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This paper presents a numerical study on the mechanism of chloride migration in cracked concrete.
Unlike most of existing work, this study utilises multi-component ionic transport models to reflect the
influence of ionic interactions by coupling the mass conservation and Poisson’s equations. To provide a
better understanding of the influences caused by multi-component migration and concrete cracking,
two categories of geometry samples are displayed and discussed respectively. Finally, through a compar-
atively overall numerical exploration, which includes external voltage, ionic interactions, heterogeneous
nature, binding effect and multiple cracks arrangement, a series of important transport features, which
cannot be revealed previously from existing cracked concrete models, are highlighted.

� 2015 Elsevier B.V. All rights reserved.
1. Introduction

Nowadays, durability problem has received more and more
attention in the concrete industry. It is well known that the perfor-
mance of reinforced concrete (RC) structures will be significantly
influenced by the penetration of ions, especially chloride ions. This
deterioration caused by chloride-induced corrosion of reinforcing
steel is even serious when the concrete has cracks. Cracking is an
inevitable phenomenon for RC structures and can be generated
due to various reasons, i.e., plastic and restrained shrinkage, ther-
mal and mechanical loading, expansive degradation reactions,
improper design, etc.

To assess the effect of cracking characteristics on chloride diffu-
sion in concrete, a number of studies [1–12] have been reported, in
which traditional approaches including analytical and/or experi-
mental methods were used. However, note that concrete is a
heterogeneous material with complicated microstructure organi-
sation. For analytical studies, the main shortcoming is that they
could only focus on the transport of ions in a 1-D single-phase
medium (i.e., the cement or mortar matrix), neglecting the impact
of other meso- or micro-structures in concrete. Moreover, due to
the high nonlinear level of the problem of multi-component ionic
transport, almost all existing analytical models consider the trans-
port of only a single-species, i.e. the chloride ions. For experimental
studies, though they can provide wider and valuable data, it is still
very difficult for them to reveal individual effects of different fac-
tors because of the interactions between different factors. Also,
most of testing methods are expensive and time-consuming, espe-
cially for the high-performance concrete specimens.

Hence, with respect to the abovementioned issues, as well as
the fast advance of computer science and progress of computa-
tional mathematics, today’s researchers tend to adopt the numeri-
cal technique to gain a better understanding of the mechanism of
chloride transport in cracked concrete [13–18]. For example, Leung
and Hou [13] developed a 2-D single-phase concrete model with
cracks for investigating the chloride-induced reinforcement corro-
sion. Marsavina et al. [14] examined the influence of artificial
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Fig. 1. Geometry of 3-phase heterogeneous concrete model with mesocrack.

Fig. 3. Schematic representation of 2-D plain concrete specimen in a RCM test.

Table 2
Initial and boundary conditions of individual species.

Field variables Potassium Sodium Chloride Hydroxide Electrostatic
potential

Concentration
boundary
conditions,
mol/m3

x = 0 0 520 520 0 0
x = L 0 300 0 300 24 V

Flux boundary
conditions

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

Initial
conditions,
mol/m3

t = 0 200 100 0 300 0
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cracks on the chloride penetration in concrete using a 3-D finite
element analysis model. However, the model developed was based
on a single phase for which the concrete was treated as a homog-
enous material. Wang and Ueda [15] proposed a 2-D mesoscale
transport model for investigating chloride diffusion in cracked con-
crete, in which the concrete was treated as a three-phase compos-
ite, consisting of aggregate, mortar, and interfacial transition zone
(ITZ). It was found that chloride ions can penetrate into cracks with
a much higher speed than they do into other phases. Šavija et al.
[16] presented a further simulation with a 3-D geometry based
on lattice fracture model [19–22] to emphasise that cracked con-
crete is highly inhomogeneous and their transport properties
Fig. 2. Finite ele

Table 1
Ionic transport properties in different phases.

Field variables Potassium (mol/m3)

Charge number 1
Diffusion coefficient in aggregates, DA 0
Diffusion coefficient in bulk mortar, DB � 10�10 m2/s 3.914
Diffusion coefficient in ITZs, DI � 10�9 m2/s 1.174
Diffusion coefficient in crack, DC � 10�8 m2/s 2.348
Diffusion coefficient in damage zone, DD � 10�8 m2/s 0.783
would show significant local variations. Mesoscale finite element
models, originally developed for the stress analysis of concrete
[23,24], have recently been applied to predict the transport
ment mesh.

