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A numerical model has been developed to predict isothermal coupled moisture-ion transport in cementitious
materials. lonic transport is described by the extended Nernst-Planck equation, which accounts for advection
of the liquid phase. Moisture transport includes Fickian water-vapour relative diffusion and Darcian liquid-
phase movement. The ion effect on liquid/vapour water equilibrium is taken into account. The variations of

Key V'{?rd§: the transport properties vs the degree of saturation are described by integral functions or analytical formulas.
Multiionic transport (C) o . i . . .. . .

Kinetics (A) A Freundlich's type description along with instantaneous Friedel's salt formation is considered for chloride
Moisture (A) binding at equilibrium. A kinetic equation is added in the cases of non-instantaneous binding processes. The
Modelling (E) governing equations, as well as the methods of assessment of the material properties required as input data,
Profile (C) are described in the paper. Moreover, examples of application of the model in lab conditions are provided,

which highlight its capability of predicting moisture/ionic concentration profiles even in complex

configurations.

© 2011 Elsevier Ltd. All rights reserved.

1. Introduction

Chloride-induced reinforcement corrosion is the major cause of
premature damage in reinforced concrete (RC) structures located in
marine, coastal or road environments [1,2]. Various mechanisms may
occur simultaneously depending on the environmental conditions
and on the material. In saturated conditions (e.g. permanent
immersion in seawater), chlorides from the environment penetrate
into the covercrete by a coupled diffusion-binding process. In coastal
areas, in tidal zones or in the presence of deicing salts, wetting-drying
cycles coupled with the effect of wind induce a non-saturated state
and an inhomogeneous spatial distribution of moisture in the
structure. In such non-saturated conditions, ionic transport relies on
advection, in addition to diffusion. This induces a significant higher
rate of chloride ingress and of reinforcement corrosion, in particular in
the case of wetting-drying cycles, compared to the case of diffusion
(in saturated conditions) [3-5,13]. Only in some cases (e.g. high-
performance concretes), the impact of these cycles will be limited to
the surface zone of RC elements and will have no significant effect on
the chloride concentration distribution deeper in the element [24].
Besides, research works [6-8,34,35] have shown that the presence of
salts in the pore system yields a decrease in the drying rate. Moreover,
when a salt-contaminated concrete structure is drying, ions are
transported towards the evaporation front, where they accumulate
and where salts can crystallise, generating for example unaesthetic
efflorescences [13].
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Therefore, ionic transport in non-saturated cementitious materials
involves complex chemical and physical mechanisms. A detailed
knowledge of these mechanisms and a relevant implementation of
the associated laws in a numerical model are essential to understand
the phenomena and hence to predict accurately RC structure service
life.

A lot of works have contributed to clarify the fundamental aspects
of ionic transport in non-saturated concrete and numerous models
have been developed, in order to predict chloride ingress in RC
structures (see e.g. [12,14,15,26,36,37,39,47,48] and the literature
reviews in Refs. [2,16]). The difficulties linked to the description of
transport processes in non-saturated concrete can be related to the
intrinsic complexity of the material and to the intricate nature of the
phenomena. Some of these difficulties also rely on the fact that the
various researchers have used different approaches to study these
processes: for example differences in the state variables, in the driving
forces of moisture or ionic transport or in the physical-chemical
binding description can be found. In addition, even if some of the
authors account for the advection process, most of them do not take
into account all of the other mechanisms/processes. Moreover,
movements of liquid water (involved in the advection process) and
of water vapour are usually not separated. This may induce
inaccuracies in the predictions for low-permeability cementitious
materials when the total gas pressure cannot be considered as a
constant (i.e. when gas pressure variations are not sufficiently rapidly
dissipated) [67].

This paper deals with the analysis and simulation of coupled
moisture-ion transport in isothermal conditions in cementitious
materials on the basis of well-identified physical mechanisms. A
multispecies transport model, which combines liquid-water, water-
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vapour and ionic transports and accounts for chloride binding and
chemical activity effects, will be presented. In this model, the ionic
transport process involves the species CI~, OH™, Na™ and K*, which
are the main ions present in the pore solution, and is described by the
extended Nernst-Planck equation, which accounts for electro-diffu-
sion of ions and advection of the liquid phase. The moisture transport
process includes the relative Fickian diffusion of water vapour and dry
air with respect to the gas mixture, as well as the movement of the
liquid phase according to extended Darcy's law. The ion effect on
liquid/vapour water equilibrium is taken into account by including
the chemical activity of liquid water into the chemical potential
formula. The variations of the transport properties vs. the degree of
saturation are described by integral functions or analytical formulas. A
Freundlich's type description for physical adsorption onto C—S—H,
along with instantaneous Friedel's salt formation, is considered for
chloride binding at equilibrium. A kinetic equation is added to account
for the delayed binding of chlorides when their velocity is high and
equilibrium binding cannot be considered as instantaneously reached
(case of high-rate advective transport). Methods of assessment of the
material properties required as input data for the model, such as
transport coefficients and fluid-matrix interaction isotherms, will be
described in the paper. The model will be numerically implemented in
the 1-D case, in order to understand and quantify the phenomena in
complex configurations of coupled moisture-ion transport in lab
conditions (e.g. wetting by a salt solution after strong drying, as well
as wick action test). The numerical results then obtained will be
compared to experimental data available in the literature, in order to
test the reliability and the efficiency of the proposed model.

2. Description of the model

In this section, the proposed model and in particular the set of
governing differential equations, which describe the simultaneous
moisture and ionic transport in non-saturated cementitious materials,
are briefly described. In the model, the transport and mass balance
equations are written at the macroscale for an elementary represen-
tative volume, within the framework of a multispecies approach.

2.1. Transport equations

The transport of the liquid phase 1 (mixture of liquid water w and
ions i) and that of the gas phase g (mixture of water vapour v and dry
air a) is assumed to be governed by extended Darcy's law, which
reads, for an isotropic partially saturated porous medium (see

Eq. (1)):

K
Vo = _n*kra(sl)grad Pa

o

(a=1lorg) (1)

where K is the intrinsic permeability of the material (in m?),
independent of the degree of liquid saturation S; (—), whereas v,
P Mo and ki (S;) denote the Darcy's velocity (in m-s™'), the total
pressure (in Pa), the dynamic viscosity (in Pa-s) and the relative
permeability (—) associated with phase o, respectively.

It is worth mentioning that ionic concentrations strongly influence
the dynamic viscosity 1, of the pore solution [61]. The v variations vs.
the chloride concentration cq_ (in mol/m>® of solution) of the
electrolyte are fitted on experimental data (see Fig. 1) by means of
the extended Jones-Dole type equation (see Eq. (2)) [61]:

nﬂ =1-6.710"*/cq= + 5910 cq_—1.310"°c}/ > + 5810 °cg_
0
2)

where m is the dynamic viscosity of pure liquid water.
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Fig. 1. Effect of chloride concentration on the relative dynamic viscosity of a solution
(experimental data from Ref. [61] and fitting according to Eq. (2)).

