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Chloride-induced corrosion of reinforcing steel in concrete is a serious problem in the durability of struc-
tures. In order to predict how chlorides penetrate in concrete, unlike most existing models which consider
the penetration of only a single species or in a single phase medium, this paper presents a numerical model
considering the transport of multiple species in a multi-phase medium. The 2-D, 3-phase, multi-compo-
nent ionic transport model proposed in the paper also considers ionic binding and the model is used to
simulate the rapid chloride migration (RCM) test of concrete. The effects of aggregates, ITZs and ionic bind-
ing on chloride penetration in concrete are examined and discussed. The obtained result is also validated
against experimental data obtained in an accelerated chloride migration test.

� 2015 Elsevier Ltd. All rights reserved.
1. Introduction

Chloride-induced corrosion of reinforcing steel in concrete is a
worldwide problem. It affects a large number of reinforced con-
crete structures, particularly those used in offshore or exposed in
marine environment. In order to prevent reinforcing steel from
corrosion one has to control the penetration of chlorides in con-
crete. By doing so, one has to know the mechanism about how
chlorides penetrate in concrete and how individual components
in concrete respond while chlorides enter the concrete.

Concrete is a composite material composed of aggregates
embedded in a hard matrix of the cement paste that fills the space
among the aggregates and glues them together. The cement parti-
cles in fresh concrete, which are suspended in the mix water, can-
not pack together as efficiently when they are in the close vicinity
of a much larger solid object, such an aggregate particle. This is due
to the effect of shear stresses exerted on the cement paste by the
aggregate particles during mixing, which tend to cause the water
to separate from the cement particles. This results in a narrow
region around the aggregate particles with fewer cement particles,
and thus more water. This narrow region is usually called the inter-
facial transition zone (ITZ) [1–3].

ITZ has a higher water-to-cement ratio and thus a larger poros-
ity, than the bulk cement paste. Images of SEM have shown that ITZ
is not uniform, but varies with the distance from the aggregate par-
ticle [4,5]. The average thickness of ITZs found in a normal concrete
is 20–40 lm, although it tends to be larger around larger aggregate
particles. The ITZ has important effects on the mechanical proper-
ties and durability of concrete, because it tends to act as the ‘‘weak
link in the chain’’ when compared with the bulk cement paste and
the aggregate particles.

Extensive research has been carried out since early of 1980s to
investigate how chlorides penetrate in concrete. The work involves
the use of analytical, experimental, and numerical methods. The
corresponding transport models so far developed can be catego-
rised into four groups, as illustrated in Fig. 1. The first group is
the transport model considering the penetration of a single species
(i.e. chloride ions) in a single phase medium (i.e. idealised dilute
solution) [6–11]. The second group is the transport model consid-
ering the transport of multiple species (such as chloride, hydroxyl,
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sodium and potassium ions) also in a single phase medium [12–
21]. The third group is the transport model considering the pene-
tration of a single species in a medium of multiple phases with dif-
ferent transport properties [22–37]. The forth group is the
transport model considering the transport of multiple species also
in a medium of multiple phases [38]. The models used in the third
and fourth groups are also called the multi-phase model.

