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Reinforced concrete structures are frequently exposed to aggressive environmental conditions. Most
notably, chloride ions from sea water or de-icing salts are potentially harmful since they promote corro-
sion of steel reinforcement. Concrete cover of sufficient quality and depth can ensure protection of the
steel reinforcement. However, it is necessary to study the effects of material heterogeneity and cracking
on chloride ingress in concrete. This is done herein by proposing a three-dimensional lattice model capa-
ble of simulating chloride transport in saturated sound and cracked concrete. Means of computationally
determining transport properties of individual phases in heterogeneous concrete (aggregate, mortar, and
interface), knowing the concrete composition and its averaged transport properties, are presented and
discussed. Based on numerical experimentation and available literature, a relation between the effective
diffusion coefficient of cracked lattice elements and the crack width was adopted. The proposed model is
coupled with a lattice fracture model to enable simulation of chloride ingress in cracked concrete. The
model was validated on data from the literature, showing good agreement with experimental results.

� 2013 Elsevier Ltd. All rights reserved.
1. Introduction

Modern reinforced concrete structures, if properly designed and
executed, can achieve their intended service life. Corrosion of rein-
forcing steel due to chloride ingress can be prevented. An increas-
ing number of service life models are available to aid the practicing
engineer. These are all based on one, but very crucial, assumption:
that the structure in question is and remains crack free. Evidently,
this is almost never the case: reinforced concrete structures crack
due to many reasons, most important ones being mechanical load-
ing and shrinkage. This has been an issue of increasing focus in the
research community lately: a number of publications deals with
experimental investigations on the influence of cracking on chlo-
ride ingress (see [1]) and reinforcement corrosion (see [2]) in
cracked concrete.

Apart from experimental studies on the subject, a number of
models have been proposed in the literature. Some of them model
the effect of cracking in a smeared way, by introducing an increase
of the diffusion coefficient in the whole domain (e.g. [3]). Others
model cracks as notches or faults in concrete, without the mechan-
ical analysis (e.g. [4,5]). Very few have made a step further, and
coupled the mechanical and transport analyses (e.g. [6]). Most of
these models treat concrete as a quasi-homogeneous continuum,
i.e. mechanical and transport properties are constant for the whole
domain. On the other hand, a truss-network approach proposed by
Wang and Ueda [7], considers concrete as a three-phase composite,
consisting of coarse aggregate, mortar, and ITZ. Both of these ap-
proaches (homogeneous and heterogeneous) are applicable within
the lattice framework as presented here.

In the following, a three dimensional lattice model for simulat-
ing chloride penetration in sound and cracked concrete is pre-
sented. Governing equations and discretization procedure are
addressed. The focus of the paper lies on determination of trans-
port properties of different phases in concrete (aggregate, mortar,
and the interface), and cracks. The model is validated using exper-
imental results from the literature. Finally, these results are dis-
cussed and evaluated, and some conclusions are drawn.
2. Method

2.1. Chloride transport in concrete

Different physical and chemical transport mechanisms can con-
tribute to chloride ingress, and they depend on the concrete pore
structure, (micro) environmental conditions, temperature, mois-
ture content in concrete, etc. Cracking of the concrete cover, due
to e.g. loading or shrinkage, can alter the (local) mechanism of
chloride ingress significantly. The transport mechanisms of chlo-
ride are usually categorized in four groups [8]:
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Fig. 1. Two-dimensional node-placement procedure.

Fig. 2. Two-dimensional meshing procedure. Solid – lattice mesh; dashed –
Voronoi tessellation.
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� Diffusion, where the transport of chloride is driven by concen-
tration difference of chloride in various zones. The chloride dif-
fuses in the pore solution of concrete from the zones of higher
concentration to zones with lower concentration of chloride.
� Permeation, where the transport of chloride ions is driven by a

difference of hydraulic pressure in various zones.
� Migration, where the transport of chloride ions is driven by a

difference in electrical potential. Chloride ions always migrate
into zones with lower electrical potential.
� Convection or capillary suction, where the chloride transport is

driven by a difference in moisture content (pressure). In dry
or partly dry concrete, water containing chloride moves
towards zones with lower moisture content due to surface ten-
sion acting in the capillaries.

In general, any of these mechanisms, or a combination of them, can
govern the ingress of chloride ions into concrete.

The degree of pore saturation is an important parameter influ-
encing ionic transport in concrete; the diffusion process is most
effective when the concrete is fully water saturated, although it
can also take place in partially saturated concrete. It can be consid-
ered that chloride diffusion is the governing transport mechanism
when concrete is fully saturated; in a partially saturated condition,
chlorides are transported by means of several combined
mechanisms.

