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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:

∂
∂

= −
∂
∂

+
M

t

J

x
q

j j

j (1)

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:

= + +− −q q q qj j C S H j s j l, , , (2)

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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=D τϕDe j w, (4)

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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m

(5)

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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where Acs is the specific surface site of the surface complexation model
(m2

⋅g−1) and S is the solid concentration (g⋅m−3). The concentration
of surface complexes (mol⋅kg−1) is represented by the terms in
brackets.

For a symmetrical electrolyte with valance z, the surface charge
density in Gouy-Chapman diffuse layer σd (C⋅m−2) is related to the
potential at the surface ψ0 (V) by:
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where R is the molar constant (8.354 J⋅mol−1
⋅K−1), T is the absolute

temperature (K), ε is the relative permittivity of water (ε=78.5 at
25 °C), ε0 is the permittivity of void (8.854× 10−12 F⋅m−1) and c is the
molar electrolyte concentration (mol).

The charge balance expression for the double diffuse layer model is:

+ =σ σ 0d (10)

Therefore, Eq. (11) reads:
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Hence, surface potential is calculated at each chemical equilibrium step
as a function of surface complexes concentrations, which are dependent
on pH value.

In concrete, the physical adsorption of ions takes mainly place on
the C-S-H surface [35,38,39]. Lothenbach et al. [40] used the solid
solution model developed by Kulik and Kersten [41] to model the C-S-H
phase. Hence, C-S-H is assumed to be a mix of jennite (CaO)1.67(SiO2).
(H2O)2.1 and tobermorite (CaO)0.83(SiO2).(H2O)1.3. The number of
surface sites depends on the crystal structure of C-S-H. Viallis-Terrisse
et al. [12,35,36] considered that the C-S-H surface consisted of only one
kind of surface site called silanol (≡SiOH). One supplementary site as
silandiol (≡Si(OH)2) is rarely considered [42]. Based on the avail-
ability of input data in the literature (specific surface area and equili-
brium constant), this study assumes that physical adsorption of ions
occurs only on the silanol (≡SiOH) C-S-H surface site.

The C-S-H surface can absorb different cations or anions such as:
Ca2+, Na+, K+, Cl− and SO −

4
2 [12,43]. However, the concretes studied

here are expose to high concentrations of Na+ and Cl−. In addition,
Table 6 indicates the presence of low sulfate and high alkaline con-
centration in the pore solution for all concretes studied. Furthermore,
the equilibrium constant of the physicochemical reaction between sul-
fate and the C-S-H surface has not been measured. Therefore, the sur-
face complexation of sulfate is not considered in this paper.

The adsorption of Ca2+, Na+, K+ and Cl− ions onto the C-S-H
surface layer (≡SiOH) can be represented via the sorption reaction,
given in Table 1:

At equilibrium, the adsorption of chloride ions onto the surface
layer can be described by the mass equation law:

⎜ ⎟= ≡
≡
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[ ]{ }
expeq

0

(12)

where Keq is the equilibrium constant. {Cl−} is the activity of
chloride ions. The equilibrium constant can be measured experimen-
tally. The equilibrium constants of C-S-H are given in Table 1. The
equilibrium constants of complexation were extracted from [12] for
Na+, K+, Cl− and from [35] for Ca2+. The equilibrium constants of

complexation of Na+ and K+ depend on the C/S ratio of C-S-H.
Therefore, the equilibrium constants of adsorption of Na+, K+ onto
jennite (C/S=1.67) and tobermorite (C/S= 0.83) are different. The
equilibrium constants of complexation of Ca2+ and Cl− onto jennite
and tobermorite are assumed to be equal.

The equilibrium constant is considered to be constant in the present
study since the pH of the interstitial solution and the pH of the
boundary solutions are very high and close to each other. Hence, the pH
do not vary so much during the experiment.

2.3. Thermodynamic equilibrium

If chemical reactions of the mineral dissolution/precipitation or the
aqueous complexation are instantaneous, they can be described by the
thermodynamic equilibrium laws. In this case the activity of ion i is
defined as:

=A
γ A

A
{ }

[ ]

[ ]
i

A i

0

i

(13)

where γAi is the activity coefficient (dimensionless), [Ai] is the molal
concentration of ion i (mol⋅kg−1), [A0]= 1 (mol⋅kg−1) is the molal
concentration of an “infinitely dilute solution”.

In order to assess the activity coefficient, the true ionic strength I is
first required:

∑=I z A
1

2
[ ]

i

N

i i
2

(14)

where N is the number of species in the solution composed of free
species (H+, OH−, Ca2+, Na+, CO −

3
2 ) and aqueous complexes (CaOH+,

NaCO3−, ...).
In the literature, several approximation equations can be found to

calculate the activity coefficient, namely: Debye-Huckel [44], extended
Debye-Huckel [45], WATEQ Debye-Huckel [46] and Helgeson-Kirham-
Flowers (HKF) [47]. The HKF equation can be applied to true ionic
strength (see Eq. (14)) up to about 2 molal.

The HKF equation gives accurate activity coefficient when the true
ionic strength of the solution is close to 1 with dominance of NaCl in the
solution [27], as in this study. In addition, HKF equation is more suited
for solutions where the dominant cation and anion in solution are so-
dium and chloride, respectively. For other dominant cation and anion
although no general rule can be made as to the limit of applicability of
the activity coefficient model, using this model at ionic strengths lesser
than 3 or 4 is recommended [27]. The HKF equation is then adopted
here.

