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Chloride-induced reinforcing steel corrosion is a worldwide problem. In order to predict how chlorides
penetrate in concrete and how other ionic species in concrete pore solution affect the penetration of chlo-
rides, this paper presents a numerical study on the two-phase modelling of ionic transport in concrete
when subjected to an externally applied electric field. In most existing work, researchers tend to use
the assumption of electro-neutrality condition to determine the electrostatic potential within an
electrolyte in one-dimensional problems and consider only one phase. In contrast, this study employed
a two-phase numerical model of concrete and the Poisson’s equation for determining the electrostatic
potential. By solving both mass conservation and Poisson’s equations, the distribution profiles of each
ionic species and electrostatic potential at any required time were successfully obtained. The results
obtained from the present two-phase modelling reveal some important features which cannot be found
from existing one-dimensional and one-phase models.

� 2012 Elsevier Ltd. All rights reserved.
1. Introduction

It is well known that the ingression of ions, especially the chlo-
ride ions, in concrete will cause serious corrosion problems for
reinforcing steel in concrete structures. Thus, the investigation of
transport of ionic species in concrete is very important and has re-
ceived great attention in past decades. Apart from the experimen-
tal studies, there are also analytical and numerical studies aiming
to characterise the transport behaviour of ionic species in cement
and/or concrete materials.

In the analytical study, there are a number of publications
which have been focussed on clarifying the diffusion coefficient
on the basis of different scales. At the macroscopic level, the ana-
lytical method brings some empirical models. It was revealed from
these models that the diffusion coefficient tends to have a connec-
tion with the water to cement ratio [1,2]. In the work of Dormieux
and Lemarchand [3], Garboczi [4], Brakel and Heertjes [5], Xu et al.
[6], Li and Xia [7] the relationship between diffusion coefficient
and the conception of porosity and tortuosity was discussed at a
microscopic level. In contrast to microscopic models, the meso-
scopic models consider the components of the two or three phases
(aggregate and cement matrix; aggregate, bulk cement paste and
interfacial transition zone) and their corresponding diffusive
ll rights reserved.
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properties respectively in these different phases [8,9]. However,
all of the models mentioned above focus only on the ionic trans-
port of a single-species, i.e. the chloride ions.

Great efforts have been made on the assessment of ionic trans-
port by using experimental techniques. For ionic diffusion, there
are two common test methods which were often used for measur-
ing the chlorides’ penetration in concrete. One is the salt ponding
test (AASHTO T259 [10]) and the other is the bulk diffusion test
(Nordtest NTBuild 443 [11]). However, these two diffusion tests
are very time-consuming, especially for high-performance con-
crete, of which the test duration may last 90 days or even longer
in order to get a sufficient chloride profile. Hence, people tend to
adopt alternative experiments based on electro-migration of ions,
which include the rapid chloride permeability test and the rapid
migration test.

The rapid chloride permeability test, undertaken by gauging
the electrical conductivity or resistance of concrete directly or
indirectly, was initially presented by Whiting [12] and then
adopted as AASHTO T277 [13] and ASTM C1202 [14]. The main
drawback of this method is that the results obtained from electri-
cal conductivity or resistance measurement cannot exactly repre-
sent the permeability, since the permeability of concrete
attributes to its pore structure, whereas the electrical conductiv-
ity or resistance depends on not only the pore structure but also
the chemistry of the pore solution. This deviation will be even
higher when acting on concrete made with fly ash, siliceous dust
and other super-plasticizer admixture. To examine this method,
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Fig. 1. Two-dimensional model: section of concrete, (1 � /) = 0.5.

Fig. 2. Schematic representation of a migration test.

Fig. 3. Finite element mesh (circular shape of aggregates) volume fraction
(1 � /) = 0.5.
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Andrade [15] employed a migration test and indicated that the
function between measured charge through the concrete and
the moving ions is more suitable for hydroxyls than chlorides. A
comparison made by Pfeifer et al. [16] also showed that the rapid
chloride permeability test result is unreliable.

The rapid migration test was developed by Tang and Nilsson
[17] and adopted by Nordtest and AASHTO as NT Build 492 and
provisional Standard TP64 [18]. The test is very similar with the ra-
pid chloride permeability test. However, it allows direct measure-
ment by the depth of chloride penetration instead of using the total
Table 1
Boundary conditions, initial conditions and diffusion coefficients.