Transport of chloride ions in non-saturated sound concrete is a
complicated issue and is still an important topic of research. There-
fore, in order to simplify studies of chloride ingress in cracked con-
crete, laboratory specimens are usually water saturated. For all
analyses performed in this paper, the concrete pore system is as-
sumed to be fully saturated with water. Under this assumption, io-
nic diffusion is considered to be the sole mechanism governing the
transport of chloride ions.

2.2. Model description

Lattice models have long been used in fracture mechanics of
concrete [9]. Recently, the use of lattice (or rather discrete) models
has been extended on simulating transport processes in concrete
[7,10–14]. Coupling of the mechanical and transport simulations,
while taking into account the effect of cracking on the transport
mechanism, was performed by [11–14]. In the mechanical lattice
approach, concrete is discretized as a set of truss or beam ele-
ments. In the transport lattice approach, concrete is treated as an
assembly of one-dimensional ‘‘pipes’’, through which the flow
takes place. While some authors use ‘‘dual’’ lattices (one for the
mechanical simulation, and the other for the flow simulation –
for details see [12–14]) the approach proposed here uses the same
lattice network for both simulations. In this approach, mechanical
simulation is performed first; its output is then used as an input for
simulating chloride ingress. Therefore, it is actually a one-way cou-
pling – mechanical degradation does effect the chloride penetra-
tion, while, on the other hand, there is no influence of the
chloride penetration on the mechanical behavior.

2.2.1. Spatial discretization
For the spatial discretization of the specimen in three dimen-

sions, the basis is the prismatic domain. Discretization of the do-
main is performed according to the following procedure: first,
the domain is divided into a number of cubic cells. As an input va-
lue, number of cells in x, y and z direction, and cell size, are spec-
ified. Then, a network of cubic cells is generated, and a sub-cell
can be defined within each cell. A node is randomly placed in every
sub-cell using a (pseudo) random number generator (Fig. 1).

Voronoi tessellation of the prismatic domain with respect to the
specified set of nodes is performed. Nodes with adjacent Voronoi
cells are connected by lattice elements (Fig. 2). Since Voronoi dia-
grams are dual with Delaunay tessellation, this approach is equiv-
alent to performing a Delaunay tessellation of the set of nodes, as
outlined by Yip et al. [15].

The length ratio of the sub-cell to the cell defines the degree of
randomness of the lattice. The degree of randomness can be be-
tween 0 and 1. When it is 0, the node is placed at the center of each
cell. When it is 1, the sub-cell is identical to the cell. However,
there is a small probability then that two nodes of neighboring
cells are identical. Consequently, it is advised to use a value smaller
than 1. In all presented simulations, the degree of randomness was
set to 0.99.

In order to take material heterogeneity into account, the parti-
cle overlay procedure (schematically shown in Fig. 3) is employed:
it is in this manner that different transport (or mechanical) proper-
ties are assigned to different phases. For this purpose, either a com-
puter-generated material structure [16], or a material structure
obtained by micro-CT scanning [17,18] can be used. Each node is
assigned a voxel from the used microstructure. Element properties
depend on the voxel value of its end nodes (see Fig. 3). What has to
be noted here is that interface, as used in the present model, does
not exactly coincide with the interfacial transition zone (ITZ). Its
thickness is between 30 and 80 lm [19], while on the other hand
interface elements in the present model take up also a piece of
aggregate and a piece of mortar (Fig. 3). Their actual size in the
model depends on the characteristic element size (voxel size).



Fig. 3. Two-dimensional particle overlay procedure.
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Therefore, the transport properties of this ‘‘phase’’ are slightly al-
tered, as explained later.

It is important to note that, in general, nodes are not placed on
the boundary of the analyzed domain (see Fig. 2). This creates
some error in the boundary-condition application. Due to the rela-
tively small voxel size usually used in the simulation, generally it
can be discarded.

2.2.2. Mechanical model
In the model, continuum is discretized as an assembly of beam

elements [11,20]. All elements are linear elastic. When loading is
applied, a crack is formed by removing the element which has
the highest stress/strength ratio and this ratio is greater than unity.
These steps are repeated until the system fails, or a pre-described
value of load has been reached. Realistic cracking patterns are
achieved. The model has been successfully used in fracture model-
ing of mortar, concrete, and fiber-reinforced concrete. Details on
the underlying equations for the 3D analysis, element matrices,
and implementation can be found in [17]. Here, the focus is on
the coupling of the available mechanical model with the chloride
diffusion model.
2.2.3. Chloride diffusion model
The proposed model treats concrete as an assembly of one-

dimensional ‘‘pipe’’ elements, through which chloride diffusion
takes place. An assembly of these elements in 3 spatial dimensions
enables the simulation of chloride penetration in 3D. As stated,
chloride diffusion is assumed to be the only parameter governing
chloride transport. The scope of the current study is, therefore, lim-
ited to water saturated conditions only.

The governing equation for the chloride diffusion simulation is
Fick’s second law [8]:

@C
@t
¼ D

@2C
@x2 ð1Þ

for the whole domain, X. Here, C is the chloride content, D the chlo-
ride diffusion coefficient, and x the spatial coordinate. The boundary
conditions for this type of problem are [21]:

C ¼ Cb on Cb ð2Þ

q ¼ �D
@C
@n

on Cq ð3Þ
where Cb [ Cq ¼ C and Cb \ Cq ¼ 0 is the whole boundary of the do-
main. In the above equation, q is outward flux normal to the bound-
ary (i.e. in direction n), and Cb is the prescribed chloride content at
the boundary. The initial condition for the problem is:

C ¼ C0 at t ¼ 0 ð4Þ

The chloride content is discretized in space as:

Cðx; tÞ ¼
Xn

i¼1

NiCiðtÞ ð5Þ

where Ni are the shape functions, n the number of nodes in an ele-
ment, and Ci(t) the time dependent nodal chloride contents. The
Galerkin approximation of Eq. (1) is [21]:Z
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Employing integration by parts on the first term of Eq. (6)
yields:
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From Eq. (3) it holds:Z
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On substituting the spatial discretization from Eqs. (5) and (7)
becomes:
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or, in matrix form:

M
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þ KC ¼ f ð10Þ

Here M is the element mass matrix, K the element diffusion ma-
trix, and f the forcing vector. For one-dimensional linear elements,
as used here, the shape functions (Ni, Nj) and their derivatives (Bi,
Bj) are [21]:
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The relevant elemental matrices (Eq. (10)) for a one-dimen-
sional element are:
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Note that dX in Eqs. (13) and (14) is replaced by Adx. Here, A is
the uniform cross-sectional area of a one-dimensional element.
Further, l and D are the length and the diffusion coefficient of each
element, respectively. In Eq. (15) qi and qj are the prescribed nodal
fluxes at nodes i and j. Cross sectional areas of individual elements
are assigned using the so-called Voronoi scaling method [11] –
cross section of an element is equal to the area of a facet of a Voro-
noi cell which is common to its end nodes (see Section 2.2.1). Ele-
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ment mass and diffusion matrices (Eqs. (13) and (14)) are the same
as those of regular one-dimensional linear elements [21], except
the correction parameter x in the mass matrix (Eq. (14)). This
parameter is added to convert the volume of a Voronoi cell to
the volume of lattice elements, due to overlap volume of adjacent
lattice elements (Fig. 4):

It can be determined as [14]:

x ¼

Xm

k¼1

Ak � lk

V
ð16Þ

where n is the total number of elements, Ak and lk cross sectional
area and length of each lattice element, k element number, and V
the volume of the specimen. It was shown that x can be set as 2
for a two-dimensional and 3 for three-dimensional cases, respec-
tively, without loss of accuracy [11,14]. Using the Crank–Nicholson
procedure [21], the system of linear Eq. (10) is discretized in time,
and the following equation results (when no flux boundary condi-
tions are applied, i.e. f=0):

M þ 1
2

Dt � K
� �

Cn ¼ M � 1
2

Dt � K
� �

Cn�1 ð17Þ

This equation is then solved for each discrete time step (Dt) and
chloride profiles are obtained.

Saturated concrete was assumed in all analyses, since the pur-
pose of this work was to validate the approach by comparing the
results with experimental data, not to develop a fully functional
service-life modeling tool. Therefore, Fick’s second law (Eq. (1))
was assumed to be valid, and diffusion was the only transport
mechanism considered.

For elements which are cracked, D in the diffusion matrix (Eq.
(13)) is replaced by DCR, an effective diffusion coefficient depen-
dent on the local element crack width. Dependence of DCR on the
element crack width is elaborated in Section 2.4.

2.3. Phase transport properties

In order to determine transport properties of individual phases
within the heterogeneous concrete, the approach developed by
Caré and Hervé [22] (the so-called n-phase model) was used. This
analytical model takes into account the characteristics of different
phases of concrete on the effective diffusion coefficient of the com-
posite material. The material is treated as a three-phase composite,
consisting of a mortar phase, aggregate phase, and an interface
transition phase. This model considers an n-layered spherical
Fig. 4. Definition of overlap area for determination of parameter x (adapted from
[14]).
inclusion embedded in a matrix. In case of concrete, the aforemen-
tioned three phases are distinguished. Hence, the model assumes
that, at mesoscopic scale, the effective diffusion coefficient of con-
crete (Deff) is a function of the volume fraction and the diffusion
coefficient of different phases (here: aggregate, mortar, and inter-
face phase). This model was developed with spherical particles in
mind, so for any other particle shape (e.g. the Anm material model
developed by Qian [16]) can be considered as only an approxima-
tion. The following formulae were used (assuming impermeable
aggregates):

Deff =DM ¼ N=D ð18Þ

Here, the following are:

N ¼ 6DMð1� CAÞðCA þ CIÞ þ 2CIðDI � DMÞð1þ 2CA þ 2CIÞ
D ¼ 3DMð2þ CAÞðCA þ CIÞ þ 2CIð1� CA � CIÞðDI � DMÞ

Here, DM, and DI are the diffusion coefficient of the mortar
phase, and the diffusion coefficient of the interface phase, respec-
tively. Also, CA and CI are volume fractions of the aggregate and
the interface phases, respectively. If the aggregates are porous
(e.g. calcareous aggregates), a different set of formulae, which take
the diffusivity of the aggregate particles into account, can be used
[22]. This approach enables one to determine the diffusion coeffi-
cient of individual phases (mortar and interface) in concrete, given
the volumetric contents of each phase, and the effective diffusion
coefficient of concrete. All these are usually available from the
experimental data. Therefore, in order to determine this, it is nec-
essary to determine the ratio between the diffusion coefficient of
mortar and the diffusion coefficient of the interface.

To estimate the magnitude of this relation, a set of experimental
data provided by Oh and Jang [23] was used (Table 1). Here, trans-
port properties of concrete are compared to corresponding mor-
tars. Concrete used in the experiments contained about 35%
coarse aggregate by volume. Rapid chloride migration test was
used in order to determine the non-steady state migration coeffi-
cient (DNSSM) of concretes and mortars. From these, diffusion coef-
ficients (D) were calculated.

By careful observation of the results (Table 1), it is clear that the
ratio of mortar to concrete diffusion coefficient (M/C) changes dra-
matically when the diffusion coefficients are calculated. It even
states that, in some cases, the diffusion coefficient of mortar is
higher than that of concrete, even though its non-steady state
migration coefficient is lower. This is hardly to be the case. In order
to correct this, diffusion coefficients of concrete were calculated
using a suggestion from [24]: it is stated that there exists a linear
relationship between the non-steady state migration coefficient
(DNSSM) and the diffusion coefficient of concrete (D). Similarly, Yang
and Wang [25] found that there is a linear relationship between
Table 1
Experimental results of [23] (C – concrete, M – mortar).

IDa DNSSM (�10�12 m2/s) D (�10�12 m2/s)

C M M/Cb C M M/Cb

NI-0 6.56 8.80 1.34 2.43 5.53 2.28
NI-PFA15 3.54 4.55 1.29 1.47 3.18 2.17
NI-BFS15 5.77 6.79 1.18 2.16 4.31 2.00
NI-BFS30 5.42 4.93 0.91 2.00 3.09 1.54
NV-0 9.43 11.94 1.27 3.35 7.20 2.15
NV-PFA30 3.43 5.04 1.47 1.19 2.94 2.47
NV-BFS30 4.68 5.49 1.17 1.70 3.39 2.00
LI-0 15.7 11.23 0.71 5.48 6.64 1.21
HI-0 3.76 5.4 1.44 1.49 3.56 2.40
HI-BFS30 3.54 2.92 0.82 1.42 1.96 1.37

a Different concrete/mortar mix designs from [23].
b Not provided in [23].



Table 2
Calculated diffusion coefficients.

ID D (�10�12 m2/s)

C M DI/DM

NI-0 3.70 4.97 2.79
NI-PFA15 0.78 1.01 3.06
NI-BFS15 2.94 3.46 3.57
NI-BFS30 2.60 2.36 5.23
NV-0 6.48 8.21 3.14
NV-PFA30 0.68 1.00 2.24
NV-BFS30 1.88 2.21 2.46
LI-0 12.56 8.98 7.16
HI-0 1.00 1.44 2.39
HI-BFS30 0.78 0.65 5.94

Fig. 5. (a and b) Determination of the DI/DM ratio (top-the whole lattice; bottom-
only aggregate and the interface).

Fig. 6. Brick/mortar specimen of [26,27].
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the non-steady state diffusion coefficient obtained from the accel-
erated chloride migration test (ACMT), and the diffusion coefficient
obtained from the ponding test, irrespective of the concrete com-
position. Linear regression of the data provided by [24] yields the
following tentative equation:

D ¼ 0:97DNSSM � 2:64 ð20Þ

where D and DNSSM are in 10�12 m2/s. Furthermore, by employing
the M/C ratio from the migration experiment, the diffusion coeffi-
cient of mortar is calculated (Table 2). It has to be noted that Eq.
(20) is used here merely as a tool to calculate the diffusion coeffi-
cient from the non-steady state migration coefficient.

In order to determine the ratio between the diffusion coefficient
of mortar and the diffusion coefficient of the interface (DI/DM ratio),
a concrete material structure with about 35% of coarse (spherical)
aggregates was generated using a simple packing algorithm. Diam-
eters of the coarse aggregate particles were in range of 4–24 mm. A
lattice with characteristic elements size (voxel size) of 1 mm was
projected on top of it, and volume of lattice elements of each phase
was calculated (58.41% mortar, 29.35% aggregate, and 12.24%
interface). Then, using formulae (18) and (19), the ratio between
the diffusion coefficient of mortar and the diffusion coefficient of
the interface was calculated for each mixture (Table 2). In order
to achieve the desired effective concrete properties, these vary in
the range 2.24–7.16. This seems to be in accordance with the var-
iability of the diffusion coefficient of ITZ, which is stated to be
somewhere in the range 2–8 times that of the cement paste [19].

The variability of this parameter can also be taken into account
in a statistical manner; however more experimental results are
needed to justify this approach. Based on presented analysis, a
deterministic value of 3 for the DI/DM ratio was selected. This value
is used in further analyses (see Fig. 5).
2.4. Crack transport properties

Two sets of experiments performed by Ismail et al. [26,27] are
used for determining transport properties of a single crack. They
used the expansive core method to create parallel-walled cracks
in doughnut shaped specimens. Due to a large variety of smaller
crack widths, these experiments are suitable for the procedure em-
ployed here. First set of experiments [26] was performed on
cracked brick samples, while the second set [27] used cracked mor-
tar samples. In both instances, cracked samples were placed in a
chloride penetration cell, with chloride loading on both sides of
the sample. After the exposure period, using the grinding tech-
nique, two types of chloride profiles were determined: perpendic-
ular to the exposed surface, and perpendicular to the crack walls.
The second type of profiles were determined by grinding the mate-
rial in the middle part of the specimen height, in order to ensure
that powder samples would contain only chloride ions penetrating
from the crack plane, and not from the sample surface (Fig. 6).

Here, the approach proposed by Wang and Ueda [7] was used.
In order to determine the effective crack transport properties,
numerical simulation results are fitted to experimental data. For
the simulations, the geometry of the test (Fig. 6) was simplified:
a prismatic 3D lattice of 50 � 5 � 50 mm was used, with a total
number of 12,500 nodes and 85,095 lattice elements (Fig. 7). To



Fig. 7. Lattice used in the simulations. Blue – brick/mortar, red – ‘‘crack’’. (For
interpretation of the references to color in this figure legend, the reader is referred
to the web version of this article.)
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simplify the process at this stage, the mechanical analysis is not
performed here; rather an artificial ‘‘crack’’ is created in the middle
of the analyzed specimen (red lattice elements in Fig. 7). Different
transport properties of ‘‘cracked’’ elements (DCR) are needed to
reproduce experimental results for different crack widths. A trial-
and-error approach was then taken: transport properties of these
lattice elements (i.e. red elements in Fig. 7) were adjusted in order
to obtain a good match between simulation results and experi-
ments. The fitting procedure was performed for every crack width,
providing a range of values of DCR for different crack widths. The
results are discussed below.

First, experimental results of cracked brick specimens are repro-
duced [26]. After cracking, these were fitted in the chloride pene-
tration cell, and exposed for 10 hours. Regression analysis of the
chloride profile perpendicular to the exposed surface (uncracked
sample) yielded the diffusion coefficient of 156.71 � 10�12 m2/s,
and the surface chloride concentration of 0.37% per weight of sam-
ple (Fig. 8). These were used as input for all analyses of this
experiment.
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Fig. 8. Surface chloride profile-uncracked sample (brick).
In order to obtain results close to experimental values, a trial-
and-error procedure was followed. This means that the effective
diffusion coefficient of ‘‘cracked’’ elements was adjusted until the
calculated perpendicular-to-crack profile corresponded well to
the experimental one. Values of the fitted effective diffusion coef-
ficients for different crack widths are shown in Fig. 9.

For large cracks (60 lm and 128 lm), the effective diffusion
coefficient is 3 orders of magnitude higher than the diffusion coef-
ficient of chloride ions in free bulk water (which is around
2.03 � 10�9 m2/s at 20 �C [28]). An ionic diffusion coefficient this
high is impossible to achieve in liquid water. However, these re-
sults seem to be in good accordance with values proposed by Wang
and Ueda [7]. They also suggested that the effective diffusion coef-
ficient in large cracks in brick samples is very high, much higher
than that in free bulk water. They attributed this to additional
transport mechanisms which may occur in the crack, e.g. ‘‘convec-
tion current due to the small temperature gradient and/or small
hydraulic pressure gradient’’ [7], and further used these values to
model chloride diffusion in cracked concrete. However, it seems
also possible that, even though the experiment aimed at determin-
ing local diffusion coefficient of chloride ions in cracks, the brick
specimens had not been completely saturated when the experi-
ment begun. Therefore, capillary suction might have played a sig-
nificant role, if by accident. Due to high porosity of brick
samples, this could strongly influence the chloride ingress behav-
ior, and explain these high diffusion coefficients. The validity of
these assumptions is addressed later on. Nevertheless, based on
the present tests, the following (tentative) linear relation can be
proposed:

DCR ¼ ð23:84 �wþ8:37Þ�10�11 ðm2=sÞ for 21 lm6w6 55 lm

DCR ¼ 1:4�10�6 ðm2=sÞ for w> 55 lm

The lower bound of 21 lm in (21) represents the smallest tested
crack width [26]. When the crack is smaller than this, it can be con-
sidered that no increase in the diffusion coefficient occurs. The va-
lue of 55 lm in (21) was selected based on the recommendation of
Ismail et al. [26]. It was found, after performing a deformation-con-
trolled uniaxial tension test on the material, that the critical crack
opening of about 50–55 lm is where the mechanical interaction
between crack surfaces ceases to exist, so there can be no reduc-
tion of the chloride diffusion in larger cracks. This value is higher
for concrete, where, due to material heterogeneity, more crack
bridging and branching occurs.

In order to check whether these results are directly applicable
to cement based materials, the same experiment, but this time
on cracked mortar samples, was simulated [27]. In this work,
two series of mortar specimens were cracked at different ages
(28 days and 2 years). These were tested in order to check also
the influence of cracking age on autogeneous healing of cracks.
Regression analyses of perpendicular-to-surface profiles yielded
the following data: diffusion coefficient of 8.66 � 10�12 m2/s, sur-
face chloride concentration of 0.32% mortar weight; and the diffu-
sion coefficient of 7.51 � 10�12 m2/s, surface chloride
concentration of 0.32% mortar weight, for 28 days and 2 years ser-
ies, respectively. In both instances, specimens were exposed to
chloride loading for a total of 14 days.

Based on (21), effective diffusion coefficients for different crack
widths were calculated. After the analyses were performed, the re-
sults indicated that (21) overestimated the perpendicular-to-crack
diffusion in cracked mortar (Fig. 10). A different relation [29] was
also used to check whether it gives better results when applied
to cement-based materials:

DCR ¼ 2� 10�11 �w� 4� 10�10 ðm2=sÞ for 30 lm 6 w < 80 lm

DCR ¼ 1:4� 10�9 m2=s for w P 80 lm



0 5 10 15
0

0.02

0.04

0.06

0.08

0.1

0.12

Depth (mm)

T
ot

al
 c

hl
or

id
e 

co
nt

en
t (

%
 p

ow
de

r 
w

ei
gh

t)
Experiment
Lattice fittingCrack width 21 µm 

Dcr=5.5x10−9m2/s

0 5 10 15
0

0.02

0.04

0.06

0.08

0.1

0.12

Depth (mm)

T
ot

al
 c

hl
or

id
e 

co
nt

en
t (

%
 p

ow
de

r 
w

ei
gh

t)

Experiment
Lattice fittingCrack width 34 µm 

Dcr=7.5x10−9m2/s

0 5 10 15
0

0.02

0.04

0.06

0.08

0.1

0.12

Depth (mm)

T
ot

al
 c

hl
or

id
e 

co
nt

en
t (

%
 p

ow
de

r 
w

ei
gh

t)

Experiment
Lattice fitting

Crack width 53 µm 

Dcr=13x10−9m2/s

0 5 10 15
0

0.05

0.1

0.15

0.2

0.25

0.3

0.35

0.4

Depth (mm)

T
ot

al
 c

hl
or

id
e 

co
nt

en
t (

%
 p

ow
de

r 
w

ei
gh

t)

Experiment
Lattice fitting

Crack width 60 µm 

Dcr=1.4x10−6m2/s

0 5 10 15
0

0.05

0.1

0.15

0.2

0.25

0.3

0.35

0.4

Depth (mm)

T
ot

al
 c

hl
or

id
e 

co
nt

en
t (

%
 p

ow
de

r 
w

ei
gh

t)

Experiment
Lattice fitting

Crack width 128 µm 

Dcr=1.4x10−6m2/s

(a) (b)

(c)

(e)

(d)

Fig. 9. (a–e) Perpendicular-to-crack chloride profiles for different crack widths (brick).
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The lower bound in the Eq. (22) accounts for crack healing
(30 lm). The upper bound (80 lm) is where mechanical interac-
tion between the crack faces ceases to exist (higher for concrete
than for brick-see (21)).

Comparison of the simulations performed with use of both (21)
and (22) is shown in Fig. 10. Note that (22) was used here also for a
crack narrower than 30 lm (29 lm in this case), which was cre-
ated in mortar after 2 years. Unlike the specimens cracked at a
young age, these older specimens have a diminished autogeneous
healing potential. This is due to the fact that the amount of unhy-
drated cement is low in these samples.

Clearly, values obtained from Eq. (21) overestimate the perpen-
dicular-to-crack chloride penetration in this case. On the contrary,
results obtained using (22) are in good agreement with the exper-
iments. It seems, then, that the values which hold for cracked brick
specimens overestimate the chloride penetration in cracked mor-
tar. Since brick is much more brittle and homogeneous, less crack
branching and bridging occurs when it cracks. This potentially
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Fig. 10. (a–f) Perpendicular-to-crack chloride profiles for different crack widths (mortar). Not underlined-cracked at 28 days. Underlined-cracked at two years.

B. Šavija et al. / Cement & Concrete Composites 42 (2013) 30–40 37
slows down chloride ingress through cracks in heterogeneous
materials, like mortar and concrete. Also, it is most probable that
capillary suction played a significant role in brick experiments
[26], thereby altering the effective transport properties of a crack.
Moreover, whether results from tests on different materials can
be applied directly to mortar and concrete is questionable. In the
mechanical lattice model with embedded aggregate particles, crack
branches and bridges will be found automatically, and are slowing
down the diffusion process. It can be, therefore, concluded that Eq.
(22) can be used to simulate chloride penetration in cracked ce-
ment based materials using the proposed lattice approach.
3. Validation and discussion

3.1. Heterogeneous material

In order to validate the approach developed in Section 2.3,
experimental results provided by Yang and Wang [25] were used.
A 90-day ponding test was used to determine the diffusion coeffi-
cient of different concretes. All concrete mixes used in their study
had a volumetric content of coarse aggregates of about 30%., with
maximum grain size of 10 mm. For the simulation, a concrete
material structure with about 30% of coarse aggregate particles
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was generated, with coarse aggregate particle diameters ranging
from 4 to 10 mm. A lattice with characteristic elements size (voxel
size) of 1 mm was projected on top of it, and volume of lattice ele-
ments of each phase was calculated (61.60% mortar, 22.50% aggre-
gate, and 15.90% interface). The total size of the mesh was
50 � 50 � 50 mm, with 125,000 nodes and 938,156 lattice ele-
ments. This particular mix was made using ASTM Type I Portland
cement as a binder.

Regression analysis of experimental data yielded the following:
diffusion coefficient of 47.614 � 10�12 m2/s, and surface chloride
content of 0.51%. Using Eqs. (18) and (19) and the DI/DM value of
3, diffusion coefficients of the mortar and the interface phases were
calculated as 48.35 � 10�12 m2/s, and 145.06 � 10�12 m2/s,
respectively.

An analysis was performed using both the homogeneous and
the heterogeneous lattices, using the input data as provided above.

Fig. 11 shows that the results of both homogeneous and heter-
ogeneous lattice analyses correlate well with experimentally ob-
tained data. Zero values in the heterogeneous lattice analysis
correspond to lattice nodes which are inside the impermeable
aggregate particles; therefore, no chloride ions can be present.
Other points below the maximum penetration band show that, in
Fig. 12. Total chloride content from the heterogeneous analysis (% of concrete
weight).
a heterogeneous material as modeled here, there is no sharp front
of chloride penetration. Instead, a three-dimensional profile is
present, with variable chloride content at a certain depth. It can
also be seen that there exists a difference between the maximum
total chloride content at a certain depth (the one obtained from
the heterogeneous analysis), and the value which is obtained if
concrete is considered to be a homogeneous medium. By perform-
ing similar analyses (but considering concrete as a two-phase med-
ium, comprising mortar and coarse aggregates), this phenomenon
also occurred in other studies [30,31]. They suggested that this
could be one of the factors contributing to large discrepancy in val-
ues of critical chloride contents reported in the literature. It is pos-
sible that a threshold value of chloride is reached in certain points
on the reinforcing steel, thus depassivating it and creating local
corrosion pits. However, chloride content elsewhere along the steel
could be lower, due to material inhomogeneity. Due to the usual
experimental procedure (i.e. grinding the material close to the
reinforcing steel and performing chemical analysis to determine
the chloride content), the value obtained would be lower than
the actual value which caused the local depassivation of the steel.
This phenomenon justifies the use of more advanced material
models, such as the presented one, in order to get more insight into
the process of steel depassivation and corrosion pit locations in
concrete. Also, it encourages the use of more sophisticated exper-
imental techniques, such as laser-induced breakdown spectros-
copy (LIBS) [32] or electron probe microanalysis (EPMA) [33],
especially when determining the value of critical chloride content
in concrete (Figs. 12 and 13).
3.2. Cracked material

The approach presented in Section 2.4. was verified on experi-
mental results of S�ahmaran [34]. Mortar prisms
(355.6 � 50.8 � 76.2 mm) reinforced with three levels of steel
mesh reinforcement were cast. The prisms were reinforced to en-
able creation of cracks of varying controlled widths. After the cur-
ing period, they were cracked using 4-point bending test to obtain
different crack widths. After loading, one single crack occurred in
each of the specimens. Cracks formed in bending are tapered (V-
shaped). Upon unloading, some crack closure occurred, so their
width was measured in the unloaded state. Then, the samples were
exposed to NaCl solution for 30 days. After the exposure period,
area around the crack was drilled, ground, and analyzed for
chloride.
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Regression analysis of the experimental data gave the follow-
ing (for the uncracked sample): diffusion coefficient of
20.3 � 10�12 m2/s, and surface chloride content of 0.39% by
weight of mortar. The analyzed sample had a size of
355 � 50 � 75 mm, with a characteristic element size of 2.5 mm.
Steel mesh reinforcement was neglected in the simulation. First,
a mechanical analysis was performed. Using a four-point bending
setup, cracks of different widths were produced. As in the exper-
iments, one single crack formed in the fracture analysis. The out-
put of the mechanical analysis was used as input for the chloride
diffusion analysis. Eq. (22) was used for defining the effective dif-
fusion coefficients of cracks. Every ‘‘local’’ cracked element has its
own value of the diffusion coefficient, depending on its crack
width.

Several analyses were performed using the range of surface
crack widths similar to the experiments. The surface chloride con-
tents for each analysis were adjusted to match those in experi-
ments with a similar crack width. Both experimental and
simulation results are shown in Fig. 14.

As expected, chloride penetration depth increases with the in-
crease of surface crack width. The effect is less pronounced than
in the case of a parallel-walled crack, though. This is due to the
fact that bending cracks are V-shaped, being wider at the surface
than on the inside of the prism. According to Eq. (22), cracks
wider than 80 lm all have the same effective diffusion coefficient.
However, since wider bending cracks also run deeper, the effect
of widening is still pronounced with large cracks. This means that
widening of the cracks above the 80 lm threshold does increase
chloride penetration further, since they become deeper in the
process.

Comparing the experimental and simulation results (Fig. 14),
evidently there is a difference. Experimental results for wider
cracks (more than 210 lm) show a more pronounced influence of
cracking, compared to simulation results. There are two reasons
for this: first, the crack width was measured in the unloaded state.
This means that the crack was larger during the loading and some
damage was created, which is not accounted for in the model. Sec-
ondly, some cracks have probably formed alongside the steel mesh
reinforcement, speeding up the lateral chloride penetration. This
was disregarded in the model. Overall, the simulation results seem
to be in relatively good agreement with experimental data. Accord-
ingly, the approach developed in Section 2.4 can be successfully
employed in simulating chloride ingress in cement based materials
cracked in flexure.
4. Summary and conclusions

As cementitious materials are highly inhomogeneous and
cracked, their transport properties show significant local varia-
tions. More advanced models than presently available are needed
for studying these effects. In view of this, a three-dimensional lat-
tice model for simulating chloride ingress was developed. The pro-
posed framework described here enables:

(1) Simulating chloride ingress in heterogeneous concrete, i.e.
taking into account the presence of impermeable aggregate
particles and porous interface surrounding them.

(2) Taking into account presence of cracks on chloride ingress,
by coupling the simulation with the mechanical analysis.

In order to focus on these two issues, saturated concrete was as-
sumed in all analyses.

The procedures developed were tested and validated using data
from the available literature. The following conclusions can be
reached from the presented numerical simulations:

(1) When neglecting the material heterogeneity, simulation
results are very close to experimental ones. The reason for
this lays in the usual experimental procedure (grinding
and chemical titration), which gives an averaged value of
the chloride content at a certain depth.

(2) The heterogeneous model shows some deviation from the
perfect diffusion profile, which is commonly observed in
experiments where penetration depth is determined by sil-
ver nitrate spraying. More importantly, maximum chloride
contents at a certain depth are higher than the averaged
ones. This should be kept in mind, especially when studying
the critical chloride content in concrete. Use of more
advanced experimental methods is therefore encouraged.

(3) Mechanical cracks do promote chloride ingress into con-
crete, depending on their width. This is observed also in
the model. However, even though commonly addressed only
by their surface widths, not all cracks are created equal.
Bending cracks are V-shaped, meaning that a part of the
crack close to its tip remains inaccessible for rapid chloride
penetration. Thus, parallel walled cracks of a certain surface
width are more detrimental than flexural cracks of the same
surface crack width. Coupling of the mechanical and trans-
port model, as proposed here, enables studying this behavior
in more detail.
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In all the analyses presented here, it was assumed that concrete
was fully saturated. Consequently, capillary suction was not con-
sidered. Also, effects of chloride binding have not been explicitly
taken into account [35], and no distinction was made between free
and bound chloride ions. Rather, the effective diffusion coefficient
of the material was used in the simulations. For the laboratory
experiments simulated, performed in controlled conditions and
short term, these are valid assumptions. However, for engineering
service-life analyses, these effects should not be neglected.

Finally, it can be concluded that the presented model can be
successfully employed in simulating chloride penetration in both
sound and cracked cement based materials. Presence of coarse
aggregates in concrete can be included in the model, and gives
more insight on the transport behavior.
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