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ABSTRACT: The objective of this study is to develop a multi-species model for chloride
diffusion in saturated cementitious materials, taking into account all ions present in the pore
solution, as well as ion-ion and ion-solid interactions, including mineral dissolution and
precipitation phenomena. The ionic flux is calculated using the Poisson—-Nernst—Planck equation,
which incorporates diffusion, ionic migration, and chemical activity mechanisms. The Langmuir
model is employed to simulate the chemical binding of chlorides to the material (chloride
isotherms). The initiation of steel reinforcement corrosion is also predicted based on the
threshold chloride concentration at the steel-concrete interface.

The proposed model is applied to a reinforced mortar made with Portland cement, exposed to
chlorides under laboratory conditions over a period of fifty years. To support the model in terms
of input data, initial conditions, and boundary conditions, the chloride diffusion coefficient and
porosity of the tested mortar were determined experimentally.

KEYWORDS: Durability, chloride diffusion, modelling, corrosion initiation, cementitious
materials

I. INTRODUCTION

Reinforced concrete structures in marine environments experience deterioration over their service
life due to the ingress of chloride ions. These ions, originating either from seawater or de-icing
salts in cold regions, diffuse through the concrete cover and can trigger the corrosion of
embedded steel reinforcement [1-3]. In saturated zones, where the concrete is fully submerged in
seawater, chloride transport primarily occurs by natural diffusion under a concentration gradient
[4,5].

This issue has been the subject of numerous experimental and numerical studies aimed at
predicting chloride transport and corrosion initiation [6-9]. Various modeling approaches for
reactive ion transport in porous cementitious materials have been proposed. Initially, single-
species models based on Fick’s law were developed [10]. These models consider only the
concentration of chloride ions in the pore solution and neglect ionic interactions. Later, multi-
species approaches were introduced, accounting for chemical and physical interactions during
transport, such as chemical activity and the electrical double layer (EDL). In these models, ionic
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flux is computed using the Nernst-Planck equation, which incorporates diffusion, migration, and
chemical activity effects [11-16].

Corrosion initiation modeling relies on several approaches to predict the onset of corrosion at the
steel-concrete interface [17-19]. Two main methods are commonly used: the first is based on the
electric current intensity, a key parameter in electrochemical models that characterizes redox
reaction kinetics and defines the critical chloride threshold for corrosion initiation. The second
approach focuses on chloride diffusion, modeling the progressive ingress of aggressive agents
until a critical concentration is reached at the steel surface, as defined by the NF EN 206 standard.

In this study, we propose a multi-species ionic transport and corrosion initiation model for
saturated cementitious materials exposed to chlorides. The model considers all relevant ions in
the pore solution, including ion-ion and ion-solid interactions, as well as mineral dissolution and
precipitation processes. These chemical reactions are modeled through a thermodynamic
approach based on the law of mass action [4,20-22]. The ions considered in the study include CI,
Na*, K*, OH-, Ca?, and SO4*". Ionic flux is computed using the Poisson-Nernst-Planck equation,
which accounts for diffusion, migration, and chemical activity. Chloride binding is modeled using
the Langmuir isotherm. This model is rarely used in the literature due to the mathematical
complexity it entails.

Additionally, the corrosion current intensity is estimated through an empirical relationship based
on the free chloride ion concentration near the reinforcement, located at a 5 cm cover depth. The
model is applied to a reinforced mortar made with Portland cement and subjected to natural
chloride diffusion under immersion. The initial composition of the pore solution is used as the
starting condition. Furthermore, the chloride diffusion coefficient and water-accessible porosity of
the mortar were experimentally measured to provide input data for the model. The outputs of the
proposed model are:

(i) ionic concentration profiles for all considered species, and

(ii) the corrosion current intensity.

