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A survey of 11 concrete bridges located in a marine environment at 0.65-48.65 years was examined in terms of
chloride transport. As a result, the apparent diffusion coefficient (D) and the surface chloride concentration (Cs) are
time dependent; the D exponentially decreased with time and the Cs increased in the form of a logarithm function to
time. Using these data, governing equations for the D and Cs were derived to predict the chloride transport in a long
term. The time dependent model indicated the higher chloride ingresses in ordinary Portland cement (OPC) concrete
than the time independent model, due to a build-up of the Cs with time, but ground granulated blast furnace slag
(GGBS) concrete indicated a similar range of the chloride ingresses, due to the rapid decrease in the D. To ensure the
accuracy of the model that the present study suggested, the fitted model was compared to the well known model of
the LIFE 365 together with a chloride profile obtained from an in-situ examination. Then it was found that the model
in the present study well predicted the rate of chloride transport, while the LIFE 365 indicated a poor description of
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the chloride ingress in a long term, due to a constant Cs and an overwhelming rapid decrease in the D.
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1. Introduction

Reinforcing steel in concrete is regarded as being protected from active
corrosion by a microscopically thin layer of iron oxide, a “passive film” of
v-Fe,03°H,0 [1]. The supplementary precipitated hydration products
form an inhibitive layer on the steel surface, stabilizing the pH of the pore
solution to buffer aggressive ions [2]. Notwithstanding, chloride ions can
usually corrode the steel embedment in a chloride environment, when a
continuous supply of chloride ions to the steel embedment reaches a
certain threshold level. Chloride ions are generally present in concrete by
penetration of external chloride into concrete. In service, chloride ions are
commonly derived from marine environments or from exposure to
deicing salts. In marine environments, the failure of bridge decks [3,4], and
significant corrosion in building [5] and jetty structures [6] are notable
examples of deterioration from external chlorides. The use of deicing salts
has also resulted in widespread corrosion problems with bridge decks [7].

Hence, the assessment/prediction of chloride-induced corrosion has
received increasing attention, because of its widespread occurrence and
the high cost of repair. In the majority of previous studies, a conservative
chloride threshold value such as 0.2 [8] or 0.4% [9] by weight of cement has
been used to predict the corrosion risk. For chloride transport, Fick's 2nd
law is often used to predict chloride penetration in terms of diffusion [10],
because of its convenient and easy calculation with constant values of
the apparent diffusion coefficient (D) and surface chloride concentration
(Cs), which are in fact dependent on concrete mix proportion and degree
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of contact to a salt environment (e.g. submerged, tidal, splash and aerated
zones in a marine environment) [11]. A development of the pore structure
with time has been currently considered in assessing the rate of chloride
transport; the diffusivity decreases with time [12-14]. Due to the hypo-
thesis that chloride ions and surface concrete make a chemical equilibrium
in the form of di-electric layer, the time dependency of the Cs has been
ignored in conventional chloride transport model, so that a constant value
of the Cs has been widely used in modelling chloride transport in concrete
[13,15]. A build-up of the Cs has been taken into account, only when
concrete structures are exposed to a marine atmospheric condi-
tion [16,17]. It was, however, observed in a survey on in-situ that a
build-up of the Cs occurs, even when concretes are exposed to direct
contact to seawater such as in tidal/splash zones [18].

The present study examined 11 concrete bridges located in the
West Sea side of Korea exposed to the tidal zone, and data on the D
and Cs were obtained. These data were fitted as a function of time, and
used in a basic model to predict chloride profiles and the corrosion
risk. The characteristic of a Cs build-up was considered in solving
Fick's 2nd law and the time dependency of the diffusivity was subse-
quently applied for the solution on the rate of the chloride ingress in
concrete.

