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Abstract

This paper presents a new method for measuring the chloride diffusion coefficient in concrete from steady state migration tests. First,
we review concepts of the steady-state diffusion and migration tests. We emphasize that these tests have limitations if we use them in the
classical way. Then, we show how it is possible to determine the chloride diffusion coefficient from a steady-state migration test by mea-
suring the drop in chloride concentration in the cathodic solution. Four different concretes were tested to show the influence of the ce-
ment and the water/cement ratio. The results are as accurate as those obtained with an ordinary method. Moreover, it is easy to make use
of this method and the length of the test is now comparable with the time spent in using a non-steady state experiment. A numerical
model based on a finite difference method allows us to illustrate some equations. © 2000 Elsevier Science Ltd. All rights reserved.
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1. Introduction

To predict the service life of concrete in marine environ-
ments, we have to know the flow rate of chloride ions
through a unit area of concrete. Therefore, we have to know
both the effective chloride diffusion coefficient D, and the
chloride binding isotherms. Thereafter, experimental evalu-
ations of the effective chloride diffusion coefficient in par-
ticular are discussed. We have two different approaches to
determine the effective chloride diffusion coefficient. A nu-
merical model based on a finite difference method [1] al-
lows usto illustrate some equations. First, we can use a pure
steady state diffusion test [2]. During the experiment, the
measurement of the chloride concentration in the down-
stream cell alows us to calculate the diffusion coefficient
once the steady state is reached by using Fick’s law. By re-
ferring to Fig. 1 we can observe the increase of chloride
concentration in the downstream cell that is simulated by
using anumerical model. Two curves are presented to show
the chloride binding effect on the same concrete. It must be
emphasized that this chloride binding was assumed to be in-
stantaneous in the simulations.

We can see that this binding effect does not modify the
determination of the diffusion coefficient since it has noin-
fluence on chloride ion flux in the steady state. Chloride
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binding just leads to an increase in time lag [2]. Therefore,
this method seems to be an efficient way to find the diffu-
sion coefficient. However, steady state diffusion tests have
an important drawback. Indeed, the experiments are time-
consuming and we can’t use this kind of test as a standard
procedure.

Since diffusion experiments are time-consuming, steady
state migration tests were developed to accelerate chloride
ions through the concrete [3—7]. Thisis the second possibil-
ity that we have to measure the effective chloride diffusion
coefficient in concrete. As in the previous case, the flux of
chlorides is measured in the downstream cell at the anode
(cf. Fig. 2).

As the flux becomes constant, Nernst-Planck’s relation
[3] alows us to deduce the value of the diffusion coeffi-
cient, asseenin Eq. (1):
zZF ouU
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It must be noticed that in this equation, the concentration
is assumed to be equal to the activity of chlorides. Indeed,
according to Arsenault [8], the influence of the activity co-
efficient on the flux of chloridesis negligible. In Eq. (1),

J(x): flux (mol/m?/s)

c: concentration (mol/mq)

D, diffusion coefficient (m?/s)
z valence number
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Fig. 1. Diffusion test simulation (D,=2.10"*2 m?s, thickness=1 cm, ¢,,=0.564 mol/L upstream).

F: Faraday’s constant [J/(V * mol)]
U: potential (V)

R: gas constant [J/(mol « K)]

T: temperature (K)

v(X): velocity of solute (m/s)

Since the concrete is saturated, the velocity of solute can
be neglected. By assuming a constant electrical field across
the sample, Eg. (1) can be simplified [3] and then we obtain
[seeEq. (2)]:
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Fig. 2. Migration experiment principle.

where

E: electrical field (V/m)
Jiown: 10N flux in the downstream cell in steady state
(mol/m?/s)

From Nernst-Planck’ s relation and a numerical model based
on a finite difference method (cf. Fig. 3) we can, as in the
diffusion case, verify that chloride binding has an influence
upon time lag but it does not alter the value of the diffusion
coefficient.

