” [4,20,22]. In this last project, a broad
range of concretes was investigated not only on lab specimens
but also on cores extracted from RC structural elements exposed
to various natural environments or from actual bridge decks. In
the LPC research project, mixtures commonly used in actual
bridges in various locations in France were in particular studied.

Fig. 1 clearly illustrates, for a same average 28-day c.s., the effi-
ciency of FA or slag in the reduction of the values of the measured
DIs: a higher durability level (class) is reached, compared to plain
mixtures with same average 28-day c.s. For example, normal-
strength FA-concretes (FA content from 25% to 54% by unit mass
of cement) display very low transport properties and a high
‘‘potential” durability. The values recorded for these FA-concretes
can be very close to that found for high-performance concretes
(HPCs). The reduction in the gas permeability and in the chloride
diffusion coefficient in saturated conditions, with the increase in
the FA content, has been reported in the literature for lab data
and also for field data [23–26]. Conversely, the presence of en-
trained air (2–8% air), which increases the connectivity of the void
system, induces a significant increase in the apparent gas perme-
ability, in particular for HPCs, which can display a low ‘‘potential”
durability with respect to the apparent gas permeability. However,
no systematic effect of the use of AEA is recorded on the apparent
chloride diffusion coefficient.

For most of the plain mixtures (i.e. without FA, slag and SF)
commonly used in actual bridges in various locations in France, a
medium ‘‘potential” durability was obtained.

More generally Fig. 1 shows that a broad range of transport
properties values and different ‘‘potential” durabilities can be ob-
tained for a same average 28-day c.s. depending on the mix-com-
position. This is a clear illustration of the consequences of the
new trends of concrete mix-design and of the relevance and useful-
ness of a performance-based approach for durability assessment of
complex mixtures. Mechanical properties are not sufficient to esti-
mate the ‘‘potential” durability of a RC and to select appropriate
mixtures that meet durability requirements.
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Fig. 1. Classes of ‘‘potential” durability and experimental (average) values of DIs for concrete samples at various ages, vs. the average 28-day cylinder compressive strength.
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On the basis of these DIs and classes, performance-based spec-
ifications have been proposed as a function of the environmental
conditions and of the target structural SL, with the purpose of help-
ing designers, structure owners, or contractors, when drafting
durability requirements for the selection of concrete mixtures for
a given new structure. The criteria have been defined according
to experimental data obtained on a broad range of concretes (in
particular in the projects previously mentioned) and verified by
simulations involving several models (empirical or physical, deter-
ministic or probabilistic) [5].

The specifications proposed for the protection of structures
against chloride-induced reinforcement corrosion, when only the
initiation period, as defined in [27], is regarded (i.e. the limit state
is assumed as the depassivation of the first layer of rebars, see Sec-
tion 6.2), are presented in Table 1, under the assumption that the
minimum cover thickness specified in the European regulations is
applied (e = 50 mm). In Table 1, the porosity accessible to water /
has no unit, the apparent chloride diffusion coefficient Dapp(mig),
measured by means of a migration test in steady-state (ss) or nss
conditions, is given in 10�12 m2 s�1, the apparent gas permeability
(at Sl = 0 and Pinlet = 0.2 MPa) Kapp(gas) is expressed in 10�18 m2, and
the intrinsic liquid water permeability (at Sl = 1) kl is in 10�18 m2.
The values indicated in Table 1 refer to concrete samples cured in
water for 90 days or less. They are average values, to which the pre-
cision of the test methods should be added. For example, the coeffi-
cient of variation of the nss chloride migration test is equal to 15%
according to [5,21]. As illustrated by Table 1, when both the target
SL increases and the environment becomes more aggressive, the
number of DIs to check also increases (up to four) and the criteria
(threshold values) are more stringent. For example, in the case of
immersion in seawater, the specifications refer to the porosity and
the chloride diffusion coefficient, whereas in the case of exposure
to salts or in tidal zones, permeability is also addressed when a long
SL is required. Of course in the practice the suggested criteria can be
adapted for specific project conditions depending on the local envi-
ronment, cover thickness, or economics. The criteria are also likely
to evolve when further experience will be obtained. Note that
the specifications in Table 1 do not involve the initial (in case of



Table 1
Durability specifications proposed with respect to chloride-induced reinforcement corrosion, according to the environmental conditions and the target service life of the structure
(minimum cover thickness = 50 mm).

Colours (or grey levels) refer to the classes previously defined (here, from low to very high ‘‘potential” durability).
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carbonation or leaching) Ca(OH)2 content. However, this DI is in par-
ticular required as input data not only of most of the carbonation
models [5], but also of models of chloride ingress (e.g. see Section 3.3).

In France, these specifications, along with those proposed with
respect to carbonation-induced reinforcement corrosion [4], have
been used in order to select concrete mixtures for new bridges
(e.g. Millau bridge). They have also been used to define a set of
low-cost and environment-conscious ‘‘local” concrete mixtures
(including in particular local aggregates and SCM), which meet
the 50-to-100-year SL requirements (predefined durability). Such
‘‘local” concretes have been defined for each type of environment
in France. The resulting pre-characterized concretes will be able
to be used in future projects in the considered environment with-
out checking again the DIs.