Sodium (mol/m3) Chloride (mol/m3) Hydroxide (mol/m3)

1 �1 �1
0 0 0
2.668 4.064 10.52
0.800 1.219 3.156
1.601 2.438 6.312
0.534 0.921 2.104



Fig. 4. Comparisons of electrostatic potential distribution between (a) multi- and (b) single-component models.
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properties in concrete with and without cracks [25,26]. To quantify
the effect of cracks on chloride diffusion in concrete, Bentz et al.
[17] explored another 2-D single-phase model for estimating the
local chloride concentration as a function of crack width and depth,
from which the influence of cracks on concrete service life is pre-
dicted. Their study also showed that the chloride binding by the



Fig. 5. Comparisons of normalized chloride concentration distributions between (a) multi- and (b) single-component models.
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cement paste plays a significant role in slowing the ingress of
chlorides and should be taken into account in the modelling.

Above numerical studies considered a diffusion problem and
employed the Fick’s second law to govern the chloride penetration
in cracked concrete. In view of the long duration of diffusion tests
and the need of electrochemical rehabilitation, the action of exter-
nally applied electric field is prevalently involved in a bunch of
numerical models of chloride transport in concrete [27–41]. These
models extended the ionic diffusion to a more complicated migra-
tion dominated process, which follows the applications of the rapid
chloride migration (RCM) test [42–44] and the electrochemical
chloride removal/extraction (ECR/ECE) treatment [45]. However,
the convection-dominated diffusion equations caused due to the
presence of external electric field can create some numerical



Fig. 6. Geometry of cracked concrete model with the same width (1 mm) and volume fraction (VD = 0.08) but different depths of damage zone ((a) 10 mm, (b) 20 mm and (c)
40 mm).
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difficulties both in meshing and computing due to the Peclet num-
ber issue [18,31,32], particularly when the structure studied
involves different size zones, for instance, ITZs and cracks. In order
to investigate the influence of cracking on chloride migration, more
recently, Šavija et al. [18] further proposed another lattice model of
micro-cracked concrete, in which the chloride transport is gov-
erned by Nernst–Planck equation. This model not only considered
the external voltage to simulate the RCM test, but also allows the
heterogeneous nature of concrete by distributing a certain volume
fraction of aggregates within a thin-slab concrete geometry. A ser-
ies of factors during the simulated test including the aggregate
effect, loading stress, and artificial cracks were discussed through
a set of obtained 2-D chloride distribution profiles.

The literature survey described above shows that most of exist-
ing numerical transport models applied for concrete with cracks
[13–18] did not consider the interaction of ionic species involved
in the concrete pore solution. It has been shown that the models
with multi-species coupling controlled by Poisson’s equation,
which represents the true electrochemistry law for determining
electrostatic potential in the transport medium, can provide more
accurate results than those with only single ionic species or those
consider multi-species in the pore solution but use the assumption
of electro-neutrality condition [28–32]. In this paper, a numerical
study is presented for theoretically investigating the mechanism
of chloride migration in cracked concrete. Unlike most of existing
work, this study utilises multi-component ionic transport models
to reflect the influence of ionic interactions by coupling both mass
conservation and Poisson equations. Two categories of concrete
geometric models are investigated. The first one is for heteroge-
neous concrete with mortar matrix, coarse aggregates and ITZs. A
single mesocrack was created in the concrete based on the same
principle as used in the fracture modelling [19]. The crack is
located in the edge of the concrete and follows a weak-link of
the material in that region. The second one is for homogenous con-
crete, which ignores the aggregate and ITZ phases. The cracks in the
concrete are artificial and are treated as ‘‘damage zones’’ with lar-
ger scale. The locations of the cracks are assumed in the middle of
the geometry, which represents the concrete, that had cracks but
its surface has been repaired and thus the cracks inside of the con-
crete remain. Additionally, in consideration of that all existing
cracking models only focus on a single crack and any adjacent
cracks are probably assumed to be sufficiently far away from each
other [13–18], the interactive effect caused by multiple cracks is
also added into the second category of the models. Note that all
models used in the present study are two-dimensional. This is
because the numerical difficulties arisen from the use of Poisson’s
equation and the geometric models involving different dimen-
sional scales. Finally, through a comparatively overall numerical
exploration, which includes external voltage, ionic interactions,
heterogeneous nature, binding effect and multiple cracks arrange-
ment, a series of important transport features, which cannot be
revealed previously from existing cracked concrete models, are
highlighted.

