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Abstract. In the present paper, a numerical simulation method based on mesoscopic composite structure
of concrete, the truss network model, is developed to evaluate the diffusivity of concrete in order to account
for the microstructure of concrete, the binding effect of chloride ions and the chloride concentration
dependence. In the model, concrete is described as a three-phase composite, consisting of mortar, coarse
aggregates and the interfacial transition zones (ITZs) between them. The advantage of the current model
is that it can easily represent the movement of mass (e.g. water or chloride ions) through ITZs or the
potential cracks within concrete. An analytical method to estimate the chloride diffusivity of mortar and
ITZ, which are both treated as homogenious materials in the model, is introduced in terms of water-to-
cement ratio (w/c) and sand volume fraction. Using the newly developed approaches, the effect of cracking of
concrete on chloride diffusion is reflected by means of the similar process as that in the test. The results of
calculation give close match with experimental observations. Furthermore, with consideration of the binding
capacity of chloride ions to cement paste and the concentration dependence for diffusivity, the one-
dimensional nonlinear diffusion equation is established, as well as its finite difference form in terms of the
truss network model. A series of numerical analysises performed on the model find that the chloride diffusion is
substantially influenced by the binding capacity and concentration dependence, which is same as that
revealed in some experimental investigations. This indicates the necessity to take into account the binding
capacity and chloride concentration dependence in the durability analysis and service life prediction of
concrete structures.

Keywords: mesoscale simulation; chloride diffusion; binding capacity; concentration dependence; truss
network model.

1. Introduction

For concrete structures exposed to seawater or de-icing salt, the chloride-induced corrosion of

reinforcing steel has become one of the major causes of deterioration. It is generally recognized that

when the chloride content at the level of reinforcement reaches a critical value, the corrosion of steel

may begin to initiate. Therefore, it is of great significance to accurately investigate the transport

properties of concrete, e.g. the diffusivity of aggressive ions or gases, in order to predict the initiation

time of corrosion of reinforcements and to estimate the service life of concrete structures.
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On mesoscale, concrete is commonly supposed as a heterogeneous material. As a result, from the

viewpoint of modeling, it is often treated as a three-phase composite material in which aggregates

are embedded in a matrix of hardened cement paste, and the interfacial transition zones (ITZs) are

assumed on the interface between aggregate particles and the surrounding cement paste (Oh and

Jang 2004, Yang 2003, Caré and Hervé 2004). For the generally used aggregates, i.e. the fine and

coarse aggregates, they are non-permeable (Oh and Jang 2004, Garboczi and Bentz 1998). In

addition, recent research shows that the ITZs between cement paste and aggregates, especially

coarse aggregates, can more effectively explain the phenomena of chloride diffusion (Takewaka et

al. 2003). Regarding the high amount and relatively smaller size of fine aggregates, in the present

study, only coarse aggregates are regarded as the non-sorptive inclusions. But the mortar, filled with

fine aggregates, is supposed as a nominal homogeneous material in order to reduce the calculation

work. The three-phase composite structure of concrete proposed in this study is schematically

shown in Fig. 1. 

When chloride ions penetrate into concrete, it has been verified that some of them will be

chemically and physically bound to the hydrated products of cement and their surfaces in concrete

(Martín-Pérez et al. 2000, Mien et al. 2009). This behavior is called chloride binding capacity of

concrete, which has been quantitively defined as the slope of the binding isotherm (Tang and

Nilsson 1993). As a result, chloride in concrete structures is commonly classified into free and

bound chloride and only the free chloride is supposed to be responsible for the initiating corrosion

process of the reinforcement because they can penetrate freely through the concrete cover to reach

the reinforcing steel layer. It has been found that the concrete binding capacity has an important

effect on the rate of chloride ions transport in concrete and on the corrosion initiation of the steel

reinforcement due to the reduction of the amount of chloride ions available to initiate the

deterioration process (Martín-Pérez et al. 2000, Boddy et al. 1999, Nillson et al. 1996). In addition,

the concentration dependence of diffusivity on free chloride diffusion has also been investigated and

proved. In concrete, the mortar, but not the coarse aggregate, is apparently the major composition to

which chloride ions are bound (Tang and Nilsson 1993), therefore, the mesocale modeling

techniques offer a promising solution to really represent the binding effect. 