3. Multi-level model proposed for chloride ingress and service
life predictions

The multi-level concept introduced in Section 1 can of course be
applied to a single model. This will be illustrated in this section, in
the case of the modelling of isothermal chloride ingress into con-
crete, by the 1-D physically-based numerical model developed at
LCPC. This model offers currently three levels of sophistication in
saturated conditions and one level in non-saturated conditions. It
can therefore be used for engineering purposes as well as for accu-
rate long-term prediction and understanding of complex coupled
processes (see next sections). The appropriate level has to be se-
lected in particular according to the purpose of the prediction,
the accuracy required, the target structural lifetime, and the avail-
ability of the input data.

The system of non-linear equations associated with each level is
solved numerically by means of a standard Newton algorithm [28],
where the spatial discretization is performed by the finite volume
method and where an Euler implicit scheme is used for the approx-
imation of the normal derivatives.

3.1. Level 1 (chloride diffusion model)

This model [29] includes a single species (chlorides) and is based
on diffusion (in diluted solution) according to Fick’s first law. This is
a simple model, which requires only a few input data: the DIs
porosity accessible to water and effective chloride diffusion coeffi-
cient ðDCl� Þ, and the so-called chloride binding isotherm, described
here globally by Freundlich’s non-linear formula (see Eq. (1)):

sCl ¼ lcc
Cl� ð1Þ

where ðcCl� Þ is the chloride concentration of the pore solution (in
mol/m3 of solution) and sCl the total amount of bound chlorides
(in mol/m3 of material), while l and c are the Freundlich’s isotherm
parameters, which vary with the binder composition.

Nevertheless, the ‘‘unphysical” variations of DCl� vs. chloride
concentration, observed when using this oversimplified approach
(see e.g. [10,30] for mortars), need to be described (fitted) by an
empirical law, as those proposed in [31,32]. It can be proven that
these ‘‘unphysical” variations are the result of neglecting the (elec-
trical) influence of the other ions present in the solution (see
[29,33,34]). It is worth noting that, despite this drawback, the sin-
gle-ion approach is still used, in particular in the methods of
assessment of chloride diffusion coefficients by diffusion or migra-
tion tests [21], and in a great number of prediction models (see the
state-of-the-arts provided in [5,18]). Moreover, such a model can
appear as an improvement, compared to the empirical models still
often used for predictions in real cases [6] and in model code de-
signs for engineers [7]. Nevertheless, since it is not quite satisfac-
tory from a theoretical point of view, this model will not be
discussed further in the present paper.

3.2. Level 2 (multi-species transport model)

This model [34] describes the transport in saturated conditions
of some of the various ionic species present in the medium. The
ions Cl�, OH�, Na+ and K+ are addressed here, as usually done by
researchers. This model takes into account the electrical interac-
tions between ions. The transport of each ionic species is described
by Nernst–Planck equation (see Eq. (2)), which includes in the gen-
eral case three components: diffusion under concentration gradi-
ent, movement under chemical activity effects, and migration
under the (local) electrical field, which results from the electrical
interactions between ions [13,33,35–37]:

Ji ¼ �Di gradci þ cigradðln ciÞ þ
ziF
RT

cigradw

� �
ð2Þ
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where Ji, Di, ci, ci and zi are the flux (in mol m�2 s�1), the constant
effective diffusion coefficient of the material (in m2 s�1), the concen-
tration (in mol/m3 of solution), the chemical activity coefficient (–)
and the valence number (–) associated with each ionic species i,
respectively. F is the Faraday constant (9.64846 � 104 C mol�1), R
the ideal gas constant (8.3143 J mol�1 K�1), T the absolute temper-
ature (in K), and w the local electrical potential (in V), which arises
in order to maintain electroneutrality in the medium.

Here, the chemical activity coefficients ci are set to 1 (as in an
ideal solution, i.e. {i} = ci, where {i} is the activity of ion i), as done
by other authors [33], and on the basis of the results presented in
[32,34]. As a matter of fact, very similar ionic concentration profiles
were found after diffusion tests in usual conditions, with and with-
out including activity effects in the present model [34]. A signifi-
cant difference was observed only with very high outer chloride
concentrations.

The set of mass balance equations for each element either pres-
ent as an ion or included in a solid compound, reads (see Eq. (3)):

@ni

@t
þ divJi ¼ 0 ð3Þ

where ni (i = O, H, Cl, Na or K) denotes the total molar content of ele-
ment i as ionic species or in solid compound. For example,
nCl ¼ /cCl� þ sCl, where sCl is related to cCl� through the chloride
binding isotherm.

Various options are proposed in the model for the description
and the assessment of the non-linear chloride binding isotherm
(see e.g. [11,29,38]). For example, a global description according
to Freundlich’s formula (see Eq. (1)) can be chosen, as often used
by researchers [10,30,33,39]. In this case, the Freundlich’s isotherm
parameters will be fitted on experimental data when available, or
identified by numerical inverse analysis thanks to the proposed
model and to an experimental total chloride concentration (tcc)
profile [34,38]. Otherwise, an analytical formula based on the com-
position of the material [11,38], which includes both physical
adsorption onto C–S–H [40] (component sp

Cl) and Friedel’s salt for-
mation [41,42] (component sc

Cl), can be adopted (see e.g. Eq. (4)).
Physical adsorption can be described by Freundlich’s or Langmuir’s
formula or directly derived from the ionic exchange theory
(assuming exchange between chlorides from the pore solution
and hydroxyl ions from the C–S–H, see Eq. (4)). Friedel’s salt forma-
tion is assumed here as instantaneous and complete at very low
chloride concentrations (cCl� � 0Þ. In this case, the Friedel’s salt
amount formed sFriedel is assumed to be independent of cCl� and ex-
pressed as a function of the residual equivalent aluminate content
of the material at the considered age NðC3AÞeq: (in mol/m3 of mate-
rial) (see Eq. (4)):

sCl ¼ sp
Cl þ sc

Cl ¼ sp
Cl þ 2sFriedel ¼ NC�S�H

acCl�

cOH� þ bcCl�
þ 2NðC3AÞeq: ð4Þ

where NC–S–H denotes the C–S–H content of the material at the con-
sidered age (in mol/m3 of material), and the parameters a and b are
assumed to be solely dependent of the C–S–H intrinsic properties
and thus independent of the (concrete) mix-composition for given
binder type (e.g. CEM I) and age.