The relative diffusion of water vapour v or dry air a with respect to
the gas mixture g is assumed to be governed by Fick's first law, which
reads (see Eq. (3)):

Jo=—

(4, 5)Dyg grad (&:) (@ =aorv) 3)

where ], and p denote the flux (in mol-m™2-s~!) and the partial
pressure (in Pa) of constituent o, respectively, while ¢ is the porosity
of the material (in m®*-m~3), R the ideal gas constant (8.3143]-
mol™'-K™ 1), pawm the atmospheric pressure (in Pa), T the absolute
temperature (in K), and Dyq the free (out of the porous medium)
water vapour diffusion coefficient in the air (Dyo=2.47 x 107> m?-
s~! between T=20 and 25 °C). f(¢,S;) is the so-called resistance
factor, which accounts for both the tortuosity effects and the
reduction of space offered to gas diffusion in a partially saturated
porous medium, compared to free diffusion in the air.

Note that gas pressure is not assumed as uniform in the material
and that overpressure or underpressure can thus occur during drying
or wetting processes [60,67]. This implies that a non-negligible water
vapour advective transport is possible through the pore network.

The transport of the various ions i present in the medium (Cl—,
OH™, Na™ and K" are addressed here) by diffusion under concen-
tration gradient, movement under chemical activity effects and
migration under the (local) electrical field, which results from the
electrical interactions between ions, is described by the Nernst-
Planck equation (see Eq. (4)) on the basis of the works reported for
example in Refs. [4,19-21,25,38], but here the effective ionic dif-
fusion coefficients D; (in m?-s~!) are a function of s;:

Ji = —D;(S)) |gradc; + ¢ grad( Invy;) + ;i—]lfcigradw (4)

where Ji, ¢, Vi and z; denote the flux (in mol-m~2-s™1!), the
concentration (in mol/m> of solution), the chemical activity coeffi-
cient (—) and the valence number (—) associated with each ion i,
respectively. F is the Faraday constant (9.64846x 10*C-mol~') and s
the local electrical potential (in V).

s can be computed from the averaged Poisson's equation in non-
saturated conditions [47], which relates s to electrical charges (see

Eq. (5.1)):

div(S;7'(S))grady) + %(Zcizi) =0 (5.1)
where ¢ is the dielectric permittivity of the liquid phase (~10~'°-
107" F-m™1) considered as equal to the relative permitivity of pure
water times the vacuum permitivity, whereas 7'(S;) is a saturation-
dependent tortuosity factor (—), which reflects the connectedness
of the liquid phase.
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Given the very small value of g, it can be demonstrated, on the
basis of a matched asymptotic expansion, that Poisson's equation
degenerates at the macroscale (a few mm) into the electroneutrality
condition (see Eq. (5.2)) [66].

Yez =0 (52)

In saturated conditions and in the case of similar ionic concentra-
tions as in seawater, chemical activity effects can be assumed as
negligible on the basis of the results presented in Refs. [22,23] and in
agreement with Samson and Marchand [21] who recorded a significant
effect on the electrical potential but a negligible effect on concentra-
tion profiles, in the case of high ionic strengths (200-300 mol/m—3).
In non-saturated conditions, much higher ionic concentrations (10
times higher) can be recorded in the pore solution (S; can reach the
value of 0.1 in cases considered in Section 4). Hence, here chemical
activity effects will not be considered as negligible and will be
computed in the ionic fluxes as described in Ref. [28].

In the approach adopted here, the pore solution is a multispecies
electrolyte, which contains ions and water molecules considered as
individual species. As a result of the non-ideal behaviour of the
solution, water molecule concentration can locally vary with respect
to the concentration variations of the solutes. Thus, water molecules
can diffuse independently. The fluid velocity v, is chosen here as a
mass-averaged velocity (vi=Y_ E;-v;, where E; is the mass fraction of
each species). By definition, the diffusive molar flux J; of each ioni (see
Eq. (4)) is given by J;=c;.(v;—v;). Eq. (6) can hence be derived and
used for the computation of the diffusive flux of water molecules J,,
(in mol-m—2-s71):

Myw + 2 Mj; =0 (6)
i=w

where M,, and M; are the molar masses (in kg-mol ') of water w and
ion i, respectively.

The mathematical description of the overall transport process of
each constituent is derived by adding the advection and diffusion
components (see Eq. (7)):

or
Wo = Vg€ + Jo (@ =aor v, for dry air or water vapour, respectively)

)

where w,, denotes the total flux (in mol-m~2-s~') of phase & and ¢, is
the concentration of o (in mol-m™2), with the condition }_ VaCa =1
when ao=w or i, for liquid water or ions respectively, where v, is the
molar volume of phase o in solution (in m—3-mol™1). v; and Vg are
calculated by Eq. (1), whereas ], is computed by Egs. (3), (4) and (6)
for water vapour or dry air, ions and water molecules, respectively.

{ Wy = ViCy + Jo (0 = wor i, for liquid water or ions, respectively)

2.2. Mass balance equations

The principle of the model is to solve four mole balance equations,
for Cl (free and bound), Na™, K™ and OH™ —H™. Considering OH™ -H™
allows one to avoid the sink term related to water autoprotolysis. Mass
balance equations associated with water vapour and liquid water are
added, as well as a mass balance equation for dry air. Finally the six
mass balance equations for moisture (w4 v), dry air a and species j
(ions or involved in solid compounds) read (see Eq. (8)):

) .

5 <¢Slcw + ¢(1—sl)l\‘;l—vv> = — div(w, +W,)

0 P\ .

g (01503 ) = = diviwy) ®)

2 (4516 +57) = — div(w)

where s; denotes the amount of ions bound onto the cement matrix
(in mol/m> of material), which is usually expressed as a function of
the concentration ¢; of ions in the pore solution via the binding
isotherm. This term is neglected here for other ions than chlorides (i.e.
the binding of other ions is neglected during transport).

2.3. State equations and liquid-vapour water equilibrium — ion effect

The water vapour v and the dry air a are assumed to be ideal gases,
as well as their mixture g. The pressure p, is therefore the sum of
water vapour and dry air pressures: pg=py + p, (Dalton’s law). The
liquid pressure is governed by the capillary pressure curve equation
Pc=pc(s1), where pc is the capillary pressure (in Pa). Therefore, the
state equations read (see Eqgs. (9) and (10)):

PuMy =RTp, (@ =vora) 9)

Pc = Pg—P1 = Pe(Sp): (10)

The ion effect on the liquid/vapour water equilibrium (water-ions
coupling) can be illustrated by the results presented by Bonnet [44] for
water vapour adsorption isotherms, obtained on M1N mortar samples
(see Section 3), initially saturated with various salt solutions (NaCl
concentrations equal to 0, 20, 80, 160 and 314 g-L™!). As a result of a
significant ion effect (in addition to the pore structure effect), for the
same water content the adsorption isotherm is shifted to a lower
relative humidity (RH) when the NaCl concentration increases (see
Fig. 2a). This ion effect on the liquid/vapour water equilibrium is taken
into account in the model by including the chemical activity of liquid
water in the solution (a,,) into the chemical potential formula. This
means that the chemical potential of liquid water in the solution at
atmospheric pressure is equal to the chemical potential of pure water
(i.e. in the absence of other species) added to a term, which involves
a,y (ie. in the presence of ions). Considering the equality of the
chemical potentials of water in the vapour phase and in the liquid
phase at thermodynamic equilibrium and at atmospheric pressure
yields extended Kelvin's law (see Eq. (11)) [29]:

P = —&—WRT( Inh,— Ina,,) 11)

where h;=p,/pys is the relative humidity (—), ranging in Eq. (11)
from O to 1, with pys as the saturating vapour pressure of pure water at
the considered temperature T (in Pa). Note that the density p,, (in
kg-m~3) depends on ionic concentrations.