The purpose of this paper is to develop a numerical method on mesoscale to investigate the

diffusivity of concrete in order to account for the microstructure of concrete (i.e. the ITZs and

cracks) and to take into consideration the binding effect of chloride ions and the chloride

Fig. 1 The three-phase structure of concrete on mesoscale
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concentration dependence. In terms of this model, it will be helpful to simulate the diffusion process

of chloride ions in concrete for more accurate analysis and better prediction of the durability and

service life of concrete structures.

2. Truss network model

2.1 Construction of truss network model

In this paper, the Voronoi diagram is used as the meshing tool for the concrete specimen considering

its advantages in simulating the crack formation and propagation, as well as the crack width, which

are necessarily needed for predicting the deterioration performance and durability of concrete

structures (Nagai et al. 2004, Nakamura et al. 2006). The random characteristic of geometry of the

elements meshed by Voronoi diagrams makes it possible not to prescribe the locations and

directions of crack propagation because cracks are doomed to initiate and propagate along the

elements boundaries. This means that the adaptive re-meshing is not needed (Bolander and Le

1999). Fig. 2(a) shows the Voronoi diagram after meshing a concrete specimen on the level of

mesoscale. 

The truss network model is subsequently established based on the Voronoi diagram. Each of the

Voronoi elements is linked by truss elements with nodes at the centres of Voronoi elements and the

intermediate points on Voronoi element boundaries (see Fig. 2(b)). This is a refined approach of

truss network model proposed by Nakamura et al. (2006), in which only the Voronoi nuclei are

linked to generate a truss element (Bolander and Berton 2004). The advantages of this modification,

i.e. connecting the intermdiate points on Voronoi element boundaries, can easily represent the

movement of mass (e.g. water or chloride ions) through ITZs or the potential cracks. As a result,

the substance transport in a two-dimensional area is simplified to a set of one-dimensional problems

in the network, not only suitable for the uncracked but also for the cracked concrete. For uncracked

concrete, the cross sectional area and diffusivity of a truss element are set according to the

following rules: for truss elements within aggregate, both are assumed as 0; for truss elements

within mortar, the cross sectional areas are given according to the corresponding Voronoi element

area. On the Voronoi element boundaries, there are two kinds of truss elements. The first kind is for

Fig. 2 Construction of the truss network model
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those on the interfaces of two mortar Voronoi elements, and their cross sectional areas are assumed

as 0 assuming no mass transfer occurrence. The second kind is for those just between aggregate and

mortars, i.e. in ITZs, and their cross sectional areas and diffusivity have been studied and

determined through experimental method and numerical analysis technique. 

2.2 Governing equation of chloride diffusion

Usually the Fick’s second law is used as the governing equation for chloride diffusion process in

concrete. When the free chloride concentration is substituted for the total chloride concentration, the

governing equation is given as follows

(1)

where Ct is the total chloride concentration, in grams of total chloride per gram of concrete (g/g); Cf

is the free chloride concentration, in grams of free chloride per gram of concrete (g/g); Dcl is

chloride diffusion coefficient (mm2/day); t is time in days; x is the distance from the exposed

surface of concrete in mm.

The two material parameters, the binding capacity of cement paste and the concentration

dependence of chloride diffusivity, have been studied and given in previous literatures (Xi and

Bazant 1999, Ababneh et al. 2003), which will be discussed in the following subsections.