The main purpose of developing multi-phase transport models
is to numerically investigate the effect of individual components
of concrete such as aggregates and ITZs on the transport of chlo-
rides, which cannot be fulfilled by using the 1-D model. For exam-
ple, Zeng developed a 2-D, 2-phase FEA model to simulate the
chloride diffusion in a heterogeneous concrete composed of aggre-
gates and cement paste matrix, which have distinct chloride diffu-
sivities [39]. His result showed that the chloride diffusion in the
heterogeneous concrete lags behind the equivalent homogeneous
concrete chloride diffusion predicted using an effective diffusion
coefficient. Zheng and Zhou proposed a 3-phase spherical model
to represent the heterogeneous nature of concrete and derived
an analytical expression for chloride diffusion in concrete [40].
Later, Zheng et al. further investigated the influence of ITZs on
the steady-state chloride diffusion in mortar and concrete materi-
als using numerical simulations [41]. Recently, Zheng et al. devel-
oped a 2-D, 3-phase lattice model and investigated the shape effect
of aggregates on chloride diffusion in concrete [42]. Li et al. devel-
oped 2-phase FEA models in both 2-D and 3-D to predict the effect
of aggregates on the effective diffusion coefficient of chlorides [43].
Their result showed that the 2-D model produced a lower chloride
diffusivity of concrete than the 3-D model does. The former is close
to the lower bound of the effective diffusion coefficient of chlorides
in concrete, whereas the latter agrees with that predicted by using
Maxwell’s equation. More recently, Abyaneh et al. developed a 3-D,
3-phase FEA model to investigate the effects of aggregates includ-
ing the aspect-ratio and orientation of ellipse shape aggregates and
ITZs on the diffusion coefficient of chlorides in concrete [44]. The
effect of electrical double layer on ionic transport in cement-based
materials was also investigated recently [45,46].

Note that most multi-phase numerical models mentioned above
[39–44] also consider the penetration of only chloride ions. The
interaction between different ionic species is not taken into account
in these models. Existing studies have shown that ionic interactions
have an important effect on the transport of chlorides in concrete,
particularly when there is an external electric field involved [17–
21]. Typical examples for such cases include the rapid chloride
migration (RCM) tests and electrochemical chloride removal. In
the previous 2-D, 2-phase FEA model [38] we considered the inter-
action between different ionic species and examined the effect of
aggregates on the transport of various ionic species in concrete.
However the model did not include ITZs and ionic binding. In this
Fig. 1. Categories of ionic transport models in concrete. (1) Single phase and single
species transport model, (2) single phase and multi-species transport model, (3)
multi-phase and single species transport model, and (4) multi-phase and multi-
species transport model.
paper the previous 2-D, 2-phase FEA model [38] is further expanded
to include ITZs and to take into account the ionic binding. The pres-
ent 2-D, 3-phase, multi-component ionic transport model is used to
simulate the RCM test of concrete, from which the effects of aggre-
gates, ITZs and ionic binding on chloride penetration in concrete are
discussed.

Ideally, the multi-phase modelling of ionic transport in concrete
should use a 3D geometric model, for example [44,47,48]. How-
ever, at present the 3D model can be applied only to the problems
where the model has a single ionic species [44,47] or multiple ionic
species but they are controlled by the electro-neutrality condition
[48,49]. The reason for this is because in either case the migration
speed is independent of ionic concentration, for which case the
governing equations are linear and their solution can be achieved
without numerical difficulty. However, the use of electro-neutral-
ity condition leads to a decoupling of ionic transport between dif-
ferent ionic species, which is principally incorrect [20,50].
Therefore, one should use the Poisson equation, instead of the elec-
tro-neutrality condition [20,21,38]. The use of Poisson equation in
the ionic transport model makes the transport equations not only
highly nonlinear but also the coupling between different ionic spe-
cies. As a consequence of this, the migration speed of individual
ionic species may vary greatly with time and position. This makes
very difficult to achieve convergent solutions unless the element
sizes in the finite element mesh are extremely small [38,47]. This
problem even gets worse when the ITZs are involved in the model.
This is why most multiphase models, available today, use the 2-D
rather than 3-D geometry. Note that although the variation of tor-
tuosity with volume fraction in a 2-D geometry is not exactly the
same as that in a 3-D geometry, the difference is not very signifi-
cant [47,50]. Thus, the 2-D simulation can provide a good approx-
imation, while the 3-D simulation results are not available.
2. Ionic transport in multi-component electrolyte solutions