Field variables Potassium (mol/m3) Sodium (mol

Boundary conditions x = 0 0 520
x = L 0 300
y = 0 J = 0 J = 0
y = L J = 0 J = 0

Initial conditions 200 100
Charge number 1 1
Apparent diffusion coefficient, �10�10 m2/s 1.957 1.334
passed charge to estimate the permeability. The calculation of
chloride diffusion coefficient in the rapid migration test requires
the concentration of chlorides at the depth they penetrated, which
is often difficult to obtain. In current practice it usually uses the
surface chloride concentration, which means that the penetration
of chlorides in concrete exactly follows the one-dimensional
migration pattern. The relevance between the chloride migration
rate and the electrical current obtained from a given voltage charge
passed in the steady state was reported by Yang and Cho [19].

Nevertheless, the experimental data in the literature were
mostly obtained by means of taking traditional concrete as a spec-
imen while very few were for the new types of concrete (involving
various kinds of additives). Additionally, similar to analytical
methods, these test approaches are only used to investigate the
transport of just a single ionic species, i.e. chloride ions, in one
time.

Since the analytical techniques usually take simple cases and
are difficult in dealing with interactions between different ionic
species and the electrostatic coupling of ions in a multi-component
electrolyte solution, researchers began to use numerical methods
to investigate the transport behaviour of multi-species in concrete.
Methodologically speaking, these works can be divided into four
categories. Firstly, a series of studies [20–23] established numerical
models to simulate the penetration process through a saturated ce-
ment paste under the hypothesis of zero current and electro-neu-
trality condition. Secondly, there were also some works other than
the above ones, which added the effect of externally applied cur-
rent density as well as considering the interactions between ionic
/m3) Chloride (mol/m3) Hydroxide (mol/m3) Electrostatic potential (V)

520 0 U = 0
0 300 U = 24
J = 0 J = 0 oUoy = 0
J = 0 J = 0 oUoy = 0
0 300 0
�1 �1 N/A
2.032 5.260 N/A



Fig. 4. Concentration distribution profiles of potassium ions.
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species during the transport of ionic species in cement-based
porous materials [24–36]. Also, in these studies, the electrostatic
potential throughout the electrochemical process was still con-
trolled by assuming the electro-neutrality condition. Similarly,
Friedmann et al. [37], Krabbenhoft and Krabbenhoft [38], Narsillo
et al. [39] utilised externally applied voltage instead of the external
current density as adopted in the second category. Here, it should
be pointed out that, the electro-neutrality condition, which is em-
ployed in the work mentioned above to govern the electrostatic
potential at any point in an electrolyte solution, is not a
constitutive law but only a mathematical approximation in the
electrochemistry field and may cause numerical inaccuracy. The
real constitutive law for governing the electrostatic potential is
the Poisson equation (will be showed in the next session).
However, some numerical difficulty exists in solving the Poisson
equation because of the large and small numbers involved in the
equation. More recently, Johannesson et al. [40–43] conducted a
series of studies for exploring the ionic diffusion in a multi-
component solution by using the Poisson equation instead of the
electro-neutrality condition. However, these studies did not in-
volve external voltage. Hence, the transport of ions in those cases
is actually still dominated by diffusion, whereas the migration oc-
curred only because of the imbalance diffusion between different
ionic species.

In this paper, a numerical investigation is conducted, which em-
ploys not only the Poisson equation but also an external electric
field to control the ionic transport in a multi-component solution
within a saturated concrete. In view that most previous numerical
models considered only one-dimensional and one-phase problems,
this study established a two-phase numerical model of concrete to
simulate the ionic transport process. By solving both mass conser-
vation and Poisson’s equations, the distribution profiles of four in-
volved ionic species (potassium, sodium, chloride, and hydroxide)
and electrostatic potential at any required time were successfully
obtained. Also, through the two-dimensional and two-phase
numerical model, we have found some important interaction
transport features between ionic species which have not been seen
before in the one-dimensional model of single phase.