2. Theoretical background

Concrete pore solution is a multi-component electrolyte
involving not only chloride ions but also other ions such as
sodium, potassium, hydroxyl, sulphate, and calcium. For the cases
of diffusion tests, the transport of ions in a saturated concrete is
mainly driven by the concentration gradient of the species itself
and can be described as Fick’s first law, which is most utilised
in the durability study of the cracked concrete [13–17]. When
the electrostatic potential is involved such as in migration tests
[42–44], the more significant driving force of ionic transport is
the electrostatic potential gradient, in which case the flux of an
ionic species can be expressed using the Nernst–Planck equation
as follows,

Jk ¼ �DkrCk � DkCk
zkF
RT
rU ð1Þ

where Jk is the flux, Ck is the concentration, Dk is the diffusion coeffi-
cient (note that in the heterogeneous concrete model, Dk has to be
defined separately in different phases), zk is the charge number,
F = 9.648 � 10�4 Cmol�1 is the Faraday constant, R = 8.314 J mol�1K�1

is the ideal gas constant, T = 298 K is the absolute temperature, U is
the electrostatic potential, and the subscript k represents the k-th
ionic species. Assume that the concrete is saturated and there is no
chemical reaction taking place between ionic species, the following
mass conservation defined in unit volume of electrolyte solution for
each individual ionic species can be obtained,

@Ck

@t
¼ �r � Jk ð2Þ

where t is the time. When applying the ionic transport equations
from an electrolyte solution to a porous material, one has to con-
sider the ionic binding at pore surface. Therefore, Eq. (2) need be
modified as follows,



Fig. 7. Concentration distribution profiles of potassium ions.
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@Ck

@t
þ @Sk

@t
¼ �r � Jk ð3Þ

where Sk is the concentration of bound ions of species k. It is sug-
gested that the relationship between the bound and free chloride
concentrations is almost independent of its transport rate and
may satisfies the linear, Langmuir, or Freundlich isotherm [47]
depending on its concentration. Recent work [17] highlighted the
significant role of binding effect during the ingress of chlorides in
cracked concrete and it is suggested to utilise a simple linear
isotherm to express the relationship between free and bound ions
for enhancing numerical stability,

Sk ¼ kCk ð4Þ

where k a is a dimensionless fitting constant. Note that for constant
k, the term (1 + k) can be absorbed into the time term and in this
case the difference between the considerations of binding and
non-binding does not affect the governing equation and is only
reflected by a time factor.



Fig. 8. Concentration distribution profiles of sodium ions.
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Substituting Eqs. (1) and (4) into (3), it yields,

ð1þ kÞ @Ck

@t
¼ rðDkrCkÞ þ r

zkDkF
RT

� �
CkrU

� �
ð5Þ

In most of numerical models considering multi-species trans-
port in concrete [27,35–41], the electrostatic potential is often
determined by using the assumption of electro-neutrality condi-
tion. This implies that the spatial electrostatic potential is purely
caused by the externally applied electric field and the charge
balance of species occurs everywhere in the solution domain. In
this case the concentration of each ionic species can be calculated
independently using Eq. (5) by employing r2U ¼ 0. Apparently,
this assumption makes the multi-species transport behave as a sin-
gle-component model, which does not reflect the actual interaction
between different ionic species [46]. The essence of this issue is
that, in fact, the electrostatic potential is generated by not only
the externally applied electric field but also the significant internal
charge imbalance between different ionic species. This charge
imbalance within the concrete medium attributes to two reasons.
The first one is that under the action of external electric field the
cations and anions have opposite-direction movement. The second
one is that the different ionic species usually have different diffu-
sion coefficients and thus travel in different speeds in this multi-
component system. In general, the generated charge imbalance



Fig. 9. Concentration distribution profiles of chloride ions.
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creates an internal electrostatic potential which can affect the
transport of all ionic species in the concrete throughout the time
and space. This electrostatic potential increases with the externally
applied electric field and the difference of diffusivities between
ionic species. In order to accurately describe the internal charge
imbalance between different species and also achieve the true
multi-species coupling, recent work [28–32] suggested that one
should use the following Poisson’s equation to govern the electro-
static potential in the transport medium,

r2U ¼ � F
e0er

XN

k¼1

zkCk ð6Þ



Fig. 10. Concentration distribution profiles of hydroxide ions.
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where e0 = 8.854 � 10�12 CV�1 m�1 is the permittivity of a
vacuum, er = 78.3 is the relative permittivity of water at tempera-
ture of 298 K, and N is the total number of ionic species involved
in the solution. For numerical modelling, the use of Poisson’s
equation creates two difficulties. One is the coupling of Eq. (5)
between different ionic species, since U is now dependent on
not only the boundary conditions defined by the externally
applied electric field, but also the concentrations of all ionic
species involved in the medium. The other is the nonlinearity
and numerical difficulty which involves calculations of large
and small numbers that need be handled carefully [31,32].
Nevertheless, Eqs. (5) and (6) can be used to determine the elec-
trostatic potential, U, and the concentrations of individual ionic
species, Ck (k = 1,2,. . .,N), at any time and any point in the solution
domain, provided that the initial and boundary conditions are
properly defined.