II. Modelling principle
IL.1. Ionic reactive transport

Ionic transport is governed by the mass conservation equation (Eq. 1), which describes the time-
dependent evolution of the concentration of ion i (C;) during the transport process:

ac; L9Cip div(
Pop A —@)—7==—divj) + q; (Eq. 1)
where C; [mol'‘m~] is the concentration of free ion i, Ci» [mol'-m=] is the concentration of bound
ions, J; [mol'm?2-s7!] is the ionic flux, and g; [mol'm=-s'] is the source term accounting for
dissolution and precipitation phenomena during ionic transport.

In this study, the Langmuir model (Eq. 2) is used to calculate the chemical binding of chlorides as
follows:

aCC,

Cryp = — €L Eq.2
cLb 1+ BCy (Eq. 2)
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The ionic flux J; is calculated using the Nernst-Planck equation (Eq. 3), which accounts for
diffusion under a concentration gradient, migration and the chemical activity coefficient y;
associated with ion—ion interactions.

Z,'CiF
RT

Ji = —Dipei ( vC; + VY + C; Vlnyf) (Eq. 3)

where Dins,i [m?-s71] is the diffusion coefficient of ion i, y; [-] is the activity coefficient of ion i, i [V]
is the total electric potential, z; [-] is the valence of ion 7, and F [C-mol™] is the Faraday constant.
The electric potential 1 is computed using the Poisson equation, as given in Eq. (4) [23].

N

F
Mtz w Zzici =0 (Eq. 4)
i=

where ¢ [C>N1m™2] is the electrical permittivity, and N [-] is the number of ionic species
considered.

The ionic activity Iny; is calculated using the Davies model, as given in Eq. (5). This model is
applicable to highly concentrated solutions, for ionic strengths I up to 1200 mol-m= [23].
—Ay ZNT € A, ZENT

Iny; = — + — Eq.
N v aBNT V1000 (Eq-5)

where Ay [-] and By [-] are the Debye-Hiickel constants, and Cy represents the Davies constant.

The source term (g) in Eq. (1), which reflects thermodynamic equilibrium, represents the
involvement of ion i in the dissolution or precipitation of mineral m. The minerals considered in
this study are Friedel's salt (Fds), Kuzel’'s salt (Kgs), monosulfoaluminates (AFm), and
trisulfoaluminates (AFt).

The source term is calculated as the product of the stoichiometric coefficient (1,,) and the
dissolution/precipitation rate of the mineral (+.), as shown in Egs. (6) and (7), in accordance with
the work of Lasaga et al. [22] and Steefel et al. [24]. The rate of dissolution or precipitation
depends on the evolution of ionic concentrations in the pore solution during chloride transport.

q;i = Z Ny XTy (Eq 6)
N;
1 n
m=Xm 1- K—H{Cx} (Eq.7)
mi_ g

where . [mol'm2-s7] is the dissolution or precipitation rate constant of mineral m, and K., [-] is
the thermodynamic equilibrium constant of mineral m. The values of the dissolution/precipitation
rate constants and the thermodynamic equilibrium constants are provided in Table 1.
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TABLE 1. Kinetic constants (x.) and thermodynamic equilibrium constants (K,,) [21].

Minerals Xm [mol-m-=2-s1] Km
Fds 1E-5 1E-29.1
Kgs 1E-5 1E-73.2

AFm 6.8E-12 1E-29.3
AFt 7.1E-13 1E-44.0

It should be noticed that cementitious materials, due to their heterogeneous and reactive
composition, consist of multiple mineral phases that continuously interact under thermodynamic
equilibrium. These interactions lead to the formation of various hydration products, such as
calcium silicate hydrates (C-S-H), portlandite, ettringite and monosulfoaluminates.

The diffusion of chloride ions through the cementitious matrix disturbs the chemical equilibrium
between the solid phase and the pore solution [25]. This equilibrium is subsequently re-
established through dissolution or precipitation reactions of solid phases, resulting in the
formation of new minerals.

I1.2. Corrosion Initiation

To predict the time required for corrosion initiation, we chose to monitor the corrosion rate
through the current density associated with the chloride ion concentration near the reinforcement.
For this purpose, the model proposed by Liu and Weyers [26], given in Equation (8), was used
due to its ability to relate the chloride ion concentration to the corrosion current density (ico) near
the steel surface.