In the case of NaCl solutions, a linear empirical function of the
chloride concentration was proposed in Hedenblad's work reported in
Ref. [36] for In a,,. Likewise, in the case of ideal (dilute) solutions, In a,
can be simply expressed as a function of ionic concentrations. But, in
the case of concentrated non-ideal solutions, a more complex
description is required. Various formulas have been proposed in the
literature. Here, In a,, is expressed as a function of the ionic strength of
the solution and of the chemical activities of the ions, according to the
formula proposed by Lin and Lee in Ref. [28] on the basis of the two-
ionic parameter approach developed by the authors (see [29]). This
formula combines long-range interactions (according to the extended
Debye-Hiickel or Davies laws [21,23,47]) and short-range solvation
effects (according to Pitzer's law [62]).

Including the capillary pressure curve equation p.=p.(s;) of the
NaCl-free material in Eq. (11) matches the experimental adsorption data
obtained in the case of M1N [44] with various NaCl contents (see Fig. 2b
[29]). Therefore, the presence of ions in the pore solution does not
influence the capillary pressure curve. It can thus be concluded that the
capillary pressure curve is an intrinsic property of the (pore structure) of
the material and that only the curve of the NaCl-free material (which is
derived from the experimental water vapour sorption isotherm [29], see



V. Baroghel-Bouny et al. / Cement and Concrete Research 41 (2011) 828-841 831

a)
0,08
—o—Co=0g/
—o— Co=20g/ o o 9
| —a— Co = g
20061 ¢ Co=3i4ag)
5
= v &) /°
S 0,041 <>/ / d
E ul
T / O/D/O/
z / 4
1]
@ 0,024 ﬁ o
= /8/
=
=
—
0,00 R ; :
0,0 0,2 0,4 0,6 0,8 1,0
Relative Humidity [-]
160 p
140 1 o Co=0g9/l
= o Co=20 g/|
o 1201 < Co=80g/
= 4 Co=160 g/l
® 100 v Co=314g/l
3
0 a)
3 801
o
> 60
©
= v
§ 40
20 1 7%
0 T T T T
0,0 0,2 0,4 0,6 0,8 1,0

Liquid water saturation S, [-]

Fig. 2. Effect of the NaCl concentration ¢y on the experimental water vapour adsorption
isotherm of mortar MIN (W/C=0.50). a) Experimental water vapour adsorption
isotherms [44]. b) Capillary pressure curves deduced from the experimental water
vapour adsorption isotherms displayed in a).

Section 3.2) is required as input data for the model. This simplifies
significantly the modelling.

2.4. Discretization and numerical treatment

To solve the complex system of non-linear equations, a numerical
algorithm is needed. The six mass balance equations along with the
electroneutrality condition are associated with seven primary
unknown variables: CI~, Na*, K™ and OH™ concentrations, electrical
potential ¢ and liquid water and gas pressures. The spatial
discretization of the system of equations is performed by the 1-D
finite volume method. The time discretization in the transport and
mass balance equations is achieved by an implicit Euler scheme. The
system is solved by means of a standard Newton-Raphson algorithm
[40]. Note that the proposed mathematical model adapts the timestep
to the numerical stiffness of the problem.

3. Required input data and methods of assessment

Some input data are required to solve the problem, such as the
transport properties of the material (e.g. the effective chloride
diffusion coefficient and the intrinsic permeability) and the fluid-
matrix interaction isotherms (i.e. water vapour sorption and chloride
binding isotherms). As previously mentioned, the model accounts for
transport property variations vs. s,. Analytical laws are used as far as

possible here to express such variations and to implement them easily
in the numerical model.

This section is devoted to the description of the methods used to
assess the required input data and to the presentation of examples of
results. A normal mortar M1N (cement 1, w/c=0.50 and s/c=3)
and a high-performance mortar M2 (cement 2, w/C=0.53, s/c=4.2,
f/c=0.18 and sf/c=0.09), which includes limestone filler (f) and
silica fume (sf) [4], are considered in the various examples displayed
in this paper. Another normal mortar M2N (cement 2, w/C = 0.50 and
s/c=3) [4] was used, in order to illustrate chloride binding features
(see Section 3.1). Both cements are CEM L. Cement 1 has a lower (C3A)
eq. content than cement 2 (10.6% and 14.6% by mass of cement,
respectively, according to Bogue's calculations). The mortar samples
have been water-cured for 90 days before testing.

3.1. Chloride binding isotherm

Various options are proposed in the model for the description (as
an analytical formula) and the assessment of the non-linear chloride
binding isotherm at equilibrium (see e.g. [5,24,31,58]). For example,
physical adsorption onto C—S—-H [9] according to a Freundlich's type
description, along with instantaneous Friedel's salt formation [10,11],
can be regarded (see Eq. (12)):

Sa = SG F Sa = MG + O peq (12)

where s, and s are the physically and chemically bound chloride
amounts (in mol/m> of material), respectively, u and vy are the
Freundlich's isotherm parameters, which vary with the binder com-
position, while ncsayeq. is the residual content of equivalent alumi-
nates [65] of the material (in mol/m> of material) at the considered
age. Parameter y (positive but <1) represents the degree of non-
linearity of the physical adsorption. Parameter p stands for the
capacity of physical adsorption and depends here on the C-S-H
content of the material (nc—s—y in mol/m> of material), and con-
sequently on the mix-design as well as on the binder chemical
composition [31,58]. & is close to 2 according to stoichiometric
considerations [58].

When n(csajeq. is known, Freundlich's isotherm parameters can be
directly fitted on experimental data when available, or indirectly
identified by numerical inverse analysis thanks to the proposed model
(simplified by considering S;=1, which yields the multispecies
transport model in saturated conditions [23,31,58]) and to an ex-
perimental total chloride concentration (tcc) profile obtained after a
non-steady-state (nss) diffusion test [23,31].