2.3 Concentration dependence

The chloride diffusion coefficient is somehow influenced by the free chloride concentration, i.e.

the diffusivity decreases with the increase of Cf (Xi and Bazant 1999). This concentration dependent

relationship can be expressed as

(2)

in which Dion and D' are the diffusion coefficient when considering the concentration dependence

and not considering the concentration dependence respectively; D' = RTΛ0/F
2|Zion|, where F is the

Faraday constant; R is the gas constant; T is temperature; Λ0 is the reference conductance; Zion is the

valency of the ion; Cf is defined in terms of the weight of concrete; m is a constant, usually taken a

typical value of 0.5 (Atkins 2001). And, kion = kc/Λ0, in which kc is the Kohlrausch coefficient

depending on the nature of the specific salt in solution. According to the computations and

comparisons with test results, it was estimated as kion=  (Xi and Bazant 1999).

2.4 Chloride binding capacity 

As defined, the total chloride concentration is the sum of bound chloride concentration, Cb, and

free chloride concentration, Cf, meaning

(3)

The chloride binding capacity is defined as follows

∂Cf

∂t
--------

∂Cf

∂Ct

--------
∂
∂x
----- Dcl

∂Cf

∂x
--------⎝ ⎠

⎛ ⎞=

Dion D′ 1 kion Cf( )m–[ ]=

70

Ct Cb Cf+=
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(4)

Generally, the ratio  can be determined experimentally. Based on the relationship

between the Cf and Cb established by Freundlich isotherm (Tang and Nilson 1993, Delagrave et al.

1996), a prediction model for the binding capacity has been developed (Xi and Bazant 1999).

(5)

in which A and B are two material constants, determined as 0.3788 and 1.14 for ordinary portland

cement (OPC), respectively (Tang and Nilson 1993); βsol is the ratio of pore solution to concrete, in

liters of the pore solution per gram of the concrete (L/g); βgel is the ratio of C-S-H gel to concrete,

in grams of C-S-H gel per gram of concrete (g/g). The two parameters, βsol and βgel can be

determined by the water-to-cement ratio (w/c) and mix proportion of concrete. 

Parameter βsol From the definition of βsol, it yields

(6)

where Vsol is the volume of the pore solution (L); Wconc is the weight of concrete (g). Due to the

relatively small porosity of aggregates, the volume of the pore solution can be represented by that

of the paste cement. 

The Powers’s model has been widely used to quantify the composite structure of hardened

Portland cement paste, because the fractional volumes of all major constituents in the physical

structure of room temperature cured Portland cement paste can be estimated from information on w/

c and degree of hydration of the cement (Hansen 1986). Moreover, it is pointed out that the total

porosity of a hydrated cement paste is the sum of the gel porosity and capillary porosity (Jennings

and Tennis 1994). The fractional volume of gel pores is expressed as 

(7)

where Vcem is the specific volume of cement in cm3 per gram. For the common OPC, Vcem may be

assumed as 0.32 cm3 per gram; α is the ultimate degree of hydration, which is defined as the ratio

between the amount of cement that has become hydrated finally and the original cement amount.

The ultimate degree of hydration α is empirically expressed as the function of w/c (Oh and Jang

2004)

(8)

The capillary porosity is estimated by the following equation 

(9)

Thus, the total porosity can be written as

∂Cf

∂Ct

--------
1

∂Ct

∂Cf

--------

--------
1

∂ Cf Cb+( )
∂Cf

-----------------------

-----------------------
1

1
∂Cb

∂Cf

---------+

-----------------= = =

∂Cb ∂Cf⁄

∂Cf

∂Ct

--------
1

1
A10

B
βgel

35450βsol

-----------------------
Cf

35.45βsol

---------------------⎝ ⎠
⎛ ⎞

A 1–

+

-----------------------------------------------------------------=

βsol

Vsol

Wconc

------------=

φgel

0.19α

w c⁄( ) Vcem+
----------------------------=

α 1 exp 3.15 w c⁄( )–( )–=

φcap

w c⁄( ) 0.36α–

w c⁄( ) Vcem+
--------------------------------=
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(10)

For a mixture proportion of concrete with cement of Wcem, weight of cement per m3 concrete and

with water of Wwat, weight of water per m3 concrete respectively, the volume of hydrated cement

paste Vcp of a Wconc bulk concrete can be formulated as

(11)

in which Vd is the specific volume of mixing water, generally equaling 1 cm3 per gram; ρconc is the

density of concrete, approximately taken as 2.3 g/cm3; Vcp is in cm3. By combining Eq. (6) to Eq.

