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Abstract

Although the existing studies on the estimation of corrosion induced cracking time of concrete cover practically assumed that the
shape of corrosion product is uniform, experimental observations show that the shape of the corrosion product is considerably localized.
In this study, numerical estimation of localized corrosion was accomplished based on the assumption that the main cause of corrosion
localization is the variation of chloride ions around the steel. The target case was limited to a two-dimensional corrosion. Analysis results
show that the maximum corrosion depth remains about 1.3 � 3.5 times deeper than the average corrosion depth after 3.5 years of active
corrosion. Parametric study reveals that the diffusion coefficient of chloride ion is the parameter most responsible for corrosion
localization.
� 2007 Elsevier Ltd. All rights reserved.
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1. Introduction

Chloride ion induced corrosion of steel is one of the most
important causes of deterioration in reinforced concrete
(RC) structures. Generally, the chloride ion induced deteri-
oration process can be divided into two stages: (1) initiation
stage – period from the placement of RC structures to the ini-
tiation of steel corrosion in concrete; and (2) propagation
stage – period from the onset of steel corrosion to the
moment when RC structures lose their serviceability in
the form of cracking, spalling of concrete cover, etc. For
the propagation stage, the cracking time of concrete cover
is recognized as a primary concern and much effort has been
devoted to study of this aspect [1–8]. In these studies, the
shape of corrosion products are usually assumed to be uni-
form, that is, the radial expansion of steel due to corrosion
is the same for all directions. In a real case, however, the dis-
tribution of corrosion products is highly localized; usually,
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more corrosion product is accumulated where the concen-
tration of chloride ions is higher [8,9].

Owing to recent numerical studies on steel corrosion in
concrete, it is well documented that the fundamental theories
of electrochemistry can be successfully applied to RC struc-
tures for the evaluation of steel corrosion [7,10–15]. While
research to date has yielded valuable insights, the circumfer-
ential variation of corrosion behavior along the steel surface
has not been considered. Steel has been treated as an ideal
line element with a zero cross sectional area. Although this
assumption might be sufficient for the analysis of large scale
macro-cell corrosion in which the anodic and cathodic
regions of steel are clearly separated longitudinally, it is
not suitable for the analysis of general corrosion in which
the variation of chloride ions around the steel may cause
small scale macro-cell corrosion between the upper and the
lower portion of the steel surface. Notably, it is clear from
experimental and analytical evidence, that the concentration
of chloride ions can vary considerably around the steel sur-
face, because of the impermeable nature of steel [9,16,17];
more chloride ions are accumulated on the steel surface fac-
ing the exposed surface of concrete. According to the theory
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of electrochemistry, this phenomenon can cause highly con-
centrated corrosion at chloride ion rich areas, as illustrated
in Fig. 1. It is clear that the localized corrosion products
would accelerate the rate of crack propagation in the
concrete cover. For the same corrosion rate, the duration
of propagation stage determined based on the uniform cor-
rosion is much longer than that based on the localized corro-
sion. Consequently, unless the localized feature of corrosion
is considered, the cracking time of concrete cover calculated
from the analytical methods could considerably overesti-
mate that of RC structures exposed to the natural environ-
ment for a given value of corrosion rate.

The main goal of this research work is to provide a reason-
able estimation of localized corrosion, which can be in turn
used for a more precise assessment of cracking time. It was
assumed that the main cause of localized corrosion is the var-
iation of chloride ions around the steel surface. The target
cases were limited to the two-dimensional corrosion in which
the variation of chloride ions and oxygen along the longitu-
dinal direction of steel can be neglected. A parametric study
was also performed to investigate the influence of some mate-
rial parameters on the rate and localization of corrosion.

2. Models for the corrosion analysis

2.1. Penetration of chloride ions and oxygen

In the present work, the penetration of chloride ions and
oxygen is considered as a pure diffusion process, as the
main concern of this paper is a corrosion analysis consider-
ing the concentration variation around the steel, not an
exact description of the concentration profile of chloride
ions or oxygen. Diffusion coefficients of chloride ion and
oxygen are treated as user input values.

