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In this paper, a physical model of chloride ingress concretes is proposed. The originality of the model lies

in its consideration of electrical double layer (EDL) phenomenon in unsaturated concrete. The EDL is

occurring at the interface between pore walls and pore solution. The work is performed by solving the

multispecies ionic transport equations coupled with those of humidity. To show the effect of slag and

fly ash, several concretes were considered. The chloride profile was simulated. The results show that chlo-

ride concentration increase for EDL negative more than EDL positive. The EDL effect is reduced in unsat-

urated concrete due to discontinuity of liquid phase. Finally, it is also shown that the concrete containing

slag develops and EDL more important than those manufactured with fly ash.

1. Introduction

The corrosion of steel reinforcement is one of the most impor-

tant causes of degradation of concrete structures. The corrosion

is due to chloride ingress mainly in the coast zones. In fact, when

the chloride concentration reaches the threshold value, the corro-

sion of steel began until the local ruin of the structure according

to TUTTI model [1,2]. Consequently, the service live of the struc-

tures is reduced.

To predict correctly the service life, it is important to take into

account in the chloride transfer model, the mains chemical and

physical phenomena’s occurring in cement based materials such

the chemical binding, the activity of pore solution, the electrostatic

interaction between the ions contained in the pore solution and

the electrical double layer (EDL).

Several models have been developed during the two last dec-

ades. Somme models are monospecies, based on modified Fick’s

law [3–5] have just taken into account the chemical binding of

chloride through the isotherm (Freundlish or Langmuir). Other

models [6,7] considered as ‘‘multispecies’’ are based on Nernst-

Planck equation. These models are more consistent, because in

addition to chloride chemical binding they take into account some

physical phenomena mainly the interaction between chloride and

other ions contained in the pore solution of concrete and electro-

capillary process occurring between the pores walls and the pore

solution. This process known under ‘‘electrical double layer

(EDL)’’ induces a viscous electric effect which slowed the chloride

ingress [7]. Also, in other fields such nanofiltration membranes

and clays, the EDL takes a significant role in the transport of ions.

In the field of cement based materials, Chatterji and Kawamura

[8] were the first who studied the EDL effect on ionic transport,

but qualitatively. We can also note the several studies of Nägele

[9–15]which deal onlywith themeasurement of zeta potential con-

sidered as the main parameter of EDL. But to our knowledge, the

studies dealing with the EDL effect on chloride transport from qual-

itative point of view,mainly in unsaturated concrete, are few. So the
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goal of this work is to highlight the EDL effect in unsaturated con-

crete submitted to chloride ingress. To reach this aim, we have to

combine ions and humidity transport with the EDL effect at macro-

scopic scale stems fromPoisson–Boltzmann equation. Simulation of

chlorides profiles in concretes containing fly ash and slag were car-

ried out to show the effect of the sign of EDL on chloride ingress.

2. Electrical double layer (EDL) phenomenon: brief description

In order to understand the EDL effect, we just give a brief

description of this phenomenon. More details are given in [7].

The Stern model (Fig. 1) is generally adopted to describe EDL

phenomenon. At the interface between the pore walls (cement ma-

trix) and the pore solution, ions are physically adsorbed by Van der

Waals ‘forces. An imbalance ionic is then established, but the bulk

remains in equilibrium.

The interface is structured in two parts, a compact (Helmholtz)

layer (x 6 x2Þ and a diffuse layer (from x2 to the bulk): the two

parts constitutes the electrical double layer. The compact layer

(x 6 x2Þ is made of solvated ions, adsorbed at the surface. The po-

tential in the EDL due to the imbalance ionic follows to the Poisson

equation. At the compact layer, the potential is known as ‘‘zeta po-

tential’’ and can be measured by a zeta meter. The extension of the

potential is occurred on a distance called ‘‘Debye length’’ which de-

pends on the temperature, the ionic concentration of the bulk solu-

tion and its dielectric permittivity. In this paper, we consider that a

pore of a porous medium can be schematically represented by two

parallel flat plates distant from d which is considered as the pore

diameter. In this case, two diffuse layers are in face to face which

can overlap when the pore diameter is close to Debye length.

3. Physical modeling

3.1. Ionic transfer

In saturated medium the water movement by advection is dra-

matically low according to the permeability of concrete. In the

unsaturated one, convection phenomena play an important role

in the transfer of ions, especially in the humidification phase. By

analyzing the electrochemical potential at the microscopic level,

some authors [17–20] have shown that the consideration of the

EDL effect leads to a change on flux of ions in cement based mate-

rials. Indeed, in the small pores size (including gel pores), electro-

static interactions occur through the EDL phenomenon between

the surface of the cement matrix and the ions contained in the pore

solution. Therefore, the ion concentration is not homogeneous lo-

cally. Under these conditions, the ion flux usually based on the

Nernst–Planck equation is modified [21,22]. The modification con-

cerns the concentration of anions and cations:

Ci ¼ K�Ci ð1Þ

where K+ and K- are two coefficients which traduce EDL effect on

cation and anion fluxes, respectively. C
�

i is the average concentration

of specie i.

By taking into account equation, the classical equation of

Nernst–Planck extended to unsatured transport, becomes:

@ðwK�CiÞ

@t
þ ð1� e0Þ
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� div wDiK�gradCi
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with e0 is the porosity of the material, w is water content. Ci is the

concentration of chemical specie i contained in the pore solution.

Cib is the concentration of specie i bound to cement matrix of the

concrete. w is the electrical potential in the pore solution. Di is

the diffusion coefficient of the specie i and zi is its valence. F is

the Faraday’s constant, R is the gas constant and T is the thermody-

namic temperature (293 �K).

In the pore solution, the ions interact with each other, produc-

ing an electrostatic potential w which can be deduced from Eq. (2)

in the case of a natural diffusion (no current density):

gradW ¼ �

Pn
i¼1DiK�CiziwgradCi �

Pn
i¼1ziwUK�Ci

F
RT

Pn
i¼1DiK�Cibz2i wrCib

ð3Þ

Kþ ¼
AðjdÞ2

1� ABjdþ AðjdÞ2
þ
1þ Z

2

2q

FdCpc

ð4Þ

K� ¼ Kþ �
2q

FdCpc

ð5Þ

A and B are two parameters which depend on the zeta potential and

the pore diameter d, the concentration of the bulk Cpc, the surface

density charge q and on Debye constant j [7], Z is the sign of the

EDL (Z = 1, EDL positive; Z = �1, EDL negative).

The rate of chemical chloride binding considered follows the

Langmuir isotherm.

Cib ¼
aK�Ci

1þ bK�Ci

ð6Þ

The constants a and b are defined in the Section 4.

3.2. Humidity transfer

The mains assumptions considered are:

– The liquid phase is constituted by water. The gas one contains

dry air and steam. The pressures in these two phases are noted

pa and pv, respectively.

– The gravity effect is negligible.

The balance equations are for each phase liquid (w) (water va-

por) and air (a) are:

@½qww�

@t
¼ �divðqwvwÞ � _m ð7Þ

@½q
v
ðe0 �wÞ�

@t
¼ �divðDvagradðqvÞÞ þ _m ð8Þ

Fig. 1. Schematic view of the EDL [16].
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@½qaðe0 �wÞ�

@t
¼ �divðDvagradðqaÞÞ ð9Þ

where qw, qv and qa are the densities of water, steam and air

respectively. _m is the evaporation (or condensation) ratio at the

interface liquid–gas. Eqs. (10) and (11) give the velocity of liquid

phase and the capillary pressure.

vw ¼ �
K lKrl

ll

gradðPlÞ ð10Þ

Pc ¼ Pg � Pl ð11Þ

For capillary pressure calculation, we consider GAB model, modified

and adapted for cement basedmaterials, in previous studies [23,24]:

Pc ¼ �
qwRT

Mw

ln ac þ
1

2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

bc þ cc
e0
w

r !

ð12Þ

where qw,Mw are the density and molar mass of water, respec-

tively. ac, bc, cc are the parameters which depend on the material

(see Table 3 in Section 4). The calculations of these parameters is

detailed in [23,24].

K1, Kr1, l1 are the intrinsic permeability, relative permeability

and the density of water, respectively.

Dva is the diffusion coefficient of vapor in concrete.

Dva ¼ 2:17� 10�5 T

Tref

� �1:88

� fres ð13Þ

T, Tref are the temperature of the material and the reference one,

respectively. fref is tortuosity factor which depend on the water con-

tent and porosity according to Milligton model [25].

The sum of Eqs. (7) and (8) gives the macroscopic humidity

transport equation:

@w

@t
� divðDwgradðwÞÞ ¼ 0 ð14Þ

Dw is called hydrical diffusion coefficient de diffusion.

Dw ¼ �
K lKrl

ll

@Pc

@x
þ
Dva

qw

@q
v

@w
ð15Þ

For the relative permeability Krl, we considered the Van Genechten

model [26]

4. Numerical simulations: methodology of solving and output

of the model

The model of ionic and humidity transport is described by the

partial differential equations (2) and (13). These equations are

solved numerically in the one-dimensional case by using volume

finite method with explicit scheme. For the simulations, a cubic

concrete sample with 5 cm of thickness is considered. Only one

side is exposed to a saline solution (500 mol m�3 , we try to simu-

late sea water). For the others sides, to simulate the multispecies

pore solution of concrete, the concentrations of Cl�, OH�, Na+ and

K+ considered as initial conditions are: respectively, 0 mol m�3,

108 mol m�3, 25 mol m�3 and 83 mol m�3.

To take into account the EDL effect, the concentrations are cor-

rected par the coefficient Kmp previously defined.

C
�

iðx ¼ 0; tÞ ¼ K�ðx ¼ 0; tÞCi ð16Þ

4.1. Characteristics of the tested materials

The simulations of chloride profile were carried out 4 types of

concrete: the concrete reference (CR) manufactured with ordinary

cement (CEM I), 3 others concrete where the ordinary cement is

substituted by 30% (BFS30) and 75% (BFS75) of blast furnace slag

and by 30% of fly ash (FA30). The mains characteristics of these

concretes are summarized in Table 1. The water permeability is

difficult to obtain experimentally. As first step, we considered the

value proposed (Kl = 5 � 10�21 (m2)) by Baroghel–Bounny [27] for

the materials with an equivalent porosity to those of the concretes

considered in this study.

We have to that note that the chloride diffusion coefficient gi-

ven in Table 1, is determined by diffusion test with the method

of chronoamperometry [7,22,16]. The water porosity is measured

according to AFREM recommendations [28]. d is the percolation

diameter determined by mercury intrusion porosimetry (MIP)

[29–32]. Fig. 2 gives the pore size distribution (PoD) of the tested

concretes.

Table 1

Materials used.

Concrete CR BFS30 BFS75 FA30

Gravel 6/10 (kg/m3) 1012.7 1077.37 1037.07 1048.19

Sand (0/4) (kg/m3) 855 848.26 816.48 824.46

CEM I 52.5 (kg/m3) 330 218.66 102.84 241.07

Slag (kg/m3) – 93.71 309.58 –

Fly ash (kg/m3) – – – 103.30

Water (kg/m3) 198 181 170 182.12

W/C 0.6 0.63 0.44 0.57

d (nm) 95.6 21.1 3 120.7

Water porosity e0 (%) 15.9 17.5 14.3 16.5

Apparent density (kg/m3) 2320 2260 2340 2280

Diffusion coefficient

(�10�12 m2 s�1)

12.9 7.2 2.3 6.4

Fig. 2. Pore size distribution of the concretes.
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The parameters a and b of Langmuir isotherm are deter-

mined by the test of isotherm of interaction according to

AFREM recommendations [28]. The values are given in Table 2.

We suppose that all other ions are not absorbed in the

concrete.

As it is shown in Fig. 2, the PoD of the tested materials is glob-

ally monomodal. The effect of slag is to reduce the size of the pores

more than the fly ash. As it is shown in the next section, the size of

pore is linked to electrical double layer effect.

For the humidity transport, we have used the GAB isotherm

needed for the capillary pressure calculation. Table 3 gives the

main parameters of this isotherm for each concrete.

4.2. Chlorides profiles simulations and discussion

To simulate the electrical double layer effect, we have simulated

the chloride profile for both saturated and unsaturated concretes

for 1 year. For the unsaturated conditions, the drying and wet-

ting cycle considered is 18 H and 6 H, respectively. 3 cases of

electrical double layer were considered: positive EDL (zeta poten-

tial = + 50 mV), EDL Negative (zeta potential = �50 mV) and

without EDL effect. The result of the simulation is shown in the

Figs. 3–6.

Table 2

Parameters of langmuir isotherm for chloride binding.

Concrete a m3 solution
kg concrete

� �

10�4 b m3 solution
mol

� �

10�4

CR 3.88 20.3

BFS30 2.42 8.86

BFS75 1.28 4.36

FA30 1.87 7.21

Table 3

GAB parameters for the tested concretes.

Materials ac bc cc

CR �6.00 182.33 97.73

BFS30 �6.00 182.33 88.95

BFS75 �5.43 149.33 73.30

FA30 �5.89 175.76 68.64

Fig. 3. Chloride profile of concrete reference CR.

Fig. 4. Chloride profile of concrete BFS30.
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The first observation concern the EDL effect which is occurred

when the concrete is saturated more than the unsaturated, because

in the first case the liquid phase is continuous and the extension of

EDL decrease mainly for the concrete containing slag. In fact, the

cement matrix is negatively charged and the slag charged posi-

tively. Thus, the ionic strength and the EDL effect increase.

This leads to an increasing of chloride concentration due the

overlapping of EDL which occurs essentially in the concrete

BFS75 due to the pore size (Fig. 5). The simulations show also

the overlapping is greater when the zeta potential is negative.

4.3. Sensitivity of the model

The two main parameters of the EDL is the zeta potential and

pore size. To show the sensitivity of the model according these

two parameters, we simulated the profile of chloride ions for 3 val-

ues of zeta potential and pore diameters. Fig. 7 shows that chloride

concentration is inversely proportional ions to pore diameter. The

EDL effect is greater when the pore diameter is close to Debye

length (3 nm). Any variation of the pore size leads to a significant

change of chloride concentration. This is explains the weak effect

of EDL for the concretes CR, BFS30.

Concerning the zeta potential effect, Fig. 8 shows that the chlo-

ride profile is increased according to zeta potential. This is due to

the fact that the overlapping of EDL within a pore is related to

the intensity of physical adsorption which is strongly linked to

the zeta potential.

The figure represents the sensibility of the model to the water

permeability which is the main parameter governing the humidity

transport. We note that the slightest variation of Kl of induced a

modification in chloride profile. This result confirm that the predic-

tion of chloride ingress in unsaturated concrete needs a model

which combine both chloride and humidity transport and not

Fick’s laws (see Fig. 9).

Fig. 5. Chloride profile of concrete BFS75.

Fig. 6. Chloride profile of concrete FA30.
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Fig. 8. Influence of zeta potential on chloride profile in the concrete BFS75.

Fig. 9. Influence of water permeability of concrete on chloride profile in the concrete BFS75.

Fig. 7. Influence of size pore on chloride profile in the concrete BFS75.
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5. Conclusion

In this paper, the Electrical double layer (EDL) effect on chloride

transport in the case of unsaturated concretes is studied. The main

conclusions that we can draw are:

– The EDL effect is more significant in the saturated concrete than

the unsaturated one, due to the continuity of liquid phase. But if

the drying is strong (high permeability), the chloride concentra-

tion increase.

– The sign of EDL affect the chloride concentration which is

increased when zeta potential is negative and decreased in

the opposite case.

– The EDL effect is stronger in the concrete containing slag more

than those manufactured with fly ash. This is due to the ferrous

ions of slag which increase the ionic strength of the pore

solution.

– The chloride concentration is linked the two parameters of elec-

trical double layer zeta potential and pore diameter but below

Debye length, the EDL effect becomes insignificant.
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[24] Xi Y, Bažant ZP, Jennings HM. Moisture diffusion in cementitious materials
Adsorption isotherms. Adv Cem Based Mater 1994;1(6):248–57.

[25] Millington RJ, Quirk JP. Permeability of porous solids. Trans Faraday Soc
1961;57(0):1200–7.

[26] Genuchten MV. A closed-form equation for predicting the hydraulic
conductivity of unsaturated soils. Soils Sci Am J 1980;44:892–8.

[27] Baroghel-Bouny V. Caractérisation des pâtes de ciment et des bétons;
méthodes, analyse, interprétations. Edition du Laboratoire Central des Ponts
et Chaussées; 1994.

[28] AFPC-AFREM. Durabilité des bétons-méthodes recommandées pour la mesure
des grandeurs associées à la durabilité; 1997.
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