Therefore, we are able to determine the diffusion coeffi-
cient of concrete within a short period by using the migra-
tion test. However, it isimportant to notice that the calcula-
tion of the diffusion coefficient from the measurements of
the chloride ion concentration in the downstream cell is
based on many assumptions:

To establish a steady state, the concentration gradient
must be constant during the test. Therefore we have to
renew the upstream and downstream solutions fre-
quently.

Chloride ions interact with concrete and this leads to a
decrease of the chloride ion penetration rate within
the concrete sample. We have seen previously that
this phenomenon does not affect the value for the ef-
fective diffusion coefficient, but it increases the time
lag. The tests must last longer so that the diffusion co-
efficient can be determined with good accuracy.

To obtain an accurate value for the diffusion coefficient,
it is necessary to measure carefully the amount of
chloride ions that get into the concrete sample. How-
ever, during a migration test, chemical reactions may
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Fig. 3. Migration test simulation (D,=2.10"*2 m?/s, thickness=1cm, ¢,,,=0.564mol/L, U=12V).

occur at theanode: 2Cl~ (ag) - Cl,(g) + 2e and 6
HO() - O,(g) + 4H;0" (aq) + 4 €.

These reactions depend mainly on the electrode poten-
tia, the intensity in the circuit, and the upstream solution
pH [9]. We can easily understand that we must avoid the
first reaction, otherwise a part of the chloride ions that reach
the anode disappears as gaseous chlorine Cl,(g). The mea
surement of the flux and therefore of the diffusion coeffi-
cient will be wrong. This phenomenon can be observed es-
sentially when the tested concrete is cracked or very porous.
Indeed, as the conductivity of the concrete sample in-

creases, the intensity in the circuit becomes larger and the
solution becomes acidic and this favors the formation of
chlorine Cl,(g).

On the other hand, if the medium remains basic with a
high pH, we can see in Fig. 4 that chloride ions are not the
only species in the solution [10]. Hypochlorite ions CIO™
can be present in the anodic solution as well. Their amount
depends essentially on the pH, the electrode potential, and
therefore, once again, the concrete conductivity. Those ions
may disturb the measurements during the titration of the
downstream solution.

Indeed, if atitrimetric method with silver nitrate is used,
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Fig. 4. Potential-pH diagram for Cl [10].
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Fig. 5. Steady state migration tests [6].

acid must be added to the solution to make the titration possi-
ble. This acid will react with hypochlorite ions according to
the following reaction: CIO™ (ag) + Cl~ (ag) + 2H* (ag) —
Cl, (g) + H,O (). Therefore, we can see that one part of the
chloride ions will not be measured because they will disap-
pear as gaseous chlorine.

We can see very well the influence of these problems if
we observe some results published by Tang [6]. Fig. 5 shows
the accumulated flow of chloride ionsin the downstream cell
for concrete with different water/cement ratios. We can no-
tice that after 80 h there is an obvious decrease in the mea-
sured flux for concretes with water/cement ratio > 0.5. Ac-
cording to Tang, for those concretes the effective diffusion
coefficient from steady-state tests and the diffusion coeffi-
cient from non-steady-state tests lead to different intrinsic
diffusion coefficients D,. The chemical reactions at the an-
ode and the errors made during the titration of the down-
stream solution could explain such a difference. Indeed, as
the amount of chloride ionsin the downstream cell is under-
estimated, the intrinsic diffusion coefficient obtained from
the effective diffusion coefficient is certainly wrong.

Therefore we stress the fact that the procedure to deter-
mine the effective diffusion coefficient from the measure-
ment of the chloride ion concentration in the downstream
cell is not perfect. Indeed, the durations of the tests can be
important, the experiments can be difficult to perform, and
finally the value of the diffusion coefficient is determined
with varying degrees of accuracy depending on the proce-
durethat is used.

To make up for these difficulties, we present in this arti-
cle a new method that permits the determination of the ef-
fective diffusion coefficient. We show that it is not neces-
sary to measure the chloride ion concentration in the
downstream cell and that it is more judicious to measure the
drop in chloride concentration in the upstream cell. We can
obtain effective diffusion coefficients very quickly while
keeping the possibilities offered by the steady-state migra-
tion test:

Measurement of D, variation with the concentration
D. measurement when the sample is aready contami-
nated with chloride ions

and so on.