2.2. Steel corrosion

2.2.1. General
Corrosion of steel is composed of two electrode reac-

tions: (1) anodic reaction – dissolution of iron to Fe2+ ions;
Fig. 1. Description of the localized corrosion.
and (2) cathodic reaction – reduction of oxygen to OH�

ions (in common environment). The difference in electric
potential between the interior of the electrodes and the ions
in the surrounding electrolyte is called the electrode poten-
tial. At equilibrium and an open circuit condition, the rate
of oxidation (reaction losing electrons) and reduction
(reaction getting electrons) at the electrode is the same.
The electrode potential and the exchanging current density
(proportional to the rate of oxidation or reduction) at equi-
librium are called the equilibrium potential and the
exchange current density, respectively. If over potential
or net current is applied to electrodes, the equilibrium con-
dition is disturbed; net current starts flowing or the equilib-
rium potential is altered at the electrodes. The extent of
potential change caused by the net current at the elec-
trodes, measured in volts, is called polarization. There
are three causes of polarization: concentration, activation,
and ohmic potential drop.

2.2.2. Polarization of cathodes

If the amount of available oxygen is not sufficient for the
cathodic reaction, the concentration polarization controls
the polarization of cathodes. Concentration polarization
at the cathodes, gc,c (V), can be calculated as [18]:

gc;c ¼ �
RT
zF

ln
iL

iL � ic

ð1Þ

where R is the universal gas constant (=8.314 J/K mol), T

is the absolute temperature (K), F is Faraday’s constant (=
9.65 · 104 C/mol), z is the number of electrons exchanged
in the cathodic reaction (=4), ic is the cathodic current den-
sity (A/cm2) and iL is the limiting current density of the
cathodic reaction (A/cm2). The limiting current density is
usually calculated from the concentration of oxygen on
the steel surface [11,18]. In the authors’ opinion, however,
the factor that restricts the rate of cathodic reaction in RC
structures is the limited supply of oxygen through the con-
crete cover not the concentration of oxygen on the steel
surface. It is noted that the latter can be a limiting factor
when the supply of oxygen is sufficiently high. Therefore,
the limiting current density is calculated from the maxi-
mum supply of oxygen obtained from the steady-state
analysis of oxygen penetration,

iL ¼ zFJ O2;max ð2Þ

where J O2;max is the maximum supply of oxygen to the steel
surface (mol/(cm2 s)).

According to the Butler–Volmer kinetics, the activation
polarization of the cathodes, gc,a, can be expressed using
the Tafel equation [18],

gc;a ¼ �bc log
ic

ic0

ð3Þ

where bc is the Tafel slope of the cathodic reaction (V/de-
cade) and ic0 is the exchange current density of the cathodic
reaction (A/cm2). By adding Eqs. (1) and (3), the polariza-
tion of the cathodes, gc, can be expressed as Eq. (4).
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gc ¼ �bc log
ic

ic0

� RT
zF

ln
iL

iL � ic

ð4Þ
2.2.3. Polarization of anodes

It is assumed that the activation is the only cause of the
anodic polarization. Hence the polarization of the anodes,
ga, can be calculated by the following equation [18],

ga ¼ ba log
ia

ia0

ð5Þ

where ba is the Tafel slope of the anodic reaction (V/de-
cade), ia is the anodic current density (A/cm2) and ia0 is
the exchange current density of the anodic reaction (A/
cm2). In this study, ba is assumed to be 90.7 mV/decade
for depassivated steel and infinity for passive steel, and bc

is assumed to be 176.3 mV/decade for both states of steel
[15].

2.2.4. Electrode potential and corrosion current density

From the polarization, electrode potentials for the
anodes and the cathodes can be expressed as the following
equations,

/a ¼ /a0 þ ga ¼ /a0 þ ba log
ia

ia0

ðfor the anodesÞ ð6Þ

/c ¼ /c0 þ gc

¼ /c0 � bc log
ic

ic0

� RT
zF

ln
iL

iL � ic

ðfor the cathodesÞ

ð7Þ

where /a, /c are the anodic and cathodic potentials (V), and
/a0, /c0 are the equilibrium potentials of the anodes and
cathodes (V) under a certain environment. For simplicity
of the corrosion analysis, it is assumed in this study that
/a0 and /c0 remain constant throughout the corrosion pro-
cess. In reality, however, these values are dependent on the
pH, fugacity of oxygen, and the ionic activity of iron [11,18].