(11), it yields

(12)

Parameter βgel As defined, βgel can be expressed as

(13)

The fractional volume of C-S-H gel of the hydrated cement paste has obtained as

(14)

So the weight of C-S-H gel of a Wconc bulk concrete can be written as

(15)

where ρgel is the density of C-S-H gel, usually ρgel =2.34 g/cm3. And then

(16)

3. Analytical method for the diffusivity of mortar and ITZs 

3.1 Diffusivity of cement paste

The diffusivity of cement paste can be estimated assuming that cement paste is regarded as a two-

phase composite, the capillary pores and the solid particles. The model proposed by Oh and Jang

(2004) is used in this study because it can cover the entire capillary porosity range, which is

expressed as

(17)

in which Dp are the diffusivity of cement paste; D0 is the ionic diffusivity in bulk fluid, taken as

2.032 × 10−9 m2/s at 25oC for chloride ions in water; Ds is the diffusivity of the solid phase, denoting

the diffusivity when the capillary porosity equals to zero; φc is the critical porosity that the pore

φpor φcap φgel+
w c⁄( ) 0.22α–

w c⁄( ) Vcem+
--------------------------------= =

Vcp WcemVcem WwatVd+( )
Wconc

ρconc

------------×=

βsol

Vcp φpor×
1000 Wconc×
----------------------------- WcemVcem WwatVd+( )

φpor

1000 ρconc×
---------------------------

WcemVcem WwatVd+( ) w c⁄( ) 0.17α–( )
1000 ρconc w c⁄( ) Vcem+( )×

------------------------------------------------------------------------------------= =

βgel

Wgel

Wconc

------------=

γgel
0.68α

w c⁄( ) Vcem+
----------------------------=

Wgel ρgelγgelVcp=

βgel

ρgelγgelVcp

Wconc

-----------------------
0.68ρgelα WcemVcem WwatVd+( )

ρconc w c⁄( ) Vcem+( )
----------------------------------------------------------------------= =

Dp

D0

------ mφ mφ

2 φc

1 φc–
------------

Ds

D0

------⎝ ⎠
⎛ ⎞

1 n⁄

++⎝ ⎠
⎛ ⎞

n

=
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network first percolates, which means that the diffusion can occur only over the percolation

threshold; n is the percolation exponent constant. In this equation, mφ is written as

(18)

where φcap is the capillary porosity. 

It was found that the values for n and Ds/D0 obtained for the test dada are  and

 for OPC. In addition, the critical porosity φc is proposed as 0.18 by Bentz and

Garboczi (1991) and the capillary porosity can be estimated by Eq. (9). 

3.2 Diffusivity of mortar and ITZs - the effect of addition of aggregates

Generally speaking, the presence of aggregates in a hydrated cement paste matrix has two opposite

effects on the transport properties (Delagrave et al. 1997, Yoon 2009). First, the addition of solid

particles leads to an increase in the tortuosity of matrix, so the chloride ions have to move around

the solid particles. This implies that tortuosity (redirecting) effects reduce the transport speed. Second, the

presence of porous and connected ITZs probably contributes to facilitating the movement of ions.

