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h i g h l i g h t s

" The inconsistency in diffusion coefficient and surface chloride models is shown.
" A consistent chloride transport model for fly ash concrete is developed.
" The sensitivity analysis of the developed model coefficients is performed.
" Remarks on the diffusion coefficient and surface chloride are shown.
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a b s t r a c t

This paper presents a Fick-based chloride transport model, which is mathematically consistent with time
dependent apparent diffusion coefficient and surface chloride for fly ash concrete. In the paper, the incon-
sistency in a simple close-formed solution used to predict chloride penetration through fly ash concrete
in a previous study of other researchers is pointed out. The inconsistency can be seen by comparing chlo-
ride profiles calculated by the simple close-formed solution to those calculated by a finite difference pro-
gram. The inconsistency is caused by the use of simplified diffusion coefficient and mathematically
incompatible surface chloride models. To avoid the inconsistency, a chloride transport model is devel-
oped in this study. In developing the model, regression analysis to fit coefficients of the developed model
is compared to the regression analysis results obtained from the experiment of the researchers. In the
experiment of the researchers, the effect of water to binder ratio and the amount of fly ash replacement
in concrete is considered. Furthermore, the chloride transport calculated from the developed model is
validated by comparing to other experimental results. Finally, the sensitivity analysis of the model coef-
ficients and some remarks on the developed model are presented.

� 2012 Elsevier Ltd. All rights reserved.

1. Introduction

For many years, concrete structures have been known as one of
the main materials in construction industry. After a period of expo-
sure time, the concrete structures, especially marine structures,
inevitably deteriorate. The deterioration of concrete structures
can be considered in different terms, for example, concrete deteri-
oration, reinforcement corrosion, or a combination of them. Chlo-
ride attack is considered as one of the important factors in these
deterioration mechanisms. Whenever the threshold amount of
chloride ions at the surface of reinforcement is reached, reinforce-
ment corrosion and concrete cracking may occur resulting in
decreasing the bond strength between concrete and reinforcement,
and subsequently reducing the flexural or shear strength of the
structure. As a result, the corrosion of reinforcement adversely

affects the safety and serviceability of concrete structures, and
hence shortens their service life [1]. To avoid these, there are two
main approaches; producing durable concrete [2–4], or applying
appropriate maintenance plans [5,6], e.g., preventive maintenance,
essential maintenance, or a combination of them. For the first ap-
proach, several researchers studied and recommended durable
and sustainable materials, such as fly ash [7–9]. It is evident that
the use of fly ash increased the chloride binding capacity in con-
crete. This binding capacity caused reduction of free chloride ions
which were found to be related to corrosion of reinforced steel in
concrete located in marine environment [9]. For the second ap-
proach, the maintenance plans will of course affect the allocation
of the reasonable amount of funds in the administration level.
According to these two approaches, the development of a model
to predict the corrosion initiation time of concrete structures with
durable and sustainable materials, e.g., fly ash, and the application
time of maintenance is of importance. In many occasions, the cor-
rosion initiation time and the maintenance application time are
defined as service life.
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In studying the service life of chloride exposed concrete struc-
tures, a quantitative assessment is preferable [10]. The diffusion
theory based on the Fick’s second law can be used for predicting
the chloride penetration through concrete structures. In the study
of researchers [11–14], if the surface chloride and the diffusion
coefficient were assumed constant, one-dimensional partial differ-
ential equation (1-D PDE) of the Fick’s second law could be analyt-
ically solved, and a simple close-formed solution can be obtained.
However, from many studies [15–19], it was found that both sur-
face chloride and diffusion coefficient were not constant but time
dependent. If this is the case, the simple close-formed solution is
inapplicable.

In the study of Tang and Gulikers [20], the apparent time depen-
dent diffusion coefficient for concrete was proposed so that it could
directly be input into the simple close-formed solution. In 2009,
Ann et al. [21] compared chloride ingress in concrete by using dif-
ferent forms of time dependent surface chlorides. However, they
assumed constant diffusion coefficients in addition to a set of as-
sumed data for study. Subsequently, Chalee et al. [22] proposed a
chloride transport model including the time dependent diffusion
coefficient and surface chloride, and validated their models with
their experimental results. However, their model contained simpli-
fied diffusion coefficient and mathematically incompatible surface
chloride leading to the inconsistency in predicting chloride trans-
port as indicated in the next section. As a result, in order to bridge
the gap, a chloride transport model, which is mathematically con-
sistent with the time dependent surface chloride and diffusion
coefficient, is required.

2. Statement of problems and observations

2.1. Fundamental of chloride transport models

The fundamental one-dimensional partial differential equation
(1-D PDE) for chloride diffusion through concrete structures
[23,24] can be written as
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where C is the chloride content as a function of position x and time
t, and D is the chloride diffusion coefficient of concrete. If the initial
condition (initial chloride content), boundary condition (surface
chloride) and material property (chloride diffusion coefficient) are
assumed to be zero, constant CS, and constant D, respectively, the
simple closed-form solution for Eq. (1) can be shown as
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where erf(�) is an error function.

2.2. Time dependency of diffusion coefficient and surface chloride

In 2009, Chalee et al. [22] proposed a chloride transport model
for fly ash concrete in seawater, and validated the model with their
experimental data. For model formulation, they employed the time

dependent diffusion coefficient D(t), which is based on the simpli-
fied model of Magnat and Limbachiya [25], as follows

DðtÞ ¼ 1
t
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where b is an empirical coefficient, and t is concrete exposure time
(s). Hence, the PDE for the Fick’s second law was written as
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in which its close-formed solution was expressed as
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where C(x, t) is the total chloride content (% by weight of binder) at
the position x (mm) and the exposure time t (s), CS is the chloride
content at the concrete surface (% by weight of binder).

By the regression analysis with their experimental data, they
computed the values of b and CS for each test, e.g., for W/B = 0.65
as shown in Table 1.

By data analysis, they further proposed the equation for the
coefficient b and the time dependent surface chloride CS as follows

b ¼ ½�0:0015ðW=BÞ þ 0:0034� ½F� þ ½�0:175 ðW=BÞ þ 0:840� ð6Þ

where W/B and F are the water to binder ratio and the amount of fly
ash replacement (%), respectively, and

CSðtÞ ¼ ½�0:379ðW=BÞ þ 2:064� lnðtÞ þ ½4:078ðW=BÞ þ 1:011� ð7Þ

where CS(t) is the time dependent surface chloride.
For comparing the chloride profiles based on the model using

Eqs. (5)–(7) to those based on a Crank–Nicolson based finite differ-
ence method (FDM), we can approximate Eq. (4a) as
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where cx,t, in a general form, is the chloride content at a mesh point
x and time t, and D,t is the diffusion coefficient at time t. In addition,
Dx and Dt are the size of the mesh point and the incremental time
step, respectively. In computation, they are chosen as 1 mm and
1 week, respectively. It is noted that for the finite difference pro-
gram, the time dependent diffusion coefficient in Eq. (3) can directly
be input. However, for the close-formed solution in Eq. (5), the time
dependent diffusion coefficient in Eq. (3) must be integrated over
time to have a constant or apparent diffusion coefficient before
replacing into Eq. (2) to get Eq. (5). In addition, the time dependent
surface chloride in Eq. (7) can directly be input into the finite differ-
ence program and the close-formed solution of Eq. (5).

Table 1
Value of b and CS for W/B = 0.65[22].

Mix no. b CS

2-yr exp. 3-yr exp. 4-yr exp. 5-yr exp. 2-yr exp. 3-yr exp. 4-yr exp. 5-yr exp.

I65 0.71 0.71 0.71 0.75 4.0 5.2 5.6 6.2
I65FA15 0.79 0.78 0.78 0.77 5.3 6.5 6.9 7.3
I65FA25 0.81 0.805 0.80 0.78 5.5 6.0 6.3 7.0
I65FA35 0.83 0.83 0.82 0.81 4.8 5.4 5.7 6.3
I65FA50 0.84 0.84 0.83 0.82 4.8 5.4 5.5 6.2
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