Fig. 11. Electrostatic potential distribution profiles.
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Fig. 12. Zoomed-in schematic for ‘shock waves’.

1 For interpretation of colour in Fig. 2, the reader is referred to the web version of
is article.
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3. Multi-component transport models for heterogeneous
concrete with mesocrack

3.1. Modelling

A set of 2-D mesoscale cracked concrete geometries with a
mesocrack are developed to simulate the RCM tests. The concrete
modelled here is treated as a heterogeneous composite structure
with three phases consisting of mortar matrix, coarse aggregates
and ITZs. Fig. 1 shows one of the models adopted in this simula-
tion, in which the circular areas represent the impermeable aggre-
gates with the radii ranging from 1.5 mm to 10 mm. These
aggregates are randomly generated in a certain volume fraction
(Va = 0.5 in Fig. 1) in the geometry by using MATLAB software.
Note that though the shape of aggregates may not be such per-
fectly circular in reality and the particle shape may cause influ-
ence on the transport properties of concrete in 3-D to some
degree [25,48], it only makes a modest influence for a 2-D aggre-
gate distribution according to the previous studies [18,46,49].
Outside each aggregate, there is an aureole ITZ shell wrapping
the aggregate. Note that the real thickness of ITZs in normal con-
crete is only 20–50 lm [50,51]. However, this kind of thin layer
creates some difficulty in the element mesh of ITZs due to the
computing limitation; therefore, the ITZ layer in the present
model is artificially increased to 100 lm. In order not to overesti-
mate the ITZ effect, the increase of ITZs volume in the present
model is compensated by the reduction of the diffusion coeffi-
cients of ions in the ITZs. Outside the ITZs, the remaining part of
the concrete model represents the mortar matrix. A single meso-
crack located near the edge of the concrete was created based on
the same principle as used in the fracture modelling [18,19]. The
width and length of the crack were assumed but the shape was
generated following a weak-link of the material in that region.
The crack starts on the edge (x = 0) and its width is assumed to
be twice the thickness of the ITZs.

Fig. 2 shows the finite element mesh used in this heterogeneous
model. As the aggregates (white area) are assumed to be imperme-
able, they are not meshed in the model, which means that the ionic
transport takes place only in the mortar (blue1 area), ITZs and crack
(black area), although the diffusion coefficients are different in these
domains. The continuous conditions are assumed for both concen-
tration and flux at the interface between the different domains. Note
that, the accuracy of the numerical solution of the convection–diffu-
sion equation governed by Eqs. (5) and (6) is highly dependent on
the element sizes used. Mathematically, for finite element analysis,
to achieve a reasonably accurate numerical solution, one has to make
local Peclet number (defined by the ratio of the diffusion time h2/D
to the convection time h=u, where h is the element size, u is the con-
vection velocity, and D is the diffusion coefficient) to be less than one
[31,32]. Hence, the larger the convection velocity, the smaller the
element size required. In the present problem, the convection veloc-
ity is the migration velocity of ionic species. When there is an exter-
nal 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 or inaccurate.

For the concrete modelled herein, the transport parameters
employed for different phases are listed in Table 1. Since the crack
width assumed in the presented model is larger than 100 lm, the
ionic diffusivity in the crack (DC) is taken as 60 times of that in the
bulk mortar (DB) [17]. The larger value of DC is probably because, in
microscope scale, the cracks increase the connectivity between
capillary pores and ITZs within the damage region. In terms of
th



Fig. 13. Comparisons of average y-axis concentration distributions between three models (different depths).
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the transport property of ITZs, existing data showed that the ratio
of diffusion coefficients between ITZs and matrix is about 4–15,
depending on the porosity and water-to-cement ratio of individual
specimens [52–54]. Considering the use of large thickness of ITZs
in the present models, the diffusion coefficient in ITZs for each
ionic species employed in the present study is taken as three times
of that in the bulk mortar.