Therefore, in order to investigate the effect of aggregate content and ITZs on the transport properties, the

mortar can also be regarded as a three-phase composite material. Based on this assumption, the

diffusivity of mortar has been proposed as (Oh and Jang 2004)

(19)

in which Dm and DITZ are the diffusivity of mortar and ITZ, respectively; Va is the volume fraction

of aggregate particles; ε is the ratio of the ITZ thickness and the radius of aggregate particle, which

may be approximated by considering the mean radius of aggregate particles. Additionally, DITZ can

also be estimated by Eq. (17) assuming φITZ = 1.5φcap (Oh and Jang 2004). From the above analysis,

mφ
1

2
---

Ds

D0

------⎝ ⎠
⎛ ⎞

1 n⁄ φcap

1 φc–
------------ 1

Ds

D0
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⎛ ⎞

1 n⁄

–⎝ ⎠
⎛ ⎞ φc

1 φc–
------------–+=

n 2.7≈
Ds D0⁄ 2.0 10

4–×≈

Dm

Dp

------- 1
Va

1

2 DITZ Dp⁄( )ε 1–
-------------------------------------

1 Va–

3
-------------+

-------------------------------------------------------+=

Fig. 3 Effect of w/c and aggregates volume fractions on the diffusivity of mortar
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one can see that w/c is the dominating factor on the diffusivity of mortar due to its crucial

importance to the capillary porosity of cement paste. Fig. 3 shows the effect of w/c on chloride

diffusion coefficient of mortar. It can be seen that with the increase of w/c, the diffusion coefficient

increases due to the increase of capillary porosity of cement paste. Some available experimental

data on chloride diffusion coefficient of mortar are also depicted in Fig. 3 to verify Eq. (19). One

can see that, although the mixtures in those experiments are quite different from each other, the

model represented by Eq. (19) can show a relatively good correlation with experimental data. 

4. Numerical solution

4.1 The differential governing equation

As both the binding capacity and diffusion coefficient are dependent on the free chloride

concentration, the governing equation, represented by Eq. (1), can be written in a simple form as

follows

(20)

The formation of u(Cf) is the denominator of the expression on the right hand of Eq. (4) and v(Cf)

can be represented by Eq. (2). Although v(Cf) in Eq. (20) can be regarded as an apparent diffusion

coefficient, it is worth noting that v(Cf) is a function of the free chloride concentration instead of

being a constant. 

Thus, Eq. (20) can be written as

(21)

4.2 Spatial dispersion by the gallerkin weighted residual method

The nonlinearity of differential governing equation due to concentration dependence of the diffusion

coefficient and binding capacity makes analytical solution for Eq. (21) impossible. Therefore, in the

present study, the Gallerkin weighted residual method will be used to disperse Eq. (21) numerically,

and then the numerical method will be applied to the truss network model.

To a 1-dimentional line element with length of l, if the values at two end points, xi and xj, are

respectively assumed as F(Cf)i and F(Cf)j for any function of F(Cf), the approximate expression of

F(Cf) along the element ij can be linearly described as

 (22)

Here, F(Cf) can be any expression of the free chloride concentration Cf. For simplicity, one can set

 and , which are regarded as the weighted residual functions. Subsequently, according

to the Gallerkin method, the following two equations can be obtained

∂Cf

∂t
-------- 1

u Cf( )
------------

∂
∂x
----- v Cf( )

∂Cf

∂x
--------⎝ ⎠

⎛ ⎞=

u Cf( )
v Cf( )
------------

∂Cf

∂t
--------

1

v Cf( )
------------

∂v

∂Cf

--------
∂Cf

∂x
--------⎝ ⎠

⎛ ⎞
2 ∂2

Cf

∂x
2

----------+⋅=

F Cf( )
xj x–

l
-----------F Cf( )i

x xi–

l
-----------F Cf( )j+=

gi

xj x–

l
-----------= gj

x xi–

l
-----------=
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(23)

(24)

in which A is the sectional area of the 1-dimentional line element. The integrals of each part in the

above two equations can be derived seperately. The procedure is described fully in the Appendix.

Then Eqs. (23) and (24) can be written in the form of simultaneous equations

(25)

where, .

