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Abstract

Due to the increase in the hydroxyl ion concentration generated as a consequence of the cathodic reaction of water electrolysis, the
diffusion coefficient of chloride ions decreases during chloride extraction experiments. In a previous work carried out by the authors, an
empirical equation to model this decrease in the diffusion coefficient as the treatment proceeds was given. Based on this equation,
mathematical modelling of the extraction is carried out in this paper. This modelling allows the calculation of the time needed to achieve a
particular percentage of chloride extraction as a function of the electrical charge passed, as well as the remaining chloride profile in the
concrete. Numerical examples applied to the case in which chlorides were homogeneously distributed in the specimens are given to illustrate
the modelling. These are also applied to experimental results previously published by other authors, finding a good accordance. © 2000

Elsevier Science Ltd. All rights reserved.
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1. Introduction

Since chloride removal in concrete was first investigated
[1,2], the application of electrical fields to concrete, as non-
destructive repair methods, has been increasingly used [3—
6]. Therefore, a great interest in the understanding of
mechanisms involved in the electrochemical process has
arisen. Although the main processes developed during the
application of electrical fields to concrete structures are at
present better known [3—8], mathematical modelling of the
phenomenon is not completely developed, in spite of the
fact that models have been proposed. For example, a recent
model [9] has been published on the basis that electro-
chemical removal is dominated by the rate of release of
bound chloride.

In order to understand the phenomena developing dur-
ing electrochemical treatments and consequently, to be
able to model it, it is necessary to consider that transfer-
ence numbers are one of the key parameters in the
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description of a system in which electrolytic transport of
current is involved. The transference numbers determine
the amount of current carried by the species of interest,
and therefore give their rate of transport. In the literature,
references to transference numbers, in association with the
efficiency of electrochemical chloride extraction, can be
found [3,9—13]. However, their evolution is not considered
in the modelling of the electrochemical extraction. In a
recent paper, Sa’id-Shawqi et al. [14] modelled the extrac-
tion from chloride transport numbers, but assuming that
the chloride ion diffusion coefficient remained constant
during desalination.

In the present paper, as a continuation of the previous
work developed by the authors on the application of
electrical fields to concrete, mathematical modelling of
the processes occurring during the electrochemical chloride
extraction is undertaken. The modelling is based on
experimental trials previously reported in Ref. [15]. It
takes into account the fact that the efficiency of the
technique (with regards to the percentage of extraction)
and also the chloride transference numbers, decrease as the
treatment proceeds. This is modelled as a progressive
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decrease in the diffusion coefficient. The model has been
applied to results of Bertolini et al. [16], and the findings
exhibit good correlation.

1.1. Development of the mathematical model

The development of the mathematical model is based on
the previous work by the authors [17—19]. There, it was
established for practical uses that it can be used an analogy
of treatment between migration and diffusion under non-
steady-state conditions. This analogy is based on consider-
ing a “migration coefficient,” Dy,;s, Which enables any
known solution of a diffusion problem to be applied to a
migration experiment.

This analogy with diffusion tests has already been used
in the calculation of chloride diffusion coefficients during
electrochemical extraction [19], when either chloride is
present in a constant concentration in concrete, or when
there is a chloride profile as a result of the exposure of
concrete to a contaminated environment. However, in the
previous work [19], model predictions did not completely fit
experimental data. This led to the conclusion that the
diffusion coefficient during the extraction experiment had
to be smaller than the value derived from the penetration
period (profile fitted) what now is attributed [15] to the fact
that the diffusion coefficient does not comply with the
assumed constancy during the treatment.

The experimentation has shown that the most important
factor to consider is that the efficiency in chloride extraction
reduces as the treatment proceeds [15,20,21]. The best way
to represent this is by means of the transference number of
chlorides. Decrease in accumulative transference numbers
(average from the beginning of the test until the moment of
calculation) follows a potential trend that has been mainly
attributed to the OH™ generation (as a result of the cathodic
reaction of water electrolysis) which preferentially carry the
current due to their higher mobility [15,21]. Therefore, it
can be justified that the “extraction” diffusion coefficient
decreases during the extraction period as a consequence of
the decrease in the chloride transference number. In addi-
tion, in a similar manner to the decrease of transference
numbers, chloride diffusion coefficient during the extraction
depends on the circulated charge during the test [15]. In this
way, a mathematical expression of general application was
derived from experimental work in which chlorides were
homogeneously distributed through the specimen and using
external electrodes [15]. This equation [Eq. (1)] allows the
calculation of the diffusion coefficient at every specified
time for each experiment:

D mij,
0(mig) (1)

Dext = mE0/m]

where D, is the accumulative diffusion coefficient of
chlorides during the extraction for a settled amount of
electrical charge density passed; Dymigy is the initial
diffusion coefficient of chlorides corrected to take into

account the acceleration of the electrical field applied [18];
Q is the electrical charge passed (coulombs).