If the value of potential at a certain point on the steel
surface, /s, is known, corrosion current densities for the
anodic and cathodic reaction at that point can be calcu-
lated by substituting /s for /a and /c in Eqs. (6) and (7).
While the anodic current density can be obtained explicitly
from Eq. (6), iteration is needed to find the cathodic cur-
rent density from Eq. (7) because the limiting current den-
sity results in a non-linear relation between /c and ic.
Macro-cell current density at the point, imacro, can then
be determined from the following equation (note that the
sign convention for the current density is positive for ia
and negative for ic),

imacro ¼ ia � ic ð8Þ

According to Ohm’s law, the normal gradient of potential
at the steel surface is proportional to the macro-cell cur-
rent, that is,

1

r
@/
@n
¼ imacro ð9Þ
where r is the electrical resistance of concrete (Xm) and n is
the direction normal to the steel surface.
3. Corrosion analysis

If the electrical resistance of concrete is assumed to be
isotropic, the distribution of electric potential is governed
by Laplace’s equation [11].

r2/ ¼ 0 ð10Þ
where / is the electric potential (V) and $2 is the Laplacian
operator. To obtain the potential distribution in concrete,
the solution of Eq. (10) subjected to the boundary condi-
tion of Eq. (9) should be found. Since both sides of Eq.
(9) are dependent on the distribution of potential, this
problem cannot be solved explicitly. Additionally, an
essential boundary condition should be imposed manually
since a unique solution cannot be obtained solely from the
natural boundary conditions. The solution strategy devel-
oped in this study is as follows:

r Select a pivot point and assign an essential boundary
condition with the pivot potential value (=/pivot).

s Assume initial distribution of potential.
t Calculate the macro-cell currents at the boundary using

Eqs. (6)–(8).
u Construct the natural boundary conditions using Eq.

(9).
v Calculate the distribution of potential from the bound-

ary conditions.
w Repeat steps t to v until the norm in convergence test,

ini, is lower than the allowable limit value, iniallow.

knk ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiPnn
i¼1½f/ig

j � f/ig
j�1�2

nn

s
6 knkallow ð11Þ

where {/i}
j is the potential value at the ith node after jth

iteration and nn is the number of nodes.
x Adjust the pivot potential value and repeat steps r to w

until the absolute difference between the corrosion cur-
rent obtained from the normal gradient of potential
and the macro-cell current obtained from the potential
at the pivot point is lower than the allowable value,
aallow.

1

r
@/
@n
� imacro

����
����
at the pivot

6 aallow ð12Þ

From the anodic current density, corrosion depth can be
calculated as the following equation [1].

dcorr ¼
Z

1:15� 104iadt ð13Þ

where dcorr is the corrosion depth (mm) and t is the time
(year).

After the corrosion analysis, the following boundary
condition is applied to the oxygen analysis to consider



Fig. 3. Finite element mesh.
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the consumption of oxygen due to the cathodic reaction
[11],

@CO2

@n
¼ ic

4FDO2

ð14Þ

where CO2
is the concentration of oxygen and DO2

is the dif-
fusion coefficient of oxygen.

The detailed procedure for the corrosion analysis includ-
ing the diffusion analyses of chloride ion and oxygen is
illustrated in Fig. 2.

4. Analysis results

4.1. General

Fig. 3 represents the finite element mesh constructed for
the corrosion analysis; the diameter of steel is 20 mm, the
depth of concrete cover is 50 mm, and the horizontal spac-
ing of steel is 200 mm. Only the top surface of concrete is
exposed to chloride ion and oxygen. Material properties
used for the analysis are summarized in Table 1. The diffu-
sion coefficient of chloride ion (DCl) and oxygen, as well as
the electrical resistance of concrete, are selected as essential
Fig. 2. Flowchart of the
material properties for the parametric study since these
properties varies considerably according to the quality of
concrete and have strong influence on the corrosion behav-
ior. On the other hand, the environmental parameters have
little influence on the corrosion and the polarization prop-
erties are almost constant regardless of the quality of con-
crete. The ranges of these properties are determined from
the representative values for concrete of a practical
strength range [19–21].
corrosion analysis.