In this model, the adsorption of the other ions present in the
pore solution is neglected. In order to keep the electroneutrality
Table 2
Friedel’s salt formation – examples of chemical reactions.

Reactions

(a) Ca(OH)2 M Ca2+ + 2OH�

(b) 3CaO � Al2O3 þ 6H2O$ 3Ca2þ þ 4OH� þ 2AlðOHÞ�4
(c) 3CaO � CaCl2 � Al2O3 � 10H2O$ 4Ca2þ þ 4OH� þ 2AlðOHÞ�4 þ 2Cl�

(d) 2H2O$ H3Oþ þ OH�
of the medium, the binding of chlorides is assumed to be balanced
by the dissolution of hydroxyls.

The local electroneutrality condition within the medium com-
plements the system of equations (see Eq. (5)):X

cizi ¼ 0 ð5Þ

This equation is the consequence of the general Poisson’s equation,
under some conditions (the other term, which includes w, can be
neglected at the specimen scale, since the dielectric permittivity
of the medium is very low [11,34,37,43,44]). As a matter of fact,
same ionic concentration profiles are predicted, when applying
the electroneutrality condition or Poisson’s equation, in the case of
diffusion tests in usual conditions [34]. The computations are sim-
plified by selecting the electroneutrality condition. In particular,
the dielectric permittivity is no more required.

In addition to the boundary conditions (B.C.), the input data re-
quired for this model are the DIs / and Di, along with the chloride
binding isotherm and initial chemical composition of the pore solu-
tion. These initial conditions (I.C.) can be assessed by means of the
analytical method described in [34], which requires the mix-com-
position, the chemical composition of the cement and an analytical
hydration model (e.g. the model proposed in [45]). Di (with i – Cl�)
is drawn from DCl� (which can be assessed for example by the
methods proposed in [5,34,20,21], in particular from ss or nss
migration tests) and from Eq. (6):

Di

Do
i

¼ DCl�

Do
Cl�
ð¼ s � /Þ ð6Þ

where Do
Cl� and Do

i are the diffusion coefficients in an infinitely di-
luted solution, and s is the tortuosity of the material (–).

3.3. Level 3 (advanced physical and chemical model)

This multi-species model involves transport-chemistry cou-
pling. It is based on the physical principle of ionic mass conservation
and on the chemical equilibrium between a solution and the various
solid compounds in contact with it. With regard to chloride binding,
physical adsorption onto C–S–H (as described in Section 3.2) and
Friedel’s salt formation by chemical reactions (dissolution/precipi-
tation mechanism, see Table 2) are addressed separately. Thus,
the model includes, in addition to the equations used in level 2,
those associated with the dissolution/precipitation equilibriums
along with the species involved in these equations [29,46]. There-
fore, it requires at least six ions (Ca2+, AlðOHÞ�4 , Cl�, OH�, Na+ and
K+) and 3 solid compounds (Friedel’s salt, Ca(OH)2 and aluminates).

For each reaction (see Table 2), chemical equilibrium is satisfied
unless the solid compound has totally disappeared. For example, in
the case of reaction (a), equilibrium state is characterized by Eq.
(7):

fCa2þgfOH�g2 ¼ KP if sCaðOHÞ2 –0 ð7Þ

where KP and sCaðOHÞ2 denote, respectively, the solubility product and
the content of calcium hydroxide.

When Ca(OH)2 is completely dissolved, {Ca2+}{OH�}2 can be
lower than KP. Therefore, in the general case, Eq. (8) has to be
verified:
�logK

KP = {Ca2+} {OH�}2 5.05
KC ¼ fCa2þg3fOH�g4fAlðOHÞ�4 g

2 22.5
KF = {Ca2+}4{OH�}4AlðOHÞ�4

2{Cl�}2 29.1
KW = {H3O+} {OH�} 14
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fCa2þgfOH�g2 ¼ KP if sCaðOHÞ2 > 0
\ KP if sCaðOHÞ2 ¼ 0

(
ð8Þ

The instantaneous dissolution/precipitation process can thus be de-
scribed by the following condition (see Eq. (9)):

sCaðOHÞ2 � 0

KP � fCa2þgfOH�g2

sCaðOHÞ2 KP � fCa2þgfOH�g2
h i

¼ 0

8>><
>>: ð9Þ

Such a condition induces a discontinuous sCaðOHÞ2 profile. An appro-
priate change in the variables allows both the ionic activities and
the solid contents to appear in the same equations, as detailed in
[29,46]. For each reaction, a condition such as Eq. (9) has to be ver-
ified at each node of the mesh.