With regard to this expression and taking into account
that during the removal treatment, diffusion coefficient of
chlorides is not constant, it arises the need to properly
define conditions before calculation. Therefore, in ana-
logy to the nomenclature established for transference
numbers [22], diffusion coefficients used in present study
are the accumulative ones, as long as the coefficients
calculated for a specific time (electrical charge) are the
averaged value from the start of the test until the moment
of calculation.

The expression given in Eq. (1) can be implemented in any
of the equations used for describing the extraction process.

1.2. Application of the mathematical model

The approach is applied here to the case where the
chlorides are added to the water and therefore, are
homogeneously distributed in the sample. The process is
as follows.

1.  Determination or assumption of an “initial” diffu-
sion coefficient of chlorides through the matrix
(Do).

2. Calculation of the corresponding initial Do(mig) tak-
ing into account the specific characteristics of the
electrochemical treatment (electrical potential drop
and geometry of the specimen), according to Eq. (2)
[23].

zF Ad

rTD 2In(21) 2)

Do(mig) =
where A¢ is the voltage difference applied (V)
and 2/ is the thickness of the specimen or of the
cover (cm).

3. For each time period, calculation of the decrease in
the migration coefficient due to the passage of
current and the consequent decrease in transference
number, in accordance with Eq. (1).
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Fig. 1. Evolution of D, as the experiment proceeds for two different
current densities applied to the same concrete (Dy = 0.77E — 8 cm?/s).
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1 A/m2; Dmig initial=8.59E-7;Cs=0;

Fig. 2. Predicted chloride profiles in the specimen at a current density of
1 A/m?,

4. Calculation of the chloride profiles during the ex-
traction assuming an initial condition (profile or
homogeneous distribution of chlorides).

2. Numerical examples on concrete having a
homogeneous chloride distribution

2.1. Example I: Theoretical calculation

(1) Considering a concrete specimen of 10 x 10 x 5
cm, homogeneously contaminated with chlorides (initial
concentration, Co = 0.5% by weight of concrete) and a
resistivity of about 16,000 ) cm, it can be assumed an
initial diffusion coefficient for chlorides (Dy) of 0.77E—8
em?/s in accordance with the modified Nernst—Einstein
equation [4].

(2) Calculation of Dymig): If a current density of 1 A/m?
is applied, and taking into account the value of the
resistivity, a voltage drop of 9 V is required. In these
conditions, the initial Dyig) of chlorides in the extraction
will be of 8.59E—7 cm?/s [23]. If the experiment is going
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to be run at 2 A/m?, a voltage of approximately 20 V will
be needed. Therefore, in this case the initial Dogmigy Will be
of 1.91E—6 cm?/s.

(3) According to Eq. (1), the extraction diffusion coeffi-
cient of chlorides will decrease as the test proceeds. This is
shown for this particular example in Fig. 1. It is important to
point out that for the same concrete, depending on the
experimental conditions of the desalination, the diffusion
coefficient of the extraction process will be different. As can
be seen in Fig 1, there is a comparatively greater decrease in
diffusion coefficients when the initial diffusion coefficients
are high.

(4) Fitting the experimental profiles to the corresponding
diffusion equation: Present example deals with an initial
chloride concentration uniformly distributed in the specimen
[14,15] and external electrodes. The resulting profile will
have a maximum in the centre of the specimen due to a
“push-and-pull” effect at the end zones [15]. Therefore, a
diffusion equation of a desorption process of a compound
initially homogeneously distributed in a membrane of thick-
ness 2/ is selected for this case. The surface concentration to
both sides of the membrane has been assumed to be
constant. The solution is given by Eq. (3) [24].