The activity coefficient is calculated as follows:

Table 1

Equilibrium constants of surface complexation model.

Equation Klog T0 Ref

≡SiOH+Cl−↔≡ SiOHCl− −0.35 [12]
≡SiOH+Ca2+ ↔≡ SiOCa++H+

−9.4 [35]
≡ SiOHjennite+Na+ ↔≡ SiONajennite+H+

−13.745 [12]
≡ SiOHjennite+K+

↔≡ SiOKjennite+H+
−13.745 [12]

≡ SiOHtobermorite+Na+ ↔≡ SiONatobermorite+H+
−12.656 [12]

≡SiOHtobermorite+K+
↔≡ SiOKtobermorite+H+

−12.656 [12]
Specific surface site of C-S-H Acs=500m2

⋅g−1 [35]

Sorption density of C-S-H = ×− − −Γ 1.3 10C S H
1 6 mol⋅m−2

1 : value deduced from the sensitivity analysis (see Section 4.1.1).
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where ξ=0.5091 kg0.5 ⋅ mol−0.5 and δ=0.3283× 10−6 kg0.5 ⋅

mol−0.5
⋅m−1 at p0=1.1013× 105 Pa and T=25 °C⋅m* is the sum of

the molalities of all species in solution (mol⋅kg−1). Debye-Huckel
parameter λj is calculated as:

=
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=
+
+

λ
r z

z
for cations

2( 1.81 )

( 1)
j

e j j

j

,

(17)

where re,j is the effective ionic radius given in [47] (unit Å). Ī is the
stoichiometric ionic strength (mol⋅kg−1) calculated by neglecting the
contribution of aqueous complexes:

∑=Ī z B
1

2
[ ]

i

M

i i
2

(18)

where [Bi] is the molal concentration of species i (mol⋅kg−1) and M is
the number of cations and anions in the solution (M<N). ωj is the Born
coefficient (J⋅mol−1) defined as follows:

=ω η
z

r
j

j

e j

2

, (19)

with η=6.951218 (Å⋅ J/mol). bNaCl, + −bNa Cl, are given in [47], at
p0=1.1013× 105 Pa and T=25°C, bNaCl=2.47× 10−3 (kg⋅J−1) and

= − × −+ −b 9.770 10Na Cl,
2 (kg⋅mol−1).

The interaction between the ionic species and the mineral species
leads to precipitation/dissolution of minerals. The mineral saturation
ratio Ωm can be expressed as:

∏= = …−

=
K γ C m NΩ ( ) 1, ,m s m

j

N

j j
ν

p,
1

1

c

mj

(20)

where m is the indexes of the mineral species, Ks,m is the equilibrium
constant, νmj is the stoichiometric coefficient of the primary species in
the equilibrium, γj is the activity coefficient of the ion j, Cj is the molal
concentration of primary species in the solution (mol⋅kg−1), Nc, Np are
the number of corresponding primary species and minerals species.

The state of equilibrium (or disequilibrium) of mineral species in the
solution is controlled by the mineral saturation index ISm, as follows:

=IS logΩm m (21)

For a given mineral species, the solution is in equilibrium with the
mineral species if ISm=0. The solution is under-saturated and the
mineral species can still dissolve if ISm<0. Finally, the solution is
super-saturated and the mineral species may be precipitated if ISm>0.

Aqueous complexes are formed by interactions between primary
species in the solution. These reactions are assumed to be at local
equilibrium. By using the mass action law, the concentration of aqueous
complexes can be expressed as a functions of the concentration of pri-
mary species, as follows:

∏= =− −

=
C K γ γ C i N( ) 1, ..,i c i i

j

N

j j
ν

x,
1 1

1

c

ij

(22)

where Ci is the molal concentration of the i aqueous complexes
(mol⋅kg−1). γi and γj are the activity coefficients. Kc,i is the equilibrium
constant of aqueous complexation. Nx is the number of aqueous com-
plexes considered in the solution.

2.4. Kinetic control

A dimensional analysis focusing on the leaching of calcium hydro-
xyde in pure water concludes on the validity of a pure thermodynamic
approach when transport is diffusion-controlled [48]. Numerical re-
active transport results of geochemical interactions at a concrete / ar-
gillite interface also show that the mineralogical profiles calculated at
thermodynamic equilibrium and with kinetics are very similar after
15 years [49]. On the other hand for concrete exposed for several
months the pure thermodynamic approach does not seem to be suffi-
cient [50,51]. In addition, the chemical reaction of minerals can be very
slow (they may even be irreversible) such as quartz or C-S-H (me-
tastable phase). Furthermore, the kinetic treatment of reactions for
those who use reactive transport models is the most general ap-
proach [52]. That is the reason why the authors have chosen here to use
a kinetic approach.

The kinetic laws adopted in this study follow the expression given
by Lasaga et al. [53] for each mineral n. This expression is a function of
the primary species:

= … = ± − =r f C C C k A n N( , , , ) |1 Ω | 1, ..,n N n ms n n
θ η

q1 2 ,c (23)

where positive values of rn indicate dissolution and negative values
precipitation, k is the rate constant (mol⋅m−2

⋅s−1). Ams is the specific
reactive surface area (m2

⋅g−1), Ω is the mineral saturation ratio de-
fined in (Eq. (21)). When the reaction approaches equilibrium state, Ω
approaches 1 and the chemical reaction rate tends toward zero. The
parameters θ, η can be determined from experiments. They are usually
taken to be equal to one due to lack of measurement. q is the number of
minerals under kinetic constraints.