Eq. (12) will be used in the examples presented in this paper (see
Section 4). For mortars M1IN, M2 and M2N, the p and <y values
obtained by curve fitting at the age of 90 days on the experimental
data provided in Ref. [4] (obtained by the equilibrium method [32])
are reported in Table 1 (see also Fig. 3). n(c3a)eq. i assessed here by
means of a hydration model [56] derived from the model described in
Ref. [64]: n(c3a)eq. =21, 45 and 51 mol/m~—2 at 90 days, for M1N, M2
(see Fig. 11b) and M2N respectively. The n(c3ajeq. values are small for
the studied mortars, since sulphate and seawater resisting cements
were used. Consequently, Friedel's salt formation has a weak effect on
the chloride binding isotherm (see Fig. 3).

Eq. (12) is only valid at equilibrium (for both Friedel's salt
formation and physical adsorption). However, for example in the
case of high velocity of ions through the pore network, equilibrium
chloride binding is not (instantaneously) reached. Consequently,
binding will be significantly reduced (hindered or delayed).
Therefore, when the rate of binding is low with respect to that of
transport, a kinetics equation should be used, in order to account
for this delay effect [4]. Here, it is assumed that only physical
adsorption is impacted by the kinetic effect, while Friedel's salt
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Table 1

Material properties of mortars M1N, M2 and M2N.
Material property and method of assessment MIN M2 M2N
Apparent density of the dry material (kg-m~>) (by mercury intrusion porosimetry [4]) 2220 2280 2210
Porosity accessible to water ¢ (m?-m~>) (by means of a hydration model [56], see Fig. 11a) 0.13 0.10 0.13

Capillary pressure curve parameters a (MPa) and m (from experimental water vapour adsorption

and desorption isotherms [44])

Freundlich's isotherm parameters p and y (from experimental chloride binding isotherms [4])

Effective chloride diffusion coefficient Do (at S,=1) (m?-s~') (by numerical inverse analysis of

Adsorption: a=11;
m=0.49
Desorption: a=25;
m=0.49

n=2.61

v=0.61

Adsorption: a=09;
m=0.49
Desorption: a=24;
m=0.51

u=3.24

v=0.53

Adsorption: a=26;
m=0.47
Desorption: a=10;
m=0.49

u=>5.97

v=0.53

21x10712 (1) 0.65x107'2 (2) 25%x10712 (1)

the experimental total chloride concentration profile provided in [4], after 7-day exposure (1)

or 48-day exposure (2) to a 33-g-L~! NaCl solution)

Intrinsic permeability K (m?) (by numerical inverse analysis of drying kinetics (during exposure to

RH=4% (1) or to RH=55% (2))

15x1072'(1) 10x10721(2)

35x10721(2)

9%x10721(1)
3x10721(2)

formation is assumed as instantaneous (as illustrated in Fig. 4),
thus yielding Eq. (13):

dsq /dt = —(sg—pcg_) /T (13)

where T is a characteristic (delay) time.

Such a description is particularly relevant in the case of short-term
and high-rate advective transport (typically 24-hour wetting by a
NaCl solution after drying at a very low RH, see Section 4.2).

In order to estimate the order of magnitude of the characteristic
time T, the immersion tests described in Ref. [4] have been simulated
by the proposed model (which includes Eq. (13)). In these tests,
crushed mortar specimens (size~3 mm) were immersed in a NaCl
solution (€3_ exc. = 563 mol/m—3). Since the specimens were initially
almost dry (they were exposed to RH=11% for 1 month after oven
drying yielding SP~0.1, prior immersion), advection is the main
chloride transport process (see Section 4) and this process is
particularly rapid in this case. The evolution of the bound chloride
amount vs. time in the M2N crushed specimen is depicted in Fig. 4.
The initial jump in the curve can be attributed to instantaneous
Friedel's salt formation [31,58], whereas the remainder (before
reaching the “equilibrium binding plateau”) may rather be related
to the delayed physical adsorption onto C—S—H and is therefore
mainly controlled by T (wetting of the entire crushed specimen is very
rapid). The value T~2x10%s is obtained by fitting simulation results
on experimental data. Hence, the time required to reach equilibrium
in the case of M2N is close to 2 days (see Fig. 4). The 7 value is small,
justifying thereby that in most of cases the kinetic effect is neglected.

3.2. Capillary pressure curve

Capillary pressure curve data are derived from experimental water
vapour sorption isotherms [30] by using Kelvin's law (along with the

500 T T T T T T
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100
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0 500
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Fig. 3. Experimental chloride binding isotherms and curve fitting by means of Eq. (12)
for mortars M1N, M2 and M2N at the age of 90 days.

porosity and the apparent density of the dry material) [29]. A proper
fitting of the capillary pressure curve is obtained through the ana-
lytical formula proposed by van Genuchten [50] (see Eq. (14)):

pe(s) = afs; =] " (14)

where a (the so-called capillary modulus, in MPa) and m are fitting
parameters dependent on the pore structure of the material.

Such a fitting has been applied here, as illustrated in Fig. 5 for
mortars M1N and M2, in order to incorporate a continuous curve in
the model.

3.3. Relative permeabilities

The variations of the relative permeabilities k.(s;) vs. S; are
approached here using Mualem's model [45], which uses the capillary
pressure curves (for adsorption and for desorption) as input data.

By defining L=S;; and H=(S;q — S12) /(1 — Sja), where the a and d
subscripts correspond to the main adsorption or desorption curves,
respectively, the domain theory proposed by Mualem [45] is applied
here to derive numerically ky(s;) [18,60] (see Eq. (15)):
ky(S) = S;/*[KL + (1—KL)KH]* (15)
where KL and KH are two normalised integral functions (see Egs. (16)
and (17)):

KL(S) = ( [3is)dL(S) / Pe(S)”) / (JydL(S) / Pe(S))?) (16)
KH(S) = ([355)dHS) /pe(S)”) / ([ “dHS) /pe(s)?) (17)
300 . .
o50k equilibrium binding
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o 200F  Friedel's salt As o
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Fig. 4. Evolution of the bound chloride amount vs. time for mortar M2N, deduced from
the decrease in the chloride concentration of the external solution®(cq_ ext.=
563 mol-m~3) [4].
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Fig. 5. Water vapour adsorption and desorption isotherms and capillary pressure curves
of mortars M1N and M2 at the age of 90 days (experimental data [44] and curve fitting
by means of Kelvin's law and Eq. (14)). a) Water vapour adsorption and desorption
isotherms. b) Capillary pressure curves (desorption only).

The analytical relationship ky(S;) =S{/?(1 — (1 — S}/™)™)? derived
by van Genuchten [50], where m is the parameter deduced from non-
linear fitting of experimental p. = p.(S;) data (see Eq. (14)), is easier
to use from a numerical point of view and is therefore often
incorporated in moisture transport models. But this equation is only
valid in the case of adsorption (and not of desorption) [60].

The k=K (s;) curves obtained for mortars M1N and M2 by using
Eq. (15) with the m values given in Table 1 are reported in Fig. 6a. As
expected [17,18], the same curves are obtained whatever the material.
In the desorption case, Fig. 6a shows that, when S,<0.40, k,; becomes
very low (less than 10™%). This threshold value is related to the
disconnection of the liquid phase. Therefore, it will be assumed in the
modelling that k;; =0 (i.e. no Darcian liquid transport) when S;<0.40.