Corrosion initiation is considered to occur when the corrosion current density reaches 0.1 pA/cm?
[27], which allows for an estimation of the time needed for the onset of the corrosion process in
reinforced concrete structures.

1 3034 2,32
;o g . 10-3 ’ Eq. 8
icorr = T 55 P [8, 37+0,618 In(1,69 Co)) ——— — 0,105 10Ry, + to.m] (Eq. 8)
where T [K], Ree [Q2] and ¢ [years] denote the temperature, the resistivity of the concrete cover, and
time, respectively.

In this study, it was assumed that certain parameters remain constant within the mortar. The
temperature T was fixed at 296 K, and similarly, the resistivity of the concrete cover Re. was
maintained at 1200 Q.

IIL. Case study

The proposed model is applied to a reinforced mortar immersed in a saline solution composed of
deionized water and 500 mol/m? of NaCl for a duration of fifty years. The objective is to simulate
the ionic concentration profiles within the 5 cm-thick concrete cover at different exposure times.
The mortar is based on CEM I52.5 N cement and standardized sand, with a water-to-cement ratio
of 0.6 and a sand-to-cement ratio of 3. The chemical composition of the cement used, along with
the main clinker phases, is presented in Table 2.
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TABLE 2. Chemical composition of the CEM 152.5 N cement used and the main clinker phases.

Oxyd CaO SiO2 ALOs  FexOs 505 KoO  NaO  Chlorides
wt.% 6420  20.50 5.00 3.90 25  0.29 0.05 1.4
Phases GsS GS GA C,AF
wt.% 65 13 7 13

To support the proposed modeling, an experimental investigation was conducted to measure the
water porosity and the chloride ion diffusion coefficient of the tested mortar (input data for the
model). The experimental procedure followed is described in the next section. However, the
chemical composition of the mortar’s pore solution (initial conditions for the model) and the
chloride binding isotherms were taken from literature data on the same material [28].

IIL.1. Measurement of water porosity and chloride diffusion coefficient

The water porosity (@) was measured according to the French standard NF P 18-459. The
experimental protocol consists first of subjecting the tested material to vacuum suction using a
desiccator to remove air bubbles, followed by immersion in water. After saturation, the saturated
mass (Ms) and the mass of the sample in water (Mw, hydrostatic weighing) were determined.
Subsequently, the samples were dried at 45 °C and weighed to obtain their dry mass (Md).
Finally, the water porosity was calculated using Eq. (9):

_Ms_Md

—_5 (Eq.9)
Ms - Mw

¢

The effective diffusion coefficient of chloride ions (DCI) was determined using a steady-state
migration test. The migration cell consists of two compartments: the upstream compartment (2 1)
contains a basic solution of 83 mol/m?® KOH, 25 mol/m3 NaOH, and 500 mol/m3 NaCl, while the
downstream compartment (1 1) contains only the basic solution. Platinum electrodes are placed in
each compartment (cathode upstream, anode downstream), and an electric field of 300 V/m is
applied across the sample.

Tests were performed on cylindrical mortar discs (63 mm diameter, 10 mm thickness), pre-
saturated under vacuum for 24 hours in the same basic solution. Chloride migration was
monitored by titration in the downstream compartment using a 785 DMP Titrino titrator until
steady state was reached. The diffusion coefficient Dc was then calculated using Eq. (10) [13].

(Eq. 10)

. _ kT LAC V, ( %FE)
AT L FEMAC N ©

where Va [m?], AC [mol.m?3], At [sec], A [m?], L [m], Co [mol.m?3], U [V] and F [C.mol], represent,
respectively, the volume of the downstream compartment of the cell, the change in chloride ion
concentration in the downstream compartment over the time interval At, the cross-sectional area
and thickness of the sample, the chloride concentration in the upstream compartment, the
potential difference applied across the sample and the Faraday constant.