Details on the solution method for mixed thermodynamic equili-
brium/kinetic chemical system are given in [27,31].

2.5. Charge balance

The reactive transport and in particular the electrical current can be
affected by electrical double layer, ionic complexation and dissolution
and precipitation of solid species (with kinetics). All these phenomena
leads to charge unbalance. Then, in the chemical step, a computation of
the aqueous complexes (secondary species such as Al(oh)4−, NaCl(aq),
CaCl2(aq), CaOH

+, KSO …−4 ), the surface complexation and the chemical
reactions between ions and solid species is done. Such a computation
implies charge unbalance that is checked by calculating a charge bal-
ance error, CBE, for this solution:

=
∑ − ∑
∑ + ∑

×CBE
z C z C

z C z C
100n

C
n n m

A
m m

n

C
n n m

A
m m (24)

where zn, zm, Cn, Cm, C and A are the charge of anion and cation, the
concentrations of cations n and anions m for primary and secondary
species (mol/l of solution) and the number of cation and anions in the
solution, respectively.

The electroneutrality condition is considered as acceptable when
CBE ≤ 5% [54]. If the condition is satisfied, a new transport step fol-
lows.

3. Required input data

3.1. Mineralogical compositions of hydrated cement

The composition of cement minerals is calculated from the system
CaO-Al2O3-SiO2-SO3-MgO with the GEMS software and the
CEMDATA07 and Nagra/PSI TDB thermodynamic databases [55]. Two
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thermodynamic databases were also constructed from the standard
molar thermodynamic properties of species given by Lothenbach and
Winnefeld [56], Matschei et al. [57], Lothenbach et al. [40], Thoenen
and Kulik [58]. Lothenbach et al. [40] used the solid solution model
developed by Kulik and Kersten [41] to model the C-S-H phase. Hence,
C-S-H is supposed here to be a mix of jennite (CaO)1.67(SiO2).(H2O)2.1
and tobermorite (CaO)0.83(SiO2).(H2O)1.3. Other hydrated cement
compounds are portlandite Ca(OH)2, monosulfoaluminate
Ca4Al2SO4(OH)12(H2O)6, ettringite Ca6Al2(SO4)3(OH)12(H2O)26 and
hydrotalcite Mg4Al2(OH)14(H2O)3.

Looking at the reactions between chloride and hydrated cement and
using X-ray powder diffraction (XRPD), Yoon et al. [59] reported that
only Kuzel's salt Ca4Al2(SO4)0.5Cl(OH)12(H2O)6 may precipitate when
monosulfoaluminate reacts with chloride ions at a chloride concentra-
tions< 3M. Mesbah et al. [60] also pointed out that even if mono-
sulfoaluminate reacts with chloride ions at high chloride/mono-
sulfoaluminate concentration ratio in the CaO-Al2O3-CaCl2-H2O system,
Kuzel's salt is found as well as an intermediate product between
monosulfoaluminate and Friedel's salt Ca4Al2Cl1.95(OH)12.05(H2O)4.
Furthermore, at such a concentration, gibbsite Al(OH)3 may also pre-
cipitate when the dissolution of monosulfoaluminate releases Al3+ into
the solution. Therefore, Kuzel's salt and gibbsite may appear.

3.2. Reaction rate and surface complexes parameters

Matschei et al. [57] reported that the internal constitution of hy-
drated Portland cements tends to approach thermodynamic equilibrium
for all hydrates except for C-S-H when considering the thermodynamic
properties of Portland cement hydrates in the system CaO-Al2O3-SiO2-
CaSO4-CaCO3-H2O. In the case of C-S-H, the dissolution/precipitation
(jennite and tobermorite) is controlled by kinetic laws in all cases of
investigation given the metastable nature of C-S-H. When concrete is
exposed to an aggressive environment the kinetic parameters of all
hydrates are needed. Monosulfoaluminate, ettringite and C-S-H reac-
tion rate values are taken from Baur et al. [61]. The values for jennite
and tobermorite are assumed to be equal. The reaction rates of por-
tlandite and gibbsite are taken from Gali et al. [62] and Palandri
et al. [63], respectively. Due to lack of data, hydrotalcite and Kuzel's
salt are assumed to react instantaneously. The kinetic parameters are
shown in Table 2.

In a surface complexation model, Viallis et al. [35] proposed a
specific surface site of 500m2

⋅g−1 for C-S-H in order to obtain the best
calibration of the experimental data. This value is higher than the one
proposed by Taylor [64] (200m2

⋅g−1). However, Viallis et al. [35] and
Elakneswaran et al. [39] used this value of specific surface site to de-
duce the equilibrium constants of physicochemical reaction onto the C-

S-H surface, given in Table 1. Therefore, the value of 500m2
⋅g−1 for

the specific surface site of C-S-H is used in this study. Regarding sorp-
tion density, Elakneswaran et al. [12] reported that details on the
sorption density of C-S-H ΓC−S−H and its dependence on the C/S ratio
have not been established and that more research is needed on this
topic. Therefore, the value of ΓC−S−H will be estimated from a para-
metrical study that will be shown on the next sections.

