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Abstract. This work shows the chloride transport equations at the macroscopic scale in non-saturated
concrete. The equations involve diffusion, migration, capillary suction, chloride combination and pre-
cipitation mechanisms. The material is assumed to be infinitely rigid, though the porosity can change
under influence of chloride binding and precipitation. The involved microscopic and macroscopic
properties of the materials are measured by standardized methods. The variables which must be im-
posed on the boundaries are temperature, relative humidity and chloride concentration. The output
data of the model are the free, bound, precipitated and total chloride ion concentrations, as well as
the pore solution content and the porosity. The proposed equations are solved by means of the finite
element method (FEM) implemented in MATLAB (classical Galerkin formulation and the stream-
line upwind Petrov-Galerkin (SUPG) method to avoid spatial instabilities for advection dominated
flows).

1 INTRODUCTION

Chloride penetration into reinforced con-
crete causes corrosion of the reinforcement
bars. The expansion of the resulting corrosion
products (iron oxides) can induce mechanical
stress which can lead to formation of cracks.
Therefore, it is important to predict the time the
chloride ions need to reach the reinforcement
bars.

Basic models of chloride transport are based
on a linear diffusion equation [1}2]:
oC

- = DV (VO) (1)

where C' is the free chloride concentration

(kg/m? of solution) and D, the so-called effec-
tive diffusion coefficient (m?/s). Equation [1]is
only valid for fully saturated and non-reactive
concrete. To distinguish between free and total
chloride ion diffusion, Saetta et al. [|3]] used two
different kinds of diffusion coefficients, namely
the effective diffusion coefficient D, and the ap-
parent diffusion coefficient D,, both expressed
in m?/s. Denoting the total chloride concentra-
tion as C; and the free chloride concentration as
C/, both expressed in kg/m?® of concrete. Then,
the diffusion equations are given by:

% = V.(D.V(y) (2)
% = V. (D, V&) 3)
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Coussy and Ulm [4]] used a diffusion-reaction
model contemplating the chloride binding,
based on D,:

0(oC)  O(1 —9ICh) _
5 T 5 =V.(¢D.VC) (4)

where ¢ is the porosity and (1 — ¢) corresponds
to the relative volume of solid material. A value
of 2.3x10712m? /s was adopted for ¢ D,.. Equa-
tion [] is valid for saturated concrete (¢, = ¢).
Samson et al. [S] derived the mass transport
equations using the homogenization technique
and obtained the following chloride ion trans-
port model for fully saturated and non-reactive
concrete:

aC FD,
- = OV@) (5)

where R and F’ are the gas and the Faraday con-
stants, respectively, and ¢ the electric potential.

_ W (DCVC _

In this paper, the macroscopic transport
equations for chloride ions in unsaturated hard-
ened concrete are derived from the microscopic
equations. This is carried out by comparing the
porous network with one single equivalent pore
whose properties are the same as the properties
of the real porous network. The resulting sys-
tem of differential equations is then solved by
means of the finite element method (FEM) on
an unstructured 2D mesh of triangular elements.
Several standard test methods were employed to
characterize the intrinsic properties of the stud-
ied materials.

2 GENERAL CONSIDERATIONS

Different types of chloride concentrations
are used in this work. The free chloride con-
centration C' expressed in kg/m? or g/l of pore
solution, and the free chloride concentration C'y
expressed in kg/m? of concrete. Those quan-
tities are related to each other by means of
the evaporable water content ¢;, expressed in
m3/m3 of concrete:

Cr=agC (6)

Furthermore, the bound and the total chloride
concentrations are denoted by C and C}, re-
spectively, and both are expressed in kg/m? of

concrete. The total chloride concentration can
be expressed as a function of the free and bound
chloride concentrations as follows:

Cy=Cr+Cyp=CH Gy (7)

3 MASS FLUXES
CROSCALE LEVEL

In the absence of advective flows and chlo-
ride binding, the flux of dissolved ions in a fluid
is generally described as a function of the gradi-
ent of an electrochemical potential. The electro-
chemical potential can be interpreted as the me-
chanical work performed by moving one mole
from a reference state to another state defined
by its chemical concentration and electrical po-
tential. The mathematical definition for species
1 18 [|6]]:

AT THE MI-

m; = pd + RT In (4;C;) + 2 F® (8)

where the subscript ¢ refers to the ion species,
7i; is the electrochemical potential (J/mol), j;
is the chemical potential at a reference state
(J/mol), z; the valency of ion i (z = —1 for
Cl7), and ~; is the chemical activity coefficient.
The gradient of the electrochemical potential
reads:

_ FD;
V[Li = DZVCz + ﬁzZC’ZVQ

+ %m (Ci)D:C;NVT )
where D; is the diffusion coefficient of species
7. Samson et al. [7] showed that the effect of
chemical activity on chloride penetration is neg-
ligible. Therefore, the last term on the right
hand side of Equation [9) can be ignored. While
temperature has a high influence on chloride
penetration, the temperature gradient does not
[8]. Denoting the diffusion coefficient in water
of species 7 by D, and multiplying Equation [9]
by D;C;/RT, yields:

D;C; Vi, =D,;VC;+ F_l;izicivq) (10)

RT R
For chloride ions, D; = D¢, C; = C and
z; = —1, the diffusive and electric fluxes at
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the microscopic scale are deduced directly from
Equation [I0}

Ji, = —DaVC (11)
FD¢

[

Tp = o7 cVo (12)

The advective flux, due to capillary suction, is
modelled at the macroscopic scale by means of
Darcy’s law.

4 MASS FLUXES AT THE MACROSCALE
LEVEL

4.1 The diffusive flux
A general expression for the diffusive flux at

the macroscopic scale is:
Jp = -DVC (13)

where D is the diffusion coefficient (m?/s)
determined below.

Consider a single cylindrical pore, com-
pletely saturated with an aqueous NaCl solution
(the pore solution). The total amount of chlo-
ride ions, expressed in kilograms that crosses a
transverse section a of the pore per second, is:

aJt, = —aDyVC (14)

where J}, is the flux of chlorides due to dif-
fusion at the pore scale. It is worth noting that
Equation [14] holds for any transverse section
and not only for circular sections, as long as
it is constant along the longitudinal axis of the
pore. Next, a partially saturated infinitesimal
volume of concrete is considered (Figure [I)).
The cross section dA of the volume is taken to
be small enough so that the concentrations in
each pore (for a given depth) can be considered
equal. dx is the thickness of the volume.

The volume is partially saturated. The equiv-
alent pore is a fully saturated cylindrical pore of
length dx, where the radius is such that the vol-
ume of the equivalent pore equals the sum of the
volumes of the pores containing water.

Figure 1: Partially saturated infinitesimal volume of con-
crete.

Denoting the cross section of the equivalent
pore by da,,, the total amount of chloride ions
expressed in kilograms that crosses a transverse
section da,, of the pore per second is:

day,Jo = —da,DoVC  (15)

where J¢j is the diffusive flux of chloride
ions in the equivalent pore, which is a macro-
scopic quantity. Until now, the pores have been
assumed to be straight and cylindrical. How-
ever, real pores are usually neither cylindrical,
nor continuous or parallel one to another. This
implies that the gradient of the concentration is
no longer the same in the real pores as in the
equivalent pore. Indeed, the latter is much more
important in magnitude. Therefore, the flux in
the equivalent pore must be corrected, which
is done by means of the tortuosity-connectivity
parameter 7. The shape of the equivalent pore
remains the same, though its diffusive proper-
ties change. The total amount of chloride ions
expressed in kilograms that crosses a transverse
section da,, of the modified equivalent pore per
second is now:

dayJii = —da,mDVC (16)

This amount of chlorides coincides with the
amount of chlorides which pass the cross sec-
tion dA of the infinitesimal volume per second,
and can therefore be expressed as:

dAJp = —dADVC (17)

Multiplying Equations[16and [T17]by dz, and
setting them equal to each other, yields:

dAdeDV C = da,dztDVC (18)
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where dAdz is the volume of the continuum
dS} and da,dx is the volume of the equivalent
pore df2,. The diffusion coefficient D is de-
duced directly from Equation I8}

A2y,
D = —7D 19
10 " Dc (19)
where d€2,,/dS2 is the water content ¢; ex-
pressed in m3/m?3 of concrete. The diffusive
flux at the macroscopic scale reads:

JD = —qu)lDClVC (20)

The effective diffusion coefficient D, can
now be written as D, = 7D, and is an intrin-
sic parameter of the material. Indeed, it solely
depends on the diffusion coefficient of chlorides
in water and on the properties of the material, 7.

4.2 The electric flux

The traditional expression for the electric
flux of chloride ions is:

Jp = —-PVo 21)

where P is the proportionality coefficient.
Following the same procedure as for the diffu-
sive flux, starting from Equation @, the coeffi-
cient P can be determined:

P = —;—?Dczﬁbzc (22)

The electric potential ® can be calculated by

means of the Poisson equation for electrostat-

ics. However, since the potential is induced by

the diffusion of chlorides (and other ions), the

electric flux can be expressed as a diffusive flux,
which is further explored below.

When NaCl is dissolved in water, the sodium
and chloride ions are separated according to the
following dissolution reaction:

NaCl(s) — Na*(aq) + Cl (aq)  (23)

For the sake of simplicity, the Na* and
Cl~ ions are assumed to come from dissolved
molecules of NaCl solely. These ions are trans-
ported by diffusion, by the electric flux and by

advection (capillary suction). The total flux of
each species reads:

Jve = —DnaV Oy — Py VO

+ uCpq (24)
Jo = —DaVCe— PV

+ uCqy (25)

where w is the advection velocity and the
subscripts Na and CI refer to the ion species.
The other coefficients are given below:

W
p = TZ—TDmci (26)

D; = 1¢,D; 7

where ¢ refers to the species, Na™ or Cl~.
The current density associated to the ionic
fluxes is given by:

ZNaF ZCZF

I = JIna + Jal (27)
mei

Mmpq

where [ is the current density (A/m?) and
m; is the molar mass of species i (kg/mol).
Substitution of Equations 24}23] into Equation

yields:

D D
I = F ( - VCCZ — N VCNa]
mcei MpNa
{ Cci Cna }
— u [ —
mc; Mg
P, P,
{ﬁ - NC‘} V@) (28)
mea MNaq

According to Equation [23] the following
identity is reached:

C, Cna
- =N (29)
meci MpNgq

Substituting Equation [29] into Equation [28]
gives:

I = £ (Dcz - ﬁNa) VCa (30)

+ F(E—PN“)Vcb (31)

mcy Mg

Substituting the coefficients defined in Equa-
tions [26] into Equation [30] and using Equation
[29] the final expression of the current density is
obtained:
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F
_ 7o (Dot — Dya] VC
me
TF2¢Z
— D D ) 2
RTmCZCCl[ ca+ Dn. V (32)

The electric field E = —V @ is finally ob-
tained by setting I to zero. If no external elec-
tric field is applied, the pore solution is elec-
troneutral everywhere [9]. In the following,
the chloride concentration C; is denoted by C.
The electric field reads:

RT Doy — Da

E=-—
FC D¢y + Dy,

vc (33)

The electric flux of chloride ions at the
macroscale can finally be rewritten as:

Dei — Dy,
Jp=PF = Do ————=2V C 34
P T ¢l Cl Dt + Drva (34)

4.3 Diffusive versus electric flux

Dividing the electric flux (Equation [34) by
the diffusive flux (Equation [20), a dimension-
less coefficient D, is obtained:

D¢y — Dy,

D, = —ZCL " e
Dei + Dy

(35)
The value of D, is a direct measure of how
much the electric field slows down the diffusive
flux of chloride ions. Note that it is difficult
to separate the two different fluxes in practice,
since the diffusive flux induces the electric flux.
Therefore, the experimentally obtained effec-
tive diffusion coefficients obtained from stan-
dard test methods are not pure diffusion coef-
ficients. That is, the effective diffusion coeffi-
cient obtained from such methods includes the
modification due to the electric flux:

D¥? = D¢y (1 + D) (36)

where DS*P is the experimentally obtained dif-
fusion coefficient. The coefficient D, can be
derived for more general cases as well, where
multiple ion species are present [8|]. However,
to that end, detailed knowledge of the concen-
tration of each ion species in the pore solution
is needed.

4.4 Advective flux

A general expression for the advective flux
of chloride ions at the macroscopic scale is:

Js=uC (37)

where J,4 is the advective flux and w is
the advection velocity obtained by coupling
the chloride transport model to a pore solution
transport model. The flow of the pore solution
is modelled by means of Darcy’s law:

Jy = _plﬁVpl (38)
Yy

where Jy, is the mass flux of the pore solu-
tion (kg/m?s), p; is the density of the pore solu-
tion, k; is the permeability function (m?), v, the
dynamic viscosity of the pore solution (Pa - s)
and py is the pressure of the liquid pore solution.
The permeability is the product of the intrin-
sic permeability coefficient by the permeability

function relative to the pore solution:

ky = Kk (39)

where K is the intrinsic permeability coefficient
and k,; the relative permeability function. The
capillary pressure is defined as the difference
between the pressure of the non-wetting fluid
(dry air and water vapour) and the wetting fluid
(liquid water):

Pe = Pg — D1 (40)

where p, is the pressure of the gaseous phase
and p; the pressure of the liquid phase. Main-
guy et al. [[10] observed that, in weakly perme-
able materials like concrete, there is no signifi-
cant darcean advective transport of the gaseous
phase considered as a whole. Therefore, the
gradient of the capillary pressure can be approx-
imated as:

Vp.=-Vp, (41)

The mass flux of the pore solution can thus
be rewritten as:

k
Jy = pz;jvpc (42)
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The capillary pressure is a function of the
water content ¢;, porosity ¢ and temperature 7.
Equation 2] finally becomes:

Ope Ope
Pl—<a¢ Vo + 8¢V¢

Ip.
+ 57 VT) (43)

S TRANSPORT EQUATIONS

The transport equations are obtained by sub-
stituting the previously obtained mass fluxes
into the continuity equation.

5.1 Chloride transport

The continuity equation can be expressed as
follows:

dp

8t+VJ_O (44)

where ¢ is the conserved quantity and J, is
the flux of that quantity. In the case of trans-
port of chloride ions, the bound chloride con-
tent needs to be accounted for, which is done
by adding a source/sink term:

i

6t+VJ_S (45)

where s acts as a source if s > 0 (bound
chlorides dissolve) and as a sink if s < 0 (free
chlorides are removed due to chloride binding).
Generally, the bound chloride concentration de-
pends on the free chloride concentration and on
temperature. For the sake of simplicity, the de-
pendence of chloride binding on temperature
is ignored in this work. Assuming that the
bound chloride concentration Cj, solely depends
on the free chloride concentration C', the chlo-
ride transport model reads:

dcy\ 9C;  aC,

(1 dcf) R

V. ({ + Dcz(l + D, )V(bz] Cf)
TR

= V. (7Dl + D]V Cy) (46)

where C), is the amount of precipitated salt
(kg/m? of concrete), and w is expressed as:

_ ki Ipe Ope
(a@v@ 96 V¢

Ip.
+57 VT) (47)

When chloride ions combine or precipitate,
the porosity is reduced and porosity gradients
appear, which can be expressed as follows:

1
- —V(C, 48
pfs pps

Vo=Vy¢

where ¢y is the initial porosity, while p¢, and
pPps are the densities of Friedel’s salt and the pre-
cipitated salt. Precipitation of salt only occurs
when C' > C,,; where C,; is the saturated con-
centration. The derivative of C' with respect to ¢
is then zero, as well as the gradient of C' (no dif-
fusion occurs where salt precipitates). Taking
this into account, Equation 46| for areas where
chloride precipitation occurs, reads:

ac,  dG, 991

— T T4 Csa Ay
ot dC o, O

(49)

5.2 Pore solution flow

The evolution of the pore solution content is
expressed as:

0
% =—V.(pu) (50)

5.3 Heat transfer

The heat transfer is modelled by the lin-
ear heat equation with thermal diffusivity ap

(m?/s):

orT

5)t V (OéTVT> (51)

6 MATERIAL PARAMETERS

Four different concretes were studied, re-
ferred to as matl, mat2, mat3 and mat4. The
dosages of those materials are listed in Table I}
More details about the materials can be found
in [11,[12].
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Table 1: Dosages (kg/m?)

Material matl mat2 mat3 matd
Cement 380 357 380 304
Water 171 194 171 154
Fly ash 0 76 0 0
Silica fume 0 0 0 38
Aggregate 787 770 787 800
Sand 1022 966 1022 1067

Superplasticizer 097 070 130 1.80

6.1 Diffusive material properties

The effective diffusion coefficient D, (Equa-
tion [36), which accounts for both diffusion and
the induced migration, must be determined ex-
perimentally. The coefficients D¢; and D,
are assumed to depend on temperature accord-
ing to the Arrhenius equation. The tortuosity-
connectivity coefficient is obtained by setting
the Hagen-Poiseuille flux of the pore solution
in the equivalent pore equal to the Darcy flux
[8]. The experimental diffusion coefficient at
a given temperature is obtained by fitting the
FEM solution of the model to experimental
data, namely, the total, free and bound chlo-
ride profiles. The total and free concentration
profiles were measured according to the stan-
dard test methods UNE-112010:1994 |13]] and
RILEM TC 178-TMC [14]. The sum of the dif-
fusive and induced electric fluxes in function of
the experimental diffusion coefficient is:

1\ €72
sor =i (1-(2) )]
E,[1 1
PPr exp (_E [T — ﬁD Ve (52)

where F, is the activation energy of the sys-
tem which depends on the activation energies
of the ions in the pore solution [8]] (in this case,
only Cl~ and Nat), Ty = 20°C is the reference
temperature at which D¢*P was measured, and e
is a material parameter which is determined be-
low.

6.2 Hygroscopic material properties

The hygroscopic properties of the materi-
als were determined by means of absorption-
desorption and imbibition tests. In addition,
the porosity (accessible to water) was deter-
mined by recording the weights of dry and fully
saturated concrete samples. The absorption-
desorption and imbibition tests were performed
according to the standard test methods UNE-EN
ISO 12571 [15]] and ASTM C 1585-04 [16], re-
spectively. The experimental data led to the de-
termination of the capillary pressure (with the
capillary hysteresis included), the permeability
(K and k,;), as well as the pore size distribu-
tion. More details about these procedures can
be found in [8]. The following model for the
capillary pressure was proposed which fits very
well with the experimental data [8]:

pe = A(T) (atan (a[b— ¢])
+ atan(alp —1])) (53)

where A(T) is the capillary modulus which
depends on temperature in the same way as the
surface tension of water does, and a and b are
parameters which depend on the microstructure
of the materials. The relative permeability £,
was modelled by means of the well known van
Genuchten model [[17]]:

0] -

The constants a, b and e, as well as the intrin-
sic permeability coefficient K were determined
by fitting the FEM solution to the experimental
data.

6.3 Results

From the experimentally obtained free and
total chloride concentrations, the bound chlo-
ride content was obtained by calculating the dif-
ference between the total and the free chloride
contents. A good relation was found between
the bound and the free chloride concentrations
by means of the Langmuir model:

. KC;

Co(Cy) = Cbm (55)
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where C’b is the maximum bound concentration
and K is the equilibrium constant.

The samples were submerged in a NaCl so-
lution of 0.5M for 546 days. The effective dif-
fusion coefficient D¢ was found by fitting the
FEM solution to the experimental data. The re-
sults are shown in figure 2] The fitting analysis
showed very good results for all the materials
except for mat3. This is explained below. The
contents of Al,O3 (responsible for the chemical
choride binding) and the contents of Si0; (re-
sponsible for the C-S-H which retains chlorides
physically) for each material are listed in Table

2l

Table 2: Aluminates and silicates (kg/ m3)

Material matl mat2 mat3 mat4
AlyO3 13.1480 35.3042 28.1200 10.5184
Si09 11.6280 41.7498 101.46 41.6024

The SO, content of material mat3 is signif-
icantly higher than for the other materials. Fur-
thermore, its content of aluminates is almost as
important as for material mat2. This leads us
to believe that the binding capacity of material
mat3 is at least as important as that of mate-
rial mat2. Luo et al. [18] found that cement
with slag increases the chemical binding capac-
ity of concrete. Glasser et al. [19] reported such
increase of the physical binding onto the hy-
drate slag walls which present a high specific
surface. This, however, contradicts the experi-
mental data. The experimental method for de-
termining the free chloride concentration plau-
sibly detected an important part of the physi-
cally adsorbed chlorides as free chloride ions
and, therefore, underestimated the bound chlo-
ride content. As can be observed in figure 2] the
free chloride content of material mat3 reaches
values higher than 3kg/m3. The porosity of
material mat3 was determined to be ¢ = 0.125
and the free chloride concentration of the solu-
tion was 0.5M (C' = 18.5¢/1). The free chlo-
ride concentration C' near the surface, accord-

ing to the experimental data, would be greater
than 3 x 12.5% = 24¢/l which is impossible.

FEM solution fitted to experimental data — mat1

Total chlorides - FEM
Bound chlorides - FEM
——— Free chlorides - FEM
©  Total chlorides — Experimental (]
©®  Bound chlorides — Experimental
©  Free chlorides — Experimental

Concentration [kg/m®]
-

0 5 10 1 30 35 40

5 20 25
Depth [mm]

FEM solution fitted to experimental data — mat2

Total chlorides - FEM
Bound chlorides - FEM
Free chlorides - FEM
©  Total chlorides — Experimental ]
©  Bound chlorides — Experimental
©  Free chlorides - Experimental

Concentration [kg/m®]
-

T S

0 5 10 15 20 25 30 35 40
Depth [mm]

FEM solution fitted to experimental data — mat3

Total chlorides — FEM

Bound chlorides - FEM
Free chlorides — FEM
° ©  Total chiorides - Experimental ||
©  Bound chlorides — Experimental
©  Free chlorides — Experimental

Concentration [kg/m?]
-

0 5 10 1 30 35 40

5 20 2
Depth [mm]

FEM solution fitted to experimental data — mat4

Total chlorides — FEM
Bound chlorides — FEM
Free chlorides — FEM
10 ©  Total chlorides - Experimental ||
©  Bound chiorides - Experimental
©  Free chlorides - Experimental

Concentration [kg/m®]

L L h
0 5 10 1

5 20 25 30 35 40
Depth [mm]

Figure 2: Total, free and bound chloride concentrations
for materials matl-mat4.

Finally, the Langmuir model of material
mat2 was used to model the bound chloride
content of mat3, with good results. In figure
[2] it may be observed that the model seems to



M. Fenaux, E. Reyes, A. Moragues and J.C. Galvez

fit very well to the total chloride profile. The
obtained diffusion coefficients, as well as the

overall porosities, are listed in Table EL

Saturation degree Saturation degree

Saturation degree

Saturation degree

0.73,

Figure 3: Imbibition test for materials matI-mat4.

Fitting the FEM solution to the experimental
data obtained from the imbibition tests allowed
calculation of the intrinsic permeability coeffi-
cient K for each material. The results are plot-

Absorbed water vs time for material mat1

Numerical solution
©  Experimental data

5 10 15
time [days]

20 25

Absorbed water vs time for material mat2

Numerical solution

© _ Experimental data

5 10 15
time [days]

Absorbed water vs time for material mat3

20 25

5 10 15
time [days]

Absorbed water vs time for material mat4
T T T T

—— Bupesiivehts|dita
°

15
time [days]

20 25

ted in figure 3] The capillary pressure model
(Equation [53) was fitted to experimental data
and is plotted in figure [d The intrinsic perme-
ability coefficients are given in Table 3]

Capillary pressure for material mat1

P Capillary model
1601 ©  Experimental data ||
140
120
‘w L
& 100
= \
o 80F
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201
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Capillary pressure for material mat2
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‘©
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0 002 004 006 008 g 01 012 014 016
¢, [m*/m”]
Capillary pressure for material mat3
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Capillary pressure for material mat4
Capillary model
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Figure 4: Capillary pressure for materials matl-mat4.
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Table 3: Porosity (%), diffusion coefficient x 10~ 11m? /s
and permeability coefficient x 10~21m?

Material matl mat2 mat3 mat4
¢ 145 15.0 120 125
Dg*P 4.5 2.5 2.0 1.2

K 270 245 027 0.20

7 FEM SOLUTION

The pore solution flow and heat transfer
models were solved by means of the classical
Galerkin formulation. The chloride transport
model was modelled by means of the stream-
line upwind Petrov-Galerkin (SUPG) method.
The classical Galerking formulation would give
unstable results when advection predominates
over diffusion. The model was implemented for
linear and quadratic elements on a /D-mesh, as
well as on a 2D-mesh of triangular elements.
More details on the modelling can be found in
[8]. An example of unstable results is shown
in figure [5] A fully saturated concrete sample,
with a uniformally distributed chloride concen-
tration of 5¢g/1, is dried during 5 days at a tem-
perature of 20°C' and relative humidity 80%.

Comparison between the Galerkin and the Petrov-Galerkin methods

i i i i i i i i
) 1 2 3 4 5 6 7 8 9 10
X [mm]

Figure 5: Galerking vs. Petrov-Galerking solutions.

In order to illustrate the capabilities of the
model, the following simulation is considered.
A concrete sample is initially saturated with wa-
ter. An aqueous solution of C' = 100g/[ is im-
posed on one side of the sample for 125 days.
During that time, the only transport mechanism
considered is diffusion (and the induced electric
flux). The numerical experiment was performed
by imposing different relative humidities on the
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same side of the sample for 55 days, so that the
sample underwent a drying process. The rela-
tive humidities are chosen to be h, = 70%, 50%
and 30% at a temperature of 20°C'. The results
are plotted in figures [6H9]

Total chloride concentration for different drying conditions

—h =70%
b, =50% ||
—h = 30%

0 1 2 3 4 8 9 10

5
x [mm]

Free chloride concentration for different drying conditions

—h =70%
—h,=50% |

—h, =30% ||

L L L L
6 7 8 9 10

L L L L
0 1 2 3 4

5
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Free chloride concentration for different drying conditions

—h, = 70%
_hf:SO% H
" —h, =30%
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5
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Figure 6: Concentration profiles C; (top), Cy (middle)
and C (bottom).

Precipiated chloride concentration for different drying conditions
45

—_—n=70%
—h, =50% ||
—h =20%

4 6 7 8 9 10

5
x [mm]

Figure 7: Precipitated chlorides C,,.
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Pore solution content for different drying conditions

o 1%]

5 6 7 8 9 10
X [mm]

Figure 8: Pore water content ¢;.

Porosity profiles for different drying conditions

; ; ; ; i ;
0 1 2 3 4 5 6
x [mm]

Figure 9: Porosity ¢.

8 CONCLUSIONS

The transport equations of chloride ions in
hardened concrete at the macroscopic scale
were derived from the transport equations at
the microscopic scales. This was performed by
defining an equivalent pore which accounts for
that part of the porous network filled with pore
solution. The advective mass flux was mod-
elled by means of Darcy’s law. The material
properties were determined by fitting the nu-
merical solution to experimental data obtained
through standard test methods. Finally, the
chloride transport equation, pore solution trans-
port equation, as well as the heat transfer equa-
tion were solved simultaneously by means of
the FEM method.
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