The initial and boundary conditions applied in the simulations of immersion in saline solution
under natural diffusion are summarized in Table 3. The results obtained facilitate the analysis of
the chloride concentration profile and its temporal evolution near the reinforcement (with a 5 cm
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concrete cover) in the tested material, enabling the evaluation of the time-dependent corrosion
current of the reinforcement.

TABLE 3. Input data, initial conditions and boundary conditions used in the simulations.

Input data
Parameter Notation Values
Porosity [%] Q 25.1
Dcr 3.5
Dnat 2.3
Ton diffusion coefficients [x10-2 m2s-] D -~
Dca*? 2.7
Dsos? 3.7
-4
Langmuir isotherm constants [-] g gg %83
Initial and boundary conditions
Upstream Downstream (t=0,
(x=0,1t) (x=L, 1) 0<x<L)
[mol-m-3] [mol-m-3] [mol-m-3]
Cer 500 500 4
Crat 500 500 51
Ckt 0 0 117
Con- 0 0 164
CCazJr 0 0 2
Csos? 0 0 2

It should be noticed that in the prepared solution, the contribution of ions resulting from the auto-
ionization of water (H* and OH") is negligible. Indeed, their concentration (< 10 mol'-m3) is
significantly lower than that of the predominant ions, such as Cl~ and Na* (500 mol-m=3)?).

IV. Results and discussion

Fig. 1 shows the simulated chloride profiles in the tested mortar after 0.5, 1, 2, 4, and 50 years of
exposure to the saline solution. The concentration of free Cl- ions gradually increases within the
material due to diffusion from the external solution driven by the concentration gradient. Near
the reinforcement, this concentration evolves over time: between 0.5 and 1 year, it increases by
0.4%, then by 5.8% between 1 and 2 years, indicating an acceleration of the diffusion process. In
contrast, between 2 and 4 years, the growth rate slows to 3.6%. After 4 years of exposure, the
chloride concentration near the reinforcement reaches 129 mol-m-3. By 50 years, the concentration
has reached its maximum.
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FIGURE 1. Simulated chloride ion concentration profiles in the tested mortar after 0.5, 1, 2, 4,
and 50 years of immersion in a saline solution.

Fig. 2 illustrates the evolution of the corrosion current density of the reinforcement over a 50-year
immersion period, calculated using Eq. (8) based on the simulated chloride concentration near the
reinforcement. A gradual increase in current density is observed over time. According to the
literature, a current density of 0.1 pA-cm™2 [27] is considered the threshold for corrosion initiation.
Based on this criterion, the time to corrosion initiation is estimated at 2.4 years (see Fig.2),
corresponding to a chloride concentration of 34 mol'-m™.

15 ..cnn..unn-"n-ﬂo-ou-onuoo........f 500
Cor Lo

12 - £ low - 400
N £
509 - F 300?83
£ iy
= (&)
£ 0.6 - 200 Y
8 8

0.3 ~ | - 100

crit\
0 T T T T 0
0 10 20 30 40 50

Temps [years]
FIGURE 2. Evolution of reinforcement corrosion current density and chloride ion
concentration over 50 years of immersion in a saline solution.

209



NoMaD 2025 AJCE, vol. 43 (5)

V. Conclusion

The following conclusions can be drawn from the results obtained:

The proposed model successfully simulates ion transport in saturated cementitious
materials, accounting for both the pore solution composition and dissolution—
precipitation phenomena. Although applied here to mortar, the model is general and can
be adapted to other types of cement-based materials (e.g., Portland cement concrete with
mineral additions).

The results include the evolution of chloride ion concentration profiles within the
exposed material. These profiles were used to calculate the corrosion current of the
reinforcement, thereby assessing the corrosion state of the steel.

Finally, future work could extend the model to unsaturated environments (e.g., tidal
zones) and incorporate additional dissolution/precipitation mechanisms, particularly
those related to C-5-H phases.
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