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Abstract

A numerical model, called MsDiff (Multi-Species DIFFusion), based on a finite difference method and on the Nernst—Planck relation has
been developed. The concentration profiles for several species (i.e., C1~, Na*, K*, and OH™), the flux and the potential profile are computed.
The simulations allow having a better understanding about the phenomena involved during the transport of different ions into concrete under
the influence of an electrical field. The effect of various parameters as the pore solution composition, the non-ideality of the solutions or the
chloride binding, is also discussed. Finally, it is shown how the effective diffusion coefficient of chlorides could be measured experimentally
by using the LMDC test method. © 2000 Elsevier Science Ltd. All rights reserved.
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1. Introduction

The transport of chlorides into saturated concrete is a
complex process [1—4]. Different parameters, which influ-
ence more or less the rate of penetration of chlorides [5],
are necessary to describe the diffusion process of these
ions. One parameter that is of great importance is the
effective diffusion coefficient. A relevant and reliable test
method is required in order to obtain this parameter with
an acceptable accuracy. Various methods already exist but
they are either time consuming or they have too many
drawbacks [1,6,7].

A new method, called LMDC test method [6,8], has been
developed recently in order to avoid all these problems.
Nevertheless, the effective diffusion coefficient obtained
from this method can vary with experimental conditions
which is of course not satisfactory since there is only one
diffusion coefficient of chlorides for a particular concrete.
Indeed, this coefficient can be defined from the diffusion
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coefficient of the ions in a pure solution D, and from the
geometry of the concrete (i.e., tortuosity (), porosity (p),
and constrictivity (€)) in which the transport process occurs

(9] (Eq. (1)):

T
De:PgDO- (l)

There are several definitions that can be found in
literature for D, [10]. Some researchers include the
porosity and some others do not. Some definitions take
into account other parameters like, for example, a fluidity
factor. The fact is that if two laboratories have to measure
the effective diffusion coefficient of chlorides for the
same concrete at a given age and therefore for a particular
geometry, they should find the same value. However, this
is far from reality.

In this paper, a new numerical approach and a new code
based on Matlab®™, called MsDiff (Multi-Species DIFFu-
sion), are presented to explain the discrepancy between
experimental results. The theory that allows to simulate the
transport of several species through concrete during a migra-
tion test is first described. Then, the influence of different
parameters (e.g., pore solution, chloride binding,. . .) that are
often neglected in the models [1,5,11] is also discussed.
Finally, a procedure that explains how to determine the
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effective diffusion coefficient from the LMDC test method
is presented.

2. Model and basic equations

The principle of the experimental system to simulate is
shown in Fig. 1. The concrete sample is assumed to be
saturated before the test, and therefore, the convection
phenomenon can be neglected. In a general case, the flux
of the different species present in the system can be
written in one-dimension by using the Nernst—Planck
relation [12]:

J,'(x, l‘) — _D, ( 80,'5;, t) 4 z,«ci(x, l‘) %E(x7 t)
ci(x, 1) Dy, (x,1) ) (2)
Vi(x’ t) Ox

where J;, D, ¢;, ¥, and z; are the flux (mol/ (m2 s)), the
effective diffusion coefficient (m”/s), the free concentration
in the bulk solution (mol/m?), the activity coefficient, and
the valence number of the ionic species i, respectively. F is
the Faraday constant (9.64846x10%* C/mol), R is the ideal
gas constant (8.3143 J/(mol K)), T is the temperature (K), x
is the space position (m) and ¢ is the time dimension (s). E is
the electrical field (V/m). This last variable can be divided
in two terms, i.e., the diffusion potential created by the
movement of the different species and the external electrical
field applied to the system by using electrodes (cf. Fig. 1).
In order to simplify the mathematical treatment, the
current density j (A/m?) applied to the system is taken as
an input of the model instead of the external electrical field.
The current density and the flux of the different ionic
species are linked by the following basic relation [13,14]
assuming that the solution remains electroneutral:

j:FZz,-J,»(x7 7). (3)

By inserting Eq. (2) in Eq. (3), the electrical field can
be computed:

j Oci(x,t) | cilx,t) Ovi(x,t)
RT jf+ zi:Z[Dei( Ox + ) ’Yax )

F S22 Deici(x, 1)

E(x,t) =

(4)