3.3. Initial mineralogical composition, pore solution of concrete and

boundary conditions

In this paper, numerical results are compared with experimental
data of four concretes (designed as BO, M25, M30FA and LR-CEM III)
that were casted and exposed to an immersion test in order to de-
termine the chloride penetration depth and the chloride binding iso-
therms in saturated conditions at 20 °C in laboratory conditions [11].
The cylindrical samples (height= 100mm and diameter= 110mm)
have been exposed after several month water curing and vacuum sa-
turation with a 0.1-M NaOH solution. Mix-design, main characteristics
and effective chloride diffusion coefficients are reported in Table 3. The
porosity accessible to water and the apparent density of the dry con-
crete were measured by hydrostatic weighting at the age of 3months,
9 months, 2 years and 5months for BO, M25, M30FA and LR-CEM III,
respectively. The effective chloride diffusion coefficients were directly
assessed from a steady state migration test. Further details on these
experiments are given in [11,65].

Due to the complexity of the approach (hydration+ reactive
transport) the initial mineralogical composition of the concrete was
initially calculated by the thermodynamic equilibrium part of the
GEMS-software (and not the hydration one) with CEMDATA07 and
Nagra/PSI TDB thermodynamic databases [55]. This implies that the
concretes are supposed to be completely hydrated. Input data for
GEMS-software is the chemical composition of the cement CEM I 1,
CEM I 2, CEM III and fly ash (see Table 5). The initial mineralogical
composition of the completely hydrated material resulting from the
hydration model is given in Table 4. Presence of CO2(in the atmosphere
or in water) is not taken into account in the calculation. It is worth
noting that the number of required input data is very small in this
model. Furthermore, the binding isotherms are not required.

However, in the thermodynamic equilibrium calculation by GEMS
Na+ an K+ do not have to be taken into account (they influence hy-
dration kinetic). Then, the ionic solution and the pH computation do
not give an accurate result. Therefore, a first computation is performed
to obtain the mineral composition of the completely hydrated concrete
with GEMS. Then, assuming total dissolution of the alkalis Na and K in

Table 2

Parameters describing the kinetics of mineral reactions at 25 °C: dissolution rate
constant k (mol⋅m−2

⋅s−1) and mineral specific reactive surface area Ams (m
2

⋅g−1). Precipitation mechanism and associated constants are assumed to be
similar to dissolution.

Minerals Ams k Ref

Jennite 41.0 2.75× 10−12 [61]
Tobermorite 41.0 2.75× 10−12 [61]
Ettringite 9.8 7.08× 10−13 [61]
Monosulfoaluminate 5.7 6.76× 10−12 [61]
Portlandite 16.5 2.24× 10−8 [62]
Hydrotalcite Instantaneous

Kuzel's salt Instantaneous

Gibbsite 9.8× 10−4 3.16× 10−12 [63]

Table 3

Mix-design in kg⋅m−3, main characteristics and effective chloride diffusion
coefficients, after [11,65].

Concrete BO M25 M30FA LR-CEM III

CEM III 385
CEM I 1 353
CEM I 2 230 353
Fly Ash 95
Water 172 193 172 159
w/b=water / (c+ SCM) 0.49 0.84 0.38 0.41
Apparent density 2292 2288 2280 2340
Porosity accessible to water ϕ (%) 0.128 0.149 0.141 0.121
Effective chloride diffusion coefficient De

(×10−12m2s−1)
1.2 9.0 0.39 0.103

Age of concrete (months) 3 9 24 5

5



the interstitial solution [66], the equilibrium is performed with the
Toughreact software (see the next paragraph for a more precise de-
scription). This choice is consistent with the reactive transport part of
the simulation (use of Toughreact). It is worth noting that the first
computation with Toughreact does not change the amount of the mi-
neral species obtained by GEMS. This emphasizes the compatibility
between GEMS and Toughreact softwares. From the amount of cement
hydrates given in Table 5 the results are presented in Table 6.

The chemical composition of the contact solution depends on the
exposure conditions. Here, the concrete samples (M25, M30FA, LR-CEM
III) are exposed to a 30 g⋅L−1 NaCl solution (+4 g⋅L−1 NaOH) for
3months [11]. The BO concrete is exposed to a 60 g⋅L−1 NaCl solution
(+4 g⋅L−1 NaOH) for 3months. As depicted in Table 6, the pH value
depends on the cement composition. The equilibrium calculation for
the contact solution gives pH=12.95. Further details on the pH cal-
culation are given in [67].

3.4. Reactive transport modeling

In the simulations carried out in this paper only saturated concretes
are considered. The calculations were performed in 1D. The numerical
results are compared to experimental data on cylindrical specimens
where a dense epoxy coating was applied to lateral surface and to one
plane face, leaving the other plane surface exposed to the solution. This
configuration ensures a one dimensional flow inside the cylinders.

A simple mesh composed of one 1000-element row was used and
represented 100 mm of the sample. Such a number of elements has been
used in order to be accurate for the thermodynamic approach. As a
matter of fact, for transient problems the pure thermodynamic ap-
proach is sensitive to the number of elements of the mesh [21] that is to
say by the time step of the simulation. In order to compare the ther-
modynamic approach to the kinetic one, the same number of elements
has been chosen. However, in the simple case of taking into account the
kinetics, such a great number of elements is not necessary.

