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A B S T R A C T

In this study, a new physically and chemically based model taking into account thermodynamic equilibrium,
kinetics and surface complexation is proposed to predict the ingress of chloride ions into saturated concretes. The
numerical results of this multi-ionic model are compared to experimental data such as total and free chloride
concentration profiles and chloride binding isotherms. With only one set of parameters, the results show very
good agreement for chloride binding isotherm of concretes with different w/b, types of binders (CEM I, CEM III,
and CEM I with fly ash) and various exposure conditions (NaCl solution at different concentrations). Such a
model overcomes the use of empirical chloride binding isotherms that can be difficult to asses for concretes with
supplementary cementitious materials. The very good results underline the need to take into account all the
physical and chemical phenomena included in the model.

1. Introduction

The main cause of deterioration for reinforced concrete structures
exposed to marine environments is corrosion induced by chloride pe-
netration into concrete. Owing to the expensive costs of maintenance
and repair there is a great demand for reliable models designed to
predict chloride ingress and its consequences in term of corrosion.

Furthermore, a number of authors consider that the initiation stage
of corrosion depends on a chloride threshold value which can be ex-
pressed in different forms, such as total chloride content relative to the
weight of cement (or concrete) [1], free chloride content [2] and the
commonly-used ratio [Cl−]/[OH−] [3-5]. However, all of these de-
scriptions are dependent not only on the propagation of the aggressive
solution in the concrete but also on physicochemical reactions such as
mineral dissolution/precipitation, sorption/desorption onto mineral
surface and aqueous complexation reactions. A reactive transport
model could take into account all of these mechanisms.

A number of chloride transport models can be found in the litera-
ture, such as models based on Fick's second law or multispecies ionic
transport equations [6-8], or physically and chemically coupled
model [9]. These models use global binding isotherms to determine
total chloride amounts as a function of free chloride amounts. However,
the parameters of these isotherms need to be calibrated directly with
experimental data [7]. These parameters can also be deducted from the

C3A content [10] or from the C3Aeq and C-S-H content ([11] for ex-
ample). However, in all cases, the parameters are specific to each
concrete or to each type of cement. Using physically and chemically
based model, Elakneswaran et al. [12] proposed to describe the ad-
sorption of chloride ions more accurately. In their model, the mineral
dissolution/precipitation of species in hydrated cement paste is firstly
simulated by thermodynamic equilibrium in coupled reactive transport
equations. Furthermore, the model takes into account the “physical”
adsorption (or sorption/desorption onto a mineral surface) by a surface
complexation model. This model describes binding of the ions on the
mineral surface assumed as C-S-H. Elakneswaran et al. [12] successfully
predicted the total chloride concentration profile in the case of sample
exposed to artificial seawater for 91 days at 20 °C.

A number of reactive transport models is proposed in the literature
to predict the durability of cementitious materials in chloride en-
vironments [13] or sulfate environment [14-19]. The authors assume
that the various cement hydrates are in thermodynamic equilibrium.
Assuming thermodynamic equilibrium implies that the chemical reac-
tion is instantaneous. Consequently, the mineral species transform im-
mediately [12,16,18-20]. However, taking into account mineral dis-
solution/precipitation kinetics seems to have a significant influence
[21-23].

To the authors' knowledge, a coupled thermodynamic equilibrium/
kinetic and surface complexation has not been proposed to predict the
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ingress of chloride ions into concrete with different w/b, types of bin-
ders, incorporation of supplementary cementing materials (SCMs) and
exposure to various NaCl solution concentration. Therefore, in this
paper a model including thermodynamic equilibrium, kinetic control
and surface complexation is proposed. The model requires only one
parameter (sorption density), whose value is the same for all concretes
investigated (mixed with CEM I, CEM III or fly ash). The numerical
results are firstly compared to experimental chloride binding isotherms.
Two approaches for the mineral dissolution/precipitation - thermo-
dynamic equilibrium (TE) and thermodynamic/kinetic (TK) - are then
investigated. In TE, the reaction of all solid species is assumed to be
instantaneous. The dissolution of some solid species is governed by
kinetic laws in TK. The numerical total and free chloride concentration
profiles are finally compared to experimental profiles.

In this paper, the first section depicts the governing equations used
in the proposed reactive transport model in saturated cementitious
materials, such as transport equations, surface complexation onto a
mineral surface descriptions, the principle of thermodynamic equili-
brium and kinetic laws. The second section introduces the input data of
the model: parameters of solid species under kinetic constraint, para-
meters of surface complexation, initial mineralogical composition of the
material, exposure conditions and numerical procedure. A sensitivity
study of surface complexation parameter is carried out in order to ca-
librate the parameter in the third section. Model results are then
compared to experimental data taken from [11] and discussed in the
last section of the paper.