The flux of the ionic species can be calculated by
inserting Eq. (4) in Eq. (2):

Oci(x,t
Jx,0) = D | 250
Diffusion
b Saba (M50 4505 25)
—zici(x, t - 5
! l( ) ZZ%DW‘C[(X, t) ( )
i
Migration

vi(x,8)  Ox
——————

Activity

The relation to compute the concentration profiles is
given by the continuity equation [Eq. (6)]:

ICr; OJi(x,t

Ti _ l( ) ) (6)
ot Ox
where Cp; is the total concentration (mol/m® of
concrete) of the species i. This total concentration can

be written, for a representative volume of concrete, as
follows [Eq. (7)]:

Cri = pci+ (1 = p)pChi (7)

Fig. 1. LMDC diffusion test set-up.
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where Cy,; is the bound amount (mol/kg of concrete) of
species i in the solid phase, p is the concrete porosity
and p is the density of dry concrete (kg/m?).

The species considered in this paper are chloride, so-
dium, potassium and hydroxide. These species are the
major components [15] of the pore solution and therefore
it is a good approximation to limit our study to these four
ionic species. In the following paragraphs, Na', K, CI~,
and OH™ will be associated with the numbers i=1, i=2,
i=3, and i=4, respectively.

It must be emphasized that chloride binding has been
included in the model. The binding of chloride (physical and
chemical), is described in this first approach with a Lang-
muir isotherm relation [Eq. (8)]:

o Qcs
1+ Bes ' (8)

This last equation [Eq. (8)] is based on the following
assumptions.

Cu3

* The local thermodynamic equilibrium is maintained
during the migration test (instantaneous reactions).
The validity of this assumption has been recently
challenged by Castellote et al. [16]. Future improve-
ments of the model should make it possible to include
the rate of binding in order to verify the influence of
this phenomenon on the migration test results.

¢ The influence of the hydroxyl ion concentration on
the binding phenomena is neglected.

It is also assumed that for each chloride bound, one
hydroxide is released from the solid phase so as to keep the
electroneutrality of the pore solution [17]. The binding of
cations has been neglected in this study and therefore their
total concentration is equal to the free concentration in the
pore solution.

The four species considered hereby must verify a last
relation that is the local electroneutrality condition written
for a representative volume of concrete:

ZZ,‘C,‘ =0. (9)

i

Indeed, for a macroscopic system (much bigger than the
Debye length), Poisson equation can be written in its
dimensionless form [see Eq. (10)] [18]:

dAp = —4nF Y " zic;. (10)

This equation, which has been used recently by Samson
and Marchand [11] to describe the transport of ionic species
in electrolytic solutions, can be replaced by the local
electroneutrality condition [13,14,18] because Eq. (10) has
on the left hand side a very small parameter d (the squared
ratio of the Debye length to the size of our system, i.e., few
centimeters!), whereas on the other side of the same

equation there is the local charge balance. This usually
implies that the system may be regarded as split into the
locally electroneutral bulk solution (the one that we are
studying) and the electric double layers where most of the
space charge is concentrated. Indeed, according to Eq. (10)
even slight deviations of its right hand side from zero, on a
macroscopic scale, would require immense non -equilibrium
electric fields in the system, incompatible with the moderate
voltages usually used during migration tests.

On the basis of this analysis, the set of continuity
equations to compute in order to obtain the free con-
centration profile for each species is as follows (the
variables x and ¢ are omitted for simplicity reasons,
c(x,p)=c):

86‘1 1 8]1

- 11
ot p Ox (11)
802 1 8]2

s = 12
ot p Ox (12)
Jcs 1 oSz

- - - @@ 13
ot p+( —p)pf’aLc";3 Ox (13)
cy =c) +cy—c3. (14)

This last relation [Eq. (14)] is obtained from the electro-
neutrality condition [see Eq. (9)]. By inserting this relation
into Eq. (4), the electrical field can be expressed by:

RT
E(x,t) = ——
('x7 ) F
X%—FL%%—FM%%—N%—FC]F] —|—6‘2F2 —C3F3
d
(15)
with (Egs. (16) and (17)):
L= Del - De4
M = D¢ — Dey
N = De3 - De4
O = D) — Dey
P = D¢ — Dey
d = Oc| + Pc; + Ncs (16)
I = D, a'Yl(xv t) _ Dey 8'\/4()67 t)
! ‘Yl(xa t) Ox 'Y4(X, t) ax
r,_ (P My (x,1)  Des Oyy(x, 1)
? 'YZ(xa t) Ox '\{4()6, t) Ox
T = De3 873()(7 t) _ De4 8'\'4()‘77 t) (17)
: v3(x, ) Ox Valx, 1) Ox .