Table 1
Values of material properties used for the corrosion analysis

Properties Value

Diffusion coefficient of oxygen (·10�9 m2/s)a 2, 5, 10, 20
Diffusion coefficient of chloride ion (·10�12 m2/s)a 1, 2, 5, 10
Electrical resistance of concrete (Ohm m)a 50, 150, 500,

1000
External oxygen concentration (kg/m3 solution) 0.0085
Initial oxygen concentration (kg/m3 solution) 0.005
External concentration of chloride ion (% wt concrete) 1.0
Threshold concentration of chloride ion (% wt

concrete)
0.05

Cathodic exchange current density (A/cm2) 6 · 10�10

Anodic exchange current density (A/cm2) 2.75 · 10�8

Cathodic equilibrium potential (mV vs. SCE) 160
Anodic equilibrium potential (mV vs. SCE) �690

a Underlined values are the standard values for the parametric study.

C.-Y. Kim, J.-K. Kim / Construction and Building Materials 22 (2008) 1129–1136 1133
Fig. 4a and b show a typical distribution of chloride ions
around the steel and the corresponding distribution of cor-
rosion potential, respectively. From these figures, accumu-
lation of chloride ions at the upper part of steel and the
more negative value of corrosion potential in this chlo-
ride-ion rich area can be confirmed.

Fig. 4c shows the typical time history of averaged corro-
sion currents – total, macro-cell, micro-cell. Corroding
time is defined as the time after the initial depassivation
of steel. That is, corroding time starts from zero when
Distribution of chloride ions 
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Fig. 4. Typical an
the concentration of chloride ion at the topmost point of
steel becomes larger than the threshold value. It is clear
that the early stage of corrosion is controlled by macro-cell
corrosion. As the depassivated region extends, however,
the contribution of macro-cell corrosion diminishes and
finally micro-cell corrosion prevails. These analysis results
correspond well with Mohammed’s experimental observa-
tions [22].

Fig. 4d illustrates typical profiles of corrosion depth
(solid lines) and average corrosion depth (dashed lines)
for various corroding times. Distance from the top surface
of steel on the abscissa is defined as the circumferential dis-
tance between the top point of steel and a specific point on
the steel surface. We can clearly see the localized nature of
corrosion. The ratio of the maximum corrosion depth to
the average corrosion depth, which will be referred to as
Rcorr, is greatest at the early stage and gradually decreases;
Rcorr is about 5.9 at 0.2 years and 2.2 at 2 years. Rcorr

values obtained from the analysis are quite lower than the
values found from experimental observations (�4 � 8)
[23,24]. The limitation of the analysis target to the two-
dimensional corrosion likely accounts for this underestima-
tion. From these observations, it can be concluded that a
uniform shape of corrosion, as usually adapted in existing
studies on the estimation of cracking time, is an over-simpli-
fication of the real corrosion shape, even for the two-dimen-
sional corrosion.
 Distribution of corrosion potential 
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4.2. Parametric study

It is evident that the most decisive factors affecting the
cracking time of concrete cover are the average corrosion
current and Rcorr, which indicate the rate of corrosion and
the intensity of corrosion localization, respectively. In this
section, the influence of material properties – diffusion coef-
ficient of chloride ion and oxygen, and electrical resistance of
concrete – on those parameters is numerically investigated.
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Fig. 5. Influence of material parameters on the average corrosion current
(a) Influence of the diffusion coefficient of chloride ion; (b) Influence of the
diffusion coefficient of oxygen and (c) Influence of the electrical resistance
of concrete.
Plotting ranges of corroding time are limited to 3.5 years,
which is a sufficiently long time for the concrete cover of most
RC structures to be cracked, for all cases.