The model described above is used to simulate the RCM test of
concrete, in which the 50 mm � 50 mm plain concrete specimen
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,
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. 3 graphically displays the simulated test.
Also, since the volume of either compartment is much greater than
that of the specimen, it is reasonable to assume that the concentra-
tions of each ionic species in the two compartments remain con-
stants during the migration test. Table 2 shows the initial and
boundary conditions employed in the present study. Note that the
boundary settings here are different from those used by Šavija
et al. [18] (in their work the upstream Dirichlet boundary condi-
tions are applied not only at the left boundary of concrete but also
inside the domain of the crack), though the relevant geometries of
the two studies are very similar. In the present model, for the sake
of efficiently exploring the differences between multi- and single-
component migrations in the region subjected to concrete cracks,
the crack herein is treated as a new meso-scale phase for ionic
transport, rather than an exposed boundary as utilised in [18].
3.2. Comparisons between multi- and single-component models

For given initial and boundary conditions, Eqs. (5) and (6) are
solved numerically by using commercial software COMSOL.
Concentrations of four ionic species and the electrostatic potential
distributing in the cracked concrete during the migration test can
be obtained. For the purpose of comparison between the multi-
component and single-component models, another simulation
using the same governing equations but with the assumption of
electro-neutrality condition (i.e. the Laplace equation r2U ¼ 0 is
used to replace the Poisson’s equation) is also performed. The com-
parisons between the two models for the electrostatic potential
and chloride concentration are shown in Figs. 4 and 5, respectively.

In the 3-D plot shown in Fig. 4, the two plane coordinates rep-
resent the position of the variable in the 2-D concrete and the ver-
tical coordinate is the value of the variable, i.e. the electrostatic
potential. It can be clearly seen from the profile of single-compo-
nent model that, the electrostatic potential does not change with
time. Moreover, as indicated by Laplace equation, if the electro-
neutrality condition holds, the electric field would be time-inde-
pendent, which is in agreement with what is shown in Fig. 4b:
i.e. electrostatic potential increases from U = 0 at the cathode to
U = 24 V at the anode and the increase is almost linear. The local
fluctuations in the profile are due to the heterogeneous nature
(e.g. the presence of aggregate phase). In contrast, the electrostatic
potential profiles predicted by multi-component model show some
different features. When the transport process is controlled by
Poisson’s equation, the electrostatic potential increases also from
U = 0 at the cathode to U = 24 V at the anode, but the increase
seems not linear (see Fig. 4a). Interestingly, there is a convex shape
occurring in the distribution profile and this convex shape gradu-
ally moves along x-axis. A careful examination shows that the
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movement of the convex shape is generally in accordance with that
of chloride migration wave front in the bulk mortar. This means
that, initially the higher migration speed of ionic species is in the
region near the cathode, but with the increase of time it gradually
shifts to the region near the anode. Hence, the electrostatic poten-
tial gradient in the multi-component transport model is not con-
stant but time and regionally dependent. Note that the crack
added in the models seems to have very little effect on the electro-
static potential. This is likely because the electrostatic potential is
mainly dependent on the externally applied electric field and the
difference of diffusion coefficients between different ionic species.
In the present examples, the diffusion coefficients are proportion-
ally increased in the crack zone and thus their relative values
remain unchanged.

Obviously, different electrostatic potential distributions will
generate different ionic transport features. It can be noticed from
Fig. 5 that, though the chlorides give priority to penetrate in the
mesocrack in both models but their travel speeds are quite differ-
ent: the migration speed shown in the multi-component model is
much higher than that shown in the single-component model. By a
more careful check on the results of the two models, one may
observe that, the concentration in the multi-component model
drops sharply in the region near the cathode due to the combined
actions of boundary conditions and multi-species coupling,
whereas the concentration in the single-component model drops
gradually from the upstream edge to the region where the chlo-
rides have arrived. Furthermore, it can be seen from Fig. 5a that
the chlorides have a perfectly uniform concentration distribution
in both the mesocrack and mortar, as well as have a clear integral
migration wave front characterised by the abrupt change of the
colour legend in the interface between chloride and chloride-free
regions. In contrast, this phenomenon does not appear in the
Fig. 14. Comparisons of average y-axis concentration dis
results shown in Fig. 5b, where the chlorides simply more gather
in the region more near the upstream edge and the presence of
the mesocrack does not make notable impact on the chloride trans-
port. To sum up, the multi- and single-component models have
totally distinct transport features, not only for the electrostatic
potential distributions but also for the chloride penetration behav-
iours. Therefore, considering the ionic interaction in transport
models to predict chloride penetration in concrete with cracks is
very important, as demonstrated previously in concrete with no
cracks [28–32,35,55].
4. Multi-component transport models for homogenous
concrete with damage zones