2. Description of the reactive transport model

2.1. Transport equations

In a saturated environment without convection phenomena, ion
transport is governed by diffusion. Therefore, the principle of mass
balance equation can be written in a general form in one-dimension
model:
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Mj, Jj and x denote the molar accumulation of species j in the
aqueous phase (mol⋅m−3 of material), the flux of species j in solution
(mol⋅m−2 ⋅s−1) and the distance of diffusion (m), respectively. The qj
source or sink of species (mol⋅m−3 ⋅s−1) is interpreted by the removing
or the releasing of species j through physical adsorption onto C-S-H
surface (see Paragraph 2.2) qj,C−S−H, mineral dissolution/precipitation
qj,s and aqueous complexation in solution qj,l.

Therefore, the source or sink of species is described as:
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In porous media, considering the ionic interactions are taken into
account in the source term, the flux of a species j, Jj, can be described by
the first Fick's law:
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where De is the effective diffusion coefficient of species j (m2 ⋅s−1), τ
the tortuosity of the porous medium, ϕ the bulk porosity, Dj,w the free
water diffusion coefficient of species j (m2 ⋅s−1). Cj denotes the molar
concentration of free species j in a pore solution (mol⋅dm−3 of solu-
tion). In this study as in other studies or software [25-30], the effective
diffusion coefficient is assumed to be the same for all species, in

particular for primary species that are accounted for in the transport
step (Cl−, SO −

4
2 , Al3+, Na+, K+). The diffusion coefficients are assumed

to be independent of composition and should be identical to maintain
the consistency of model when the classical Fick's law is used. The
velocity of the primary species is then the same. That implies zero
current in this step. This method has the benefit of improving the cal-
culation speed which can be important in order to study durability of
lot of structures with different concretes. Of course, the main drawback
of such a strong hypothesis is that it is unavailable when applying an
electrical current on the sample boundary. In addition, as captured in
geochemical transport codes at the present time, an electrical current
typically arises due to the diffusion of charged species at different rates.
Here again, the model is not able to catch this effect. Nevertheless, the
model focuses on the chemical part of the reactive transport phenom-
enon taking into account electrical double layer, ionic complexation
and dissolution and precipitation of solid species (with kinetics).

In fact, Fick's law is a strictly phenomenological relationship that is
more rigorously treated with the Poisson-Nernst-Planck equation [31].
Several studies on reactive transport model that use such a model can
be found in the literature (e.g. [9,16,18]). The advantage is to ensure
charge balance in the transport part. Another way is to assume zero
current which leads to a modified coupled Fick's law [24].

According to [31], the mineral dissolution/precipitation leads to
bulk porosity reduction as follows:
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where frm is the volume fraction of mineral m in the medium (V
mineral/V medium) and fru is the volume fraction of nonreactive medium.
The porosity changes lead to effective diffusion changes.

The molar accumulation of species j is calculated as: Mj= ϕCj.
Therefore, Eq. (1) can be rewritten:
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It should be noted that the interactions between chemical reactions
and transport phenomena are strong since ϕ and De depend on mineral
dissolution/precipitation (see Eqs. (4) and (5)).

2.2. Interaction between solution and C-S-H surface by surface
complexation model

In cementitious materials, the physical adsorption of ions onto the
surface of the mineral species of concrete, in particular C-S-H, has been
the subject of several studies [34-36]. The surface complexation model
describes chemical reaction between the aqueous species and the spe-
cific surface sites. The most common surface complexation model is the
double diffuse layer model described in detail by Dzombak and
Morel [37]. The authors consider that the surface charge density is
calculated from the total surface sites of the layer:

∑ ∑= − + +σ F z z[Γ Γ ( Γ ) ( Γ )]H OH M M A A (7)

where σ, F and zi denote the surface charge density (C⋅m−2), the
Faraday constant (96,485 C⋅mol−1) and the valance of sorbing ions i,
respectively. ΓH, ΓOH, ΓM and ΓA are the sorption densities of surface
sites (mol⋅m−2) for protons, hydroxyl, sorbed cations an anions, re-
spectively.

For example, if four kinds of charges in the surface layer are con-
sidered (≡ OH+

2 , ≡OH, ≡ OM+, ≡ OA−) σ is calculated as:
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