As shown in Fig. 5a, the diffusion coefficient of chloride
ion is mainly related to the increase rate of corrosion cur-
rent. As DCl increases, the depassivated region grows fas-
ter. Consequently, the time for the corrosion current to
reach the maximum corrosion current, which is relevant
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concrete.
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to the polarization properties, becomes shorter. We can
clearly see in Fig. 5b that when DO2

is low, the maximum
corrosion current is significantly restricted by the limiting
corrosion current of the cathode, which is roughly propor-
tional to DO2

. This restriction, however, is negligible if DO2

is higher than a specific value. In this situation, other prop-
erties of the polarization – Tafel slopes, equilibrium poten-
tials, exchanging current densities – become crucial for the
determination of maximum corrosion current. In Fig. 5c,
the resistance of concrete appears to affect the increase rate
of corrosion current. This is obvious since a greater portion
of the steel surface becomes available to serve as a cathode,
which contributes to an increase in the corrosion rate at the
anodes via macro-cell corrosion, as the resistance of con-
crete decreases.

As shown in Fig. 6a, DCl has a strong influence on the
corrosion localization. As DCl decreases, the period during
which the depassivated regions are separated from the pas-
sive region is extended. As a result, the shape of corrosion
depth becomes more irregular. The abnormally low value
of Rcorr for the case of D = 10�12 m2/s at the early stage
results from the prolonged duration of the initiation stage,
which leads to increased depth of uniform corrosion gener-
ated during the passive state of steel. The influences of DO2

and r on the corrosion localization are not as apparent in
Fig. 6b and c. However, if the longitudinal variation of cor-
rosion state were considered, the influence of r would be
remarkable because of the additional contribution of large
scale macro-cell corrosion.

5. Discussion

Numerous research trials have been conducted to iden-
tify the critical corrosion depth that leads to corrosion
induced cracking and subsequently the end of service life
[1–8,24]. For example, Torres-Acosta et al. concluded sta-
tistically that the maximum crack width at the surface of
concrete becomes 0.1 mm when the average corrosion
depth reaches about 0.9 % of the steel radius [24]. If we
define this as the end of service life, the duration of the
propagation stage can be roughly estimated from the aver-
age corrosion current. However, there remain uncertainties
regarding the influence of localized corrosion shape and,
unfortunately, this influence has yet to be clearly quanti-
fied. According to Jang’s numerical study, highly localized
corrosion (Rcorr = 8) shortens the duration of propagation
stage to 60% of that based on the uniform corrosion [25].
For the precise assessment of the service life of RC struc-
tures, accurate quantification of the shape of localized cor-
rosion is urgently needed. Owing to the random nature of
corrosion, however, the determination of a realistic, repre-
sentative shape of localized corrosion from experiment is
almost impossible. In the authors’ opinion, a numerical
analysis can be a reasonable alternative to address this
problem. We expect that subsequent research work that
includes the influence of longitudinal variation could repro-
duce the real nature of corrosion more precisely.
Another advantage of numerical study is that the results
can be directly applied to the mechanical analysis of crack
propagation. After developing a unified program that can
consider crack propagation as well as corrosion, we will
be able to estimate the service life of RC structures explic-
itly from the material properties, including the fracture
characteristics and the structural dimensions, instead of
predicting it approximately from empirical models.
6. Conclusions

In this study, the localize shape of steel corrosion was
numerically estimated considering the variation of chloride
ions around the steel. Based on the analysis results, the fol-
lowing conclusions have been derived.

1. The calculated corrosion shape shows significant locali-
zation. The maximum corrosion depth remains about
1.3 � 3.5 times deeper than the average corrosion depth
after 3.5 years of active corrosion. Most of the corrosion
damage occurs at the upper part of the steel, where the
concentration of chloride ions is higher. For the accu-
rate estimation of the service life of RC structures, the
influence of corrosion localization should be considered.

2. According to the parametric study, the parameter most
responsible for corrosion localization is the diffusion
coefficient of chloride ion, which determines the expan-
sion rate of the depassivated region on the steel surface.
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