00 _qn

C - C 4
7‘):1__2
C—Cy T 2n+1

- exp|—Dexi(2n 4 1)*72t/4]cos

2n+ )mz
21
(3)

where C(x,?) is the chloride concentration at depth x and a
time ¢ (%); Cy is the initial chloride concentration in the
specimen (%); C, is the surfaces’ chloride concentration
(%); x is the depth in the specimen (cm) (—/ <x <[).
Thus, the modelling of the extraction process accord-
ing to this equation has to consider for each time the
corresponding charge density that has passed and conse-
quently the calculated extraction diffusion coefficient
(Dexy). For these calculations, it has been assumed that

T %Clr

cm

Fig. 3. (a) Evolution of the predicted concentration of chlorides in the medium point of the specimen (cm = 0) at a current density of 1 A/m”. (b) Corresponding

profile when the maximum extraction is reached (23 days).
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2A/m2, Dmig initial=1.91E-6, Cs=0;

Fig. 4. Predicted chloride profiles in the specimen at a current density
of 2 A/m’.

surface concentration to both sides of specimen is equal
to zero (in order to illustrate a more favourable extraction
case). With these assumptions, the profiles of chlorides
that are obtained for current densities of 1 and 2 A/m? are
shown in Figs. 2-5.

In Fig. 2, a three-dimensional plot shows the concentra-
tion of chlorides at every depth of the specimen from 0 to
60 days.

In Fig. 2, it can be seen that there is a specific time where
the extraction reaches a maximum, that is to say, concentra-
tion of chlorides in the specimen reaches a minimum, being
a later increase in chloride concentration.

This minimum chloride concentration at a specific
duration of the process is attributed to the fact that in
this treatment as previously commented, accumulative
diffusion coefficients are being used. The mathematical
appearance of the minimum is a consequence of the fact
that there is a point in which the accumulative extraction
diffusion coefficient has decreased so much that an
additional increase in the time of the treatment does

%Cl g5

0.495
Point of
0.49 maximum
0485 extraction

0.48
0.475
0.47
0.465

not imply further desalinisation, since the global coeffi-
cient becomes smaller. Therefore, the exact point where
the minimum appears gives very important information.
Beyond this point, further treatment time will not have
any practical influence on extraction. Therefore, this
modelling reproduces the actual behaviour until maxi-
mum extraction is reached. This will give the optimum
treatment time.

In this case of a current density applied of 1 A/m?, the
minimum in chloride concentration takes place after ap-
proximately 23 days of treatment. This can be clearly seen
in Fig. 3, where for a specific depth of the specimen (in this
case, the medium point, where concentration of chlorides is
the highest one; cm = 0) the evolution in the predicted
concentration is shown (Fig. 3a). In Fig. 3b. the resulting
profile corresponding to this time is given.

In the case of a current density applied of 2 A/m?,
following the same presentation than in the previous case,
Fig. 4 shows the three-dimensional plot of calculated
profiles at different times.

As it occurred in the case of a current density of 1 A/m*
applied, there is a minimum in the chloride concentration,
that in this case takes place after approximately 11 days of
treatment, as can be seen in Fig. 5a. For this time, resulting
profile is shown in Fig. 5b.

Another interesting point derived from this modelling is
that it is not possible to reach complete desalinisation. For
each system, a certain limit of extraction cannot be ex-
ceeded. Beyond this point, chloride transference number is
so low that chlorides do not take any part in carrying the
current.

2.2. Example II: Application of the proposed calculations to
the experimental results from Bertolini et al. [16]

The model has been also applied to the experimental
data reported by Bertolini et al. [16] where cathodic

% C
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Fig. 5. (a) Evolution of the predicted concentration of chlorides in the medium point of the specimen (cm = 0) at a current density of 2 A/m?. (b) Corresponding

profile when the maximum extraction is reached (11 days).
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Bertolini et al. conditions, 1 A/m2, Cs=0;
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Fig. 6. Theoretical chloride profiles at an applied current density of 1 A/m?
from experimental work by Bertolini et al. [16].

current densities of 1 and 5 A/m? were applied (during 4
and 8 weeks) to prism specimens of Portland cement paste
cast at a water/cement ratio of 0.35 with an estimated
initial chloride concentration respect to the total weight of
sample of 0.74. Considering the geometry of the speci-
mens and the paste resistivity, a potential drop of 3.5 and
20 V has been calculated as necessary to reach 1 and 5 A/
m?, respectively. For Dy, a value of 2E—8 cm?/s has been
assumed as a rough extrapolation of values that the same
authors gave for OPC pastes [25] at a water/cement ratio
of 0.35. Using these data, initial Dogmig) of 8.61E—7 and
4.92E—6 cm?/s, respectively, have been obtained.

Modelling of the extraction process (assuming surface
concentration on both sides of the specimen as equal to
zero) is shown in Figs. 6-9.
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Fig. 7. Evolution of the predicted concentration of chlorides in the medium
point of the specimen (cm = 0) at a current density of 1 A/m* from
experimental work by Bertolini et al. [16].