The analytical relationship proposed by van Genuchten [50] (see
Eq. (18)) is used here to express K4(s1):

2m

keg(S) = (1=-8)" [1=5™] (18)

where p is a fitting parameter.

The value p = 5.5 has been proposed by Monlouis-Bonnaire et al. [51]
for cementitious materials. However, it has been shown in Ref. [17] that
this value yields some differences between analytical results and the
experimental data provided in Ref. [52] within the mid saturation range,
for the concretes considered. Therefore, here p has been fitted to
reproduce as well as possible the experimental relative permeabilities to
gas given in Refs. [18] and [52]. The best fitting thus provided p=3.5,
whatever the mix-design (see Fig. 6b) [18], pointing out an almost
intrinsic behaviour for kg (given also the weak variability of parameter
m). Consequently, for mortars M1N and M2, the predicted relationships
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0 1 T T T T
M1N (des./ad.) ——
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r BO (Villain)
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— .5 b 0.4 - al
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5[] 5[

Fig. 6. Relative permeabilities to liquid and to gas vs. S; (according to Egs. (15) and (18))
for mortars MIN and M2 and experimental k., data for various concretes [18,52].
a) Relative permeability to liquid (krl). b) Relative permeability to gas (krg).

krg =Kg(S;) are very similar and are consistent with the experimental
data obtained for various concretes (see Fig. 6b).

3.4. Intrinsic permeability

The intrinsic permeability K defined in Eq. (1) can be assessed by
numerical inverse analysis. The method used here consists in comparing
the relative mass loss vs. time plots (kinetics) of a sample submitted to a
1-D drying test (ata given RH and at constant temperature) predicted by
a model (here the moisture transport model involved in the proposed
coupled model) and the ones experimentally recorded, as proposed in
Refs. [17,18]. In addition, this method requires the assessment of some
basic material properties: the porosity and the water vapour adsorption
or desorption isotherm. The water vapour diffusion coefficient involved
in the equation can easily be computed thanks to Eq. (3) (see Section 2.1)
and Eq. (19) (see Section 3.5). Moreover, S has to be known. It usually
corresponds to almost saturated conditions (S{ =~ 1). K is hence deduced
from the best fitting of the drying kinetics predicted by the model on the
values observed for the sample submitted to the drying test. When the
sorption isotherm is known and a model is available, this method has
the advantage of requiring simple experiments, which do not need any
specific apparatus and which can be carried out easily in every lab.

This method has been applied here to MIN and M2 samples
exposed (by one side) to RH=4% and RH=55% after saturation
(SP~1) (see Fig. 7). In order to insure 1-D conditions, the samples
were sealed by adhesive aluminium foil sheets or epoxy resin, except
their drying surface. The results of the fitting process are illustrated in
Fig. 7 and the K values are reported in Table 1. Whatever the boundary
condition (B.C.) n(RH=4% or RH=55%), the K values are similar. This
proves the relevance of the model to reflect the intrinsic feature of K.

3.5. Resistance factor
Numerous formulas have been proposed by researchers for the
resistance factor f(¢,s;), which is involved in Fick's first law (see

Eq. (3)). A formula similar to that proposed by Millington and Shearer
[49] is used here (see Eq. (19)):

f(¢,5) = ¢"(1=5)" (19)

where x and y are fitting parameters.
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Fig. 7. Assessment of the intrinsic permeability (K) by numerical inverse analysis:
fitting of drying kinetics of mortar samples exposed to RH=4% or 55% and to T=20+
1°C[4].

Calibration with O, and CO, diffusion coefficient measurements on
partially saturated mortars performed by Papadakis et al. [43]
provides the values x=2.74 and y=4.20 [46]. The corresponding
functions are reported in Fig. 8 and are compared to the experimental
data reported in Ref. [43].

3.6. Effective ionic diffusion coefficients of partially saturated materials

The assessment of effective ionic diffusion coefficients in non-
saturated conditions is difficult. As in the case of diffusion within the
gas mixture, the effective diffusion coefficient for each ion is the
product of the self-diffusion coefficient for the considered ion and of a
resistance factor, which depends on S; and ¢.

The dependence on ¢ (at S;=1) is assessed from the measurement
of the effective chloride diffusion coefficient in saturated conditions
Dc—(S;=1). Thus, D;(S;=1), with i=Cl™, is drawn from Nernst-
Einstein equation (see Eq. (20)) [19]:

DiS=1) _ Do-(5=1)
DY DY

(for iCl) (20)

where D?_and Dy are the diffusion coefficients in an infinitely diluted
solution (self-diffusion coefficient).

The effective chloride diffusion coefficient of the saturated
material D¢ —(S;=1) can be assessed experimentally (for example
by steady-state or nss migration test) [19,57]. D¢;—(S;=1) can also be

o ¢=0.17
0o ¢=0.15
A 6=0.09

Analytical formula

Resistance factor [-]
o
o
o
<

exp. [43]

0,000 T T T T
0,0 0,2 0,4 0,6 0,8 1,0

Liquid water saturation S, [-]

Fig. 8. Resistance factor vs. S;: experimental data [43] and curve fitting by Eq. (19) [46].

identified by numerical inverse analysis thanks to the proposed
model. In this case, a tcc profile obtained after a nss diffusion test in
lab is required [58]. Here, the tcc profiles obtained after 7-day and 48-
day exposures to a 33-g-L~! NaCl solution (+1g-L™! NaOH +
4,65 g-L~! KOH), for mortars MIN/M2N and M2 respectively, and
reported in Ref. [4], have been used to carry out the inverse analysis
(see Fig. 9). The cylindrical specimens (diam.= 120 mm and thick. =
20 mm) have been saturated by an alkaline solution (1 g-L~! NaOH +
4,65 g-L~! KOH) before the nss diffusion test. D¢ (S;= 1) is obtained
by fitting the computed tcc profile on the measured one. An algorithm
has been used to minimise the difference between them [58]. The
resulting values for M1N, M2 and M2N are reported in Table 1. The
impact on the profiles of the kinetic effect described in Eq. (13) is
depicted in Fig. 9. When this effect is considered for chloride
adsorption, the chloride penetration front is located slightly beyond
the front obtained in the case of equilibrium binding. Since the
formation of Friedel's salt induces a step in the tcc profile [24], the
kinetic effect softens up the foot part of the tcc profile, which is rather
sharp in the case of equilibrium binding.
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Fig. 9. Total chloride concentration (tcc) and free chloride concentration (fcc) profiles
obtained experimentally after 7-day and 48-day nss diffusion tests in lab, for mortars M1N
and M2 respectively [4]. Comparison with numerical simulations in the cases of equilibrium
binding and delayed binding. a) MIN — tcc profile (7-day exposure). b) M2 — tcc profile
(48-day exposure). c) MIN — fcc profile (7-day exposure). d) M2 — fcc profile (48-day
exposure). N is expressed in mol/m? of concrete, whereas c¢ is expressed in mol/m> of
solution.
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With regard to the dependence on S,, here, the same type of semi-
empirical formula as proposed by Buchwald in Ref. [27] for masonry
materials is adopted for the relative chloride diffusion coefficient
drc— (see Eq. (21)):

drg_ =Dq_(s)/Da_(sy=1) =5 (21)

where \ is the saturation exponent.