2. Time dependency of chloride transport
2.1. Background
Concrete consists of a graded mix of aggregate particles in a cement

matrix. The aggregates inside a concrete usually have negligible permea-
bility and therefore have little effect on the transport of chloride through
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concrete. Hence the rate of transport in a concrete is largely dependent on
the characteristics of the cement paste, which may include its binder type,
porosity and pore size distribution, primarily controlled by its water-
cement ratio (W/C). There are a number of mechanisms by which chloride
transport can take place in concrete: diffusion, sorption, capillary suction,
migration and wick action. Of them, diffusion takes place under the
influence of a concentration gradient, which mainly drives the transport of
chloride ions in concretes exposed to a direct contact to seawater, for
example, submerged, tidal and splash zones, where the moisture
condition of the concrete is stable.

Fick's 2nd law, modelling the diffusion of unreactive species (i.e.
chloride ions) into a semi-infinite medium (i.e. concrete), is commonly
used to describe chloride ion diffusion in concrete as given in Eq. (1).
Theoretically, the D can be calculated by measuring the concentration of
the Cs and the concentration of chloride ions C(x, t) at the depth x and
the exposure duration t.

Clx,t) = Cq (1—erf%m> )

where, erf is error function. Capillary pores are the most significant
means of transport of ions if they are interconnected and filled with pore
solution. Their size ranges up to 3-5um in diameter [19]. The rate of
transport via capillary pores mainly depends on the volume fraction and
connectivity of the pores, which can be determined by W/C, cement
content, cement fineness, binder type and degree of hydration. For
example, low W/C, good curing and replacement with fine pozzo-
lanic materials will result in the capillary pores blocked with gel and
thus reduced permeability to water-containing aggressive ions such
as chlorides. The importance of W/C and the fineness of binder were
previously addressed in the standard specification of concrete
structures [20]. Also, the effect of binder on chloride transport has
been reported in previous studies that the decrease in the diffusivity
for pulverized fuel ash (PFA), ground granulated blast furnace slag
(GGBS) or silica fume (SF) concretes generally arises from a refine-
ment of pore structure [15,21,22]. However, the chemical activity
between chloride ions and cement (chloride binding) and the change
of the pore structure due to hydration are time dependent, as being
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different from the assumption on unreactive concrete media. It has
been reported that the higher chloride binding capacity increased
the surface chloride and the rate of chloride diffusion decreased with
time. For example, Bentz et al. [23] showed that the D was reduced
about 40-69%, when specimens were exposed to seawater for 4 years.
The influence of chloride binding by tricalcium aluminate on the trans-
port of chloride was previously addressed [24].

2.2. Time dependency

In this study, 11 concrete bridges exposed to a marine environment
were examined to assess the rate of chloride transport, depending on
exposure duration and binder type. Among them, 6 bridges at ages rang-
ing from 0.65 to 48.65 years were built in ordinary Portland cement (OPC)
concrete as a binder, and the other 5 bridges in GGBS, ranging 20-50%
replacement for OPC in binder at 1.35 to 15.5 years. Ground concrete
samples from surface concretes were obtained from a pier of the bridges in
tidal zone at the time of tide down, as shown in Fig. 1, by drilling and
grinding with 2 mm increments up to 50 mm. The preliminary inves-
tigation of the environmental condition in terms of temperature and
relative humidity showed only a marginal difference of weathering
amongst the 11 sampling districts, due to their vicinity. The weathering
condition including average monthly temperature and relative humidity
(R.H.), and geographic information of sampling are also given in Fig. 1 to
consider the environmental condition. The number of sampling for a
chloride profile in a bridge structure accounted for 2-6 series. The fluc-
tuation of sea level by the tide ranges 3.45-12.0 m as shown Fig. 1. The
chloride content of each sample was determined by acid soluble
extraction in a nitric acid solution followed by potentiometric titration
against silver nitrite. The chloride concentration of each sample was given
in ppm, which was then converted to the percentage by weight of
concrete and finally the percentage of chloride by weight of binder,
assuming that a uniform distribution of cement through the 50 mm of
cover concrete. When the concrete mix proportion is not known, for OPC
concretes, a cement content of 350 kg/m> and a concrete density of
2300 kg/m> were assumed and for GGBS concretes, a binder content
(assuming that binder consists of 60% OPC and 40% GGBS) of 400 kg/m>
and a concrete density of 2200 kg/m> respectively, were also assumed