Bertolini et al. conditions, 5 A/m2, Cs=0;
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Fig. 8. Theoretical chloride profiles at an applied current density of 5 A/m?
from experimental work by Bertolini et al. [16].

In Fig. 6, the three-dimensional plot of calculated profiles
at different times for an applied current density of 1 A/m? is
shown. From Fig. 6, it can be deduced that the desalination
level under this conditions is not very high when the point at
which minimum concentration of chlorides in the specimen
is reached, which is achieved at approximately 23 days, as
can be seen in Fig. 7.

Modelling for an applied current density of 5 A/m? is
presented in Figs. 8 and 9, where it can be seen that the
point of maximum desalination is reached much sooner
than in the case of current density of 1 A/m? at approxi-
mately 5 days.

This implies that in the case of a current density of 1
A/m? applied over 4 weeks, experimental profiles should
be similar to the theoretical profile within this period. The
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0.72 extraction
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Fig. 9. Evolution of the predicted concentration of chlorides in the medium
point of the specimen (cm = 0) at a current density of 5 A/m* from
experimental work by Bertolini et al. [16].
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Bertolini et al (1996).
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Fig. 10. Comparison between experimental and p

same current density applied over 8 weeks should be very
similar to the extraction level at 4 weeks, since this is
quite close to the maximum extraction. Comparison be-
tween experimental and predicted profiles for a current
density of 1 A/m* can be found in Fig. 10.

It can be seen from Fig. 10 that the correlation
between the experimental and predicted profiles is quite
good. In the case of an applied current density of 5 A/m?,
4 and 8 weeks are beyond the maximum percentage of
extraction, which according to the previous discussion,
implies that experimental profiles must be fitted to the
theoretical ones corresponding to the maximum extraction
(5 days). Comparison between experimental and predicted
profiles can be found in Fig. 11, where again the
correlation is satisfactory.
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redicted profiles (current density = 1 A/m?).

3. Conclusions

The study presented here, based on previous experimen-
tal results, made it possible to draw up the following
conclusions.

(1) The calculation or assumption of an initial diffusion
coefficient, taking into account the increase in its
value due to the electrical field and its decrease
during the treatment, has allowed to model the
electrochemical chloride extraction in concrete.
The decrease in the chloride transference number
of chloride during the desalination due to the OH™
generated by the cathodic reaction, and the conse-
quent decrease in the efficiency of the treatment,
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implies that there is a limit in the amount of
extraction for each structure; it is impossible to
reach complete desalinisation, at least in one step,
what has been taken into account in the model.

(3) Prediction of the evolution of chloride profiles
during the treatment has been made as follows.
(a) Determination of the initial diffusion coefficient
of chlorides (Dy). (b) Calculation of the corre-
sponding Do(mig) as a function of the electrochemi-
cal removal conditions. (c) Calculation of the
decrease in this migration coefficient due to the
passage of current. (d) Using the previous coeffi-
cient, calculation for each time of the profile of the
remaining chlorides along the specimen by means
of the corresponding natural diffusion equation.

(4) In addition to the remaining chloride concentration
profiles, other important output of this model is the
data of the optimum time of extraction, beyond
which, no more extraction can be achieved. The
possibility of knowing this point has very impor-
tant economic implications, as it represents the
point to stop the treatment.

Acknowledgments

The authors are grateful to the funding provided by the
CICYT of Spain for the development of the work and to the
Ministry of Education and Culture for the grant supporting
M. Castellote.

References

[1] D.R. Lankard, J.E. Slatter, W.A. Holden, D.E. Niest, Neutralization of
chloride in concrete, FHWA Report No. FHWA-RD-76-6, Battelle
Columbus Laboratories, September 1975.

[2] G.L. Morrison, Y.P. Virmani, F.W. Stratton, W.J. Gilliand, Chloride

removal and monomer impregnation of bridge deck concrete by elec-

tro-osmosis, FHWA Report No. FHWA-KS-82-2, Kansas Dept. of

Transport., August 1982.

R. Polder, H.J. Van der Hondel, Electrochemical realkalisation and

chloride removal of concrete. State of the art, laboratory and field

experience, Proceedings of RILEM Conference, Rehabilitation of

Concrete Structures, Melbourne, 1992, pp. 135—147.

C. Andrade, Calculation of chloride diffusion coefficients in concrete

from ionic migration measurements, Cem Concr Res 23 (3) (1993)

724-742.

@. Vennesland, E.P. Humstad, Electrochemical removal of chloride

from concrete-effects of bond strength and removal efficiency, Pro-

ceedings of the IV International Symposium on Corrosion of Reinfor-

cement in the Construction Industry. Cambridge, 1996, 448—455.