Fig. 5. Concentration distribution profiles of sodium ions.
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2. Theoretical background

By using the assumption that the concrete is a saturated pore
medium and there are no chemical reactions between ionic species
occurring in both liquid and solid phases, the following mass con-
servation for each individual ionic species involved in the concrete
can be obtained:

@Ck

@t
¼ �rJk k ¼ 1; � � � ;N ð1Þ

where Ck is the concentration of the kth ionic species, t is the time, Jk

is the flux of the kth ionic species, and N is the total number of the
ionic species contained in the concrete. Diffusion and migration are
treated as the major reason for ionic transport in this study; there-
fore, the ionic flux equation can be expressed as follows:

Jk ¼ �DkrCk � DkCk
zkF
RT
rU k ¼ 1; � � � ;N ð2Þ

where Dk and zk are the diffusion coefficient and the charge number
of the kth ionic species, respectively, F = 9.648 � 10�4 C mol�1 is the
Faraday constant, R = 8.314 J mol�1 K�1 is the ideal gas constant,
T = 298 K is the absolute temperature, U is the electrostatic poten-
tial. Substituting Eq. (2) into (1), yields:

@Ck

@t
¼ rðDkrCkÞ þ

zkDkF
RT
rðCkrUÞ k ¼ 1; � � � ;N ð3Þ

The electrostatic potential at any point can be determined by
solving the following Poisson equation [44]:

r2U ¼ � F
e0er

XN

k¼1

zkCk ð4Þ

where e0 = 8.854 � 10�12 C V�1 m�1 is the permittivity of a vacuum,
er = 78.3 is the relative permittivity of water at temperature 25 �C.
Note that Eq. (4) is the constitutive law relating the space-variation
in the electric to the charge distribution. In literature most of the
work utilised the electro-neutrality condition ð

PN
k¼1zkCk ¼ 0Þ to re-

place Eq. (4) [20–39]. It is obvious from Eq. (4) that, if the electro-
neutrality holds then Eq. (4) can be simplified as r2U = 0. This im-
plies that if the problem is one-dimensional then the electric field



Fig. 6. Concentration distribution profiles of chloride ions.
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would be a constant. Numerical examination of Eq. (4) shows that,
the constant factor in the right-hand-side of Eq. (4), F

e0er
, is a very

large number with the order-of-magnitude of 1014. In order that
the left-hand-side of Eq. (4) be finite, the concentration terms in
the right-hand-side of Eq. (4) must be very small, i.e.PN

k¼1zkCk � 0. This indicates that the electro-neutrality is not a
physical condition but is only a numerical approximation. It should
be pointed out here that,

PN
k¼1zkCk ¼ 0 and

PN
k¼1zkCk � 0 are quali-

tatively different although from a numerical point of view these two
may be very close. The former implies r2U = 0 while the latter is
not. The governing Eqs. (3) and (4) can be used for solving the con-
centrations Ck and electrostatic potential U if initial and boundary
conditions are properly defined.
3. The simulation of migration tests

3.1. Geometry

A set of two-dimensional concrete numerical models with var-
ious shapes and volume fractions of coarse aggregates are devel-
oped to simulate the migration tests of ionic species in concrete
specimens. Fig. 1 shows one of the models adopted in this simula-
tion, which is for the volume fraction of aggregates being (1 � /) =
0.5 (where / is the ‘porosity’ of the geometrical model). In the
present simulation, the concrete is treated as a heterogeneous
composite structure with two phases, in which all circular areas
represent the coarse aggregates and the rest is the mortar. The size
of the plain concrete is 50 � 50 mm. The location of the aggregates
was randomly generated using a MATLAB program. In reality, the
shape of aggregates may not be perfectly circular. However,
according to the previous research [7], the influence of particle
shapes on the properties of concrete seems not very significant.
Therefore, for simplicity, only the concrete model with circular
aggregate inclusion is examined here.

It should be also pointed out that, the aggregates in the two
phases shown in Fig. 1 are assumed to be impermeable and thus
Eqs. (1)–(4) are applied only to the mortar phase, which includes
both mortar and interface transition zone (ITZ). This means that
all parameters employed in the equations are referred to the com-
posite of the mortar and ITZ. For example, the ionic concentration
is the concentration of ions in unit volume of the composite



Fig. 7. Concentration distribution profiles of hydroxide ions.
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(mortar and ITZ) and the diffusion coefficient is the apparent diffu-
sion coefficient of ions defined in the composite [7] rather than in
the pore solution.
3.2. Numerical simulation

The numerical model is used to simulate an 8-h migration test,
in which the plain concrete specimen of 50 � 50 mm is located be-
tween two compartments, one of which has a 0.52 mole/L NaCl
solution, the other of which has a 0.30 mole/L NaOH solution.
Externally, there is a 24 V DC voltage applied between two elec-
trodes inserted into the two compartment solutions. The concrete
specimen is saturated with a solution of four ionic species (K, Na, Cl
and OH) at the initial time. Other ionic species (such as calcium
and sulphate) may also exist in the concrete. However, due to their
concentrations that are much lower than the four ionic species,
only K, Na, Cl and OH are considered in the present simulations.
Since the volume of either compartment is much greater than
the pore volume of the concrete specimen, it is reasonable to as-
sume that the concentration of each ionic species in the two com-
partments remains constant during the migration test. In other
words, the compartments act like two reservoirs as shown in
Fig. 2. The diffusion coefficients of individual ionic species, and
the initial and boundary conditions of variables used in the model
are given in Table 1, respectively.
3.3. Finite element meshing

Fig. 3 shows the finite element mesh employed in the model, in
which the mesh is applied only to the mortar since the aggregates
are impermeable and therefore they are not included in the model.

Note that, the accuracy of the numerical solution of the convec-
tion-diffusion equation governed by Eqs. (3) and (4) is highly
dependent upon the element sizes used. Mathematically, to
achieve a reasonably accurate numerical solution, one has to make
the Peclet number (produced by the ratio of the diffusion time h2/D
to the convection time h/u, where h is the element size, u is the
convection velocity, and D is the diffusion coefficient) to be less



Fig. 8. Electrostatic potential distribution profiles.
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than one. Hence, the larger the convection velocity, the smaller the
element size required. In the present problem, the convection
velocity is the migration velocity of ionic species. When there is
an external electric field, the transport of ions in the electrolyte
is usually dominated by the migration. In this case the element size
must be very small. Otherwise, the numerical solution obtained
might not be convergent.

3.4. Simulation results

For given initial and boundary conditions, Eqs. (3) and (4) are
numerically solved by using a commercial software COMSOL.
Due to the nature of the geometry, the generation of the mesh
was controlled by the size of the largest element, which is calcu-
lated based on an average value of electrostatic potential gradient
(i.e. rU ¼ DU=L ¼ 480 V=m). Figs. 4–8 show the distribution pro-
files of five field variables (the concentrations of four ionic species
and the electrostatic potential) obtained at four different times, in
which the two plane coordinates represent the position of the
variable in the two-dimensional concrete model and the vertical
coordinate is the value of the variable (concentration or
electrostatic potential). Each frame of individual variable repre-
sents one instantaneous moment from the first hour to the fourth
hour.

It can be seen from Figs. 4–8 that, during the electro-process the
positively charged ions (both potassium and sodium) move to-
wards the cathode, while the negatively charged ions (both chlo-
ride and hydroxide) move towards the anode, although the travel
speeds of individual ionic species are different. The three-dimen-
sional plots provide a good overall view on the evolution of trans-
port of four ionic species in the specimen due to the influence of an
externally applied electric field. It can be observed from the figures
that the ionic transport takes place mainly in the x-axis direction
due to the influence of the externally applied electric field. In con-
trast, the ionic transport in the y-axis direction occurs only locally
and it is mainly attributed to the tortuosity influence owing to the
existence of aggregates.

In order to make a quantitative plot for each ionic species at a
given time, one may still prefer to use the traditional two-dimen-
sional plot that is usually used in one-dimensional models. Fig. 9
shows the variation of chloride concentration along the y-axis in
sections with given x values at four different times. Note that



Fig. 9. Section plot of chloride concentration distribution profiles at four different times.

Fig. 10. Overall concentration distribution profiles of potassium ions.
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due to the existence of aggregates the concentration is not contin-
uous. Also due to the local influence of the size and position of
aggregates the concentration varies irregularly. Nevertheless, over-
all, this kind of variation seems not very significant, particularly
when compared to its variation along the x-axis, as is shown in
Figs. 4–8. The reason for this is likely due to the ‘sealed’ boundary
conditions employed at y = 0 and y = L boundaries, which make the
transport of ions take place almost in one direction. Similar fea-
tures were found for the other four field variables and thus they
are not presented here.
Since the variations of ionic concentrations and electrostatic po-
tential along the y-axis are very small, we can use their average
values in the y-direction, i.e. �zðxÞ ¼ 1

L

R L
o zðx; yÞdy to replace z(x,y)

for each field variable. In this case we can re-plot Figs. 4–8 in a
two-dimensional format, which are shown in Figs. 10–14.

As is to be expected, due to the effect of aggregates, the distri-
bution curve of ionic concentration or electrostatic potential in
the two-dimensional plot shown in Figs. 10–14 is not very smooth
in some places. Also, it can be seen from Figs. 10–13 that, the trans-
port behaviour of potassium, sodium and chloride ions is quite dif-



Fig. 11. Overall concentration distribution profiles of sodium ions.

Fig. 12. Overall concentration distribution profiles of chloride ions.

Fig. 13. Overall concentration distribution profiles of hydroxide ions.
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ferent from that of hydroxyl ions. The former has a clear diffusion
layer in the region near the cathode and a clear migration wave
front. The latter has only the migration wave front. For hydroxyl
ions, migration is dominant in most of the time. For the other three
ionic species, however, diffusion is also very important. This is
demonstrated by the migration wave front line that is not very
steep (particularly after 2 h). The steep degree of the migration
wave front is found to be different for different ionic species, and
also for different times. The hydroxyl ions are found to have the
steepest wave front, whereas the sodium ions have the gentlest



Fig. 14. Overall electrostatic potential distribution profiles.

Table 2
Total amount of ions in the specimen (unit thickness).

Species Time

Initial
(mole/m)

1st hour
(mole/m)

2nd hour
(mole/m)

3rd hour
(mole/m)

4th hour
(mole/m)

Potassium 0.500 0.385 0.301 0.233 0.181
Sodium 0.250 0.294 0.323 0.342 0.366
Chloride 0 0.215 0.345 0.468 0.537
Hydroxide 0.750 0.463 0.275 0.106 0.010

Total amount 1.500 1.358 1.247 1.150 1.094
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wave front. The decrease of steepness with time in the concentra-
tion profiles reflects the combined influence of diffusion and local
tortuosity. This feature was not found in the single phase model
and it is likely due to the inclusion of aggregates in the two-phase
model, which provides a direct influence of tortuosity on ionic dif-
fusion and migration.
Fig. 15. Distribution profiles fluxes fo
Careful examination of Figs. 10–13 indicates that the wave
speeds of positively (or negatively) charged ions are almost the
same but are significantly different from those of their opposite
charged ions. This again demonstrates that the electrostatic poten-
tial gradient is not constant but regionally dependent. It can be
seen from Figs. 10–13 that, as time goes on, the amount of sodium
and chloride ions rises, whereas that of potassium and hydroxyl
ions reduces in the concrete specimen. The former is due to the
boundary conditions, which supply sodium ions and chloride ions
from the anode and cathode, respectively. In contrast, the supply of
potassium ions from the cathode and hydroxyl ions from the anode
does not affect the internal transport of these ions. It is also ob-
served from Figs. 10–13 that, the rate of the increase of sodium
and chloride ions in the specimen is lower than that of the decrease
of potassium and hydroxyl ions. The reason for this is probably due
to the lower diffusion coefficients of the sodium and chloride ions
than those of potassium and hydroxyl ions. Table 2 shows a quan-
titative comparison of the total mole numbers of each ionic species
remaining in the specimen at different times. It is evident from the
r migration of four ionic species.



Fig. 16. Comparisons of chloride concentration profiles between three cases.

Fig. 17. Influence of aggregate volume fraction on the transport of chloride ions (1 � / represents the volume fraction of aggregates).
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table that, while the sum of negatively charged ions is balanced by
that of positively charged ions, the total quantity of all ions in the
specimen is indeed decreasing with time.

It can be seen from Fig. 14 that, the electrostatic potential in-
creases from U = 0 at the cathode to U = 24 V at the anode, but
the increase is not completely linear. It is interesting to notice from
the electrostatic potential plot shown in Fig. 14 that the electro-
static potential curve varies from a convex shape at the first hour
to a concave shape at the fourth hour. This means that, initially
the higher migration speed of ionic species is in the region near



Fig. 18. Comparison of chloride concentration distribution profiles obtained with and without using Poisson’s equation.
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the cathode, but with time the higher migration speed gradually
shifts to the region near the anode. This further demonstrates that
migration speed is not constant but varies not only in time but also
regionally.

To further demonstrate the variation of migration speed, Fig. 15
shows the migration fluxes of each ionic species at various differ-
ent times. It is evident from the figure that the migration fluxes
of ionic species vary not only with space but also with time, and
most importantly they do not follow a single pattern. Of particular
interest is the migration of chloride ions, as the diffusion coeffi-
cient in the chloride rapid migration test is calculated based on
the migration profile. Fig. 16 shows a comparison of chloride con-
centration profiles at four different times obtained from the pres-
ent two-dimensional, two-phase, multi-component model, the
one-dimensional, single-phase, multi-component model [45], and
the one-dimensional, single-phase, one-component model. Inter-
estingly, the two multi-component transport models provide very
similar concentrations, but have significantly different travel
speeds; the one-dimensional model produces higher travel speed
than the two-dimensional model does. In contrast, the one-compo-
nent model provides higher concentration than the two multi-
component models do. However, in terms of the travel speed the
one-component model and the two-phase model are closer. This
indicates that the interaction between ionic species and the mul-
ti-phases are equally important.

In order to examine the influence of the volume fraction of
aggregates on the ionic transport, particularly the chloride ions,
Fig. 17 shows the concentration distribution profiles of chloride
ions at four different times for three different aggregate volume
fractions (1 � /). It can be seen from the figure that, the smaller
the aggregate volume fraction, the quicker the chloride ions can
travel. The reason for this is likely due to the effect of tortuosity.
As the higher the aggregate volume fraction, the larger the tortuos-
ity; therefore, the slower the ionic transport. This is also consistent
with what was shown in Fig. 16 and reported in literature [7,9].
However, here it should also be pointed out that, the increase in
quantity of aggregates will inevitably increase the ITZ volume in
the mortar, which can increase the diffusivity of the concrete
[46]. Nevertheless, since the present model does not include the
ITZ this kind of effects was not reflected in the results.

To demonstrate the importance of using Poisson’s Eq. (4), Fig. 18
shows a comparison of concentration profiles of chloride ions, ob-
tained with and without using Poisson’s equation. It can be seen
from the figure that, the concentration profiles obtained by using
an electro-neutrality condition are quite different from those using
the Poisson’s Eq. (4). The reason for this is because when the elec-
tro-neutrality condition was used, there would be no electro-static
potential coupling and therefore the transport of individual ionic
species would be independent of each other. This is obviously
not correct.

4. Conclusions

This paper has presented a numerical investigation on the
transport of ionic species in a plane concrete specimen under the
influence of an externally applied electric field. The two-phase
numerical model has been used to simulate a 4-h ionic migration
test. Results of distribution profiles of ionic concentrations and
electrostatic potential at different times have been provided. From
the present study the following conclusions can be drawn:

(1) Electro-migration is the most important process in the ionic
transport in concrete under the influence of an externally
applied electric field. However, local diffusion is also very
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important, which may have significant influence on the
development of migration speed. Different ionic species
may have different transport behaviour, depending on their
diffusion coefficients as well as their initial and boundary
conditions.

(2) The migration speed of each ionic species varies with time
and also with space. The migration speeds of positively (or
negatively) charged ions are almost the same but are signif-
icantly different from those of their opposite charged ions.

(3) The variation of the ionic distribution profiles and the elec-
trostatic potential profiles along the y-axis are insignificant.
The concentration distribution profiles obtained from the
present two-phase multi-component transport model are
qualitatively similar to those obtained from the single-phase
multi-component transport model, although quantitative
difference in results may exist between these two kinds of
models, particularly in the travel speed.

(4) During the electro-process, the total amount of ions within
the specimen will vary with time. For the migration test case
employed in the present study the amount of ions in the
specimen is found to decrease with time.

(5) The plot of the distribution of electrostatic potential
between the cathode and anode did not show a straight line,
but more likely a curve that varies from a convex shape at
the first hour to a concave shape at the fourth hour.

(6) The inclusion of aggregates in the model can provide a more
accurate influence of tortuosity on both the diffusion and
migration of ions.
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