4.1. Modelling

In the previous section, the significance of multi-species ionic
interactions governed by Poisson’s equation has been demon-
strated. In order to further investigate the mechanism of ionic
transport in the concrete with multiple cracks, this section makes
two changes on the previous geometric models, aiming at easier
observation of the concentration profiles. Firstly, a set of simplified
concrete geometries are modelled, in which all aggregates and ITZs
are removed from the previous three-phase model. Secondly, the
cracks are represented by the large scale ‘‘damage zones’’. Note
that the concept of ‘‘damage zone’’ has been widely used in dam-
age mechanics to simulate the overall effect of cracks on the
mechanical performance of concrete materials [56]. This concept
has been recently introduced into the chloride transport problems
by Bentz et al. [17]. They proposed an imaginary zone consisting of
‘damage mortar’, which surrounds each crack. This kind of zone is
tributions between three models (different widths).



Fig. 15. Comparisons of average y-axis concentration distributions between three models (different damage fractions).

Fig. 16. Schematic view for three cross sections traversing the simulated specimen.
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about 1–4 mm width, in which the diffusion coefficient is smaller
than that in cracks but larger than that in bulk mortar. The width
of a damage zone depends on the width of the central crack itself.
To introduce this type of damage zone into the present model, two
hypotheses are made herein. Firstly, due to the small width of cen-
tral crack, the multi-phase structure of damage zone in the present
model is ignored. That is the damage zone including the central
crack is simplified as a single phase and assumed to be uniform.
The ionic diffusion coefficient in the damage zone, DD, is taken as
20 times higher than that in the bulk mortar (DB) according to
[17]. Secondly, all damage zones in 2-D geometry are assumed to
be ideally rectangular in shape and can be characterised by their
individual width and length, which is similar to what was used
by Bentz et al. [17]. Note that although the micro pore prosperities
such as constrictivity, tortuosity and connectivity make the cracks
display a complex 3-D geometry, one can still simplify the problem
from 3-D to 2-D with suitable definitions on crack width and
depth.

In consideration of that most of existing cracking models only
focus on a single crack and the adjacent cracks are probably assumed
to be sufficiently far away from each other [13–18], the present
model is also to examine the interactive effect caused by the multi-
ple damage zones. Fig. 6 shows the geometries of concrete with dif-
ferent patterns of damage zones, in which all of the damage zones
are assumed to be in a rectangular shape and have identical width
(1 mm) and volume fraction (VD = 0.08) but different lengths. The
damage zones are located in the middle of the concrete. This repre-
sents the case where a cracked concrete has been repaired on its sur-
face but the cracks or damage inside of the concrete remains. For the
convenience of examination, all damage zones in each individual
case are identical and parallel to the transport direction.

Similar to the models presented in the preceding section, the
above geometries are used to simulate an eight-hour RCM test,
the set-up of which is the same as that shown in Section 3.1
(Fig. 3). The transport properties of different phases, boundary
and initial conditions used in this section are defined also in Tables
1 and 2, respectively.

4.2. General view of migration results

As the heterogeneous nature of the concrete has been ignored
(coarse aggregates and ITZs) in the models, one can receive a
more clear view focusing on the concrete damage zones from the
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simulation. Again the mass conservation equations and Poisson’s
equation are solved numerically. Figs. 7–11 display the distribution
profiles of five variables (concentrations of four ionic species plus
one electrostatic potential) at four different times during the first
2 h obtained from one of the models, in which there are ten
damage zones, each with 1 mm width, 20 mm length, and 0.08
volume fraction. It is clear from the figures that, the present
profiles are significantly different from those obtained from the
uncracked concrete models [32]. As is to be expected, the migra-
tion wave fronts travel at two distinct rates. One occurs in the part
with no cracks and its speed is similar to that observed in the
uncracked concrete model; the other occurs in the damage zones
with a much higher travel speed, which is similar to what was
observed in the chloride profiles obtained from a cracked concrete
subjected to wetting–drying cycles [5]. This appears to be expected
as the wetting–drying cycles produce a convection flow to ions,
which is similar to the migration of ions.