The reactive transport code Toughreact [27] was used in order to
compute the ingress of chloride ions in the concretes studied. It is an
integral finite difference method program for chemically reactive non-
isothermal flows of multiphase fluids in porous and fractured media.
The software calculations are usually performed with the sequential
non-iterative approach (SNIA). It is applicable to a variety of reactive
fluid and geochemical transport problems, including contaminant
transport, natural groundwater chemistry evolution, assessment of nu-
clear waste disposal sites, sedimentary diagenesis, and CO2 disposal in
deep formations, mineral alteration and silica scaling in hydrothermal
systems under natural and production conditions. It has also been used
to study concrete durability (e.g. [21,68]).

3.5. Thermodynamic database

As detailed in the previous sections, the surface complexation model
and the thermodynamic equilibrium (aqueous complexation and ther-
modynamic equilibrium of mineral species) are each described by a
reaction expression and its equilibrium constant. According to [69], the
equilibrium constants for thermodynamic equilibrium are established
from the standard molar thermodynamic properties of reactants and
products that depend on the temperature. For surface complexation, the
approach is the same. Hence, the thermodynamic database contains the
species used, the chemical equations with their related constant value
for minerals dissolution/precipitation, aqueous complexation and sur-
face complexation. In this database, the primary species considered are
H+, Ca2+, Mg2+, K+, Na+, Al3+, SO −

4
2 , HSiO−

3 , Cl
− and H2O.

The equilibrium constants of mineral dissolution/precipitation and
aqueous complexation were calculated from the standard molar ther-
modynamic properties of species given in [40,56-58] (and [70] for
Kuzel's salt). Adopting the same standard molar thermodynamic prop-
erty values as used in the CEMDATA database gives consistency be-
tween the GEMS and the Toughreact calculations. Further details on the
construction of the thermodynamic database have been presented
in [67]. Furthermore, the physicochemical reaction on a C-S-H surface,
given in Table 1, is also integrated into the thermodynamic database.

4. Results

4.1. Validation of the model

4.1.1. Sensitivity study of C-S-H sorption density

The sorption density ΓC−S−H is an important parameter in the
surface complexation model. The aim of this section is to determine the
C-S-H sorption density value for BO concrete. The calculated value will

Table 6

Initial composition of pore solution in concrete (mol.kg−1) calculated by
Toughreact at 20°C.

BO M25 M30FA LR-CEMIII

Na+ 0.2752 0.0728 0.0352 0
K+ 0.1589 0.1197 0.1136 0
Ca2+ 0.4825×10−4 0.2102×10−2 0.2886×10−2 0.1987×10−1

Mg2+ 0.6813×10−9 0.1258×10−8 0.1573×10−8 0
Al3+ 0.5010×10−3 0.2427×10−3 0.1876×10−3 0.482× 10−4

HSiO−
3 0.4825×10−4 0.1124×10−4 0.9157×10−4 0.1540×10−6

SO −
4
2 0.4869×10−3 0.9042×10−4 0.5127×10−4 0.3687×10−5

pH 13.589 13.229 13.200 12.643

Table 5

Amount of mineral species after complete hydration thanks to the thermo-
dynamic equilibrium computation of GEMS software [55].

Mineral Amount (mol⋅dm−3 of concrete)

BO M25 M30FA LR-CEM III

Jennite 1.1917 0.7178 1.7984 1.1912
Tobermorite 0.1677 0.1010 0.2488 0.1675
Ettringite 0.0050 0.0076 0 0.0256
Hydrotalcite 0.0164 0.0117 0.0180 0
Portlandite 1.7581 1.1070 0.2497 1.5987
Monosulfoaluminate 0.0776 0.0595 0.1320 0.0938

Table 4

Chemical and mineralogical composition of the binder, given in (%) [11,65].

CEM I 1 CEM I 2 Fly Ash CEM III Gargenville

SiO2 21.14 21.39 50.00
Al2O3 2.86 3.49 29.00
Fe2O3 2.25 4.16 8.50
CaO 67.11 65.12 3.00
MgO 0.75 0.82 0.00
SO3 2.10 2.86 0.5 3.3
K2O 0.14 0.3 4.5
Na2O 0.16 0.12 0.7
S2− 0.4
C3A 8.5
C3S 70.9
C2S 7.3
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assume to be the same for the other concretes in this study. Goldberg
indicated in [71] that a fixed value of 3.8× 10−6mol⋅m−2 of sorption
density had been used for many natural materials. The TK is assumed to
be appropriate to investigate the sorption density sensitivity of C-S-H.
Fig. 1a and b show “physical” chloride binding onto C-S-H and chloride
binding by Kuzel's salt formation, respectively. “Physical” chloride
binding onto C-S-H depends on the sorption density value (see Fig. 1a).
On the other hand and as expected the chloride binding by Kuzel's salt
formation is relatively independent from the surface complexation
model (see Fig. 1a and b, respectively).