2. Theoretical approach

During diffusion tests or migration tests we determine
the time necessary to reach the steady state by following the
increase in the chloride concentration in the downstream so-
lution. Another possibility could consist of measuring the
drop in the upstream concentration. We are going to discuss
from atheoretical point of view these two different approaches
both for adiffusion process and for a migration process.

2.1. Diffusion

In the case where the diffusing species and the concrete
do not interact, we can easily show [11] that the accumu-
lated loss of chloride ions Q,, in the upstream cell in the
non-steady stateis equal to [cf. Fig. 6; see Eq. (3)]:

Dt
Quplt) = 250, == )

where

Cyp: Upstream concentration (mol/m?)

p: porosity

t: time (9)

S surface of concrete exposed to the chloride solution (m?)

The steady state is reached for a time equal to the time
lag t; defined by Massat [12] according to the relation
shown in Eq. (4):

2

- pL
tl 6De (4)
where

t: timelag (s)

L: thickness of the sample (m)

The chloride ion flux through the sample becomes con-
stant and we end up with Eq. (5):

C
‘]up = ‘]down = e% (5)
Thisistheclassical Fick’sfirst law with:

J,p upstream flux of chloride ions (mol/m?/s)
Jyown: downstream flux of chloride ions (mol/m?/s)

If the chloride ions and the concrete interact, we can
show [11] that the time lag t 1,4 Can be expressed as shown
in Eq. (6):

Y pind = t[l + E%QEPS%} (6)

where
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Fig. 6. Simulated quantity of Cl~ ions upstream (loss) and downstream (gain) (D,=2.10""m?/s, L=1cm, ¢,,=0.564mol/L).
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We have consequently [see Eq. (7)]:

b <1 pind (@)
Therefore the steady state isreached later than in the pre-
vious case because the interactions slow down the chloride
ions penetration. However, when the steady state is estab-
lished, the flux remains constant within the concrete and
identical to the one given by Eq. (5). The effective diffusion
coefficient is therefore independent of interactions.

To summarize, we can say that whether we calculate the
effective diffusion coefficient from the upstream flux or
from the downstream flux of chloride ions, we will obtain
the same result during the steady state. The time to reach the
steady state upstream or downstream is the same so usually
we measure the flux in the downstream cell but we could
measure the upstream flux as well. In the diffusion test,
there are two principal reasons why we measure the chlo-
ride concentration in the downstream compartment. First, it
allows us to quantify the interactions between the chloride
ions and the concrete [13], and the chloride concentration
analysisis easier to perform downstream.

2.2. Migration and diffusion of chloride ions

Let us now examine the case of a migration process cou-
pled with the diffusion process. We know from Eq. (1) that
the flux of ions through a saturated concrete sample, where
the convection term can be ignored, can be written as seen
in Eq. (8):

During a migration test, assuming that the upstream side
of the concrete sample will be very quickly saturated with
chloride ions, we can neglect the diffusion term since there
will be no concentration gradient at x = 0 (cf. Fig. 7).
Therefore, the flux of chlorides through the upstream sideis
constant and equal to [see EqQ. (9)]:

=

J :'RTI_

up DeunC

eup

upE

9)

We can see that the upstream flux is independent of in-
teractions and time. The calculated curves in Fig. 8 show
that the effective diffusion coefficient can be determined
very quickly from the flux through the upstream side of the
concrete sample. Indeed, it is not necessary to wait for the
steady state to be established as in the case of the flux mea-
surement in the downstream cell.

If al the parameters for the tests are well controlled (po-
tential difference, temperature) we can then determine the
effective diffusion coefficient by measuring the drop in
chloride ion concentration in the upstream cell. It is only
necessary to apply Eq. (10):

= 1RTyp

Dewp = cpF E

(10)

where

E: electrical field (V/m)

Jyp: chloride ion flux through the upstream side of the
sample (mol/m?/s)

Cyp: average concentration in the upstream cell (mol/m?)