The pore solution in concrete involves many ionic species
including hydroxyl, sulphate, sodium, potassium, calcium, etc.,
among which the hydroxyl has the highest concentration, followed
by the potassium and sodium. The transport of ions in a saturated
concrete is mainly by two driving forces, known as the diffusion
and migration. The former is due to the concentration gradient of
the species itself; the latter is due to the electrostatic potential
generated by an externally applied electric field and/or the internal
charge imbalance between different species in the solution. In the
presence of external electric field, positively charged ions will
move towards cathode, whereas negatively charged ions will move
towards anode. The opposite-direction movement between cations
and anions will generate significant internal charge imbalance
between cations and anions within the solution. This charge imbal-
ance creates an electrostatic potential which can affect the trans-
port of all ionic species in the solution. In the absence of external
electric field, different ionic species having different diffusion coef-
ficients travel in different speeds. This also generates charge imbal-
ance between species and creates an electrostatic potential, which
affects the transport of all ionic species in the solution. The exact
effect of charge imbalance on the transport of ions in concrete is
dependent on the external electric field applied and the difference
of diffusion coefficients between ionic species. In general, the effect
of charge imbalance on the ionic transport increases with the
external electric field and the difference of diffusion coefficients
between ionic species. Mathematically, the flux of an ionic species
in a multi-component electrolyte solution can be expressed in
terms of Nernst–Planck equation as follows,

Jk ¼ �DkrCk � DkCk
zkF
RT
rU ð1Þ
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where Jk is the flux, Ck is the concentration, Dk is the diffusion coef-
ficient, zk is the charge number, F = 9.648 � 10�4 C mol�1 is the Far-
aday 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, and the subscript k represents the kth ionic species. Eq. (2) is
required for each ionic species involved in the solution owing to
the mass conservation in unit volume of electrolyte solution,

@Ck

@t
¼ �r � Jk ð2Þ

where t is the time. Substituting Eqs. (1) and (2), it yields,

@Ck

@t
¼ rðDkrCkÞ þ r

zkDkF
RT

� �
CkrU

� �
ð3Þ

Note that if the electrostatic potential, U, in Eq. (3) is purely
determined in terms of the externally applied electric field without
taking into account the internal charge imbalance between ionic
species, that is r2U ¼ 0, then the concentration of each ionic spe-
cies can be calculated independently by using Eq. (3). Otherwise,
the electrostatic potential has to be determined using Poisson’s
equation as follows,

r2U ¼ � F
e0er

XN

k¼1

zkCk ð4Þ

where eo = 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 of
298 K, and N is the total number of species involved in the solution.
The use of Poisson’s equation creates two difficulties. One is the
coupling of Eq. (3) between different ionic species, since U is now
dependent on not only the boundary conditions governed by the
externally applied electric field, but also the concentrations of all
ionic species involved in the solution. The other is the nonlinearity
and numerical difficulty which involves calculations of large and
small numbers that need be handled carefully [38]. Nevertheless,
Eqs. (3) and (4) plus initial and boundary conditions can be used
to determine the electrostatic potential, U, and the concentrations
of individual ionic species, Ck (k = 1,2, . . . ,N), at any point and any
time in the solution domain.
Fig. 2. The geometry of 3-phase mesoscale concrete model (Va = 0.5, 100 lm thick
ITZ).
3. Ionic transport in the medium of multi-phases

As aforementioned, concrete can be treated as a composite with
aggregate-, cement paste- and ITZ-phases. Compared with the
cement paste and ITZs, aggregates are much dense and have much
high resistance to the transport of ions and therefore, in the pres-
ent study they are assumed to be the impermeable material. The
cement paste- and ITZ-phases can be treated as two individual por-
ous materials with different transport properties. When applying
the ionic transport equations from an electrolyte solution to a por-
ous material, one has to consider the effects of porosity and tortu-
osity of the pore structure as well as the adsorption/desorption of
ions at pore surfaces on the ionic transport in the porous material.
The former is usually to be incorporated into the diffusion coeffi-
cient and the latter is often represented using ionic binding mod-
els. In this case, Eq. (2) need be modified as follows,

@ðuCkÞ
@t

þ @½ð1�uÞSk�
@t

¼ �ur � Jk ð5Þ

where u is the porosity of the porous material and Sk is the concen-
tration of bound ions. To eliminate u and Sk in Eq. (5), the following
Langmuir isotherm is often used to link the concentrations of bound
and free ions,

ð1�uÞSk

u
¼ akCk

w 1þ bkCkð Þ ð6Þ

where w is the content of the water in which ionic transport takes
place, expressed per unit weight of cement, ak and bk are the con-
stants which can be determined experimentally. Note that other
chloride binding isotherms such as the linear and Freundlish iso-
therms could also be used, which will result in Eq. (6) to have dif-
ferent expressions. For chloride ions the experimental results for
the cement paste of w = 0.3 showed ak = 0.42 and bk = 0.8 mol�1 l
[8]. The use of Eqs. (1) and (6) in Eq. (5), yields,

ð1þ kkÞ
@Ck

@t
¼ rðDkrCkÞ þ r

zkDkF
RT

� �
CkrU

� �
ð7Þ

where kk > 0 is a dimensionless parameter for the kth species
defined as follows,

kk ¼
ak

wð1þ bkCkÞ2
ð8Þ

Two features are revealed in Eq. (7). The first one is the ionic
binding. It can be seen from Eq. (7) that the ionic binding will
decrease the transport speed of ions. The second one is the form
of the transport equation. In the absence of ionic binding, the
transport equation of ions in a porous material is exactly the same
as that in an electrolyte solution except that their diffusion coeffi-
cients are defined differently. In the former the diffusion coefficient
is defined in the idealised dilute solution; whereas in the latter it is
defined in the pore solution of the porous material. The value in the
latter case is much smaller than that in the former case. A detailed
discussion on the diffusion coefficient of ions in porous materials
can be found in [51,52]. Eqs. (7) and (4) can be used to determine
the electrostatic potential, U, and the concentrations of individual
ionic species, Ck (k = 1,2, . . . ,N), at any point and any time in the
domain of the porous material. Note that when Eqs. (4) and (7)
are applied to the concrete material of aggregates, ITZs, and cement
paste phases, one has to use different transport properties for
aggregates, ITZs, and cement paste, whereas continuous conditions
are imposed for ionic concentrations and ionic fluxes at the inter-
faces between different phases. The details of the geometric mod-
elling of the concrete of multi-phases will be given in following
section.



Fig. 3. Finite element mesh of the 3-phase concrete model (Va = 0.5, 100 lm thick ITZ).

Table 1
Ionic transport properties in different phases.

Field variables Potassium (mol/m3) Sodium (mol/m3) Chloride (mol/m3) Hydroxide (mol/m3)

Charge number 1 1 �1 �1
Diffusion coefficient in aggregates 0 0 0 0
Diffusion coefficient in cement paste �10�10 m2/s 1.957 1.334 2.032 5.260
Diffusion coefficient in ITZs �10�10 m2/s 5.87 4.00 6.10 15.78

Fig. 4. Schematic representation of 2-D, 3-phase plain concrete specimen in a RCM
test.
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Also, it should be noted that the model described above does
not take into account the activity coefficients of ionic species and
the effect of electrical double layer on ionic transport. The effect
of the former can be done by modifying diffusion coefficients,
whereas that of the latter can be generally ignored in this study
because the electrical double layer in concrete is highly
compressed.
Table 2
Initial and boundary conditions of individual species.

Field variables Potassium Sodium

Concentration boundary conditions
x = 0 0 520 (mol/m3)
x = L 0 300 (mol/m3)

Flux boundary conditions
y = 0 J = 0 J = 0
y = L J = 0 J = 0

Initial conditions
t = 0 200 (mol/m3) 100 (mol/m3)
4. Finite element analysis model

To investigate the effects of aggregates, ITZs and ionic binding
on the transport of ions in concrete, a series of 2-D, 3-phase FEA
models with various different aggregate volume fractions are
developed, in which the specimen is modelled as a square plate
of a size of 50 mm � 50 mm. The aggregates are represented by a
number of solid circles of radii ranging from 1.5 mm to 10 mm.
These solid circles are randomly generated in the geometric model
using MATLAB software. For each aggregate there is an ITZ sur-
rounding it. Note that the concrete modelled here is assumed to
be fully saturated due to the standard of RCM test [53–56] and
therefore there are no air voids in the geometric model. Also, note
that the real thickness of ITZs in normal concrete is only 20–40 lm.
However, this kind of thin layer creates some difficulty in the ele-
ment mesh of ITZs due to the limitation of element number used in
computation. To avoid this problem the ITZ layer in the present
model is artificially increased to 100 lm. However, in order not
to overlook the effect of ITZs on the results, the increase of the ITZs
volume in the model is compensated by the reduction of the diffu-
sion coefficients of ions in the ITZs. Fig. 2 graphically displays one
of the geometric models analysed, which involves solid circles, rep-
resenting the impermeable aggregates, annual thin layers sur-
rounding the solid circles, representing the ITZs, and the
remaining space, representing the cement paste. Fig. 3 shows the
Chloride Hydroxide Electrostatic potential

520 (mol/m3) 0 0
0 300 (mol/m3) 24 V

J = 0 J = 0 @U=@y ¼ 0
J = 0 J = 0 @U=@y ¼ 0

0 300 (mol/m3) 0



Fig. 5a. Electrostatic potential distribution profiles at four different times.
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corresponding finite element mesh used. As the aggregates (white
area) are assumed to be impermeable, they are not meshed in the
models, which means that the ionic transport takes place only in
the cement paste and ITZ phases although the diffusion coefficients
are different in these two phases. The continuous conditions are
assumed for both concentration and flux at the interface between
the cement paste and ITZ phases.

Existing data showed that the ratio of diffusion coefficients
between ITZs and bulk cement paste is about 4–15, depending
on the porosity and water-to-cement ratio of individual specimens
[34,40,52]. Considering the use of large thickness of ITZs in the geo-
metric models, the diffusion coefficient in ITZ phase for each ionic
species employed in the present study is taken as three times of
that in cement paste phase. Table 1 shows the transport properties
employed in the present study for aggregates, cement paste and
ITZs. Note that the diffusion coefficients employed in the present
multi-phase model is one-order higher than those normally used
for cement materials but one-order lower than those provided
for the dilute solution. This is because the effects of ionic binding
and tortuosity on ionic transport are taken into account by the
model itself not by the diffusion coefficients.

The 2-D, 3-phase concrete models are used to simulate the RCM
test of concrete, in which the 50 mm � 50 mm plain concrete spec-
imen is located between two compartments, one of which has a
0.52 mol/l NaCl solution, the other of which has a 0.30 mol/l NaOH
solution. An external potential difference of 24 V is applied between
two electrodes inserted into the two compartment solutions. The
ionic species to be analysed in the simulations include potassium,



Fig. 5b. Concentration distribution profiles of potassium ions at four different times.
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sodium, chloride and hydroxyl. Note that other ionic species (such
as calcium and sulphate) may also exist in the concrete. However,
owing to their low concentrations they are not considered in the
present simulations. Fig. 4 graphically displays the simulation
model. Also, since the volume of each compartment is much greater
than that of the specimen, it is reasonable to assume that the con-
centrations of each ionic species in the two compartments remain
constant during the migration test. Table 2 shows the initial and
boundary conditions employed in the present study.

Experimental results showed that chloride ions can be bounded
to solid surfaces while they transport through the pore solution, or
vice versa [8]. However, whether the other ionic species have a
similar feature remains unknown. In the present study, the chlo-
ride binding is used based on the experimental data [8], while
the binding of other three species is simply assumed to have an
equal binding capacity and is calculated based on the charge
balance.

5. Results of FEA simulations

The governing Eqs. (4) and (7) are solved numerically using
commercial software COMSOL in the three-phase domain. The five



Fig. 5c. Concentration distribution profiles of sodium ions at four different times.
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field variables represent the electrostatic potential and four ionic
concentrations. Fig. 5 shows the distribution profiles of the five
field variables at four different times for the plain concrete with
50% volume fraction of aggregates, in which the two plane coordi-
nates represent the position of the variable in the 2-D concrete
model and the vertical coordinate is the value of the variable. Each
frame of individual variable represents one instantaneous moment
during the RCM test. The 3-D plots provide a good overall view on
the evolution of transport of four ionic species in the specimen. The
overall patterns of the 3-D plots shown in Fig. 5 are found to be
similar to those provided in the 2-phase, multi-component model
without taking into account ionic binding [38], but there are some
clear distinctive features. These are reflected by the significant
different travel speeds between positive and negative charged ions,
the concentrations of ionic species at the wave front, and the large
difference of gradients of electrostatic potential in the regions near
anode and cathode, indicating the influences of ITZs and ionic
binding on the transport of ions in concrete. Note that the concen-
tration profiles of the two positively charged species (potassium
and sodium) are plotted at 2, 4, 6, and 8 h whereas those of the
two negatively charged species (chloride and hydroxyl) are plotted
at 1, 2, 3, and 4 h. This is because the travel speed of the positive
charged ions is very slow in the first few hours. This again high-
lights the effect of ionic binding and ITZs on ionic transport.

To quantitatively examine the influence of ITZs and ionic bind-
ing on the transport of chloride ions in concrete, the 3-D plots of



Fig. 5d. Concentration distribution profiles of chloride ions at four different times.

Q.-f. Liu et al. / Engineering Structures 86 (2015) 122–133 129
chloride concentration profiles are represented using traditional 2-
D plots with concentration against travel distance, as shown in
Fig. 6, in which the concentration is the average concentration
along the y-axis. Since the focus of discussion is on chloride ions
only, the 2-D profiles of other ionic species are not re-plotted fur-
ther here. Obviously, the chloride distribution profile obtained
from the presented multi-component model is totally different
with those from the previous single-component (i.e. only the chlo-
rides) results [9,47]. This evidently demonstrates the significant
influence on the chloride migration caused by multi-species
coupling.

For the purpose of investigating the ITZ and binding effects, the
results without ITZs (i.e., assuming the same diffusion coefficients
in ITZs as those in cement paste) and that without ionic binding are
also shown in Figs. 7 and 8, respectively. It is apparent from the
comparisons of these three figures that, the ITZs and the ionic
binding have adverse influences on the chloride transport. Ignoring
ITZs in the model, chloride transport will be under-predicted, not



Fig. 5e. Concentration distribution profiles of hydroxide ions at four different times.
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only the speed but also the concentration at the wave front. How-
ever, if the ITZs are taken into account but the ionic binding is
ignored in the model, the chloride transport will be over-predicted,
including both the speed and concentration at the wave front. For
example, the penetration depth and corresponding concentration
of chlorides at 1 h are 0.013 m and 130 mol/m3 in the model ignor-
ing ITZs (i.e. 2-phase model with ionic binding); while they are
0.019 m and 214 mol/m3 in the 3-phase model ignoring ionic bind-
ing, and 0.017 m and 150 mol/m3 in the 3-phase model with ionic
binding. It is interestingly observed from the 2-D plots shown in
Figs. 6–8 that the wave fronts are not the ‘‘steep’’ lines but exhibit
gradual decrease with the distance. This feature is not seen from
the single phase model [21]. A careful examination of the section
plots at different y-values from 3-D results shows that all wave
fronts exhibit more or less steep. However, the section profiles
are not allied at the same depth at the same time due to the effect



Fig. 6. 2-D plot of concentration distribution profiles of chloride ions in 3-phase
model with ionic binding.

Fig. 7. 2-D plot of concentration distribution profiles of chloride ions in 2-phase
model with ionic binding.

Fig. 8. 2-D plot of concentration distribution profiles of chloride ions in 3-phase
model without ionic binding.
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of aggregates and ITZs. This leads the concentration at a wave front
to decrease with the depth.
6. Chloride diffusion coefficient in concrete

There are two methods which can be used to calculate the chlo-
ride diffusion coefficient. One is the steady state migration test
[53], in which the chloride diffusion coefficient is calculated as
follows,

Dcon ¼
RTL
FU
� J2

C1
ð9Þ

where Dcon is the overall diffusion coefficient of chlorides in the
specimen, L is the specimen length, U is the applied voltage, J2 is
the flux of chlorides at downstream boundary, C1 is the concentra-
tion of chlorides at upstream boundary. Note that Eq. (9) is obtained
from the solution of the Fick’s second law of the transport of a single
species. It is obvious from the concentration distribution profiles
shown in Figs. 6–8 that the chloride concentration at the wave front
is much lower than that at the upstream boundary. Thus, the chlo-
ride diffusion coefficient obtained using Eq. (9) may not be very
accurate. Additionally, note that Eq. (9) is valid only when the
applied electrical field is high and a full equation valid whatever
the voltage value was proposed by Amiri et al. [54]. The other is
the non-steady state migration test (also called as RCM test) [9],
in which the chloride diffusion coefficient is calculated as follows,

Dcon ¼
RTL
FU
�

xd � 2
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
RTLxd

FU erf�1 1� 2Cd
C1

� �r

td
ð10Þ

where xd is the penetration depth of chloride ions at a test duration
td, Cd is the chloride concentration at the depth xd, and erf�1 is the
inverse version of error function. The RCM test method was first
proposed by Tang and Nilsson [9], and then adopted as NT Build
492 [55] and AASHTO provisional Standard TP64 [56]. The test is
very similar with the rapid chloride permeability test. However, it
allows direct measurement by the depth of chloride penetration
instead of using the total passed charge to estimate the permeabil-
ity. RCM has been widely used to measure the diffusion coefficient
of chloride ions in concrete. Several RCM tests have shown that Eq.
(10) is more reliable than Eq. (9) [57]. Hence, it is also used here to
compare the results obtained from different models. Note that nei-
ther Eq. (9) nor Eq. (10) takes into account the chloride binding.
Also, Eq. (10) is derived from the transport of a single ionic species
in a single phase medium. Nevertheless, if one knows the chloride
concentration, penetration depth and corresponding penetration
time from a multi-component, multiphase model, the overall chlo-
ride diffusion coefficient of the concrete can be calculated using Eq.
(10).

In RCM tests, the specimen is normally 50 mm thick in which
the sizes of aggregates are very restrained in order to provide a
good representation of the tested material [55,56]. Therefore the
volume fraction of aggregates in the tested specimen is largely lim-
ited due to the workability [32]. Furthermore, the largest volume
fraction of aggregates employed in existing numerical simulations
for chloride transport is about 0.6 or less [38,43,44,47]. This is
probably due to the availability of experimental data. For this rea-
son, a set of simulations with different volume fractions of aggre-
gates ranging from 0 to 0.6 are performed in this study. The
calculated normalized chloride diffusion coefficient, Dcon/D0, where
D0 is the chloride diffusion coefficient used in the cement paste
phase, are listed in Table 3 and plotted in Fig. 9. To validate the
results obtained from the numerical model, an accelerated chloride
migration test brought by Yang and Su [32] is employed as a refer-
ence. The experiment consists of mortars made with ASTM Type I



Table 3
Normalized diffusion coefficients (3-phase model with binding effect).

Aggregate volume fraction, Va 0% 10% 20% 30% 40% 50% 60%

td (s) 3600 3600 3600 3600 3600 3600 3600
xd (m) 0.0250 0.0219 0.0203 0.0192 0.0182 0.0173 0.0159
Cd (mol/m3) 214.4 146.0 146.0 146.0 146.0 146.0 146.0
Dcon (10�10 m2/s) 3.6624 3.1234 2.8904 2.7304 2.5850 2.4543 2.2510
Dcon/D0 1.0000 0.8528 0.7892 0.7455 0.7058 0.6701 0.6146

Fig. 9. Comparisons of chloride diffusion coefficients in concrete obtained from
different FEA models and experimental data.

Table 4
Normalized diffusion coefficients (3-phase model without binding effect).

Aggregate volume
fraction, Va

0% 10% 20% 30% 40% 50% 60%

td (s) 3600 3600 3600 3600 3600 3600 3600
xd (m) 0.0250 0.0238 0.0225 0.0213 0.0200 0.0190 0.179
Cd (mol/m3) 214.4 214.4 214.4 214.4 214.4 214.4 214.4
Dcon (10�10 m2/s) 3.6624 3.4854 3.2936 3.1166 2.9249 2.7774 2.6153
Dcon/D0 1.0000 0.9517 0.8993 0.8510 0.7986 0.7584 0.7141

Table 5
Normalized diffusion coefficients (2-phase model with binding effect).

Aggregate volume
fraction, Va

0% 10% 20% 30% 40% 50% 60%

td (s) 3600 3600 3600 3600 3600 3600 3600
xd (m) 0.0250 0.0172 0.0160 0.0151 0.0140 0.0128 0.119
Cd (mol/m3) 214.4 146.0 146.0 146.0 146.0 146.0 146.0
Dcon (10�10 m2/s) 3.6624 2.4397 2.2655 2.1349 1.9755 1.8017 1.6716
Dcon/D0 1.0000 0.6662 0.6186 0.5829 0.5394 0.4920 0.4564
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Portland cement and fine aggregates selected at 0%, 10%, 20%, 30%
and 40% volume fractions. 50 mm thick samples were cast and
cured in water (23 �C) for 12 months. The experiment results of
the normalized diffusion coefficient (Dcon/D0) are superimposed
in Fig. 9. For examining the influences of ITZs and ionic binding,
the results of Dcon/D0 obtained from the models without consider-
ing ITZs and those without ionic binding (see Tables 4 and 5) are
also superimposed in the figure. Note that, owing to the existence
of diffusion layer near cathode and the variation of chloride con-
centration on the wave front, which point on the wave front should
be taken for xd and Cd to calculate the diffusion coefficient in Eq.
(10) is crucial. After calibration using experimental data [32] it is
found the best point for (xd, Cd) is the one at the first crest point
of the wave front. This point represents the overall migration of
chlorides in the 3-phase model.

It is evident from Fig. 9 that the model with both ITZs and ionic
binding being taken into account agrees well with the experiment
data [32], particularly for the volume fractions equal or less than
0.3. The maximum deviation from the average value of experimen-
tal data is only 7.25% for the aggregate volume fraction at 0.4. In
contrast, when the ITZ phase or the ionic binding is ignored, the
predicted diffusion coefficient is far off from the experimental data.
It may be noticed from the figure that there is a slight difference in
the slope between the simulations and experiments. This could be
due to the over use of the ITZs volume in the simulation when the
volume fraction of aggregates is large; while in the reality the vol-
ume of ITZs may not be linearly proportional to the volume of
aggregates.
7. Conclusions

This paper has presented a 2-D, 3-phase, multi-component ionic
transport model for describing the penetration of chlorides in con-
crete. The model also considers the binding of ions in the solid
phase of concrete. The present model has been applied to simulate
the RCM test to predict the chloride diffusion coefficient in con-
crete. From the results obtained the following conclusions can be
drawn.

(1) The multi-species coupling has important influence on the
electrostatic potential predicted in the multi-phase model.
It significantly affects the migration speeds of ionic species.
The influences on ionic species with different charges are
considerably different.

(2) The inclusion of ITZs in the multi-phase transport model can
provide more accurate simulation results. ITZs can acceler-
ate the ionic transport, resulting in a larger transport rate
and significantly deeper penetration front. This is mainly
due to the use of larger diffusion coefficients of ions in the
ITZs. In contrast, ionic binding is equally important in the
multi-phase transport model. It can slow down the transport
rate of ions in concrete. The influence of ionic binding on
ionic transport is opposite to that of ITZs, and also slightly
less than that of ITZs.

(3) The present multi-phase model can be used to evaluate the
overall diffusion coefficient of chlorides in concrete
employed in other simple prediction models, which is dem-
onstrated by available experimental results.
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