Some interesting features are found from the ionic distribution
profiles in the high speed zones. Fig. 12 shows the zoom-in plot of
one of the ionic wave fronts. It can be seen from this plot that the
high speed zone is somehow spread from the damage zones, par-
ticularly in the wave front, where there is an elliptical aggregation
of ions around each wave front and the size of the short axes of
the ellipse aggregation is approximately as 2–4 times the width
of a damage zone. More figuratively speaking, the concentration
distribution along the damage zone presents a ‘dumbbell shape’,
which is vividly demonstrated in Fig. 12. The formation of this
kind of ‘dumbbell shaped distribution’ is likely due to the diffu-
sion coefficient gradient. The ion gives priority to travel in the
direction which has larger diffusion coefficient: around the mid-
dle part of a damage zone, since the neighbouring region is still
damage, the ions tend to only migrate along the x-axis (along
Fig. 17. Comparisons of concentration distributions in S
the damage zone), acting like a laser beam; whereas around the
end of a damage zone, since it has the same diffusion coefficient
(all bulk mortar) in each adjacent direction, the ions are thus dis-
persed. Therefore, the average y-axis concentration in the sections
of the end of damage zones (e.g. the section of x = 0.045 m of the
solid line in the upper left figure of Fig. 13) becomes larger than
those in the sections of middle part of cracks (e.g. the sections
from x = 0.025 m to x = 0.04 m of the solid line in the upper left
figure of Fig. 13) to some extent.

4.3. Sensitivity analysis

To understand the influence of cracking-induced damage zones
(e.g. widths, lengths and volume fractions of damage zones) on
chloride migration, a series of sensitivity analysis are carried out.
In Figs. 13–15, the average y-axis concentration distributions dur-
ing the first 2 h process are clarified by three categories: the mod-
els reported in Fig. 13 have the same damage width (1 mm) and
fraction (VD = 0.08), but different damage lengths (e.g. 10 mm,
20 mm and 40 mm); the models reported in Fig. 14 share the same
damage length (20 mm) and fraction (VD = 0.08), but different
damage widths (e.g. 2 mm, 1 mm and 0.5 mm); the results shown
in Fig. 15 are calculated from three models which contains the dis-
tinct numbers of cracks (VD = 0.04, 0.08 and 0.16) but the same size
of an individual damage zone (1 mm width and 20 mm length). By
examining the locations of migration waves and the peak values of
concentration in the migration waves, it is concluded that the dam-
age length dominates the migration rate, whereas the damage
width has little influence on the chloride migration. This finding
agrees with the previous single-component models [17,18].
Additionally, in terms of the models with the same length of dam-
age zones, the chlorides will also achieve more rapid migration rate
ection 1 between three models (different depths).
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in the model that has a larger damage volume fraction even this
effect is not as evident as that of the damage length.

One may argue that the use of average y-axis concentration pro-
files is difficult to distinguish the quantitative distributions
between the areas of the damage zones and the bulk concrete. To
deal with this issue, three categories of cross sections traversing
the simulated specimen were selected. As shown in Fig. 16, the first
section is the centre line of one damage zone. The second section
represents the cut line near the damage zones, intersecting the
elliptical aggregation of ions at the wave fronts. The third section
is located evenly between two damage zones, where the farthest
section is from any damage zones. Looking at these three specified
sections, one can re-plot and obtain a more visualized view of the
sensitivity analysis on the properties of cracked concrete than
those shown in Figs. 13–15.

4.3.1. Lengths of damage zones
Figs. 17–19 show the comparison of chloride concentration dis-

tributions during the first 2 h process along the three different sec-
tions in the models with the different damage lengths as noted
previously. Fig. 17 clearly demonstrates how the damage depth
dramatically accelerates the migration rate; the concrete specimen
including 40 mm length damage zone is much more quickly per-
meated by the chloride ions. It is apparent from Fig. 18 that the
chloride migration rate is also markedly influenced by the damage
length in the region near the damage zones, due to the intersection
between the cut line of Section 2 and the elliptical aggregation of
ions around wave front.

However, when it comes to the third section (non-damage area
of concrete), the situation changes greatly; the concentration pro-
files seem to be irregular, especially those in the model with
20 mm and 10 mm length damage zones. With regards to this
Fig. 18. Comparisons of concentration distributions in S
phenomenon, since in this case the three models have the same
damage width and volume fraction, the model with 20 mm and
10 mm length damage zones have the larger amount of cracks,
which leads the space between two adjacent damage zones to be
narrower. As is shown in Fig. 12, during the migration process,
the chloride concentrations in the damage zones are higher than
those in the neighbouring bulk mortar and thus the diffusion
behaviour of chlorides occurs. Generally speaking, this kind of ‘pol-
lution’ due to local diffusion could produce the disordered concen-
tration distribution profiles, which is illustrated in Fig. 19. This
phenomenon apparently shows the interactive effect caused by
dense array of multiple cracks and it cannot be found in the con-
crete model with only a single crack.