It will be shown later in this paper that the terms I';, ',
and I'3, which include the non-ideality effect of the solu-
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tion, are negligible and the last part of the theory is
developed without considering them.

According to these last assumptions and by insert-
ing Eq. (15) into Egs. (11)-(13), the following
system of dimensionless equations [Eqs. (18)—(20)]
can be obtained:

- et
p 0 0 Bt*]

.| e
0 p 0 8oy

0 0 pt+(1-phpfga] [%)

Jc 7 r Diey’
ox* a
:_i MATRIX - | %2 | + | Do/ (18)
Ox* Ox* @
9c3 _ Dgey”
Ox* - L d*

(—1 + CLL:)Del* CTd—A:[*Del*
MATRIX = Cé_{‘*DeZ* <_1 + C;d—A:[*)DeZ*
- cél_f*DeS* - CidlDeG*
N
_CITDel
_%Dﬂ*
_1 ﬂ)D *
( o )Pe (19)
with
D D iL
x*:i, t*——gt, c*:i, D, =—" and j* = Jo0
Ly L2 co Dy FeyDy
(20)

The mark * means that the variable is in its dimen-
sionless form. Dy, Ly, and ¢, are constants that are chosen
in order to have a good stability of the numerical
computations. In general, D, is the largest diffusion
coefficient, Lo is the characteristic length of the system
(thickness of the concrete sample), and ¢y is the largest
concentration. A finite difference method with an explicit
scheme [19] has been used to compute the concentration
profiles, the flux of the different species and the potential
distribution through the concrete sample. In order to
obtain results with a good accuracy, the computations
were performed with 301 nodes and with a constant time
step equals to 50 s.

The code, called MsDiff, has been developed with
Matlab® 5.3(R11) and a stand-alone application was
generated with the Matlab® compiler, the Matlab® Gra-
phics Library, and C/C++ Math Library. Therefore, this
program can be run on every PC without Matlab®™
installed on it.

3. Results of the simulations
3.1. Influence of experimental conditions

3.1.1. Influence of the chloride concentration in the
upstream compartment

Several authors have noticed that the measured effec-
tive diffusion coefficient is a function of the chloride
concentration [2—4,20,21]. During a pure diffusion test,
it has been shown recently [22] that this variation is
obtained because Fick’s law is not suitable to calculate
the real or intrinsic effective diffusion coefficient. Con-
cerning the migration test, it is not quite clear if the
variation observed is a true physical phenomenon, or if it
is, as in the diffusion case, a bad interpretation of the
experimental data.

In order to answer this question, several migration
tests were simulated by using MsDiff. It must be under-
lined that these simulations were performed by using a
constant current density and not a constant voltage. All
the experimental conditions were kept constant except
for the upstream chloride concentration. The input data
used for the numerical simulations are given in Table 1.
The boundary conditions were kept constant, as the
duration of the test was short enough to neglect the
variation of concentration in both upstream and down-
stream compartments.

The results for various level of chloride concentration
are given in Figs. 2—5. It can be seen that even in steady
state, the level of concentration for the different ions is
not constant. It must also be emphasized that even in this
case the flux upstream and downstream are almost the
same when the steady state is reached downstream (er-
ror<2%). That confirms previous studies performed by the
authors [6,8].

From the flux of chloride calculated with the model, it is
then possible to determine Decicyp, as it would be done
experimentally. The expression for Decjexp is given by the
following relation, proposed by Andrade [23], which is
actually a simplified version of Eq. (5):

J3 R
DeCl.exp = g ﬁ (21)

If J3 and c¢3 are measured by using the LMDC test
method [6,8], J3 is the upstream flux and c; is the average
concentration upstream during the migration test. By doing
so, it is possible to obtain the variation of Decjexp With the
chloride concentration upstream for the different simula-
tions. The evolution determined is shown in Fig. 6. The
same kind of variation has been found experimentally by
doing steady state migration tests for various level of
chloride concentration upstream [2,3]. Nevertheless, D3
included in the model was the same for all the simula-
tions. In fact, it can be noticed in Figs. 2—5 that
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Table 1
Input data used for the numerical simulations

@

Figure number Figs. 2-5, 7, 12, and 13

Fig. 8 Figs. 10 and 11

P
p (kg/m?)

Jj (A/m®)

Der (10712 m?/s)

De> (10712 m?/s)

Des (10712 m?/s)

Des (10712 m?/5s)

Q 1 x 1073

8

0.11
2300

15
2

3

7

Oorl x 1073
0.3

1x1073

(b)

Fig. 7

Figure number Fig. 2 Figs. 3-5

Pore solution 1

Pore solution 2 Fig. 8 Figs. 10 and 11 Fig. 12 Fig. 13

Duration of the test (days) 0.2or1 1
Length (cm) 3
Upstream concentration
1 625
2
3 600
4
Pore solution concentration
1 150
2 400
3
4 550
Downstream concentration
1 150
400

25+c;3 upstream

cf. Figs. 3-5

2
3
4 550

0.1 or1 5 orsteady state 1 0.5

1 3

595 210

80 400

570 10

105 600

250 150 200
200 400

cf. Fig. 13

450 550 600

250 150 200
200 400

450 550 600

concentration gradients exist at the interfaces' between the
concrete sample and the compartments even when the
steady state is reached. In this case, the Eq. (21) is no
longer valid because it does not take into account the
diffusion term. Eq. (5) should be used instead. It means
that, depending on the chloride concentration upstream
and on the pore solution composition, the concentration
gradients will be more or less important. Therefore,
variable errors are made on D.;. For some concentrations,
this coefficient is underestimated and for some other
concentrations it is overestimated.

These concentration gradients are developed because the
conductivity of the pore solution is not the same from
upstream to downstream. Indeed, it can be seen Fig. 2 that
the electrical field is larger upstream than downstream
because the conductivity of the pore solution is lower
upstream. The conductivity is lower because chlorides

' In the present paper, the term interfaces will always refer to the
surface between the ends of the concrete sample and the upstream or
downstream solution.

penetrate the concrete sample by replacing hydroxides. As
the chloride diffusion coefficient is smaller than the one for
hydroxides, the conductivity decreases.

3.1.2. Influence of the pore solution composition

Another parameter that influences strongly the results is
the initial pore solution composition. Indeed, as in the
previous case, different levels of concentration inside the
sample give different concentration gradients at the inter-
faces in steady state. The effect of two different pore
solutions composition on the measured Decyexp from Eq.
(21) have been simulated. The chloride concentration pro-
files simulated in both systems are presented in Fig. 7. The
inputs for the simulations are reported Table 1.

In the first case, it is found that Decyexp=1.99 X 10712
m?/s and in the second situation Deciexp=1.68 x 10712
m?/s. The difference between both results is not very
large because the pore solutions are quite similar. As a
matter of fact, depending on the curing conditions and the
mixture characteristics, the alkali content of the pore
solution can be much higher (or lower) than the values
considered. But, once again, it must be emphasized that
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Fig. 2. Example of output datasheet obtained with MsDiff code (cf. Table 1 for input data). (a). Duration of the test: 1 day. (b). Duration of the test: 0.2 day.

D¢; included in the model was still equal to the value
given in Table 1. It is explained further in this paper how
to limit these uncertainties on D.; by using the correct

experimental procedure.

3.2. Influence of chloride binding on the solid phase

A few experimental data can be found in literature
about the rate of chloride binding during a migration
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| Profiles at 1 day | |+ [CN=300 ‘
400 - | —[cn=100 ,
- — [CI]=50 !;J
_ s J
S
E
= 250
8
(]
520 CHLORIDE \
]
g 150
O
100 1
50 -
n
0 T T
0 05 1 15 2 25 3
Depth (cm)

Fig. 3. Chloride concentration profiles for various [CI] (mol/m®) upstream (cf. Table 1 for input data).

test [3]. The influence of the electrical field is not
well established so far and the simulations are a
powerful tool to understand how chloride binding can
affect the results.

The free chloride concentration profiles in transient and
steady states with or without considering chloride binding
are shown in Fig. 8. The parameters used for the Langmuir
isotherm are given in Table 1.

It appears that the binding has just a retarding effect on
the process. It means that the steady state is longer to
establish, but after a few hours, the differences on the level
of concentration and on the concentration gradient at the
interfaces are negligible.

3.3. Influence of the non-ideality of the solution

Recently, some investigators [11,24] discussed the effect
of the non-ideality of the solutions used to perform the
migration tests. By using PHRQPITZ [25] which is based
on Pitzer’s equations [26], the variation of the activity
coefficient y with the ionic strength of the electrolyte
considered has been established for the different ionic
species of interest in our purpose. The data obtained are
given in Fig. 9.

In order to see the influence of the activity coefficient
on the transport process, two systems are studied and
described in Fig. 10. In these examples, the current

600 = —]
Profiles at 1 day J ~ [Cl]=300
500 1 —[C=100 ‘
—
E [cn=50
= | I o Wbl
£ 400
c
]
| 3001
t
8
S 200 HYDROXIDE |
(¥] i
100 |
0 - T T |
0 0.5 1 15 2 25 3
Depth (cm)

Fig. 4. Hydroxide concentration profiles for various [Cl] (mol/m®) upstream (cf. Table 1 for input data).
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500 1 =

m——
Profiles at 1 day |
1 POTASSIUM I
E o )
° +
E 300
e
S J— = =
g e —_— - - D
B o [Cl]=300 [Cl]=100 [CI]=50
§ | =
o
o
190 SODIUM
0
0 05 1 15 2 25 3
Depth (cm)

Fig. 5. Cations concentration profiles for various [CI] (mol/m®) upstream
(cf. Table 1 for input data).

density is assumed to be equal to (. Therefore, a pure
diffusion process is considered. Indeed, it is in this case
(without external electrical field) that the non-ideality of
the solution will have the stronger effect on the results
according to Eq. (5).

From the data obtained with PHRQPITZ and Eq. (17) it
is possible to calculate I'y, I'5, and I'; for both systems by
using a finite difference procedure. Then, the values ob-
tained are inserted into Egs. (4) and (5) in order to obtain the
functions J and E of x. The results are presented in Fig. 11
and Table 2.

Even if the potential distributions differ only a few
percents, it is obvious that the influence of the non-
ideality on the fluxes and therefore on the concentra-
tion profiles is negligible as it was assumed previously
in this paper. This assumption is also supported by
Tang [24].

1E-11 7

4. Experimental procedure to determine the effective
diffusion coefficient with the LMDC test method

The first part of this paper demonstrates that the experi-
mental procedures that exist to measure D, are not suitable.
Usually, this coefficient is calculated from Eq. (21). But, it
has been shown that this equation is no longer valid when
concentration gradients are present at the interfaces. There-
fore, the new procedure must avoid these gradients as much
as possible. Fig. 12 shows that it is possible if the chloride
concentration upstream is very low (i.e., 0.01 mol/l) and if
the concentrations for the other ionic species are the same
upstream, downstream and in the pore solution. Indeed, in
this case, Decexp measured from Eq. (21) and Dg; included
in the model are equal (error<3%). This is because all the
concentration gradients in Eq. (5) become very small at the
upstream interface in such a situation (cf. Fig. 12).

The major problem is that, a priori, the pore solution
composition is unknown. Three options can be chosen at
this point. The first one is to use the pore expression
technique [27]. The second method is to use models that
give the pore solution composition from the cement type,
the ratio of water to cement, etc.... [28]. Eventually, it is
also possible to use a reference solution with the follow-
ing composition: [NaOH]=200 mol/m>, [KOH]=400
mol/m® upstream and downstream. [NaCl]=10 mol/m’
is added upstream. Of course, depending on the tested
concrete, the magnitude of the concentration gradients
developed at the interfaces will be more or less important
because of the initial pore solution composition.

Nevertheless, a sensitivity study for different pore solution
compositions is shown in Fig. 13. It can be noticed that the
maximum error made on D3 is about 10% that is the usual
discrepancy between two samples of the same concrete.

9E-12 +—

8E-12

TE-12

BE-12

SE12 771 CORRECT

4g-12 +— Declexp=Des

ER2dmmmm

Decl.exp (mzls)

2E-12

.
|
I

1E-12 T

0 100 200

300 400 500 600

cs (mol/m®)

Fig. 6. Variation of the measured Decjexp (from the model) with the upstream chloride concentration.



Fig. 7. Influence of the pore solution composition on the chloride concentration profiles (cf. Table 1 for input data).
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Fig. 8. Influence of the chloride binding on the transport process (cf. Table 1 for input data).
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Fig. 9. Variation of the activity coefficient value with the ionic strength of the solution.
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10-a. Profiles in steady state
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10-b. Profiles at 5 days
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300
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Concentration (mol/m 3)
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Depth (cm)

Fig. 10. Concentration profiles in steady (a) and transient (b) states to study the influence of the activity of the solutions (cf. Table 1 for input data).
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Fig. 11. Influence of the non-ideality of the electrolyte on the potential distribution (cf. Table 1 for input data).
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Table 2
Influence of the non-ideality of the solution on the flux values (for x=1 mm)

1591

No activity in steady state Activity in steady state

No activity in non-steady state Activity in non-steady state

Flux Na* (mol/(m? s)) 7.90E—11 7.80E—11
Flux K" (mol/(m? s)) —1.28E—-10 —1.28E—-10
Flux CI~ (mol/(m® s)) 1.14E—-09 1.13E—-09
Flux OH™ (mol/(m? s)) —2.47E—-09 —2.48E—09

1.22E-10 1.23E—-10
—2.93E—-10 —2.91E-10
5.24E-09 5.25E-09
—1.37E-08 —1.37E-08

Based on these interesting results, the following procedure
can be applied in order to get D3 with a satisfactory accuracy:

Materials, equipment:
Vacuum saturation equipment.
LMDC diftusion test set-up [8].
Chemical analysis equipment.

Specimens and preconditionning:
Specimens with the following dimensions can be tested:
diameter — 10 or 11 cm,
thickness — 1 to 5 cm.
Prior to testing, the specimens have to be saturated with
alkaline solution ([NaOH]=25 mol/m® and [KOH]=80
mol/m?) until constant weight is reached.

600 g, o 12
E HYDROXIDE
z 500 | CHLORIDE 10
T
s \ POTASSIUM o
e 400 =it e - ! 18 S
+ 7 - 5 8
2 32
S © 300 6 2 8
L= E 3 a.
C <
] < 3
S SODIUM 3
g 200 4 °
= o
3 =
o
g 100 2
o l
|
1
0 0
0 05 1 15 2 25 3
Depth (cm)

Fig. 12. Concentration profiles obtained when [Cl] is very small and the initial concentrations for the other species are the same everywhere (cf. Table 1 for

input data).
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“g 29012 ] | INa]=150 [OH]=550
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2.60E-121
2.50E-12-

Pore solution type (concentration in mollm’)

Fig. 13. Sensitivity study (cf. Table 1 for input data).
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Solutions (upstream (volume=0.5 1) and downstream
(volume=21)):
[NaOH]=200 mol/m?>.
[KOH]=400 mol/m”>.
[NaCl]=10 mol/m’ is added upstream.
Measurements:
The chloride concentration is measured at the
beginning and at the end of the test according to
Truc et al. [6] in order to obtain the upstream flux J3
and the average concentration during the test c;.
For concrete with W/C>0.5 the last of the test is about
3 days or less.
For concrete with W/C<0.5 the last of the test is about
1 week.
The sampling of the solutions for analysis has to be
done with a micropipette.
Calculation of D.3:
The effective diffusion coefficient is calculated by
using Eq. (21) because by using this experimental
procedure Decyexp—Des.

5. Conclusion

From the results obtained with MsDiff code, it is possible
to give the following conclusions concerning the transport
of multi-species during a migration test.

¢ Because of the solutions usually used to perform
the test, concentration gradients are developed at the
interfaces between the concrete sample and the com-
partments. In this case, the simplified version of
Nernst—Planck’s relation (see Eq. (21)) is not valid.

¢ The influence of the pore solution composition is
important whereas chloride binding or the non-
ideality of the solutions have negligible effects on
the concentration profiles in steady state.

* A new procedure is presented that allows to determine
the effective diffusion coefficient of chlorides with
good accuracy.
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