With [see Eq. (11)]:
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Fig. 7. Simulated concentration profiles of Cl~ ions (D,=2.10"*m?s, L=1cm, ¢,,=0.564mol/L, U=12V).
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J

values of the effective diffusion coefficients for the same
concrete sample, by measuring the upstream and down-
stream flux of chlorides.

(11)

Cypa: CONCentration at the beginning of the test (mol/m?)

Cypz: CONcentration at the end of the test (mol/m®)
V: volume of solution in the upstream cell (m?®)

3. Experimental study

S concrete surface exposed to chloride ions (m?) 3.1. Procedure and concrete composition

t: duration (s)

Four different concretes were made in accordance with the

Starting from Egs. (2) and (11), we can then compare the French NFP18305 standard, which specifies conditions to ob-
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Fig. 8. Simulated upstream and downstream flux during amigration test (D=2.10""2m?/s, L =1cm, ¢,,=0.564mol/L, U=12V).
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Tablel
Concrete characteristics

Water/cement ratio

0.32 0.32 0.55 0.55
Cement dosage (kg/m?) CPA-CEMI 52, CPA-CEMI CPA-CEMI 52, CPA-CEMI

5 PMES 425 52,5R 425 5 PMES 364 52,5R 364
Gravel 10/14 (kg/md) 730 730 690 690
Gravel 4/10 (kg/m?) 400 400 372 372
Sand 0/4 (kg/m?) 750 750 708 708
Water (L/md) 136 136 200 200
Superplasticizer (% cement) 2 2 - -
28-d compressive strengh (MPa) 72 92 335 345
28-d porosity (%) 11.2 11.2 165 17.3
serve when the concrete structure is located in a marine envi- 4. Discussion

ronment. Two kinds of cement were studied for two different
water/cement ratios. The porosity to water and the 28-day com-
pressive strength of these concretes have also been determined.
The characterigtics of these concretes are shown in Table 1.
The chemical composition of the cementsis shownin Table 2.
For each concrete, we cast cylindrical samples (J11 X

22 cm). From those samples, we cut 3-cm thick discs. Be-
fore the migration tests, these discs were vacuum-saturated
with abasic dkaline solution (NaOH + KOH). The concretes
weretested after 14 days of standard water curing and 1 day of
preconditioning. The times givenin Figs. 9, 10, and 11 do not
include these 14+ 1 days prior to testing. The downstream so-
[ution was changed every 2 to 3 days and the upstream solu-
tion every 5 to 7 days. These changes are necessary for the ti-
tration of the solutions but they also permit a basic pH to be
obtained in the downstream cell. The tests lasted about 15
days. Thisduration is sufficient to reach the steady state and it
alows us to make two or three measurements of the flux in
the upstream cell. A 12-V voltage was applied between the
sides of the concrete sample, and it was checked throughout
the test. The solutions were titrated with silver nitrate (0.1
M). For upstream solutions, small amounts (0.5 mL) were
taken with an electronic pipette. Therefore the solutions have
not been diluted and this improved the accuracy of the mea
surements. The solutions were made with NaOH (0.025 mol/
L) + KOH (0.083 mol/L) in upstream and downstream cells.
NaCl (0.564 mol/L) was added in the upstream solution.

3.2. Results

The variation over time in the quantity of chlorideionsin
the upstream and downstream cells is shown in Fig. 9 for
concretes with water/cement ratios equal to 0.32. Figs. 10
and 11 show the variation over time of the effective diffu-
sion coefficient determined from upstream data.

4.1. Influence of binding

It can be seen in Fig. 9 that the flux measured in the up-
stream and downstream cells is equal once the steady state
is established. The simulated curves shown in Fig. 8 are
confirmed and we clearly demonstrate that the upstream
flux is independent of interactions between chloride ions
and concrete. Therefore, it is correct to calculate the effec-
tive diffusion coefficient from Eq. (10).

4.2. Influence of time and concrete mixture

We can notice in Figs. 10 and 11 that the variation of the
effective diffusion coefficient D, depends on time and
concrete mixture. For the concretes with water/cement ra-
tios = 0.55, D, decreases drastically between 15 and 30
days, whereas for concrete with water/cement ratios = 0.32
the values are amost constant. This is a logical result that
confirms permeability data or cement hydration theories[14].