ey S 74_/_ _______ ~2-
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Fig. 1. The location of sampling for chloride profile assessment.
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from their strengths, which possibly lead to an error in estimating the rate
of chloride transport. The chloride profiles at the time of sampling were
also obtained. Then, the D was determined for each specimen by fitting
the error function solution to Fick's second law, as given by Eq. (1), for
non-steady state diffusion in a semi-infinite medium. A curve is fitted to
the chloride profile with the Cs and the D as the independent variables. In
the analysis of the chloride profile, the sum of the squared differences
between the fitted (theoretical) and the actual data for the chloride
content of each sample was minimised by adjusting a regression variable.

Figs. 2 and 3 describe the D and Cs for OPC and GGBS concretes
respectively exposed to a tidal zone. Detailed information on chloride
transport with time and binder is given in Tables 1 and 2. The best fit
curves for the D are expressed as a power function of time, and for the
Cs as a logarithm function of time. It is seen that the D for both OPC
and GGBS concretes decreased with exposure duration, despite their
high deviation at exposure conditions, including different degrees of
wave, weathering and presumably segregation of concrete in mixing.
The diffusivity for GGBS concretes was always lower than for OPC at
a given time and the greater rate of the decrease in the D. The D for
OPC initially (at 0.65 years) ranged from 5.53x 10~ '? to 7.89x 10~ >m?/s
and at the end (at 48.65 years) from 447 x10™ ' to 5.55x 10~ >m?/s
respectively, while for GGBS at 1.35years from 4.25x107'2 to
5.68x10~?m?/s and at 15.50 years from 1.95x10~'? to
3.79%x 10~ '2m?/s respectively. The Cs was also much affected by
the exposure duration. The Cs for OPC ranged from 1.85 to 2.21%
by weight of cement at 0.65 years and from 2.71 to 3.11% at 48.65 years
respectively. For GGBS concretes, the Cs was slightly higher than for
OPC, ranging from 1.97 to 2.54% at 1.35 years and from 2.68 to 2.84% at
15.50 years respectively. The t-test was used to statistically ensure the
significance between the series of data [25], as given in Appendix A. As a
result, a decrease in the D and an increase in the Cs with time were
evident until 8.99 years for OPC concretes and until 8.33 years for GGBS
concretes, respectively. These results were used to model chloride
penetration considering the time dependency of chloride transport in
terms of diffusion in the present study.

3. Modelling of chloride transport

It is obvious that consideration of the time dependency of D and Cs at
solving Fick's 2nd law can give more informative, accurate prediction of
chloride profile, which is not easy to analytically calculate a chloride
profile, due to its complexity. In this study, the time dependency of the
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Fig. 2. Apparent diffusion coefficient D measured from 11 concrete bridges of OPC and
GGBS concretes exposed to the tidal zone.
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Fig. 3. Concentration of the surface chloride Cs measured from 11 concrete bridges of
OPC and GGBS concretes exposed to the tidal zone.

Csis considered to derive a solution for Fick's 2nd law, and then the time
dependent D, obtained by an averaging technique with time is applied
to the solution as a variable to calculate the chloride ingress.

3.1. Time dependent diffusion coefficient

The diffusivity often decreases with time, as cement hydration pro-
ceeds then to refine the concrete pore structure, thereby letting the
connectivity of pores significantly decrease [12,26]. A package program for
service life prediction uses a model for determining D in predicting the
chloride profile as follows [12].

Do) = Dy(%)" )

where, D(t) is the diffusion coefficient at time t, Dy is the diffusion
coefficient at reference time tx (i.e. usually 28 days), and m is an age factor.
This model is known to fit well for a marine environment, as a change in
the pore structure is considered in terms of development of cement
hydration [13,17]. However, a direct application of this model for predic-
ting the rate of chloride transport has a defect, since the historic change of
the D for a given exposure duration is not considered, which may lead to
an erroneous judgment on chloride ingresses and thus the risk of chloride-
induced corrosion.