Fig. 2 shows the numerical chloride binding isotherm including the
“physical” chloride binding onto C-S-H and the chloride binding by Ku-
zel's salt formation. The numerical chloride isotherm is compared to the
experimental chloride binding isotherm [11] obtained by total and free
chloride profile measurements after 3months of exposure to 60 g⋅L−1

NaCl solution (+4 g⋅L−1 NaOH). ΓC−S−H=1.3×10−6mol⋅m−2 seems
to be the best sorption density value where the TK approach. As a matter
of fact, very good agreement with this value can be obtained by com-
paring numerical and experimental results for this surface complexation
model.

Using ΓC−S−H=1.3×10−6 mol⋅m−2, a sensitivity study on the
effective chloride diffusion coefficient and the bulk porosity were car-
ried out. Fig. 3a and b show that the effective chloride diffusion coef-
ficient and the porosity values did not influence the chloride binding
isotherm. Therefore, this sorption density value is adopted in next
sections.

4.1.2. Validation of the model by calculating the chloride binding isotherm

for various concretes

The model integrating the TK and the surface complexation and
relying on the database previously described uses only one same
parameter value (the sorption density value ΓC−S−H=1.3×10−6

mol⋅m−2) in order to calculate the chloride binding isotherms of var-
ious concretes. Fig. 4a depicts the chloride binding isotherms of M25
after 3- and 5-month exposure to 30 g⋅L−1 NaCl solution (+4 g⋅L−1

NaOH). In the same conditions of exposure, the chloride binding iso-
therms of M30FA and LR-CEMIII after 3-month exposure is shown in
Fig. 4b. The numerical chloride binding isotherms are compared to the
experimental data [11]. The results show that the model can very well
predict the chloride binding isotherms without any other parameter
derived from experimental measurements (e.g. porosity accessible to
water or effective chloride diffusion and apparent density).

4.2. Thermodynamic equilibrium and thermodynamic kinetic control

The differences between the TE and the TK models can be under-
lined on the chloride binding isotherms, evolution of solid phases as
well as total chloride and free chloride concentration profiles. The

Fig. 1. Sensitivity study of sorption density of C-S-H ΓC−S−H (mol⋅m−2) of completely hydrated BO after 3 months exposure to 60 g⋅L−1 NaCl solution (+4 g⋅L−1

NaOH) on a) “Physical” chloride binding onto C-S-H, b) Chloride binding by Kuzel's salt formation.

Fig. 2. Sensitivity study of sorption density of C-S-H ΓC−S−H (mol⋅m−2) on
chloride binding isotherm. Experimental data [11] are obtained by the profile
method at 20 °C after 3-months of exposure to 60 g⋅L−1 NaCl solution
(+4 g⋅L−1 NaOH).

7



differences can be confirmed through the investigation of four concretes
(BO in Figs. 5, 6 and 7, M25 in Figs. 8, 9 and 10, M30FA in Figs. 11, 12
and 13, LR-CEM III in Figs. 14, 15). The numerical chloride binding
isotherms are compared to experimental data [11] for the various
concretes studied. The numerical chloride concentration profiles are
also compared to experimental data [11], except for LR-CEM III where
experimental data are not available. The experimental chloride binding
isotherms were deduced by the free and total chloride profile mea-
surements [11].

By comparing the TE model results with experimental data, the
numerical chloride binding isotherms are always overestimated re-
gardless of the mixture (see Figs. 5a, 8a, 11a and 14a). This

overestimation is due to the formation of Kuzel's salt. The characteristic
threshold effect of the TE is very clear (see Figs. 6a, 9a, 12a and 15a).
The precipitation of Kuzel's salt occurs suddenly which yields short
fronts. Monosulfoaluminate dissolves quickly and Kuzel's salt and et-
tringite can precipitate. This process is only controlled by the solubility
of the minerals and the diffusion of ions. Therefore, after increasing
only a few moles of chloride concentration the amount of mono-
sulfoaluminate is exhausted.

The behavior is very different when the mineral dissolution/pre-
cipitation under kinetic control is considered. The differences are very
marked (see Figs. 5b, 8b, 11b and 14b). Furthermore, the numerical
results with the TK approach are consistent with the experimental

Fig. 3. a) Influence of effective chloride diffusion coefficient and b) influence of porosity accessible to water on chloride binding isotherm. BO experimental data [11]
were obtained by the profile method at 20 °C after 3months exposure to 60 g⋅L−1 NaCl solution (+4 g⋅L−1 NaOH).

Fig. 4. Chloride binding isotherm for a) M25 and b) M30FA and LR CEM III after 3months (and 5months for M25) of exposure to a 30 g⋅L−1 NaCl solution (+4 g⋅L−1

NaOH) at 20 °C. Comparison between simulations and experimental data from the literature [11].
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results. Figs. 5b, 8b, 11b and 14b show that monosulfoaluminate is
slightly dissolved and is even not exhausted when chloride concentra-
tion has reached its maximum value after 3.5- and 7-month exposure
for BO, M30FA, M25 and LR-CEM III, respectively. Conversely to the TE
approach, the amounts of ettringite and Kuzel's salt are significantly
reduced compared to a pure TE model and the effect of the kinetics is
underlined.

Figs. 7, 10 and 13 show the total and free chloride concentration
profiles for the two approaches. As expected, the overestimation of
chloride binding isotherm in the TE has a direct effect on the profiles.

Free chloride concentration is depended not only on the diffusion of
chloride ions but also on the equilibrium between the pore solution and
the solid species so that the instantaneous reaction in the TE model
restrains ingress of chloride ions but promotes chloride binding. The
free chloride concentration is therefore always underestimated in the
TE for all concretes. For BO, the overestimation of chloride binding
isotherm leads to numerical results for total chloride concentration that
are close to experimental data (see Fig. 7a). Nevertheless, this closeness
is no longer observed for other concretes such as M25 or M30FA (see
Figs. 10a and 13a).

Fig. 5. Chloride binding isotherm for BO after 3-month exposure to a 60 g⋅L−1 NaCl solution (+4 g⋅L−1 NaOH) at 20 °C [11]. Comparison to numerical simulations:
a) TE and b) TK approaches.

Fig. 6. Solid phases after 3-month exposure to a 60 g⋅L−1 NaCl solution (+4 g⋅L−1 NaOH) at 20 °C: a) TE and b) TK approaches.
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The TK approach correctly predicts total and free chloride con-
centration profiles. The equilibrium between pore solution and solid
phases is partially regulated by kinetics. Using kinetics for mono-
sulfoaluminate and ettringite, the TK approach predicts more accu-
rately the total and free chloride concentration profiles than the TE
model. That finding is consistent with the Mesbah et al. observa-
tions [60] who pointed out that the chemical reactions of a system with
Kuzel's salt, monosulfoaluminate and ettringite were far from thermo-
dynamic equilibrium.

5. Discussion

5.1. Number of parameters required for the model

Section 4.1.1 has shown the relative independence of the chloride
binding isotherm with regard to the effective chloride diffusion coeffi-
cient, the porosity accessible to water and the apparent density at a
given time. This implies that even if no measurement is available for
these parameters, The model could be considered as a tool to assess the
chloride binding isotherm regardless to the NaCl exposure solution.

Fig. 7. Chloride concentration profiles obtained by the TE and the TK models for BO after 3-month exposure to a 60 g⋅L−1 NaCl solution (+4 g⋅L−1 NaOH) at 20 °C
from the literature [11]. Comparison to numerical simulations: a) Total chloride concentration tcc and b) Free chloride concentration −cCl .

Fig. 8. Chloride binding isotherm for M25 after 5-month exposure to a 30 g⋅L−1 NaCl solution (+4 g⋅L−1 NaOH) at 20 °C [11]. Comparison to numerical simulations:
a) TE and b) TK approaches.
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On the other hand the results given in Fig. 16 show a significant
dependence of the total chloride concentration profiles to the effective
diffusion coefficient. This latter coefficient is an important parameter in
all numerical models because diffusion is the principal transport phe-
nomenon.

Hence, the parameters required for the model are the cement
composition and the concrete mix-design. Mean values for the effective
chloride diffusion coefficient, the porosity accessible to water and the
apparent density that can be found in the literature are sufficient to
simulate chloride binding isotherm. More precise values are necessary
in order to simulate chloride profiles. The model does not need any
value if an initial profile is available as explained in Baroghel-Bouny

et al.’s work [72] (except if the diffusion coefficient evolution is a
function of time).

5.2. Analysis of chloride binding evolution with time

Fig. 17 shows that the chloride binding isotherm changes with time.
The amount of bound chloride ions is greater after 5-month exposure
than after 3-month exposure. This is due to a growth up of the chloride
bound by Kuzel's salt formation with time. On the other hand, the
“physical” chloride binding onto C-S-H is the same after 3 and 5months
of exposure.

Chloride binding by Kuzel's salt formation slightly growths up

Fig. 9. Solid phases after 5-month exposure to a 30 g⋅L−1 NaCl solution (+4 g⋅L−1 NaOH) at 20 °C: a) TE and b) TK approaches.

Fig. 10. Chloride concentration profiles obtained by the TE and the TK models for M25 after 3-month exposure to a 30 g⋅L−1 NaCl solution (+4 g⋅L−1 NaOH) at 20 °C
from the literature [11]. Comparison to numerical simulations: a) total chloride concentration tcc and b) free chloride concentration −cCl .
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owing to kinetic effects (see Fig. 17a). After 5months of exposure,
chloride binding by Kuzel's salt formation is equivalent to the “phy-
sical” chloride binding. At equilibrium state, the results in TE show a
significant amount of bound chlorides by Kuzel's formation (see also
Section 4.2). The prominence of “physical” chloride binding or chloride
binding by Kuzel's formation greatly depends on time and on the mix-
ture.

The amount of chloride ions bound onto C-S-H obtained by the
present model are very close to those obtained by Henocq et al. [73]. By
comparing Fig. 2 in the paper of Henocq et al. and Fig. 7 in the present
study, this amount is in the same range of magnitude. Henocq et al.

found values between 0.015 and 0.022mol/mol of Si. In the present
study model gives about 15mol/m3 of concrete that is to say about
0.018mol/mol of Si (Table 5 gives 0.8 mol/dm3 of concrete for Jennite
and Tobermorite for M25).

5.3. Limits of the model

Today, the model has been used on a limited number of cases:
several concretes exposed to NaCl solutions with a high pH value. It
cannot be generalized to other boundary solutions with other cations
associated with chloride ions or with lower pH value.

Fig. 11. Chloride binding isotherm for M30FA after 3months exposure to a 30 g⋅L−1 NaCl solution (+4 g⋅L−1 NaOH) at 20 °C [11]. Comparison to numerical
simulations: a) TE and b) TKC approaches.

Fig. 12. Solid phases after 3-month exposure to a 30 g⋅L−1 NaCl solution (+4 g⋅L−1 NaOH) at 20 °C: a) TE and b) TK approaches.
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In the literature, Kalinichevet et al. [38] showed that out of C-S-H,
physical adsorption of ions onto ettringite, chloride AFm (Kuzel's salt,
Friedel's salt), portlandite may also take place in hydrated cement
paste. Elakneswaran et al. [39] concluded that physical adsorption of
chlorides in the hydrated cement paste is dominated by C-S-H. More-
over, the specific surface site of portlandite and chloride-AFm measured
were 14.31m2

⋅g−1 and 48.43m2
⋅g−1 [39] respectively, which are

lower than the chosen specific surface site value used for C-S-H 500m2

⋅g−1 in the surface complexation model. In addition, the amount of
ettringite is low in the concretes studied (see Table 5). The considera-
tion of the surface complexation model onto only C-S-H was

consequently reasonable in this investigation but detrimental in other
situations.

NaCl exposure conditions were used to validate the model.
Nevertheless, number of authors [75-77] have noticed that the cations
associated with chloride ions influence the diffusion behavior of
chloride ions and their binding capacity in concrete. These authors
showed that the chloride binding capacities decrease in the order
Ca2+ > Mg2+ > Na+. Elakneswaran et al. [12] proposed that
chloride ions adsorption is favored onto C-S-H surface where initially
Ca2+ is adsorbed according to the reaction:

Fig. 13. Chloride concentration profiles obtained by the TE and the TK models for M30FA after 3-month exposure to a 30 g⋅L−1 NaCl solution (+4 g⋅L−1 NaOH) at
20 °C from the literature [11]. Comparison to numerical simulations: a) total chloride concentration tcc and b) free chloride concentration −cCl .

Fig. 14. Chloride binding isotherm for LR-CEM III after 7-month exposure to a 30 g⋅L−1 NaCl solution (+4 g⋅L−1 NaOH) at 20 °C [11]. Comparison to numerical
simulations: a) TE and b) TK approaches.
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≡ + + ↔ ≡ ++ − +SiOH Ca Cl SiOCaCl H2 (25)

In this paper, all concretes are exposed to NaCl solutions. Therefore,
the adsorption of complex CaCl+ onto C-S-H surface would not influ-
ence the results of the model. Moreover, the constant rate k of mono-
sulfoaluminate, ettringite and C-S-H from [61] were determined in high
pH conditions as in the present study (pH=12.95). Regarding the
surface complexation model, the numbers of sorption reactions given in
Table 1 and the sorption density value ΓC−S−H=1.3× 10−6mol⋅m−2

obtained in this paper are used only for exposure to NaCl solution.
More research on surface complexation models needs to be carried

out when the cementitious material is exposed to CaCl2, MgCl2 solution
or in seawater where many ions are present (sulfate, carbonate). In low
pH seawater, the parameters of kinetic control need to be verified.

Finally, no distinction is made between free water and water bound
in the electric doubles layers. However, although diffusion is not
stopped in bound water it may be slowed down. This effect may happen
for HPC concretes for which the model has to be validated.

6. Conclusion

In this paper a coupled thermodynamic equilibrium/kinetic and
surface complexation model was proposed in order to simulate chloride
binding isotherm and total and free chloride profiles. Sensitivity ana-
lysis of sorption density in a surface complexation model was firstly
carried out to determine the sorption density value of C-S-H which is
not available in the literature to the authors' knowledge. Experimental
results for various concretes, with different water/binder ratios and
various types of binder (CEM I, CEM I with fly ash and CEM III), ex-
posed to various NaCl solution concentrations are compared to nu-
merical results.

A value of ΓC−S−H=1.3×10−6mol⋅m−2 is obtained by com-
paring experimental and numerical results.

Using only the mix-design of concrete, the chemical composition of
the binder and effective diffusion coefficient and porosity accessible to
water values taken from the literature as input data, the proposed
model gives a value of ΓC−S−H=1.3×10−6mol⋅m−2 for the sorption
density of C-S-H. In addition, a good correlation between experimental
data and numerical results are obtained on chloride binding isotherm.
The model can detail “physical” chloride binding and chloride binding
by Kuzel's salt formation.

Furthermore, the numerical results show that incorporating ther-
modynamic/kinetics is essential in order to retrieve experimental evo-
lution of chloride binding isotherm as a function of time. In particular,
the slightly decrease of the amount of Monosulfoaluminate permit to
retrieve the slightly growth up of the binding chloride ions that is ob-
served experimentally. This model may be useful for concretes exposed

Fig. 15. Solid phases during after 7-month exposure to a 30 g⋅L−1 NaCl solution (+4 g⋅L−1 NaOH) at 20 °C: a) TE and b) TK approaches.

Fig. 16. Total chloride concentration tcc profiles and free chloride concentra-
tion profile −cCl for M25 after 3-month exposure to a 30 g⋅L−1 NaCl solution
(+4 g⋅L−1 NaOH) at 20 °C from the literature [11].
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to a NaCl solution with high pH. The model needs to be improved in
order to simulate the ingress of ions in concretes exposed to seawater or
CaCl2, MgCl2 solutions.
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