4.3.2. Widths of damage zones
Likewise, the chloride concentration distributions focusing on

the effect of different damage widths are re-plotted in Figs. 20–22
based on the three sections of interest. Comparing Figs. 17 and
20, it is evident that, under the same changing multiplier, the influ-
ence of damage width is much smaller than that of damage length.
When the damage width is doubled, it only leads to a tiny increase
in progress to the chloride penetration. This feature is reflected in
the profiles in the second section (Fig. 21). Approximately, one
may find that both the migration wave fronts taken place in bulk
mortar and the wave fronts around the end of damage zones have
the same travel speed. Similarly with the phenomenon displayed
in Fig. 19, the ‘pollution’ behaviour due to local diffusion caused
by dense array of multiple cracks again disrupts the discipline of
concentration distribution profiles along the non-damage area of
concrete; that is the number of damage zones, instead of the dam-
age width, which dominants the chloride migration in non-damage
section. Note that if the cracks are very small the width of cracks
ection 2 between three models (different depths).



Fig. 19. Comparisons of concentration distributions in Section 3 between three models (different depths).

Fig. 20. Comparisons of concentration distributions in Section 1 between three models (different widths).
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Fig. 22. Comparisons of concentration distributions in Section 3 between three models (different widths).

Fig. 21. Comparisons of concentration distributions in Section 2 between three models (different widths).
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Fig. 23. Comparisons of concentration distributions in Section 1 between three models (different damage fractions).

Fig. 24. Comparisons of concentration distributions in Section 2 between three models (different damage fractions).
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Fig. 25. Comparisons of concentration distributions in Section 3 between three models (different damage fractions).
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may affect the transport of chlorides. This is simply because the dif-
fusion coefficient of chloride ions can be affected by the size of
pores, and thus so does by the crack width if the crack is sufficiently
small.
4.3.3. Volume fractions of damage zones
Figs. 23–25 show the comparison of concentration distribution

profiles focusing on the effect of volume fraction of damage zones
(the sizes of individual damage zones in the models are kept the
same). In general, the obtained results in this set of numerical tests
are extremely similar to what is showed in Figs. 20–22. If the dam-
age length is fixed, the changing of volume fraction of damage
zones does little impact on the chloride migration (Figs. 23 and
24). In addition, the more damage zones are contained, the more
chlorides are transported (Fig. 25). Since the damage zones are
all centrally located in one column in the simulated concrete, the
increase of crack number is only along the y-axis which is perpen-
dicular to the direction of electric field. Therefore, the effects
resulted by damage width and volume fraction on the chloride
migration are very close.
5. Summary

This study has presented a numerical investigation on the chlo-
ride migration in cracked concretes. By treating the concrete as a
heterogonous and a homogenous material with taking into account
the ionic interaction between different ionic species involved in
the concrete pore solution, numerical simulations have been per-
formed, from which the following conclusions can be drawn.

(1) Ionic interactions of multi-species are significant for study-
ing the chloride migration in cracked concrete. The multi-
and single-component models have totally distinct transport
features, not only for the electrostatic potential distributions
but also for the chloride penetration behaviours.

(2) The migration wave front in the cracked concrete travels at
two distinct rates. One occurs in the uncracked part of con-
crete and its speed is similar to that performed in the normal
concrete transport models; the other one occurs only in the
damage zones and gets much larger speed than that in the
non-damage bulk mortar, acting like shock waves, which
take a shortcut through the damage zones.

(3) Under the action of an externally applied DC voltage, the
damage length, which is exactly parallel to the electric field,
dominates the migration rate in the present multi-compo-
nent model, whereas the mesoscale damage width, the vol-
ume fraction of damage zones has little impact on the
chloride migration, either in damage or non-damage areas.
Additionally, according to the results of sensitivity analysis,
the effects of different damage width and volume fraction
on the chloride migration are very close.

(4) The analysis of concrete of multiple cracks suggests there is
a ‘‘pollution’’ effect, which can disrupt the chloride migra-
tion. This ‘pollution’ effect is likely due to the local diffusion
caused by dense array of multiple cracks.
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