In this study, in order to remedy the defect, the mean value of the
D for exposure duration to a marine environment was used to predict
a chloride profile. Thus, the mean value was calculated by integrating
the definite D for a given exposure duration, and then by dividing the
exposure duration, as given in Eq. (3).

DNGES % () - dr (3)

where D,(t) is the mean diffusion coefficient for the exposure
duration, t. In this study, the time dependency of the D was expressed
in power function as seen in Eq. (2) into Eq. (3). Thus the mean D can
be obtained as follows:

D)= 12t (7)" (4)

This equation is more useful to solve Fick's 2nd law for a chloride
profile, rather than a constant D, since both the time dependency and
the hysteretic change of the diffusivity are taken into account [27].
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Table 1
The apparent diffusion coefficients and surface chloride contents obtained from in-situ marine environments, and the terms considering time dependency of diffusion for OPC
concretes.
Sample W/B Binder D [x10~ 12 Cs Time Terms for time dependent D,,(t) Terms for time dependent Cs(t)
2 o H
sl '[:;:g/t;réﬁ e 5 Dtsten| (s Dg [x10~ 2 m?/s] tg [years] m « [%, binder] B k [%, binder]
1 7.89 1.85
2 7.74 221
3 0.38 430 6.65 1.95 0.65
4 5.53 2.11
5 5.87 2.13
6 6.54 1.95
7 0.39 410 8.89 2.11 222
8 7.74 222
9 0.43 355 6.32 244 8.99
10 5.32 2.16
11 7.54 2.06 6.74 0.65 0.06 0.26 3.77 1.38
12 0.47 340 5.59 2.36 22.54
13 432 212
14 4.87 197 D (t) = —‘zﬂﬁ(%)m Gs(t) = afln(Pt + 1)] + k
15 5.55 2.65
16 5.77 2.77 (Eq. (4)) (Eq. (12))
17 0.42 360 5.25 3.13 44.36
18 5.37 2.55
19 425 247
20° 531 2.71
21 - - 5.55 2.88 48.65
22 4.47 3.11

4 Concrete mix proportion has not been known, and thus 350 kg/m® of cement, 2300 kg/m? of the density of concrete and 0.45 of W/C were assumed in calculating the chloride profile.

3.2. Time dependent surface chloride

Although a previous study suggested that the Cs could increase with
time [16], a constant value of the Cs has been often used to model a
chloride profile at tidal or splash zone, because of intuitive support that
chemical equilibrium at the concrete surface sustain a certain concen-
tration of chloride, when a concrete is subjected to a direct contact with
seawater. It is, however, evident that a build-up of the Cs for concrete

solving Fick's 2nd law based on the in-situ data (Fig. 3). The chloride
content, C(x, t) at a given time t and a depth x can be expressed
including the time dependent Cs, which was introduced by utilizing a
heat conduction solution in solids [29], as follows.

t

structures expgsed to even seawater was observed in previous surveys C(x,t) = f Cs(v) - <£ F(x, X—U)) dv (5)
[6,18,28]. In this study, the time dependency of the Cs was considered in 0 ot
Table 2
The apparent diffusion coefficients and surface chloride contents obtained from in-situ marine environments, and the terms considering time dependency of diffusion for GGBS
concretes.

