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Résumé

Dans cet article, une approche multi-especes pour la modélisation du transfert réactif d’ions chlorure
dans les matériaux cimentaires est proposée. Elle considére les équilibres thermodynamiques dans le
matériau qui traduisent les interactions liquide — solide et les phénomenes de dissolution/précipitation
lors du transfert : dissolution et précipitation de Portlandite et de C-S-H. Le flux des ions considérés
est calculé en utilisant I'équation de Nernst-Planck qui intégre la diffusion naturelle sous un gradient
de concentration, la migration sous un chmaps électrique et l’activité ionique. Le modele proposé est
appliqué pour simuler I’essai de migration de chlorures en régime stationnaire sur deux péates de
ciment. La premiére est composée uniquement du ciment Portland CEM | 52.5 N, tandis que la
deuxiéme pate contient des cendres volantes. Les résultats numériques des flux de CI, Na* et K™ en
régime stiationnaire ont permis de calculer les coefficients de diffusion effectifs de ces ions.

Abstract

In this paper, a multispecies approach for the reactive transport modelling in cementitious materials
is proposed. It considers the thermodynamic equilibria in the material during the transport that reflect
the liquid — solid interactions and the dissolution/precipitation of solid phases (minerals): dissolution
and precipitation of Portlandite and C-S-H. The ion fluxes during the transport are calculated using
the Nernst-Planck equation that considers the natural diffusion under a concentration gradient, the
migration under an electrical field, and the chemical activity. The model proposed is applied to
simulate the standard chloride migration test on two cement pastes. The first paste is based only on
Portland cement, while the second paste is composed of fly ash. Numerical results of fluxes of CI", Na*
and K" at the steady state are used to calculate the correponding effective ion diffusion coefficients in
the material studied.

Mots clefs : Durabilité ; Modelisation ; Essai de migration ; Matériaux
cimentaires ; Coefficient de diffusion des chlorures.

Keywords : Durability ; Modelling ; Migration test ; Cementitious materials ;
Chloride diffusion coefficient.
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1. Introduction

Reinforced concrete (RC) structures in marine areas are affected by chloride attack. Chlorides
penetrate the cover concrete, through the porosity, under a difference in concentration and/or liquid
pressure (convection). The chlorides reach the rebars and, when they reach a threshold concentration,
they generate their corrosion that can cause local or general degradations of the structures, i.e.
reducing the structure service life. Given the high costs of the maintenance/repair, the durability of RC
structures in their environments is nowadays one of the main challenges mentioned in the
specifications of large construction projects. The development of more accurate models of reactive
transport in concrete will improve the prediction of the structure service life.

In the last decades, several experimental and numerical studies were developed in the literature to
propose methods and tools for predicting chloride transport in cementitious materials. We quote the
standard migration tests used to determine the chloride diffusion coefficient in the steady state or non-
steady state [1]-[7]. Also, several approaches for chloride transport modelling were developed in order
to predict chloride ingress in concrete with limited ressources and time [8]-[15]. Amiri et al. [16] were
among the first resarchers to develop a single-species approach for chloride transport modelling,
conseidering diffusion and migration phenomena. After that, many multispecies approaches were
developed, considering several ions in the pore solution and more chemical and physical interactions
during the transport (chemical activity and electrical double layer “EDL” [9], [13], [17]-[21]).

Moreover, recent researches highlight the impact of the thermodynamic equilibria on the chloride
reactive transport in cementitious materials [22]-[26]. Tran et al. [27], [28] proposed a coupling
between chloride transport and thermodynamic equilibria by adding kinetic control for predicting
chloride binding in concrete. Jensen et al. [29], [30] developed a multispecies approach for the reactive
mass transport through cementitious materials considering chemical equilibria by using geochemical
code PhreeqC®. The modelling was applied on saturated mortars exposed to NaCl and seawater for
180 days. Yu et Zhang [31] developed a new approach to simulate leaching of cement paste in
ammonium nitrate solution considering mass transport, chemical kinetics and thermodynamic
equilibria. Poisson-Nernst-Planck equation was used to simulate the mass transport, while the
chemical activity was calculated using Davies’ model. Cherif et al. [32] proposed a physico-chemical
modelling of multispecies transport throughout cementitious materials considering thermodynamic
equilibria (Portlandite dissolution and Friedel’s and Kugel’s salts precipitation). lon fluxes were
calculated using the Nernst-Planck equation.

The studies mentioned above highlight the need to include thermodynamic equilibria in the
modelling of chloride transport in cementitious materials. However, the models are based on synthetic
pore solutions with a limited number of ions and solid phases. Also, some models are based on Fick’s
low that misdescribes the mass tranport in concrete without considering ionic interactions.

In this paper, a multispecies modelling coupling reactive transport and thermodynamic equilibria
was proposed. Nernst-Planck equation was used to simulate the mass transport, while the
thermodynamic equilibria and the kinetics of dissolution/precipitation were calculated by using the
geochemical code PhreeqC®. They reflect the dissolution and precipitation of Portlandite and C-S-H
during chloride transport in cementitious materials. The model proposed is applied to simulate the
chloride migration over two cement pastes under an applied electrical field, i.e. to simulate the
standard migration test. The first paste is based only on Ordinary Portland, while the second paste is
composed of fly ash. The migration cell is composed of a basic solution in the upstream and
downstream compartments: 25 mM of NaOH and 83 mM of KOH. In adition, 500 mM of NaCl is
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added on the upstream (boundary conditions). The real composition of the pore solution of the paste
tested is considered as initial conditions. The model outputs are as follows:

(i) The ion profiles in the material that can be used for the calculation of the ion diffusion
coefficients in the non-steady state (from the ion penetration depth);

(ii) The ion fluxes in the downstream that can be used for the calculation of the ion diffusion
coefficients in the steady state;

Finally, the effective chloride diffusion coefficient obtained from the modelling proposed was
compared to that obtained from flux measurements at the steady state.

2. Methodology
2.1. Modelling principle

The time evolution of the ion i concentration (C;) in the migration cell is calculated by the mass
balance equation (Eq.(1) which considers the ion transport (ion fluxes J;) and the interactions between
ions and the material tested (g;). lon fluxes are calculated using Nernst-Planck equation considering
the diffusion, migration and chemical activity (see Eq. (2). Noted that the proposed modelling focuses
on ion transport in saturated materials that does not require the coupling with convection and heat and
humidity transfer.

aC; _ dq;
i v (1)

where,

ZECI'F
J.=—Dg, (\'-"C;- +CViny, + Vlll) )

where Dg; [m2.s™] is the effective diffusion coefficient, v; is the activity of the ion i, y [V] is the
total electrical potential, z; is the valence of ion i, F [C.mol™] is the Faraday constant, R [J.K™*.mol™] is
the ideal gas constant, T [K] is the temperature,

The term “gi” is calculated from a pure thermodynamic approach using Kinetic laws and the
thermodynamic equilibrium constants (Ks) of the considered solid phases of the material tested [25]-
[28]. It considers the dissolution / precipitation of the solid phases during the migration. The solid
phases considered for this study are: C-S-H; Portlandite, Friedel’s and Kugel’s salts precipitated in
pores during the chloride migration, while the ions considered are: Cl', Na*, K*, Ca?* and SO,*. The
resolution of the mathematical system was done using the geochemical code PhreeqC®. The command
[TRANSPORT] was used to calculate the ion fluxes, while the commande [EQUILIBRIUM
PHASES] was used to simulate the thermodynamic equilibria.

2.2. Case study

The multispecies approach proposed allows simulating all the ion movements in the migration cell
during the standard migration test. In this study, we simulate the time evolution of ion concentration in
the downstream compartment and ion concentration profiles in the material tested, considering the
dissolution and precipitation of C-S-H, portlandite, Friedel’s and Kugel’s salts in the pores (see
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Fig. 1). The simulation of the ion concentrations in the downstream allows calculating the
corresponding ion fluxes and the diffusion coefficients in the steady state [5], [33], while the ion
profiles in the material are useful for the calculation of the diffusion coefficient at the non-steady state
[3], [34]. A standard migration test based on basic solution in the upstream and downstream
compartments was performed: 25 mM of NaOH and 83 mM of KOH (boundary conditions).
Moreover, 500 mM of NaCl is added on the upstream. An electrical field of 300 V.m™ was applied at
the sample sides and monitored using two calomel reference electrodes at the two sides of the material
tested (sample of 6.3 cm diameter and 1 cm thickness).

+
ol 4 NaOH
Kon ! KoH
NaCl &
Simulation of the ion profiles Simulation of the time evolution
in the sample tested of the ion concentrations
Y
Calculation of the ion diffusion Calculation of the ion diffusion
coefficients at the non-steady state coefficients at the steady state

Fig. 1. Schematic representation of the modelling procedure performed for this study.

Finally, the modelling is applied on two cement pastes submited to the standard migration test
during 5 days: (i) paste 1 with only Ordinary Portland Cement and a water to cement ratio (W/C) of
0.5; (ii) paste 2 with Ordinary Portland Cement and fly ash (mass substitution of 30% of cement) and
water to binder ratio (W/B) of 0.4. The chemical composition of the pore solution of paste 1 and
paste 2 are taken from the literature (initial conditions) [7], [35]. Initial and boundary conditions of the
pastes 1 and 2 are given in Table 1.

Table 1. Initial and boundary conditions for pastes 1 and 2.

Boundary conditions Initial conditions
Downstream (Paste 1) (Paste 2)
Upstream (x=0,t) (x=L,1) (t=0, O<x<L) (t=0, O<x<L)
[mol.m™®] [m(;I n;_g] [mol. m~] [mol. m~]
' [7], [35] [7]. [35]

Cer 500 0 4 1
Cna' 525 25 51 48
Ck" 83 83 117 50
Cea? 0 0 2 2
Cso42' 0 0 2 2
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3. Results and discussion
3.1. lon profiles in the material tested

Figs. 2 and 3 give the simulated profiles of CI', Na*, K*, Ca?* and SO4 in the pastes 1 and 2 at the
end of the migration test (after 5 days). The profiles simulated highlight a high chloride concentration
in the sample side exposed to NaCl for the two pastes studied. Chlorides diffuse from the upstream to
the sample tested under the applied electrical field. However, it is necessary to remark the surprising
event that the depth of the maximum chloride concentration is only of 5 mm and 7 mm for the sample
pastes 1 and 2, respectively (chloride front) in spite the steady state seems to be reached (as discussed
in the following section). The chloride concentration in the rest of the depth is low, whereas it should
be maximum along the sample depth according to the literature [1], [16], [36]. At this respect, it has to
be mentioned the possibility that the chloride decrease in the rest of the depth is forced by the
electroneutrality of the pore solution since the OH™ and the electrode reactions, which ensure the
electroneutrality, are neglected. Moreover, we noted an increase of the concentrations of Na* and K* in
the pore solution due to their migration from the downstream to the sample tested. Finally, the increase
of Ca?* and SO.* is due to the dissolution of potlandite and monosulfoaluminates under the electrical
field [37], [38].
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Fig. 2. Profiles of CI', Na*, K*, Ca?*, SO4* in the pastes 1 at the end of the migration test (5 days).
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Fig. 3. Profiles of CI', Na*, K*, Ca?*, SO, in the pastes 2 at the end of the migration test (5 days).
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3.2 lon fluxes in the downstream

Figs. 4 and 5 show the time evolutions of concentration of CI,, Na* and K* in the downstream. Ca**
and SO,* concentrations in the downstream being negligible, they are not illustrated. The chloride
gain is due to their migration from the upstream under the applied electrical field and possible
diffusion under the concentration gradient between the two compartments considering the short time
of the migration test. During the first 60 hr-migration test, chloride concentration in the downstream
was zero, i.e. chloride has not yet reach the downstream. It corresponds to the “time lag.” It makes
chloride to pass through the sample tested (about 60 hr). After that, we note that the steady state is
reached with a chloride migration kinetic of 8E-3 mol.m3.s™ for the pastes 1 and 2. The chloride
migration Kinetics of the two pastes is identical since the pore solution compositions of the two pastes
are relatively similar. Moreover, the loss in sodium and potassium in the downstream is due to their
migration to the upstream (with same kinetics of the two pastes) under the applied electrical field.
Their migration kinetics from the downstream to the material and the upstream are of 2E-1 mol.m3.s™
and 7E-1 mol.m3.s* for Na* and K*, respectively.

0.1
E po0s8 < K*
= ~~
< /0
ME ~ Z |Ce=7.E-0dt+ 1.E-011
S 0.06 1 T~
>< ~—
Z Cq = 8.E-04t - 5.E-02
= R? = 1.E+00
£ 004 A
'E Na*
: l TR
R S L Ri=LEx00 !
g 0024 TTTTTEEssssI
[
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0 ' ' | |
: e 18 - 96 120

Time (hour)
Fig. 4. Time evolution of the concentration of CI", Na" and K* in the downstream of paste 1.
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Fig. 5. Time evolution of the concentration of CI, Na* and K* in the downstream of paste 2.

The fluxes of CI, Na* and K in the downstream are calculated from the time evolution of the
correponding concentrations (kinetics). The fluxes are given in Table 2. lon fluxes in the downstream
for the pastes tested

Table 2. lon fluxes in the downstream for the pastes tested.

CI Na* K*
Paste 1 [x10°mol.m?2.s] 7.1 -1.8 -6.2
Paste 2 [x10-°mol.m?2.s] 7.1 -1.8 -6.2

3.3 The effective coefficient diffusion

Firslty, the chloride diffusion coefficient in the pore solution is calculated from the chloride flux
given in Table 2 using Eq. (3) [16].

RTL Jg (1_ ZC'_FU)

cLes Za-FUCq

3
where L [m] is the thickness of the sample; Cq [mol.m™] the chloride concentration in the
upstream; U [V] the potential difference at the sample terminals.

Next, the effective chloride diffusion coefficients of the both pastes tested are calculated from the
corresponding chloride coefficient diffusion in the pore solution and the formation factor f (see Eq.
(4). For this study, we consider that the formation factor depends only on the porosity “p” according
to, [27], [28]. The effective diffusion coefficients calculated and those experimentally measured are
given in Table 3. The diffusion coefficients calculated and measured are relatively similar with ratios
of about 3:4 and 3:2 for pastes 1 and 2, respectively. The differences in the diffusion coefficients seem
to be due to errors related to the chemical interactions, neglected in the modelling (EDL, formation of
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monosulfoaluminates) and the variation of the microstructure of the pastes during the chloride
migration [37], [39].

Dejepr =f X Depps = @ X Depps )

Table 3. Chloride diffusion coefficients of the pastes tested.

Paste 1 Paste 2
o [%] [7] 34.2 29.4
Dett [x10‘12m2.s‘1] « experimentally measured » 5.6 2.4
Ders [x1072m?.s™1] « calculated » 4.1 3.6

4. Conclusion

From the obtained results, following main conclusions are made:

The modelling proposed allows simulating the standard migration test at the steady and non-
steady states considering the real pore solution of the material tested and the
dissolution/precipitation phenomena during the migration. The modelling was applied on low
clinker-cement pastes based on Portland cement and fly ash.

The output of the modelling proposed are the ion profiles in the material tested and time
evolution of the ion concentrations in the upstrem and downstream compartments during the
migration test. The ion profiles are useful for the calculation of the ion diffusion coefficients
in the non-steady state, while the concentration evolutions in the downstream are useful for the
calculation of the ion diffusion coefficients at the steady state.

The concentration evolutions in the downstream of CI, Na" and K* were used to calculate the
fluxes and diffusion coefficients of these ions for the two pastes tested. Next, the fluxes and
diffusion coefficients calculated are compared to those experimentally meaured. Promising
results are highlighted which would allow simplifying the calculation of chloride diffusion
coefficients of cementitious materials from modelling. The model proposed could be
improved considering more solid phases such as, oxychloride, ettringites and electrode
reactions during the migration test.

References

[1] C. Andrade, Calculation of chloride diffusion coefficients in concrete from ionic migration
measurements, Cement and Concrete Research 23 (1993) 724-742.

[2] O. Truc, J.P. Ollivier, M. Carcasses, A new way for determining the chloride diffusion coefficient
in concrete from steady state migration test, Cement and Concrete Research 30 (2000) 217-226.

[3] M. Castellote, C. Andrade, C. Alonso, Measurement of the steady and non-steady-state chloride
diffusion coefficients in a migration test by means of monitoring the conductivity in the anolyte
chamber. Comparison with natural diffusion tests, Cement and Concrete Research 31 (2001)
1411-1420.

[4] C.C. Yang, S.W. Cho, An electrochemical method for accelerated chloride migration test of
diffusion coefficient in cement-based materials, Materials Chemistry and Physics 81 (2003) 116-125.



25¢me Congreés Francais de Mécanique Nantes, 29 aodt au 2 septembre 2022

[5] A. Ait-Mokhtar, O. Amiri, O. Poupard, P. Dumargue, A new method for determination of chloride
flux in cement-based materials from chronoamperometry, Cement and Concrete Composites 26 (2004)
339-345.

[6] H. Friedmann, O. Amiri, A. Ait-Mokhtar, P. Dumargue, A direct method for determining chloride
diffusion coefficient by using migration test, Cement and Concrete Research 34 (2004) 1967-1973.

[7] R. Cherif, A.E.A. Hamami, A. Ait-Mokhtar, R. Siddique, Chemical properties of pore solution of
hardened cement pastes with mineral additions, Advances in Cement Research (2020) 1-11.

[8] L.Y. Li, C.L. Page, Modelling of electrochemical chloride extraction from concrete: Influence of
ionic activity coefficients, Computational Materials Science 9 (1998) 303-308.

[9] E. Samson, J. Marchand, Numerical Solution of the Extended Nernst-Planck Model, Journal of
Colloid and Interface Science. 215 (1999) 1-8.

[10] O. Amiri, A. Ait-Mokhtar, P. Dumargue, G. Touchard, Electrochemical modelling of chlorides
migration in cement based materials. Part 1l: Experimental study—calculation of chlorides flux,
Electrochimica Acta 46 (2001) 3589-3597.

[11] O. Amiri, A. Ait-Mokhtar, P. Dumargue, G. Touchard, Electrochemical modelling of chloride
migration in cement based materials Part I: Theoretical basis at microscopic scale, Electrochimica
Acta 46 (2001) 1267-1275.

[12] O. Amiri, H. Friedmann, A. Ait-Mokhtar, Modelling of chloride-binding isotherm by multi-
species approach in cement mortars submitted to migration test, Magazine of Concrete Research 58
(2006) 93-99.

[13] E. Samson, J. Marchand, Modeling the transport of ions in unsaturated cement-based materials,
Computers & Structures. 85 (2007) 1740-1756.

[14] C. Andrade, M. Prieto, P. Tanner, F. Tavares, R. d’Andrea, Testing and modelling chloride
penetration into concrete, Construction and Building Materials 39 (2013) 9-18.

[15] M. Fenaux, E. Reyes, J.C. Géalvez, A. Moragues, Modelling the transport of chloride and other
ions in cement-based materials, Cement and Concrete Composites 97 (2019) 33-42.

[16] O. Amiri, A. Alt-Mokhtar, A. Seigneurin, A complement to the discussion of A. Xu and S.
Chandra about the paper «Calculation of chloride coefficient diffusion in concrete from ionic
migration measurements» by C. Andrade, Cement and Concrete Research 27 (1997) 951-957.

[17] H. Friedmann, O. Amiri, A. Ait-Mokhtar, Physical modeling of the electrical double layer effects
on multispecies ions transport in cement-based materials, Cement and Concrete Research 38 (2008)
1394-1400.

[18] H. Friedmann, O. Amiri, A. Ait-Mokhtar, Shortcomings of geometrical approach in multi-species
modelling of chloride migration in cement-based materials, Magazine of Concrete Research 60 (2008)
119-124.

[19] P.T. Nguyen, O. Amiri, Study of the chloride transport in unsaturated concrete: Highlighting of
electrical double layer, temperature and hysteresis effects, Construction and Building Materials 122
(2016) 284-293.

[20] L. Mao et al., Multi-phase modelling of electrochemical rehabilitation for ASR and chloride
affected concrete composites, Computers & Structures 207 (2019) 176-189.



25¢me Congreés Francais de Mécanique Nantes, 29 aodt au 2 septembre 2022

[21] J. Bao, R. Zheng, J. Wei, P. Zhang, S. Xue, Z. Liu, Numerical and experimental investigation of
coupled capillary suction and chloride penetration in unsaturated concrete under cyclic drying-wetting
condition, Journal of Building Engineering. 51 (2022) 104273.

[22] C.1. Steefel al., Reactive transport codes for subsurface environmental simulation, Computers &
Geosciences 19 (2015) 445-478.

[23] B. Guo, Y. Hong, G. Qiao, J. Ou, Z. Li, Thermodynamic modeling of the essential
physicochemical interactions between the pore solution and the cement hydrates in chloride-
contaminated cement-based materials, Journal of Colloid and Interface Science 531 (2018) 56-63.

[24] Y. Cao, L. Guo, B. Chen, J. Wu, Thermodynamic modelling and experimental investigation on
chloride binding in cement exposed to chloride and chloride-sulfate solution, Construction and
Building Materials 246 (2020) 118398.

[25] T. Sanchez, P. Henocq, O. Millet, A. Ait-Mokhtar, Coupling PhreeqC with electro-diffusion tests
for an accurate determination of the diffusion properties on cementitious materials, Journal of
Electroanalytical Chemistry 858 (2020) 113791.

[26] T. Sanchez, D. Conciatori, F. Laferriere, L. Sorelli, Modelling capillary effects on the reactive
transport of chloride ions in cementitious materials, Cement and Concrete Research 131 (2020)
106033.

[27] V.Q. Tran, A. Soive, V. Baroghel-Bouny, Modelisation of chloride reactive transport in concrete
including thermodynamic equilibrium, kinetic control and surface complexation, Cement and Concrete
Research 110 (2018) 70-85.

[28] V.Q. Tran, A. Soive, S. Bonnet, A. Khelidj, A numerical model including thermodynamic
equilibrium, kinetic control and surface complexation in order to explain cation type effect on chloride
binding capability of concrete, Construction and Building Materials 191 (2018) 608-618.

[29] M.M. Jensen, B. Johannesson, M.R. Geiker, Framework for reactive mass transport: Phase
change modeling of concrete by a coupled mass transport and chemical equilibrium model,
Computational Materials Science 92 (2014) 213-223.

[30] M.M. Jensen, K. De Weerdt, B. Johannesson, M.R. Geiker, Use of a multi-species reactive
transport model to simulate chloride ingress in mortar exposed to NaCl solution or sea-water,
Computational Materials Science 105 (2015) 75-82.

[31] Y. Yu, Y.X. Zhang, Coupling of chemical kinetics and thermodynamics for simulations of
leaching of cement paste in ammonium nitrate solution, Cement and Concrete Research 95 (2017)
95-107.

[32] R. Cherif, A.E.A. Hamami, A. Ait-Mokhtar, W. Bosschaerts, Thermodynamic equilibria-based
modelling of reactive chloride transport in blended cementitious materials, Cement and Concrete
Research 156 (2022) 106770.

[33] R. Cherif, A.E.A. Hamami, A. Ait-Mokhtar, Global quantitative monitoring of the ion exchange
balance in a chloride migration test on cementitious materials with mineral additions, Cement and
Concrete Research 138 (2020) 106240.

[34] J.A. Bogas, A. Gomes, Non-steady-state accelerated chloride penetration resistance of structural
lightweight aggregate concrete, Cement and Concrete Composites 60 (2015) 111-122.

[35] K. Andersson, B. Allard, M. Bengtsson, B. Magnusson, Chemical composition of cement pore
solutions, Cement and Concrete Research 19 (1989) 327-332.

10



25¢me Congreés Francais de Mécanique Nantes, 29 aodt au 2 septembre 2022

[36] A. Xu, S. Chandra, « A discussion of the paper “calculation of chloride diffusion coefficients in
concrete from ionic migration measurements” by C. Andrade », Cement and Concrete Research 24
(1994) 375-379.

[37] M. Castellote, C. Andrade, M.C. Alonso, Changes in Concrete Pore Size Distribution Due to
Electrochemical Chloride Migration Trials, Materials Journal 96 (1999) 314-319.

[38] Q. Huang, C. Wang, Q. Zeng, C. Yang, C. Luo, K. Yang, Deterioration of mortars exposed to
sulfate attack under electrical field, Construction and Building Materials 117 (2016) 121-128.

[39] R. Cherif, A.E.A. Hamami, A. Ait-Mokhtar, Effects of leaching and chloride migration on the
microstructure and pore solution of blended cement pastes during a migration test, Construction and
Building Materials 240 (2020) 117934.

11