Since Eq. (25) is in the equational form, it can also be written as

(26)

If only the diffusion process is used to account for the chloride ions penetrating into concrete, the

following initial condition, Cf = C0, x ≥ 0, t = 0, and boundary condition, Cf = Cs, x = 0, t > 0, are

applied to solve the above equation. Here, C0 is the initial free chloride concentration in concrete;

Cs is the surface chloride concentration exposed to air or water environment.

Further, Eq. (26) can be simplified as

(27)

This is the finite element equation for a single truss element. If all the truss elements in a meshed

area are integrated, the global finite equation can be formed as

(28)

4.3 Solution method

In this paper, the Crank-Nicholson method is used to numerically solve the above equation. By

introducing the discrete time step ∆t, one can have

R̃i A gi
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(29)

Then the differential formation at time (t + ∆t/2) in time space can be expressed as

(30)

By substituting Eqs. (29) and (30) into Eq. (28) and adjusting, one can have the basic formation

for the discrete time calculation process

(31)

It should be noted that in Eq. (31), because the matrices [K] and [C] are both dependent on the

free chloride concentration, their values may be approximately estimated based on the free chloride

concentration after the former step. It implies that an iterative process must be adopted until a given

convergence criterion is reached. Here, the convergence of computation is judged when the square

root of the sum-of-squared-error btween the current and former steps becomes less than 10−5.

5. Results and discussion

5.1 Chloride diffusion in cracked concrete

In the experiment by Olga and Doug Hooton (2003), a transecting, parallel-wall crack with approximately

Cf t
t∆

2
-----+⎝ ⎠

⎛ ⎞
⎩ ⎭
⎨ ⎬
⎧ ⎫ 1

2
--- Cf t ∆t+( ){ } Cf t( ){ }+( )=

∂
∂t
----Cf t

t∆
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-----+⎝ ⎠

⎛ ⎞
⎩ ⎭
⎨ ⎬
⎧ ⎫ Cf t t∆+( ){ } Ct t( ){ }–

t∆
--------------------------------------------------=

1

2
--- K[ ] 1

t∆
----- C[ ]+⎝ ⎠

⎛ ⎞ Cf t t∆+( ){ } 1

2
---– K[ ] 1

t∆
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⎛ ⎞ Cf t( ){ } F{ }–=

Fig. 4 Numerical model of the cracked concrete
(dotted line indicating the position of crack)

Fig. 5 Effect of discrete time step ∆t on the chloride
profiles perpendicular to the crack surface (D

cr =
10000 mm2/h, w

cr = 90 µm)
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constant width was induced in the sample concrete. In the current study, one example in their test

with crack width (wcr) of 90 µm is selected and the chloride diffusion coefficient through crack Dcr

is set as 10000 mm2/h by a series of fitting analysises of the test data from Ismail et al. (2004). The

specimen after numerically discreted on mesoscale is shown in Fig. 4 by arranging the crack in the

middle of the sample. The exposed time of the sample to chloride solution is 40 days. A sensitivity

analysis is done in order to determine the appropriate discrete time step ∆t as provided in Fig. 5. It

is observed that when the time interval is less than 0.00001d, the chloride profiles perpendicular to

the crack surface will become stable, therefore in the study of this paper, ∆t = 0.00001d.

Both the chloride concentration profiles along depth of the specimen and vertical to the crack wall

surface are recorded and presented in Fig. 6, also schematically shown in Fig. 7. From Fig. 6, it can

be seen that the two chloride profiles are quite close to each other leading to the same conclusion

obtained by experiment (Olga and Doug Hooton 2003, Ismail et al. 2008) that the lateral diffusion

of chlorides from the crack wall surface into the bulk concrete is uniform along the crack pathway.

The chloride profile obtained by Ishida et al. (2009) for a cracked concrete by modeling analysis is

shown in Fig. 8, which has the quite similar tendency with that in Fig. 7(b). The example here used

Fig. 6 Chloride profiles vertical to the exposed surface and vertical to the crack wall 

Fig. 7 Depth of chloride penetration in cracked concrete with single parallel-wall crack
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proved the feasibility and accuracy of the truss network model for a unique parallel-wall crack. As

more knowledge on the Dcr of a single crack with any width are determined, the method can be

extended to the case of multiple cracks (Wang et al. 2008).