Moreover, the model accounts for the microstructural changes
induced by Friedel’s salt precipitation or Ca(OH)2 dissolution.
Hence, with regard to the transport equations, the same type as
used in level 2 is adopted (see Section 3.2), but here Di and / are
variable. The modified effective diffusion coefficients are deduced
from the modified porosity provided by the model, thanks to an
empirical formula derived from that proposed by Bentz et al. in
[47] for hardened cement pastes and based on the capillary poros-
ity (see Eq. (10)):

/ ¼ /ini þ
X

miDsi and Di ¼ Dini
i

/

/ini

/ini � 0:18
/� 0:18

 !
ð10Þ

where /ini and Dini
i denote, respectively, the initial porosity accessi-

ble to water and the initial effective diffusion coefficient associated
with ion i, while si is the amount (in mol/m3 of material) and mi the
molar volume (in m3 mol�1) of solid compound i.

At each step, the mass balance equations, the electroneutrality
condition and the dissolution/precipitation equilibrium relation-
ships constitute the whole system of equations. Transport equa-
tions and chemical equilibrium relationships are solved
simultaneously [11]. The computational time is hence significantly
reduced, compared to sequential resolution. At each step, the val-
ues of Di are re-evaluated.

Level 3 allows one to take accurately into account the ‘‘chemical
effect” associated with binding (linked to the chemical composi-
tion of the cement matrix), in addition to the ‘‘physical barrier
effect”, within the framework of mix-design optimization to reach
a given ‘‘potential” durability. Moreover, level 3 can allow accurate
pH predictions, since the various equations that involve hydroxyl
ions are taken into account in the model. Nevertheless, this model
requires as input data the initial amount of each ionic and solid
species addressed, which can be difficult to assess experimentally.
3.4. Level 4 (coupled moisture-ion transport model)

This is the multi-species model (see level 2) extended to non-
saturated conditions. The contribution of advection (movement
of ions with that of liquid water) to the overall ion transport has
to be taken into account in this case (see Eq. (11)):

wa ¼ v lca þ Ja ða ¼ w or i; for liquid water or ions; respectivelyÞ
or
wa ¼ vgca þ Ja ða ¼ a or v ; for dry air or water vapour; respectivelyÞ

8><
>:

ð11Þ

where wa denotes the total molar flux (in mol m�2 s�1) of phase a
and ca is the molar concentration of a, with the conditionP

taca ¼ 1 when a = w or i, for liquid water or ions, respectively,
where ta is the molar volume of phase a in solution (e.g. tw =
18.0 cm3 mol�1 and mNaþ ¼ 1:5 cm3 mol�1).
This means that the model combines the ion transport accord-
ing to Nernst–Planck equation (see Eq. (2), but here Di are a function
of Sl) with the Darcian movement of the liquid phase l (mixture of
water and ions) and of the gas phase g (mixture of water vapour
and dry air) (see Eq. (12)), and with the relative Fickian diffusion
of water vapour and dry air with respect to the gas mixture (see
Eq. (13)) [48,49]. vl and vg are thus calculated by Eq. (12), and Ja
(with a = a or v, for dry air or water vapour, respectively) is calcu-
lated by Eq. (13):

va ¼ �
ka

ga
kraðSlÞgrad pa

ða ¼ l or g; for liquid or gas phase; respectivelyÞ ð12Þ

where ka is the intrinsic permeability of the material to phase a,
independent of Sl (in m2), whereas va, pa, ga and kra(Sl) denote
the Darcy’s filtration velocity (in m s�1), the pressure (in Pa), the dy-
namic viscosity (in Pa s) and the relative permeability associated
with phase a, respectively,

Ja ¼ �
qg

Ma
f ð/; SlÞDv0grad

qa

qg

 !

ða ¼ a or v ; for dry air or water vapour; respectivelyÞ ð13Þ

where Ja, Ma and qa are the molar flux (in mol m�2 s�1), the molar
mass (in kg mol�1) and the mass density (in kg m�3) of constituent
a, respectively. Dv0 is the free (out of the porous medium) water va-
pour diffusion coefficient in the air (Dv0 = 2.47 � 10�5 m2 s�1 be-
tween T = 20 and 25 �C), while f(/,Sl) is the so-called resistance
factor, which accounts for both the tortuosity effects and the reduc-
tion of space offered to gas diffusion in a partially saturated porous
medium, compared to free diffusion in the air.

Note that the intrinsic permeabilities of the material to gas and
to liquid can be different in the model, in order to account for the
findings reported in [49,50] (significant different experimental val-
ues were found for kg and kl, for some mixtures).

Once the diffusive flux Ji of all ions is known, the diffusive molar
flux of liquid water Jw (in mol m�2 s�1) is computed by using Eq.
(14):

MwJw þ
X
i–w

MiJi ¼ 0 ð14Þ

where Mw and Mi are the molar masses (in kg mol�1) of water and
ion i, respectively.

Finally, the mass balance equations for moisture (w + v), dry air
(a) and ions i read (see Eq. (15)):

@
@t ð/S1cw þ /ð1� SlÞ qv

Mv
Þ ¼ �divðww þwvÞ

@
@t ð/ð1� S1Þ qa

Ma
Þ ¼ �divðwaÞ

@
@t ð/Slci þ siÞ ¼ �divðwiÞ

8><
>: ð15Þ

The ions effect on the liquid-vapour water equilibrium (water–ions
coupling) is taken into account by including the chemical activity of
liquid water in the solution (aw) into the chemical potential formula
(where aw is expressed vs. the ionic activity coefficients ci, according
to the formula proposed by Lin and Lee [51]). This results in the ex-
tended Kelvin’s law (see Eq. (16)):

pc ¼ �
qw

Mw
RTðln h� ln awÞ ð16Þ

where h is the relative humidity (–), ranging in this equation from 0
to 1.

It turned out that including the capillary pressure curve equa-
tion pc = pc(Sl) of a chloride-free material in Eq. (16) matched with
very good agreement the experimental data obtained with the
same material with various NaCl concentrations [10,52]. It was
thus concluded that the capillary pressure curve is an intrinsic
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feature of the (pore structure) of the material and that only the
curve of the chloride-free material (derived from the experimental
water vapour sorption isotherm [53]) is required as input data for
the model. This simplifies significantly the modelling.

As previously described, the model accounts for transport prop-
erty variations vs. Sl. Analytical laws are used here, in order to ex-
press such variations and implement them easily in the model.
Formulas for kra(Sl) and f(/,Sl) are proposed in [48–50]. The same
type of semi-empirical formula as proposed in [54] for masonry
materials is adopted here for Di variations vs. Sl (see Eq. (17)):

DiðSlÞ=DiðSl ¼ 1Þ ¼ Sk
l ð17Þ

where k is the saturation exponent.
Calibration of this formula with the various mortar data ob-

tained by impedance spectroscopy and provided in [10] (assuming
that the same curve is valid whatever the cementitious material,
similarly as krl [49]) yielded k = 6.

With regard to chloride binding, same descriptions (analytical
formulas) as proposed in level 2 can be used.

Possible crystallization of salts and dissolution/precipitation
reactions are not taken into account in level 4.

4. Comparison between the multi-species transport model (level
2) and the advanced physical and chemical model (level 3)

A water-cured sample of normal-strength concrete BO (CEM I
52.5, W/C = 0.49, and average 28-day c.s. = 50.0 MPa) has been ex-
posed in lab to a salt solution (30 g L�1 NaCl + NaOH 0.1 M, and
thus pH = 13) for 90 days, after vacuum saturation. The material
was 90-day old at the beginning of the test. The total and free chlo-
ride concentration profiles have been measured by means of dry-
grinding and chemical analysis [20]. More precisely, the total (resp.
free) chloride concentration has been determined by means of ni-
tric acid (resp. water) extraction and potentiometric titration,
according to the AFPC-AFREM procedure [55,56]. The raw free
chloride concentration data then obtained have been corrected,
as suggested by Otsuki et al. [57] (see also [20]).

The profiles were also predicted by the level-2 model (multi-
species transport model with four ions + analytical binding iso-
therm) and the level-3 model (advanced physical and chemical
model with six ions and three solid compounds). As far as possible,
the same input data and descriptions were used in both models
(e.g. / = 0.12, DCl� ¼ 1:2 10�12 m2 s�1 assessed by migration tests
[20], and initial conditions cCl� ¼ 0; cOH� ¼ 360; cNaþ ¼ 100 and
cKþ ¼ 260 mol m�3, which yield pH = 13.6, assessed by the method
described in [34]). The same physical adsorption law (derived from
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Fig. 2. Tcc and cCl� profiles for a concrete sample BO, after 90-day exposure to 30 g L�1 Na
the multi-species transport model (level 2) and the advanced physical and chemical mo
the ionic exchange theory) was adopted for sp
Cl (see Eq. (4)) and cal-

ibrated with published data obtained by the equilibrium method
[38,46]. With regard to Friedel’s salt formation, in the level-3 model
sc

Cl is provided by solving the equations associated with the disso-
lution/precipitation equilibriums (see Section 3.3 and [29,46]),
whereas in level 2 the simplified analytical description used in
Eq. (4) is adopted. The initial composition of the solid matrix (re-
quired for application of the level-3 model) is provided by an ana-
lytical hydration model [45].

As illustrated in Fig. 2a, the main difference recorded is a higher
tcc, from the assumed Friedel’s salt precipitation front in the level-2
model, up to the actual precipitation front (tcc � 50–80 mol/m3 of
material) provided by the level-3 model. Within this range, level-2
results seem to diverge from both level-3 results and experimental
data. Note that in the models the reaction kinetics are neglected;
this induces sharp dissolution and precipitation fronts (see
Fig. 2a, Section 3.3 and also [11,29]). Therefore, the main difference
lays in the simplified description adopted in the level-2 model for
Friedel’s salt formation. Note that level 2 is a ‘‘conservative” simpli-
fication: the tcc predicted in this case is higher compared to level 3.
Moreover, no difference is observed between level-2 and level-3
results with regard to the cCl� profiles and good agreement is ob-
served with experimental data (see Fig. 2b), thus validating the
two models in lab conditions (first stage of validation).

A small peak is observed at the surface when applying the level-
3 model (see Fig. 2a), as a result of a local porosity increase induced
by Ca(OH)2 dissolution (OH� and Ca2+ leaching). Microstructural
changes have thus only a slight effect in the present test conditions
(only a slight leaching takes place). In these conditions, level 2 can
be quite sufficient. On the other hand, it will be necessary to use
the level-3 model in the cases (e.g. exposure to seawater or to
low pH solutions) where microstructural changes can significantly
affect the transport process, or in environments where a great
number of (aggressive) species are present (and various chemical
reactions may occur).