Therefore, to compare D, and Degonn We have to be
very careful. Fig. 12 shows the simulated flux upstream and
downstream during a migration test. The duration of this
simulated test was 10 days. For the purpose of the smula-
tion, we made the effective diffusion coefficient vary lin-
early with time for 5 days and then we kept it constant. This
simulation demonstrates why it is important to calculate
Deup @nd D¢ gown ONCE the steady state is reached to avoid the
influence of the variation of the diffusion coefficient.

Fig. 13 shows a comparison between the values of the ef-
fective diffusion coefficient measured from upstream and
downstream data for the different concretes. To neglect the
concrete age effect and therefore the variation of the effec-
tive diffusion coefficient, the value D, for t = 4 days was
not taken into account in calculating the average value from
upstream data.

Table2

Chemical composition of cements (%)

Cement Na,0 K,0 cl Ca0 SO, SO, Al,03 MgO Fe,0O5 LOI
CPA-CEMI 52,5 PMES 0.29 0.10 0.05 67.2 21 22.7 29 0.71 20 179
CPA-CEMI 52,5R 0.12 0.62 0.05 63.2 2.96 19.7 5.25 1.89 2.28 1.78

LOI = losson ignition.
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Fig. 9. Experimental flux upstream and downstream during a migration test.

It can be seen that the results confirm the theory. Indeed,
the measured diffusion coefficients from upstream data are
equal to the diffusion coefficients measured from downstream
data. Concerning the concretes with water/cement ratios =
0.55, the accuracy would have been better if the concrete mi-
crostructure had been stable during the test. Nevertheless, the
determination of the effective diffusion coefficient from the
measurement of the upstream flux is correct. Indeed, we can
obtain a diffusion coefficient with the same accuracy if the

flux is measured downstream, but in that case it is not nec-
essary to wait for the steady state to be established. More-
over, in this way the problems related to chemical reactions
that can occur at the anode are avoided.

It must also be emphasized that when we have to calcu-
late De gown from Eq. (2), we need to know the concentration
upstream. Usually, this concentration is assumed constant,
but to obtain the exact diffusion coefficient downstream this
value should be known during the test.

®0.55

[J0.55PM

.00E-12

2,00E-12

Effective diffu:

1.00E-12

Fig. 10. D, values from upstream data for concretes with W/C=0.55.
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Fig. 11. D, values from upstream data for concretes with W/C=0.32.

Finally, it must be noticed that it is not possible to obtain
the variation of the effective diffusion coefficient when the
concrete is very young by measuring D goun. Only a rapid
method can determine this variation with good accuracy.

5. Conclusions

Measurement of the coefficient Degoyn IS lONg and the
tests are not easy to perform. Moreover, chemical reactions

3.5 T

’:UpsTeam ]

‘+ D_Q\_antream \

2.5

Weight of CI- (g)
loss or gain

0.5

can occur at the anode. Those reactions are difficult to con-
trol and to quantify. The value of the diffusion coefficient is
therefore determined with alarge uncertainty.

The measurement of the flux of chloride ions through
the upstream side of a concrete sample allowed us to
highlight the following points:

» The upstream flux is constant and therefore indepen-
dent of interactions.

I:)e,down

150 200 250

time (h)

Fig. 12. Simulation of amigration test—Influence of the variation of the effective diffusion coefficient with time (L =1cm, ¢,,=0.564mol/L, U=12V).
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Fig. 13. Comparison between D, and De goun-

* The diffusion coefficient D, is equal to the diffusion
coefficient Degoun-

The effective diffusion coefficient can be determined
with the same accuracy but faster than before. This method
is currently used in our laboratory and should allow us to
quantify the influence of different parameters such as the
age of the concrete and the chloride ion concentration on the
effective diffusion coefficient. The relations will then bein-
troduced in a predictive model for the rate of chloride ion
penetration in areinforced concrete structure.

Eventually, it may also be possible to use this method to
measure the diffusion coefficient of concretes aready con-
taminated by chloride ions.
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