5.2 Binding capacity and concentration dependece

The concrete specimen of numerical analysis is shown in Fig. 9. The w/c is 0.55 and the volume

content of coarse aggregates is about 40%. The cement, sand and water contents are 316, 749 and

174 kg/m3 respectively. These parameters are used to predict the parameters βsol and βgel by Eq. (12)

and (16) respectively. Only the left side of the specimen is set to be exposed to the chloride source

and all the other sides are supposed to be sealed without chlorides penetration. The chloride

Fig. 8 Chloride profile in cracked concrete obtained by Ishida et al. (2009)

Fig. 9 The model and analysis conditions of the specimen
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concentration is assumed as 4.86×10−3 g/cm3 on the exposed boundary. This unit means chloride

concentration is in grams of free chloride per cm3 of concrete (Saeki and Niki 1996). When the

density of concrete is taken as 2.3 g/cm3, it will become as 2.11×10−3 g/g in grams of free chloride

per gram of concrete. 

To investigate the effect of binding capacity and chloride concentration dependence, in this

section, the surface chloride concentration is looked as free chloride concentration, but the chloride

ions penetrating process will be separated as 4 cases. Case 1 indicates that neither the binding

capacity nor chloride concentration dependence are considered; case 2 means only taking into

account the chloride concentration dependence; case 3 means only taking into account the binding

capacity; case 4 means both the binding capacity and chloride concentration dependence are

considered. The comparison of chloride profiles after 600 days of exposure resulting from the 4

cases is presented in Fig. 10. It can be found that the predicted profiles differ too much whether the

binding capacity and concentration dependence are considered or not, which clearly indicates the

necessity to take into account the binding capacity and chloride concentration dependence in the

durability analysis and service life prediction. 

Fig. 11 shows the chloride concentration varying with exposure time at some locations in the

specimen. One can obviously observe that it will take much longer time to reach a given chloride

concentration for a fixed depth. For example, if the critical chloride level is set as 1×10−3 g/cm3, it will

take about 120 day at a depth of 19.7 mm to reach it, but when both the binding capacity and

concentration dependence are considered, the exposure time will be extended to 425 days.

In experimental studies of chloride penetration by immersion or exposure methods, usually the

concrete specimens are cut into slices and then ground into powders to measure the chloride content.

Obviously, the chloride concentration recorded by this process is the total chloride amount, including

free chloride and bound chloride. It implies that the experimental findings must overestimate the

effective chloride ions content in concrete because only the free chloride is responsible for the

deterioration of concrete structures. Fig. 12 provides the comparison of chloride profiles between total,

free and bound chloride concentration, which has the similar tendency as that observed in the

experiment (De Vera et al. 2007). In Fig. 12, the bound chloride concentration is calculated by Eq. (3). 

Fig. 10 Predicted chloride profiles after exposure of 600 days for the 4 cases
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6. Conclusions

A numerical approach on meso-scale, i.e. the truss network model is developed to successfully

simulate the chloride diffusion within concrete, especially when the binding capacity of chloride

ions with cement paste and the concentration dependence for diffusivity are taken into account. In

the model, concrete is treated as a three-phase composite material, including the coarse aggregate,

mortar and their interface. The another benefit of the currently developed method in this paper is

that it can be used to represent the transport process of water or chloride ions through ITZs or the

potential cracks in concrete. 

An analytical approach to estimate the chloride diffusivity of mortar and ITZ, both of which are

assumed as homogenious materials in the model respectively, is introduced in terms of the water-to-

cement ratio and sand volume fraction. The one-dimensional nonlinear diffusion equation accounting for

the binding capacity and the concentration dependence, as well as its finite differential form, which

is applied to the truss network model on mesolevel, are built up by means of the Gallerkin method. 