5. Analysis of the effect of wetting–drying cycles on chloride
transport by means of the coupled moisture-ion transport
model (level 4)

5.1. Comparison with lab data from the literature

The effect of wetting (by a salt solution) and drying cycles on
the tcc profile can be illustrated by Fig. 3. This figure describes
the case, reported by Hong and Hooton in [58], of initially-satu-
rated concrete samples (W/binder = 0.40, 25% slag, 8% SF and 28-
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day sealed curing) submitted in lab to 25 cycles (1 cycle = 6-h wet-
ting by 1-M NaCl solution + 66-h drying at h = 50%, at T = 23 �C) for
a total exposure time of 75 days. The 25 cycles have been simu-
lated by the coupled moisture-ion transport model (level 4) by
using the porosity, permeabilities (e.g. kl = 3.6 10�21 m2, assessed
by inverse analysis) and capillary pressure curve provided in
[48,49,53] for concrete BO (see Section 4). DCl� ( = 1.02 � 10�12

m2 s�1) has been assessed by inverse analysis (as explained in
[34]) from the experimental tcc profile provided by Hong and Hoo-
ton, after 120-day exposure to the salt solution in saturated condi-
tions (diffusion test [58]). The numerical tcc profiles after drying
(see Fig. 3) have been compared to the experimental data reported
in [58] and also to the numerical profile provided by the multi-spe-
cies transport model in saturated conditions (level 2) for the case of
a diffusion test (exposure to 1-M NaCl solution for 75 days).

Very good agreement is pointed out in Fig. 3b between level-4
simulations and experimental data. This highlights the validation
of the level-4 model in lab conditions (first stage of validation)
and confirms, in particular, the relevance of the assumptions made
in the modelling.

Fig. 3 points out the difference, within the sample zone affected
by the wetting–drying cycles (so-called ‘‘advection zone”), be-
tween the profiles obtained (by simulation) after wetting (see
Fig. 3a) and the profiles obtained (both by simulation and measure-
ment) after drying (see Fig. 3b). This difference is clearly exhibited,
in the cases of 1 and 25 cycles, in Fig. 3c. It can be attributed to the
different B.C. and prominent transport process between the wet-
ting and drying phases. As a matter of fact, during the wetting
phases, as part of the bulk liquid phase, chlorides move inwards
mainly by advection in the surface zone. When the inner cCl� is
higher than the outer one, chlorides tend also to leach out, by out-
ward diffusion. As a result, a peak may appear on the tcc profile
(see Fig. 3a). In the course of drying, a significant amount of chlo-
rides from the advection zone moves back with liquid water by
advection to the evaporation front. The location of the evaporation
front depends on the material and on the experimental conditions.
The evaporation front is very close to the surface zone in this
example, as a result of the presence of a continuous liquid phase
within the whole sample thickness, which allows moisture
transport mainly through the liquid phase (according to Eq. (12))
during drying. This results from the considered drying conditions
(hmin = 50%) and the low permeability of the material (as explained
in [48,50]). After cycles, the tcc in the surface zone is higher than
the B.C. associated with wetting (as a result of chloride accumula-
tion at the evaporation front) and increases as a function of time
(as a result of chloride supply at each wetting phase) (see Fig. 3b).

The difference recorded between the results provided by the le-
vel-2 (Sl = 1) and level-4 (cycles) models (see Fig. 3d) points out
that the cycles, and in particular the drying process, have induced
in the advection zone and more precisely in the surface zone a tcc
increase, which cannot be predicted by a model developed in sat-
urated conditions. These points out the major contribution of the
advective process to the overall ion transport and thus the impor-
tance of kl in the model.

Fig. 4a displays the Sl profiles computed by the level-4 model
after various numbers of cycles (Sl = 1 at the initial state). Different
Sl profiles are here also recorded after wetting and after drying
(beneath the wetting front). There is consistence between the



0.00
0.60

0.65

0.70

0.75

0.80

0.85

0.90

0.95

1.00

4 cycles

1 cycle

9 cycles

Depth (m)

D
eg

re
eo

f 
sa

tu
ra

ti
o

n
 (

-) drying

wetting front (9 cycles)

0

300

600

900

1200

1500

1800

c O
H

-
(m

o
l /

 m
3

o
f 

so
lu

ti
o

n
)

Depth (m)

wetting

drying

4 cycles

1 cycle

9 cycles

O
H

-

wetting

drying

           a) Sl profiles (I.C.: Sl  = 1)                       OH- profiles b) c

0.050.040.030.020.01 0.000 0.0100.0080.0060.0040.002

Fig. 4. Effect of wetting–drying cycles for a concrete sample in lab (total exposure time: 75 days). Numerical simulations by the coupled moisture-ion transport model (level
4).

530 V. Baroghel-Bouny et al. / Cement & Concrete Composites 31 (2009) 522–534
wetting fronts deduced from the chloride concentration and Sl

profiles. After a few cycles, the moisture state is changed in the
whole sample thickness, but the Sl value is not low enough to
hinder chloride diffusion in the core of the sample.

Fig. 4b displays cOH� profiles computed by the level-4 model.
During the wetting phases, hydroxyl ions tend to diffuse outward
(as a result of lower outer cOH� ). After cycles, a peak appears in
the cOH� profile obtained after wetting, which may result from hy-
droxyl diffusion and advective flux in opposite directions. Note
that after drying, cOH� is very high in the surface zone, as a result
of Sl decrease. This indicates a very low physically bound chloride
amount sp

Cl (according to Eq. (4)).
The sample zone affected by the wetting–drying cycles in this

example can thus be clearly experimentally and theoretically iden-
tified through these various results.

5.2. Effect of varying the exposure conditions on the tcc profile

More generally, the exposure conditions have a significant ef-
fect on the tcc profile: any modification of these conditions, even
with a same exposure time, induces a noticeable change. This is
illustrated in Fig. 5, which displays the numerical simulations per-
formed by the level-4 model in the case of a BO sample submitted,
for a total exposure time of 50 days, to various combinations of
wetting (by 0.5-M NaCl solution or water) and drying (at
h = 75%) cycles.
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Fig. 5. Effect of exposure conditions (with a same exposure time: 50 days) on the
tcc profile for a sample of concrete BO. Simulations performed by the coupled
moisture-ion transport model (level 4).
As illustrated by the comparison (1) between 1 cycle (10-d NaCl
wetting + 40-d drying) and 10 cycles (where 1 cycle = 1-d NaCl
wetting + 4-d drying), increasing the cycle number, with the same
durations of both the NaCl-exposure period and the drying period,
induces an increase in the tcc within a large thickness of the sam-
ple. In addition, the effect of 1-day wetting by water induces a
redistribution of the tcc from the surface zone and within a large
thickness, as illustrated by the comparison (2) between 10 cycles
where 1 cycle = 1-d NaCl wetting + 4-d drying, and 10 cycles where
1 cycle = 1-d NaCl wetting + 1-d water wetting + 3-d drying. Note
that such an effect is often recorded, as a result of rain, in coastal
areas or in marine sites during low tide. Moreover, a longer NaCl
exposure period (along with a slightly longer drying period), even
in the case of a smaller number of cycles, increases the tcc (see the
comparison (3) between 5 cycles, where 1 cycle = 5-d NaCl wet-
ting + 5-d drying, and 10 cycles, where 1 cycle = 1-d NaCl wet-
ting + 4-d drying).

5.3. Experimental results in field conditions

In field conditions, in particular in tidal zones, combinations of
the various effects previously described take place, such as in-
crease as a function of time in the cycles number, and increase in
the cumulative time of exposure to seawater.

Fig. 6 shows the tcc profiles measured in RC structural elements
from the ‘‘BHP 2000” Project [22] after various exposure times for
two HPCs mixed with the same CEM I 52.5, silica fume and aggre-
gates: M75SF (W/C = 0.38, SF/C = 0.06 and average 28-day
c.s. = 85.5 MPa) and M120SF (W/C = 0.26, SF/C = 0.12 and average
28-day c.s. = 127.5 MPa), in a marine environment (tidal zone in
La Rochelle, France). These field data have been obtained by chem-
ical analysis, as previously described. The average carbonation
depth xc, measured by phenolphthalein spray test after 10 years,
is also reported in Fig. 6: a negligible carbonation has been
recorded.

Both the tcc and the free chloride concentration measured in
the surface zone after drying were higher than the B.C. associated
with total submersion in seawater. In addition, Fig. 6 highlights
that the tcc in the surface zone increases as a function of time, at
least for a given period of time. In addition to the accumulation
phenomenon (which results from wetting–drying cycles) de-
scribed in Section 5.1, microstructural changes induced by chemi-
cal reactions and cCl� increase as a result of Friedel’s salt dissolution
after total Ca(OH)2 dissolution (lower cCa2þ and cOH� of the seawa-
ter with pH � 8.8, compared to the pore solution) [29,46] can con-
tribute to explain these observations in the present case. More
generally, same findings as predicted by the simulations performed
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in lab conditions (see previous sections) were observed in situ. This
results from very weak drying, which can be considered here to be
mainly the result of Darcian transport of liquid water with evapo-
ration located at the exposed surface, given the weathering condi-
tions and the type of materials (Sl remains very high in these RC
structural elements, see [22]). In addition, microstructural surface
alterations induced by carbonation or early-age drying are negligi-
ble in these RC structural elements (see also [22]).

6. Example of chloride ingress and service life predictions by
means of the multi-species transport model (level 2) in tidal
zone

All of the observed phenomena described in Section 5 cannot be
predicted by the multi-species transport model developed in satu-
rated conditions (level 2). Therefore in a lot of cases, a model that
accounts at least for natural drying, and as far as possible for real-
istic wetting–drying cycles, cannot be avoided for a proper predic-
tion of the service life of RC structures exposed to chlorides.
However, it can be difficult to express the actual B.C. of structures
in situ and to assess all the input data required by a sophisticated
model such as level 4. Hence, it is worth investigating whether a
simpler model as level 2 can be used for predictions even in tidal
zone, in some cases. An example of SL prediction by means of
the multi-species transport model (level 2) is presented in the pres-
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ent section. This example deals with the M120SF (RC) structural
element in La Rochelle (see Section 5.3).

6.1. Tcc profile prediction

The level-2 model has been applied to predict the tcc profile of
the M120SF structural element. The field tcc profile after 2-year
exposure (see Fig. 6b) has been used to identify some of the input
data of the model (the constant DCl and the Freundlich’s parameters
of the binding isotherm) by numerical inverse analysis. This indi-
rect method (described in [34]) consists in analyzing the experi-
mental data by using the model: a simple numerical algorithm is
used to identify the DCl and Freundlich’s parameters values, which
best reproduce the experimental tcc profile (see Fig. 7a). This
method is particularly appropriate to the monitoring of existing
structures, since tcc profiles are the experimental data that are
most often available and since no additional lab experiment is re-
quired. The porosity has been directly measured (/ = 0.074). The
initial chemical composition of the pore solution has been assessed
by the analytical method described in [34]. Once these input data
included in the model, it is then possible to predict the free or/
and total chloride concentration profiles after longer exposure
times, in view of prediction of future (long-term) evolution of the
structural element. The tcc profiles after 4-, 10-, 50-, and 100-year
exposure were thus predicted (see Fig. 7a).
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Very good agreement with the available field tcc profiles at 4
and 10 years is observed, except within the surface zone where a
significant higher tcc is measured (e.g. 139 and 215 mol/m3 of con-
crete at depth x = 2.5 mm, for 4 and 10 years, respectively). This
was expected from the analysis performed in Section 5.1. There-
fore, beyond the advection zone, the same profile is measured as
that predicted for the case of diffusion during the same period of
time, since the degree of saturation allows diffusion of the chloride
ions present in the pore solution towards the core, whatever the
outer conditions [22]. Thus, the same observation is made in situ
as in lab conditions (see Fig. 3d). This example highlights the vali-
dation of the level-2 model in field conditions (second stage of
validation).

Hence, it seems that, for the cases where drying and drying–
wetting cycles have a significant effect only within a restricted
zone close to the surface (e.g. in the case of HPCs), and therefore
where the assumption of sole diffusion is acceptable within the re-
minder zone of the structural element, a model developed in satu-
rated conditions can be sufficient for SL prediction, since this is the
front location which is critical for this purpose. This result is of
importance from a practical point of view.

6.2. SL prediction

The front is often characterized by the so-called ‘‘critical” chlo-
ride concentration, assumed to be the concentration, which in-
duces depassivation of the reinforcement surface and initiates
iron dissolution. If the ‘‘critical” tcc is assumed to be 0.4% by unit
mass of cement, as usually done [22,59], and if the level-2 model
is assumed as valid for long-term predictions in the considered
case, Fig. 7a shows that, according to the numerical simulations,
the ‘‘critical” tcc will not be reached at the first layer of rebars
(cover thickness = 50 mm) neither after 50 years nor after 100
years. The service life (when only the initiation period [27] is re-
garded) will therefore be higher.

It will be checked in the future, by comparison between exper-
imental and numerical results after longer exposure times than 10
years, if level 2 is still valid. However, one should note that the
approximation made when selecting the level of the model can
be far smaller than that made when selecting the ‘‘critical” chloride
concentration value, since the actual value may vary within a great
extent, mainly as a result of the compositions of concrete and steel,
of the characteristics of their interface, and of the environmental
conditions [59,60].

The service life (within the initiation period) can be investigated
in a more precise way by studying the evolution of the cCl�=cOH� ra-
tio (see Fig. 7b). Therefore, since the multi-species model allows
the assessment of both the cCl� and cOH� values, and assuming that
depassivation occurs, and hence the end of the service life is
reached, when the cCl�=cOH� ratio is equal to 0.6 [5,61,62] at the
first layer of rebars, it is possible to predict the SL based on this cri-
terion. The numerical simulations provide a 170-year SL for this
structural element (see Fig. 7b). This is in agreement with the per-
formance-based specifications displayed in Table 1 and the values
of the DIs measured on this HPC (/ = 0.074, Dapp(mig) = 0.04 � 10�12

m2 s�1, Kapp(gas) = 43 � 10�18 m2 and kl = 10�5 � 10�18 m2): accord-
ing to Table 1, in tidal zone, with such DI values, one should expect
a service life higher than 120 years.
7. Concluding remarks

The approach proposed here, which is based on durability indi-
cators and physically-based models, constitutes a useful and flexi-
ble tool for an efficient assessment and prediction of RC durability
with regard to the protection against chloride-induced corrosion.
This approach offers greater freedom to engineers and design-
ers. The achievement of specified levels of performance, for
example based on the specifications proposed here, allows one to
take advantage of all the technical, environmental and economical
benefits of new concepts of mix-design and high-technology mate-
rials within the framework of sustainable development. An ex-
tended structural service life can be expected from these new
trends, as confirmed by the field data already available. In addition,
the multi-level concept allows one to apply the same methodology
with simple tools for engineering purposes, as well as with ad-
vanced numerical models for accurate prediction in more complex
cases.

More specifically, the multi-level model of chloride ingress pro-
posed here can be used for:

� understanding of phenomena, e.g. to check assumptions and
physical/chemical mechanisms associated with binding or cou-
pled moisture-ion transport, as illustrated in this paper,

� assessment of input data by numerical analysis,
� concrete mix-design for a predefined durability of RC structures,

by selecting the appropriate aluminate, C–S–H or SCM contents,
in order to optimize the chemical effect (e.g. through the equa-
tions describing chloride binding) and the physical barrier (e.g.
through chloride effective diffusion coefficient and liquid
permeability),

� chloride ingress and SL predictions in various environmental
conditions (at the design stage or for the monitoring of existing
structures).

With regard to chloride binding, the simplified description
(analytical formula, which includes physical adsorption and
instantaneous Friedel’s salt formation expressed as a function of
the residual equivalent aluminate content) used with level 2,
compared to level 3, is very convenient from a numerical point
of view. It avoids the incorporation of the equations and of the
additional ionic and solid species associated with the dissolu-
tion-precipitation reactions. The discontinuous feature of these
equations can indeed induce numerical difficulties. In addition,
the difference then obtained on the results can be quite accept-
able in a lot of cases.

More generally, the numerical simulations reported in this
paper show clearly that, on the one hand, level 2, which is an
intermediate level of sophistication, is likely to provide quite
sufficiently accurate predictions for a large number of practical
cases. On the other hand, only the level-4 model, which combines
liquid-water and water-vapour transport processes with aqueous
electrolyte theory, is capable of reproducing all the effects of
wetting–drying cycles, which often take place in situ, on the pro-
files and in particular on the (drastically affected) surface zone,
and will allow long-term accurate predictions for every types of
environment and material.
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