C.L. Page, S.W. Yu, The effect of chloride removal on alkali—silica

reaction, SCI Conference, Electrochemical Repair of Reinforced Con-

crete, London, 16 September.

3

[t}

[4

[}

[5

[t}

[6

[}

[7] N. Buenfeld, Effect of chloride removal on rebar bond strenght and
concrete properties, in: RN. Swamy (Ed.), International Conference
on Corrosion and Corrosion Protection of Steel in Concrete, Sheffield
Press, 24—28 July (1994) 1438—1450.

[8] J. Tritthart, K. Pettersson, B. Sorensen, Electrochemical removal of
chloride from hardened cement paste, Cem Concr Res 23 (1993)
1095-1104.

[9] A.M. Hassanein, G.K. Glass, N.R. Buenfeld, A mathematical model
for electrochemical removal of chloride from concrete structures,
NACE Int, Corros Eng Sect 54 (4) (1998) 323-332.

[10] J.E. Bennet, T.S. Schue, Electrochemical chloride removal from con-
crete, A SHRP Contract Status Report, Paper No. 316, Corrosion 90,
Las Vegas, NV, April 1990.

[11] B. Elsener, M. Molina, H. B6hni, The electrochemical removal of

chloride from reinforced concrete, Corros Sci 35 (5-8) (1993)

1563-1570.

J. Tritthart, Changes in the composition of pore solution and solids

during electrochemical chloride removal in contaminated concrete.

Advances in concrete technology, Proceedings of Second CAN-

MET/ACI International Symposium, Las Vegas, NV, USA, SP 154-

8 (1995) 127—-143.

[13] R. Polder, R. Walker, C.L. Page, Electrochemical chloride removal
tests of concrete cores from a coastal structure, in: R.N. Swamy
(Ed.), Proceedings of the International Conference on Corrosion and
Protection of Steel in Concrete, Sheffield, 24—28 July (1994), pp.
1463—-1472.

[14] Q. Sai’d-Shawgqi, C. Arya, P.R. Vassie, Numerical modelling of elec-
trochemical chloride removal from concrete, Cem Concr Res 28 (3)
(1998) 391-400.

[15] M. Castellote, C. Andrade, C. Alonso, Electrochemical chloride ex-
traction: influence of testing conditions and mathematical modelling,
Adv Cem Res 11 (2) (1999) 63-80.

[16] L. Bertolini, S.W. Yu, C.L. Page, Effects of electrochemical chloride
extraction on chemical and mechanical properties of hydrated cement
paste, Adv Cem Res 8 (31) (1996) 93—100.

[17] C. Andrade, M.A. Sanjuan, C. Alonso, Measurement of chloride dif-
fusion coefficient from migration tests, The NACE Annual Confer-
ence and Corrosion Show, Paper No. 319, 1993.

[18] C. Andrade, M.A. Sanjuan, A. Recuero, O. Rio, Calculation of chlor-
ide diffusivity in concrete from migration experiments, in non steady-
state conditions, Cem Concr Res 24 (7) (1994) 1214—-1228.

[19] C. Andrade, J.M. Diez, A. Alaman, C. Alonso, Mathematical model-
ling of electrochemical chloride extraction from concrete, Cem Concr
Res 25 (4) (1995) 727-740.

[20] L.L.H. Hansson, C.M. Hansson, Electrochemical extraction of chloride
from concrete: Part I. A qualitative model of the process, Cem Concr
Res 23 (1993) 1141-1152.

[21] J. Tritthart, Ion transport in cement paste during electrochemical chlor-
ide removal, Adv Cem Res 11 (1) (1999) 1-12.

[22] M. Castellote, C. Andrade, C. Alonso, Modelling the processes during
steady-state migration tests: quantification of transference numbers,
Mater Struct April 32 (1999) 180—186.

[23] M. Castellote, Aplicacion de campos eléctricos para la caracterizacion
de hormigones en relacion al transporte de iones cloruro, PhD, Uni-
versity of Zaragoza, Spain, 1997.

[24] J. Crank, The Mathematics of Diffusion, Oxford University (Ed.)
1975.

[25] V.T. Ngala, C.L. Page, L.J. Parrott, S.W. Yu, Diffusion in cementitious
materials: II. Further investigations of chloride and oxygen diffusion
in well-cured OPC and OPC/30% PFA pastes, Cem Concr Res 25 (4)
(1995) 819-826.

[2

—