The effect of cracking can be conveniently implemented in the proposed model of concrete since

the position of cracks has been predominated beforehand in the network. Based on the results of

chloride diffusion in a transecting, parallel-wall cracked specimen, it is shown that cracks in

concrete plays an important role in the diffusion property and accelerates the ingress speed of

chloride ions. The results of calculation are quite close to the experimental observations.

The chloride diffusion is found to be substantially influenced by both the binding capacity and

concentration dependence, which are illustrated by comparing chloride concentration profiles obtained

from 4 cases respectively. The conclusion is that both the binding capacity and concentration

dependence can reduce the diffusion rate of chloride ions. If they are ignored, the durability or the

service life of concrete structures will be underestimated. Therefore, for more accurate prediction, it

is necessary to consider their effects.

Fig. 11 Comparison of chloride profiles with and without
consideration of binding capacity and con-
centration dependence

Fig. 12 Comparison of chloride concentration profiles
between total, free and bound chlorides
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Appendix

Integral of I1

Generally, one can has the following differential equation

(A1)

It is also like

(A2)

As a result, I1 will be written as

(A3)

If set F(Cf) = Cf, from Eq. (26) of the text it can be easily obtained as

(A4)

(A5)

Then, by substituting Eq. (A4) into Eq. (A3), it yields 

 (A6)

The integral process of I2 is as follows
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The integral process of I3 is as follows

(A8)

With the similar procedure, J1, J2 and J3 can be obtained as follows

 (A9)

(A10)

(A11)

I3 A gi

u Cf( )
v Cf( )
------------

∂Cf

∂t
-------- xd

xi

xj

∫–=

A
xj x–

l
-----------

xj x–

l
-----------

u Cfi( )
v Cfi( )
-------------

∂Cfi

∂t
---------

x xi–

l
-----------

u Cfj( )
v Cfj( )
-------------

∂Cfj

∂t
---------+ xd

 xi

 xj

∫–=

A

l
2

---
u Cfi( )
v Cfi( )
-------------

∂Cfi

∂t
--------- xj x–( )2

xd
 xi

 xj

∫
u Cfj( )
v Cfj( )
-------------

∂Cfj

∂t
--------- xj x–( ) x xi–( ) xd

xi

 xj

∫+–=

Al

3
-----

u Cfi( )
v Cfi( )
-------------

∂Cfi

∂t
--------- Al

6
-----

u Cfj( )
v Cfj( )
-------------

∂Cfj

∂t
---------––=

J1 A
∂Cf

∂x
--------

x xj=

A

l
--- Cfi– Cfj+( )–=

J2

A

2l
---- Cfj Cfi–( )ln

v Cfj( )
v Cfi( )
-------------=

J3

Al

6
-----

u Cfi( )
v Cfi( )
-------------

∂Cfi

∂t
---------

Al

3
-----

u Cfj( )
v Cfj( )
-------------

∂Cfj

∂t
---------––=



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /SyntheticBoldness 1.00
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org)
  /PDFXTrapped /Unknown

  /Description <<
    /ENU (Use these settings to create PDF documents with higher image resolution for high quality pre-press printing. The PDF documents can be opened with Acrobat and Reader 5.0 and later. These settings require font embedding.)
    /JPN <FEFF3053306e8a2d5b9a306f30019ad889e350cf5ea6753b50cf3092542b308030d730ea30d730ec30b9537052377528306e00200050004400460020658766f830924f5c62103059308b3068304d306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103057305f00200050004400460020658766f8306f0020004100630072006f0062006100740020304a30883073002000520065006100640065007200200035002e003000204ee5964d30678868793a3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /FRA <>
    /DEU <>
    /PTB <>
    /DAN <>
    /NLD <>
    /ESP <>
    /SUO <>
    /ITA <>
    /NOR <>
    /SVE <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice




