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Chloride diffusion-induced corrosion is a major factor that affects the durability of concrete structures.*us, the study of chloride
diffusion in concrete is important. In this study, a mesoscopic structure model is proposed and used to investigate chloride
diffusion in concrete. *e concrete is assumed to be a heterogeneous material composed of two phases of aggregate and mortar
matrix. *e aggregates are randomly distributed convex polygons. *e chloride diffusion is assumed to occur only in the mortar
matrix phase. *e modified chloride diffusion coefficient in the mesoscale model is proposed. *e effect of a single aggregate in
chloride diffusion in concrete is analyzed. *e present numerical model is validated on the basis of the experimental data. *e
influence of aggregate in the presented model, including aggregate random distribution form, aggregate content, and the validity
of polygonal aggregate based on circle, is explored further. *e simulation results indicate that the polygonal aggregate random
distribution has a negligible influence on chloride diffusion in concrete, the polygonal aggregate content has a certain effect, and
the presented mesoscale numerical model is an effect method for predicting the chloride diffusion in concrete.

1. Introduction

Chloride-induced reinforcement corrosion is a major cause of
deterioration in reinforced concrete structures. *is corrosion
may result in serious damage to concrete structures and in-
creased cost of repair and inspection [1, 2].*erefore, exploring
the problem of chloride diffusion in concrete is important.

Considerable efforts have been made by using different
methods to investigate various models to explain the dif-
fusion behavior of chloride in heterogeneous concrete
materials. Many researchers have explored the chloride
diffusion in concrete by using experimental methods [3–11].
Considering the complex microstructure of concrete, its
transport performance is affected by many interacting pa-
rameters. Many experiments should be conducted to
identify the effects of different variables. However, it is
difficult to implement because the variables affect one an-
other inevitably. Moreover, the experiment is time con-
suming and laborious. All the aforementioned factors limit
the experimental research.

In recent years, with the development of computers, an
increasing number of mesoscopic methods have been used
to simulate chlorine diffusion in concrete numerically. A
lattice modeling for chloride ingress in concrete is adopted
in [12]. Zeng [13] developed a two-phase structure model
and simulated the chloride diffusion in concrete via the finite
element method. Caré and Hervé [14] developed an ana-
lytical model to the diffusion coefficient of chloride in
mortar, in which the concrete was treated as a three-phase
composite that consisted of a cement phase, an aggregates
phase, and an interface transition zone (ITZ). Moon et al.
[15] examined the effect of capillary pores on chloride
diffusion in concrete based on mercury intrusion poros-
imetry technique. Abyaneh et al. [16] investigated capillary
absorption in concrete by treating concrete as a heteroge-
neous composite discretised into a cubic lattice. Du et al. [17]
simulated a mesoscale three-phase model for chloride dif-
fusion in concrete using the commercial software ABAQUS.
Liu et al. [18] adopted a model based on a combined series
and parallel multiphase transport to predict the chloride
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diffusion in concrete. Abyaneh et al. [19] used a three-di-
mensional model to simulate the effect of microcracks on the
diffusivity of concrete. Mao et al. [20] analyzed electro-
chemical rehabilitation for ASR, and chloride affected
concrete through a detailed multiphase modeling.

In the mesoscopic model, chloride diffusion in concrete
is assumed to obey Fick’s law without other heterogeneity on
the influence of diffusion. *e mesoscale mechanics of
concrete has been discussed in recent decades with the
development of multiscale mechanical theories. Roelfstra
et al. [21] first introduced mesoscale model to study the
performance of concrete mechanics. On the mesoscopic
scale, concrete can be divided into a two-phase composite
that consists of regular/irregular aggregates and mortar
matrix [22–24] or is composed of aggregate, mortar matrix,
and ITZ [20]. A comprehensive multiscale model is pro-
posed to predict the diffusivity of concrete considering the
effect of ITZ; the thickness of ITZ was assumed to be
constant [25]. Notably, most of the existing modeling work
assumes that the shape of an aggregate particle is circular or
spherical. *is rough simplification may cause inaccuracy in
the simulation results [26]. More recently, the mesostructure
of concrete with several aggregate shapes has been estab-
lished to explore the effect of aggregate shape on the du-
rability properties of concrete. A series of mesoscale
numerical models with elliptical-, triangular-, and rectan-
gular-type aggregate shapes are developed to examine the
effects of aggregates on ionic migration [26] and the effect of
elliptical aggregate was discussed on the basis of the
mesoscopic model in [27, 28]. However, the aggregate was
not circular, elliptical, triangular, or rectangular. In fact, the
effect of aggregate shape cannot be ignored. *us, a more
realistic aggregate shape is required so that the effect of
aggregate can be investigated accurately.

Notably, the mesoscopic model includes the two-phase
aggregate and mortar matrix in concrete regardless of the
kind of mesoscale models. ITZ is a thin layer between the
aggregate and mortar matrix. Many researchers have in-
vestigated the microstructures of ITZ in concrete by using
various methods. Determining the diffusivity of ITZ through
experiments is complicated and difficult. *us, this factor is
usually neglected when calculating the uniform thickness.
*e ITZ thickness is usually 20, 40, and 50 μm [29]; the value
of ITZ thickness is 20 μm in [30], it does not exactly coincide
with the real thickness of ITZ; for example, it is between 30
and 80 μm [31] and the thickness of ITZ is 100 μm in [32]. So
far, no uniform standard for ITZ layer thickness is available.
Generally, the real thickness of ITZ is of micron dimension.
*us, simulating the chloride diffusivity in concrete is dif-
ficult because of the limitation in FEM [33–36]. Mesh is
required in FEMmethod because it increases the calculation
time significantly given that the number of elements is huge
when the grid is small [12, 19]. At the same time, the cal-
culated thickness of the interfacial layer of all particles of
different sizes is usually taken as a uniform thickness in its
simulation for calculation limitation, and this thickness is
expanded to 500 μm and 1000 μm or even higher multiples
of the measured thickness so that the accuracy of simulation
results is reduced [17, 33]. In general, adopting the real ITZ

thickness in the FEM simulatedmethod to study the chloride
diffusivity behavior in concrete is difficult because of the
limitation of the computation.

*e diffusion coefficient of ITZ (DITZ) is difficult to
measure. DITZ value varies in many simulation meth-
ods.DITZ/DCP is 2.5∼7, which is the diffusion coefficient of
cement mortar phase in [12], DITZ/DCP is 3 in [32],
DITZ/DCP is 5∼10 in [37–39], DITZ/DCP is 2∼10 in [14, 28],
DITZ/DCP � 16.2 and DITZ/DCP � 1.6∼1.3 [36]. DITZ/DCP is
different in various relevant literatures; thus, a value dif-
ferential is observed among the different references of DITZ.

Although numerical simulations have made some
progress on chloride diffusion, relevant research, such as the
influence of particle shape, is still incomplete. *us, further
work needs to be conducted. *e present study focuses on
the influences of mesostructure parameters on chloride
diffusivity in concrete, including aggregate distribution,
shape, and content.

Taking all these into account, to reveal the particulars of
chloride diffusion in a heterostructural concrete, a simple
two-phased structure model was constructed and used in
this present article. *e aggregate shape is a convex po-
lygonal based on a circle. *erefore, the aggregate shape is
much closer to the actual situation. *e influences of ag-
gregate distribution and content are discussed.

In this article, the chloride diffusion in concrete on
mesoscopic scale is discussed. Section 2 describes the me-
soscale model of concrete briefly. Section 3 shows the cal-
ibration of chloride diffusion coefficient on the basis of the
new mesoscopic model. Section 4 examines the effect of
single aggregate, different aggregate volume fractions, and
aggregate contents on the chloride diffusion in concrete
based on the simulation, where the present simulation result
is compared with the experimental data in the literature [40].
Section 5 discusses the effect of aggregate (e.g., aggregate
random distribution pattern, aggregate content, and po-
lygonal aggregate) on chloride diffusion, followed by the
conclusion section.

2. Mesoscale Model of Concrete

In the present work, the mesoscale concrete material con-
stituents are the mortar matrix and aggregates. *e mortar
matrix is assumed to be homogeneous, no cracks are con-
sidered, and it is strongly dependent on the type of cement,
number of pores, water-to-cement ratio, and other additives
present used. Random spatial distribution and the popular
take-place method [34, 41] are used to generate the coarse
aggregate particles. *e fine ones and other components
(e.g., voids and cracks) were assumed to be mixed up with
the cement paste when establishing the matrix phase.

*e distribution of aggregate with different sizes used in
the concrete specimen was determined by using a sieve
analysis for a given aggregate volume fraction.*e aggregate
fraction refers to the volume fraction of coarse aggregate in
unit volume concrete, and it is approximately 30%–70% in
concrete [42]. Walraven et al. [43] converted the Fuller curve
into the probability of any diameter aggregates in 2D as
follows:
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where D0 is the diameter of sieve pore andPk is the per-
centage of aggregate volume.

We can calculate the percentage of different diameter
aggregate volume fractions according to equation (1).
Concrete may contain large aggregates, up to 32mm, when
the material is used in conventional structures. However, for
special applications, such as dams, aggregates larger than
150mm are seldom applied. *e distribution of the ag-
gregate with different sizes was determined by using a sieve
analysis for a given aggregate volume fraction, and three
equivalent aggregate sizes (i.e., 6, 12, and 18mm) are used in
the present study.*e aggregate particles in real concrete are
not perfect, and the coarse aggregate’s shape varies; that is, it
can be not only a sheet but also acicular. Coarse aggregate
refers to the skeleton of concrete, and its shape, volume
ration, gradation, and other problems have an important
impact on the macroscopic performance of concrete.
*erefore, establishing a reasonable coarse aggregate model
that can reflect the real situation is the key to furthering the
numerical simulation of concrete. Here, the polygonal ag-
gregates are adopted. *e generation of polygonal aggregate
is nearly similar to that in circular aggregate, except that it
only generates to random inscribed polygon in circle. Fig-
ure 1 depicts the mesoscale model of concrete adopted in the
present work.*e cyan areas and yellow zones correspond to
the aggregate phase and mortar matrix phase, respectively.
*e aggregates’ volume fraction is 50% in Figure 1. *e
initial condition chloride concentration in concrete is zero in
Figure 1. *e chloride diffusion from the left boundary
condition is Cs in Figure 1(a) and the boundary condition is
Cs as shown in Figure 1(b). Considering that the aggregates
within the cement paste usually have very poor diffusivity,
the chloride diffusion is assumed to take place only in the
mortar matrix phase [19, 20, 27]. In other words, considering
the aggregate is relatively impermeable, assuming that the
chloride diffusion coefficient in aggregate is zero is rea-
sonable [44].

3. Calibration of the Chloride Diffusion
Coefficient in Mesoscale Model in Concrete

*emost commonly used equation for chloride diffusion in
concrete is Fick’s law. *e chloride diffusion coefficient in
aggregate is zero. *us, the chloride diffusion in the me-
soscale model of concrete is similar to the diffusion in
porous material. When applying Fick’s law to a porous
material, such as concrete, the equation can be expressed as
follows:

zc

zt
� ∇ · Deff∇c( , (2)

where Deff is an effective diffusion coefficient in concrete.
Deff , which is theoretically analogous to a useful treatment
based on the mean field theory to calculate the effective

diffusion coefficient for a two-phased structure by the fol-
lowing formula, is proposed by Zeng [13]:

Deff � Dcp

Da + kaDcp + kafa Da − Dcp 

Da + kaDcp − fa Da − Dcp 
, (3)

where Da and Dcp are the diffusion coefficients in the ag-
gregate and the matrix phases, respectively; fa is the ag-
gregate’s volume fraction; and ka is the shape factor of the
used aggregates. When the aggregate is spherically shaped
and Da <Dcp, as in the usual case, ka � 2 and Da � 0,
according to equation (3); hence,

Deff � Dcp

2 1 − fa( 

2 + fa

. (4)

In the method, the aggregate is assumed to have a
spherical shape. In the study, the aggregate is assumed to be
polygonal, and the calibration of the chloride diffusion is
proposed. Vp is the coarse aggregate area, VB is the area of
the polygon inscribed circle, and α is the roundness of the
coarse aggregate particles:

α �
Vp

VB

, (5)

where α is a number between zero and one. When α is
greater, the aggregate shape is close to a spherical shape. *e
closer the particle shape is, the closer it is to needle flake
(Figure 2).

*e adopted number of polygon edges is 5 to 20 in the
study. Due to the random inscribed polygons in a circle, we
will use the concept of average roundness of the coarse
aggregate particles as follows:

α �
α5 + α20

2
, (6)

where αn is roundness of n side random inscribed polygon.
*e permeability of ordinary aggregate is usually as-

sumed to be zero in the process of diffusion. Chloride cannot
diffuse through the aggregates, which is bound to bypass the
aggregate particles to make the diffusion path extension.*e
effect of aggregate shape on chloride diffusion coefficient is
different and similar to [13], and the calibration of chloride
diffusion coefficient in this study is expressed as

Deff � αDcp

2 1 − fa( 

2 + fa

. (7)

4. Results and Discussion

Partial differential equation (2) can be solved using finite
element methods. *is study used the COMSOL Multi-
physics package as the simulation platform. *is software
contains specific modules for diffusion and absorption/re-
action in multiple dimensions.
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4.1. )e Effect of Single Aggregate in Chloride Diffusion in
Concrete. For example, when the side length is 0.5m square
concrete specimen, it is assumed that the left border of the
critical concentration Cs is 2%, the rest of the sides are
sealed, and Deff � 4 × 10− 3 m2/a. Generate a circle and a
polygonal aggregate whose areas are 40% of the concrete’s
area, while generate a smaller circle and a polygonal ag-
gregate, whose areas are 20% of the total area as in Figure 3.
When the exposed time is 5 years, the distribution of
chloride concentration in concrete is as shown in Figure 3. It
is seen that the effect of different sizes and shape aggregates is
discriminating.*e width of the diffusion path shrinks when
the front of the diffusion meets the aggregate. *e width of
the diffusion path increases, and the rate of diffusion slows
down when the front of the diffusion meets the center of the
aggregate.

4.2. Simulation and Analysis of the Experiment. *e chloride
diffusion in concrete was simulated based on the previous
methods. Experimental data was from Mangat and Molloy
[40], Mix A, which was based on OPC with w/c � 0.4, was
selected, and Cs � 1.5%, Vagg� 0.5 were adopted. *e other
parameters used were the same as those in [40].

*e mesostructure of concrete is shown in Figure 1(a).
Figure 4 plots the chloride concentration exposed time
t� 2.8 years. Deff is calculated according to equation (7). It
can be noted clearly from Figure 4 that there is still a slight
error between the experimental value and the simulated
value. It is the main reason that specific mesoscale experi-
mental values are not given in the original literature so the
relevant values used in the simulation are all obtained by the
least square regression. But, overall, the mesoscale numerical
result shows a good correlation with experiment data.
Contour is not straight because of polygon particles, which
can change the path of chloride diffusion (Figure 5). *e
present two-dimensional numerical method can predict the
chloride diffusion in concrete.

5. Effect of Aggregate in This Mesoscale Model

In this section, some numerical cases are designed to ex-
amine the effect of aggregate distribution mode and shape
(Table 1). *e influence of the chloride binding capacity and
the temperature variation on chloride penetration was not
considered for this presented model. Chloride diffusion is
treated as a constant in the following simulation. Similar to
the work in [17, 35, 36], Dcp is assumed to be a constant in
this study.

5.1. Effect of Aggregate Random Distribution Pattern. In this
mesoscale model, the polygonal aggregate is a random
generation based on Monte Carlo. *us, the distribution of
aggregate particles is different each time. For case 1, the
specimen is 0.1m× 0.1m, and 0.1m diameter is selected, as
shown in Figure 1.Deff is obtained according to equation (7).
Two different random polygonal aggregates are selected.
When exposed time t� 10 years, the contour of chloride
concentration is shown in Figure 6. *e chloride concen-
tration when the depth is 0.05mm along the diffusion di-
rection in 0.1m× 0.1m concrete is 0.2255% and 0.2256%,
respectively. *e contours of the chloride concentration at
the same position are almost the same. *at is, the distri-
bution pattern of aggregate almost has no influence on the
chloride diffusion in concrete.

x

y

(a)

Cs Cs

Cs

Cs

Cs

x

y

(b)

Figure 1: *e mesoscale model of concrete.

Vp

VB

Figure 2: Roundness of aggregate diagram.
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5.2. Effect of Aggregate Content. For case 2, the effect of the
volume fraction of aggregate was analyzed. *e specimens
are shown in Figure 1.*e profiles of chloride concentration

with different aggregate volume fractions and that of the
cement paste when exposed time t� 15 years and t� 5 years,
and Deff being the same, are described in Figure 7.

*e chloride concentration is 0.03641%, 0.008154%, and
0.0000405% at the right side; the depth is 0.5m when t is 15
years. Figure 7 shows that when the diffusion coefficient is
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Figure 3:*e distribution of chloride concentration in concrete (t� 5 years). (a) 40% circular aggregate. (b) 20% circular aggregate. (c) 40%
polygonal aggregate. (d) 20% polygonal aggregate.
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Figure 5: Distribution of chloride concentration (t� 2.8 years).
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the same, different aggregate volume fractions result in
varying chloride concentrations in the same diffusion time.
Along the diffusion direction, the chloride concentration
decreases gradually, and the chloride concentration at the
same depth decreases with the increase in aggregate volume
fraction. In other words, with the increase in aggregate, the
width of the diffusion path decreases, and the diffusion is
impeded and weakened. When the aggregate content in-
creases, the number of aggregate particles increases corre-
spondingly in the numerical model. In the model, aggregate
is considered impermeable. *us, it is equivalent to a porous
medium. When the number of aggregate particles increases,
it is equivalent to an increase in porosity. *e numerical

simulation results show that the concentration of chlorine
diffusion will also increase accordingly. *is conclusion is
consistent with the literature [44, 45].

5.3. Effect of Polygonal Aggregate. As for case 3, the effect of
the present two-dimensional numerical method for polyg-
onal aggregate can be proven again. When polygonal ag-
gregate is adopted, Deff is solved by using equation (7).
When the exposed time t� 30 years, the distribution profile
of chloride concentration of polygonal aggregate model is
shown in Figure 8(a), and the distribution profile concen-
tration of circular aggregate in the same condition is

Table 1: Numerical design for aggregate analysis.

Test case Cs (%) Dcp (m2/s) Aggregate shape Aggregate fraction (%)

1 1.5 5×10−12 Polygonal 50
2 1.5 5×10−12 Polygonal 35, 50, 70
3 1.5 5×10−12 Circular, polygonal 70

0.1

0.09

0.08

0.07

0.06

0.05

0.04

0.03

0.02

0.01

0

0 0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08 0.09 0.1 6.2653 × 10–4
0.0006

0.2255

0.0756

0.3755

0.5254

0.6753

0.8253

0.9752

1.1252

1.2751

1.425
1.425 (%)

(a)

0.1

0.09

0.08

0.07

0.06

0.05

0.04

0.03

0.02

0.01

0

0 0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08 0.09 0.1 7.5528 × 10–4
0.0008

0.2256

0.0757

0.3756

0.5255

0.6754

0.8253

0.9753

1.1252

1.2751

1.425
1.425 (%)

(b)

0.1

0.09

0.08

0.07

0.06

0.05

0.04

0.03

0.02

0.01

0

0 0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08 0.09 0.1 0.5146

0.6624

0.5639
0.5146

0.761

0.8595

0.958

1.0566

1.1551

1.2537

1.3522

1.4507
1.4507 (%)

(c)

0.1

0.09

0.08

0.07

0.06

0.05

0.04

0.03

0.02

0.01

0

0 0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08 0.09 0.1 0.5242

0.6706

0.573
0.5242

0.7682

0.8657

0.9633

1.0609

1.1585

1.2561

1.3536

1.4512
1.4512 (%)

(d)

Figure 6: *e distribution of chloride concentration at t� 10 years.
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presented in Figure 8(b). For example, when the depth is
60mm and exposed time t� 30 years, the chloride con-
centration in Figure 8(a) is 0.14%.*e chloride concentra-
tion in Figure 8(b) under the same conditions is 0.19%.*ese

plots provide a clear view of chloride diffusion, and they may
also manifest the effect of aggregate shape. *e concentra-
tion in the polygonal aggregate model is smaller than that in
the circular aggregate model in Figure 9. *e reason is
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Figure 7: Distribution of chloride concentration at t� 5 years and t� 15 years. (a)fa � 35%, t � 15 years. (b)fa � 50%, t � 15 years. (c)fa �

75%, t � 15 years. (d)fa � 35%, t � 5 years. (e)fa � 50%, t � 5 years. (f )fa � 75%, t � 5 years.
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mainly because of the poor round base polygonal aggregate,
which increases the diffusion path of tortuosity, thereby
resulting in reduced diffusion velocity and low chloride
concentration at the same depth.*e conclusion is similar to
literature [46], thereby further validating the mesoscopic
model of polygonal aggregate for predicting the precision of
chloride concentration.

6. Conclusions

In this work, a mesoscopic numerical model was presented
on the basis of the polygonal aggregate, and the chloride
diffusion in concrete was investigated. *e proposed sim-
ulation method on mesoscopic level was verified by ex-
perimental values and simulated results. *e method that
adopted polygonal aggregate was realistic. *e modified
effective diffusion coefficient was presented, and the effect of

polygonal aggregate was discussed. *e following conclu-
sions can be drawn on the basis of the obtained results:

(i) *e mesoscale numerical model based on polygonal
random aggregate that generates the tortuosity of
diffusion path can provide the effective chloride
diffusion coefficient, which includes the aggregate
factor with a simple formula that can be expressed as
Deff � αDcp2(1 − fa)/2 + fa.

(ii) *e mesoscale numerical result based on polygonal
random aggregate shows a good correlation with the
experimental data. It further validated the meso-
scopic model of the polygonal aggregate to predict
the precision of chloride concentration.

(iii) *e random distribution of polygonal aggregate has
a negligible influence on chloride diffusion in
concrete.
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Figure 8: Distribution of chloride concentration in concrete. (a) Polygonal aggregate. (b) Circular aggregate.
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Figure 9: Distribution profile of chloride concentration from the mesoscopic model. (a) Polygonal aggregate. (b) Circular aggregate.

8 Advances in Civil Engineering



(iv) An increment in the polygonal aggregate content
increases the tortuosity of the chloride diffusion
path and decreases the global chloride diffusion
speed.

Finally, the presented model can be used successfully in
simulating chloride penetration. *e presence of polygonal
coarse aggregates in concrete can be included in the model
and provide more insights into the transport behavior. In all
the analyses presented in this work, concrete was assumed to
be fully saturated. Consequently, capillary suction and the
effects of chloride binding were not considered. *e next
step can carry out relevant simulated calculation.
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