Calibration of this formula with the chloride diffusion coefficient
values measured by impedance spectroscopy on four mortar mixtures
for various degrees of saturation and provided in Ref. [4], and
assuming that the same curve is valid whatever the cementitious
material, (similarly as in the case of ky), yields A=6 (see Fig. 10).
Eq. (21) is of importance with regard to the quantification of the
coupling between moisture and chloride transports. According to the
fitting displayed in Fig. 10, d,; =~ 0 when S;<0.40, as for k. This would
indicate that the liquid phase is disconnected and that ionic diffusion
becomes negligible when S,<0.40. But note that no experimental data
were available for S$;<0.70. Therefore, it is difficult to provide a
realistic fitting in this range.

3.7. Initial composition of the pore solution

The initial composition of the pore solution of a material in
saturated conditions can be calculated by means of the method based
on Taylor's work (detailed in Refs. [53,55]), which requires the mix-
composition, the chemical composition of the cement and a hydration
model. The computation of the alkali concentrations of the pore
solution cna and cx4 (in mol/m? of solution) in saturated conditions
involves the concentrations of alkalis released from the cement
CNa + (released) aNd Ck 4 (released) and of alkalis adsorbed onto the

hydration products Cna + (adsorbed) aNd C 4 (adsorbed) [53] (see Eq. (22)):

CNa+ = CNa+ (released) — CNa + (adsorbed) (idem for I(+)' (22)

The alkalis released from the cement are instantaneously released
from highly soluble salts (such as Na,SO4) or progressively released
from clinker phases during their hydration [53,55] (see Eq. (23)):

CNa+ (released) = fNa‘sulphatecNe\ +(T) (23)
+ (1 —fNa‘Sulphate)ochH(T) <idem for I(*)

where fyasulphate 1S the fraction of Na* present in sulphate salts
(fNa,sulphate = 0.35 and fx suiphate = 0.55 according to Ref. [54]), while
« is the degree of hydration of the cement.
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Fig. 10. Relative values of effective chloride diffusion coefficient vs. S;.

The total alkali concentrations cn, + ¢ty and cx 4 ¢ty (in mol/m? of
solution) can be computed from the corresponding mass fractions and
molar masses (see Eq. (24)):

- C®nao0
CNa + (1) = $MN3 o
2

(idem for K*) (24)

where @na20 denotes the Na,O content of the cement (in kg-kg™1),
Mnazo the molar mass of Na,O (in kg-mol~!) and C the cement
content deduced from the mix-composition (in kg-m™3).

According to Refs. [33,53,63], alkali adsorption takes place mainly
onto C—S—H and the adsorbed alkali concentrations thus read (see
Eq. (25)):

Ry Ne_s_y .
CNa + (adsorbed) — CNa + ° % (ldem for KJF) (25)

where Ry is the distribution ratio and nc—s—y is the C—S—H content
of the material (here in kg/m> of material). Rq values of 0.39 and
0.38 m’/kg of C-S—H are assumed for Na™ and K™ respectively
according to Ref. [33]. For mixtures with silica fume, a Ry value of
0.7 m>/kg of C—S—H for both Na™ and K™ is chosen in Ref. [55].

Nc—s—p, ¢ and a can be deduced from the mix-composition, the
chemical composition of the cement and the hydration kinetics of the
cement by using the numerical hydration model proposed in Ref. [56]
(see Fig. 11a and b).

The alkali concentrations of the pore solution (in saturated
conditions) of mortars M1N and M2, at the age of 90 days, obtained
by the described method are displayed in Fig. 11c. In the case of M2,
the alkali content of the SF has been taken into account. Note that very
good agreement with experimental data was obtained when applying
this method with cement pastes after a hydration period of 7 days
[23]. The initial degree of saturation S{ in the various test conditions,
as well as the composition of the saturation solution if any, need to be
considered, in order to assess the actual initial ionic concentrations of
the pore solution of the various tested samples (see Section 4).

The initial chloride concentration is assumed to be equal to zero.
Thus, the initial hydroxyl concentration in saturated conditions is
calculated by considering the electroneutrality of the pore solution,
which simplifies as follows (see Eq. (26)), since the calcium
concentration in the pore solution is low when alkalis are present
(pH>12.4):

Con— = Cna+ T Ck+ (26)

4. Application and validation of the proposed model in
lab conditions

Simulations in various cases of moisture-chloride transport have
been carried out with the proposed model on the 90-day water-cured
mortars MIN and M2 (see Section 3). The required input data are
given in Table 1. The numerical simulations have been compared to
experimental data available in the literature, in order to investigate
the capability of the model to predict moisture and ionic profiles.

4.1. Capillary water absorption

40x40x 20 mm M1N samples have been submitted to 48-hour
capillary water (+1 g-L™' NaOH +4.65 g-L~! KOH) absorption after
drying at RH=4% until mass stabilisation (after this drying process
S?=0.09, see Fig. 5a) [4]. The samples were laterally sealed, in order
to insure 1-D transport processes. The moisture profiles after various
exposure times have been simulated by using the ¢ value reported in
Table 1 and the K value obtained from fitting of drying data at RH=4%
(see Table 1 and Fig. 7). The water vapour adsorption isotherm (see
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Fig. 11. Assessment of porosity, degrees of reaction of the cement and of the silica fume,
Nc—s—w, Ny and N(csa)eq. and alkali concentrations of the pore solution, for mortars
MI1N and M2 (in saturated conditions) at the age of 90 days. a) ¢ and degrees of
reaction of cement and SF, computed by the numerical hydration model described in
Ref. [56]. b) nc—s—p, Ny and nesajeq. computed by the numerical hydration model
described in Ref. [56]. ¢) Alkali concentrations of the pore solution assessed by the
described method (in saturated conditions).

Table 1 and Fig. 5a), along with the k,; = k;(S;) analytical formula, has
been used.

The numerical moisture profiles are compared in Fig. 12 to the
gamma-ray attenuation measurements reported in Ref. [4] after
various exposure times. Rather good agreement is observed between
numerical and experimental profiles. Hence, the intrinsic permeabil-
ity obtained from a drying test can be used to describe the liquid water
absorption process, provided that appropriate capillary pressure
curve and relative permeability formula (ie. for adsorption) are
chosen. In Fig. 12, the rapid progress of the wetting front is clearly
visible. As pointed out by both numerical and experimental results,
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Fig. 12. Moisture profiles after various exposure times to capillary water absorption for
a M1N sample (initial condition: S =0.09). Comparison between numerical simula-
tions and gamma-ray attenuation measurements [4].

after 48-hour exposure, the degree of saturation is very high within
the sample. Note that since not many experimental plots are available,
it is difficult to deduce the actual experimental trend and therefore to
propose interpretations for the small difference recorded between
numerical and experimental profiles.

4.2. Wetting by a NaCl solution after drying

The wetting experiments reported by Francy in Ref. [4] are
considered here. Cylindrical samples (diam.= 120 mm and thick.=
20 mm) of mortars M1N and M2 have been exposed for 48 h to a 33-
g-L~" NaCl solution (41 g-L~! NaOH + 4.65 g-L~! KOH) after drying
at RH = 4% (after this drying process S{ =0.09 for M1N and M2, see
Fig. 5a). The B.Cs. are: c¢— =563, coy_ = 108, cnar =588 and ¢ =
83 mol-m—> (pH = 13.0). The initial composition of the pore solution
is assumed here to be imposed by the solution used for saturation
(1g-L7!' NaOH +4.65 g-L~! KOH), initial alkali binding [63] and S{:
2 _=0,c34_=722, . =144 and ¥, =578 mol-m > (pH=13.8)
for MIN and M2. The samples were sealed (except the exposed
surface at x=0), in order to insure 1-D transport. Therefore, the B.C. at
x =20 mm is a non-exchange condition. The ¢, Dq—(S;=1) and K
values given in Table 1 have been used. The water vapour adsorption
isotherm (see Table 1 and Fig. 5a), along with the k;=ky(S;)
analytical formula, has been used.

The numerical moisture profiles at various exposure times are
reported in Fig. 13. The tcc profiles after various exposure times have
also been simulated (see Fig. 14) and the tcc profile obtained after
24 h has been compared to the experimental data obtained by
grinding of the samples and chemical analysis (by potentiometric
titration of the powder specimens then obtained [4]) (see Fig. 14).

After 24-hour exposure, the wetting front has reached the
boundary of the M1N sample: S;=1 throughout the sample (see
Fig. 13). The better efficiency of M2 (mainly as a result of incor-
poration of SF in the mixture) to limit moisture transport is obvious in
Fig. 13.

As depicted in Fig. 14, after 24-hour exposure, when equilibrium
chloride binding is considered, the model largely overestimates the
tcc in the near surface zone and significantly underestimates the
chloride penetration depth. This last effect is clearly prejudicial from
the structural safety point of view. When chloride binding is
disregarded in the model, simulations are significantly more satisfac-
tory, at least with regard to the chloride penetration front zone (see
Fig. 14). As a matter of fact, the chloride penetration depth is sig-
nificantly closer to the experimental value and is slightly higher. This
is therefore a more conservative approach. However, the best
agreement with experimental data (after 24-hour exposure) is
obtained when a delay effect is included in the binding description
(see Section 3.1). The binding kinetics was not available for the
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Fig. 13. Numerical moisture profiles of mortar samples exposed to a salt solution
(33g-L7" NaCl+1g-L~" NaOH+4.65g-L~" KOH) after drying (various exposure
times and initial condition: S = 0.09). Exposed surface on the left.

materials tested here. Therefore, the characteristic time T has been
obtained by fitting the simulated tcc at the exposed surface on the
extrapolated one (from the measured profile), since the chloride
concentration is imposed at the exposed surface as in the case of Fig. 4.
T~10h (3.6x10%s) has been found for both mortars, thus indicating
an intrinsic feature. Moreover, this value is close to the characteristic
time (2x 10% s) obtained with another mortar (M2N, see Section 3.1)
from its binding kinetics (see Fig. 4). All of this emphasises the
importance of accounting in models for the appropriate chloride
binding description in saturated and also in non-saturated conditions.
The better efficiency of M2 to limit chloride ingress is clearly visible in
Fig. 14.

The ionic concentration profiles predicted after 12-hour and 24-
hour exposure (S =0.09) are compared to the profiles predicted in
the case where the initial condition is S’ =1 in Figs. 15 and 16, for
M1N and M2 respectively. In the case S{ =1, the test takes place in
saturated conditions, therefore the model can be simplified into the
multispecies transport model (where only ionic diffusion, along with
chemical activity effects and electrical interactions, is considered). The
initial composition of the pore solution is assumed to be in this case
(as a result of the composition of the saturation solution and initial
alkali binding [63]): ¢4_=0, cdy_ =65, clar=13 and ¥, =
52 mol-m~3 for MIN and M2. As illustrated in Figs. 15 and 16, when
advection takes place in addition to diffusion (S? =0.09), a faster CI~
(and Na™) ingress is observed and a higher c¢;_ is obtained at a given
depth, since these ions move along with the liquid phase. In saturated
conditions (diffusion case, see Figs. 15b and 16b), a faster Na™ ingress is
observed, compared to Cl~ ingress, since no binding is assumed in the
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Fig. 14. Numerical tcc profiles of mortar samples exposed to a salt solution (33 g-L ™'
NaCl+1g-L™! NaOH+4.65g-L~! KOH) after drying (various exposure times and
initial condition: S? = 0.09). Comparison between numerical and experimental [4] tcc
profiles after 24-hour exposure. Exposed surface on the left.

case of Na™ transport, whereas equilibrium binding is considered in the
case of CI™ transport. When S =0.09, CI~ and Na™ penetration fronts
are very close (see Figs. 15a and 16a). This indicates that for these ions
the advective transport is predominant. It can also be noted that the CI™
penetration front and the wetting front do not coincide exactly. This
results from the dilution of the “external” solution into the solution
initially present in the pore system. This dilution effect also induces a
decrease in cna+, Coy— and ci at the wetting front. As expected, coy—
decreases within the near surface zone as a result of its lower
concentration in the external solution (see Figs. 15 and 16). The peak
recorded for coy_ in the case SY =1 (see Figs. 15b and 16b) results from
OH™ release, in order to (electrically) balance equilibrium CI™ binding.
The significant difference recorded between the results provided in the
cases S{ =1 and S =0.09 points out that the low initial S; value has
induced a tcc profile, which cannot be predicted by a model developed
in saturated conditions. This emphasises the major contribution of
advection to the overall ionic transport and thus the importance of
liquid permeability in the model, and therefore in the prediction of
chloride ingress in non-saturated conditions.

4.3. Wick action test

Wick action is the transport of liquid trough a cementitious
element from a surface in contact with a solution towards a drying
surface [41,42]. The wick action test described by Francy in Ref. [4] on
a 25-mm thick cylindrical M1N sample has been simulated by the
model described in this paper. In this test, the initially saturated
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Fig. 15. lonic concentration and moisture profiles predicted in M1N after 12-hour
exposure to a salt solution (33 g-L~" NaCl + 1 g-L~' NaOH +4.65 g-L~! KOH). Exposed
surface on the left.

sample is exposed to a 33-g-L~! NaCl solution (41 g-L~! NaOH +
4.65g-L~! KOH) at one of the plane surfaces (upstream surface at
depth x=0) and to RH=9% (controlled by a KOH saturated salt
solution) at the other plane surface (downstream surface at depth
x =0.25). The initial composition of the pore solution is assumed to be
(see Section 4.2): cq_ =0, cdy_ =65, cRa+ =13 and ¢, =52 mol/
m~3. The ¢, Do (Si=1) and K values given in Table 1 are used. Here,
both the water vapour desorption and adsorption isotherms have
been used (see Table 1 and Fig. 5a), along with k;; = ky(S;) expressed
as Eq. (15). The drying process can be separated in two stages [59]: the
first one, which is particularly significant when the material is initially
saturated, is controlled by the evaporation rate at the drying surface,
and the second one is the moisture transport towards the drying
surface. Hence, two different types of B.C. have been used here for
moisture: S; is imposed at x =0 (Dirichlet B.C.), while moisture flux is
imposed at x=0.25 (Neumann B.C., see Eq. (27), where the wind
velocity is assumed to be equal to zero). This flux is proportional to
the difference between the water vapour pressure in the environment
(py ext.) and the water vapour pressure in the pore network within the
surface zone (p,) (see Eq. (27)):

atx = 0.25: Wy, + Wy = EdS;(Py—Py ext) (27)

where E is the moisture emissivity coefficient (=2x 1078 kg-m—2-
s~ l.pa— ).

Neumann B.C. is particularly relevant when the material is initially
saturated, contrary to Dirichlet B.C., which imposes instantaneously
the S, value beneath the environment-sample interface.

a) S,°=0.09 (diffusion + advection)
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Fig. 16. lonic concentration and moisture profiles predicted in M2 after 24-hour
exposure to a salt solution (33 g-L~! NaCl + 1 g-L~! NaOH +4.65 g-L~!' KOH). Exposed
surface on the left.

The numerical moisture and tcc profiles obtained after various
exposure times are presented in Fig. 17. The ionic concentration
profiles after 35-day and 4-month exposures are reported in Fig. 18.

The very low RH imposed at the downstream surface (which yields
S;=0.15) induces a strong drying. This induces the formation of a
zone characterised by a degree of saturation below the disconnection
threshold of the liquid phase (S,<0.40) from this downstream surface
(see Fig. 17a), where no Darcian liquid transport is possible (see
Section 3.3), and thus of an evaporation front (characterised by
S1=0.40). The thickness of this zone is increasing as a function of time
until moisture flow reaches the steady-state regime, which is
observed here from around 2 months (see Fig. 17a). Note that since
chloride concentration is increasing at the same time, the relationship
between RH and S, changes with time (see Section 2.3).

Chlorides penetrate in the sample as a result of concentration
gradients. Then, chlorides are transported by diffusion and advection
towards the downstream surface. The strong drying at the down-
stream surface induces a significant liquid flow. Chloride transport by
advection becomes rapidly prominent and induces a continuous and
significant ingress of chlorides towards the downstream surface. This
points out again the importance of the liquid permeability in the
model. Chlorides from the upstream surface move inwards as long as
S; is high enough. Once the chloride penetration front reaches the
evaporation front, chlorides accumulate at this evaporation front.
Figs. 17b and 18b show that, after 4 months, chlorides have already
reached the evaporation front, whereas after 35 days the chloride
penetration front is still far from the evaporation front (see Fig. 18a).
lonic concentrations are very high in the vicinity of the evaporation
front, owing to the very low S, in this zone. The tcc increases as a
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Fig. 17. Numerical moisture and tcc profiles of M1N samples during wick action test.
a) Numerical moisture profiles. b) Numerical tcc profiles. Comparison with experi-
mental data after 1 year [4].

function of time just beneath the evaporation front, as a result of the
continuous chloride supply from the upstream surface. From a given
time, the tcc in this zone is higher than the tcc at the upstream surface.
All of this, and thus the complexity of the wick test, explains the
peculiar shape of the ionic and tcc profiles. Good agreement is
obtained between numerical simulations and the experimental data,
which are available at 1 year. Not only the location of the evaporation
front but also the tcc distribution within the whole thickness of the
specimen, in particular in the vicinity of the evaporation front, are
correctly predicted. Only when chloride diffusion takes place in a zone
where the degree of saturation is very low (0.15<S,<0.40), differ-
ences are recorded between numerical and experimental results (see
Fig. 17b). This may be explained by the selection of a too small
diffusion coefficient in this zone: D¢, = D¢ (S;) was deduced from
fitting on experimental data obtained on mortars including M1N, but
no experimental data were actually available within the range
0.15<S5;<0.40 (see Section 3.6 and Fig. 10). Note that the delay effect,
which affects chloride physical adsorption (see Section 3.1), is also
taken into account in these simulations. However, contrary to the case
addressed in Section 4.2, its impact here is very weak, since the wick
action test is much longer (1 year) than the 24-hour wetting test and
the characteristic time (T~ 10 h).

With the mortar tested here, the evaporation front is rather close
to the drying (downstream) surface. However, the location of the
evaporation front, as well as the impact on the tcc profile of the drying
process that takes place at the downstream surface, depends on the
material and on the experimental conditions (see other experimental
examples in Ref. [4]).
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Fig. 18. Numerical ionic concentration and moisture profiles of MIN samples during
wick action test.

5. Conclusion

A 1-D numerical physical model of isothermal coupled moisture-
ion transport in cementitious materials has been presented in this
paper. In its current state, this model includes the following
phenomena: diffusion, advection, electrical interactions between
ions, ion effect on liquid/vapour water equilibrium, instantaneous
and delayed chloride binding. The model requires as input data key
material properties, which have well-identified physical meaning.
These material properties can accurately be assessed by the methods
described in the paper, in particular by numerical inverse analysis. As
illustrated by the examples displayed in this paper, the model has
been validated on mortars in lab conditions (first stage of validation)
in various configurations (e.g. wetting by a salt solution after drying or
wick action test). These examples have emphasised the reliability and
the efficiency of the proposed model to predict moisture, ionic
concentrations and tcc profiles. The model is capable of predicting all
the complex effects associated with coupled moisture-ion transport
on the profiles (in particular in the vicinity of the evaporation front in
the case of the wick action test). In addition, the model developed and
the examples presented in this paper contribute to a better
understanding of the mechanisms, which govern such a coupled
transport in cementitious materials. In particular, it has been pointed
out that binding cannot be assumed as instantaneous when the
chloride velocity is high (case of high-rate advective transport in the
short term) and a kinetic effect has to be considered to account for the
experimental behaviour. In addition, the major contribution of
advection to the overall ionic transport and thus the importance of
liquid permeability in the model and therefore in the prediction of
chloride ingress in non-saturated conditions, has been highlighted.
Only a model that combines liquid-water and water-vapour transport
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processes with aqueous electrolyte theory will allow long-term
accurate predictions for every types of natural environment (e.g.
tidal zone or spraying of deicing salts) and material. Validation of the
proposed model in field conditions (second stage) remains to be done.
The proposed model will then be part of a simulation tool of more
general applicability for partially saturated concrete.
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