Sample W/B Binder D [x10~ 12 Cs Time Terms for time dependent D,,(t) Terms for time dependent Cs(t)

number content m?/s] [%, binder]  [years]

[kg/m’]
OPC  GGBS Dg [x10~?m?/s]  tg[years] m o [%, binder] B k [%, binder]

1 4.77 2.46

2 5.14 2.54

3 0.38 240 165 532 2.13 1.35

4 4.25 1.97

5 5.68 244

6 3.22 237

7 0.40 210 200 4.36 2.64 2.77

8 4.53 2.54

9 3.15 242

10 3.87 2.65

11 0.44 182 148 4.11 2.63 8.33 5.03 1.35 0.23 0.18 377 201

12 237 2.71

13 3.55 2,52 Din(t) = 2 (&)™ Cs(t) = aln(@Bt + 1)] + k

14 345 2.54

15 0.42 252 168 4.77 234 11.36

16 2.95 2.77 (Eq. (4)) (Eq. (12))

17 222 2.79

18* 2.88 2.77

19 3.79 2.79

20 - - - 3.15 2.68 15.5

21 1.95 2.77

22 221 2.84

4 Concrete mix proportion has not been provided by the contractor, and thus 400 kg/m> of cement, 2200 kg/m> of the density of concrete and 0.45 of W/C were assumed in

calculating the chloride profile.
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Here, the chloride content F(x,t), when concrete is regarded as an
infinite medium, is calculated.

e

2vVDt

jte*z de 6)
0

F(x,t) = 1—erf<

e7gz dg,

2vDt

\S}
g

= ﬁ
Hence, F(x,t —\) can be obtained for an infinite medium.

Flx,t—v) = % fe<de 7)

X
2y/D(t—v)

Thus, the derivative of F(x,t —\) can be calculated as seen in Eq. (8).

2

—X
0 o _ 2 4D(t—v). 0 X
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Hence, the chloride content C(x, t), as a function of the time t and
depth x, is obtained.

Clxt) = 2| Colv) ———dv )
' 2VmDy s (t—U)3
When ———is replaced by o, the chloride content C(x, t) is
PN p y (xt)

simply expressed as Eq. (10).

== Jc (t—"z) e do (10)

’ oA 4Dw?

2vDt

Eq. (10) was derived from Fick's law by considering Cs variation
with time while D remains constant. Although a consideration of the
time dependent D could provide the more accurate ingresses of
chlorides, the mathematical calculation would be subject to an
extreme complexity. Hence, the term D in Eq. (10) was substituted
by the time-varying D derived from Eq. (4), but the Cs in Eq. (11),
which may still produce a marginal error. The chloride transport can
be predicted by the following equation.

X

© 2 5
Clx,t) = % j Cs<t_4Dm(t)(o2> ce " do (11)

24/Dim (D)t

The time dependency of the Cs was observed in the present study
as shown in Fig. 3. Hence, a build-up of the Cs was taken into account
in calculating a chloride profile using the best fit of a change in the Cs
with time [27] from the field data as Eq. (12).

Gs(t) = afln(Bt + 1)) + k (12)
Here, t is the time of exposure in years and «, 3 and k are constants

obtained from in-situ environments as given in Table 1 for OPC concrete
and in Table 2 for GGBS concrete, respectively.

4. Results
4.1. Time dependency of diffusion

In-situ data on the D and the Cs, obtained from 11 reinforced
concrete bridges exposed to a tidal zone, was shown in Figs. 2 and 3. The
exposure duration for OPC concretes ranged from 0.65 to 48.65 years,
while for GGBS concretes from 1.35 to 15.50 years. It is seen that the D
decreased with time in the form of an exponential function, irrespective
of binder, which may be attributed to a further hydration of cement,
leading to a lower pore network. Increased hydration matrix may also
repel the external aggressive ions from the cover concrete. It is notable
that even at a given time and the same concrete mix, the variation in the
D was observed. It may be attributed to different environmental
conditions, such as a degree of wave to the pier of the bridges, shade and
wind, and moreover irregular location and shape of coarse aggregate
may result in different chloride profiles, as chloride transport can be
much influenced by the interfacial transition zone between cement
matrix and aggregate, although the D is mainly affected by W/C [13],
binder content [30] and binder type [15]. It was again observed that the
Cs, was changed with the duration of exposure: the Cs increased in the
form of a logarithm function with time for both OPC and GGBS concretes.
It is not surprising at the increase in the Cs, since the tidal zone provides
wet/dry cycles of seawater to the concrete bridge, so that chloride ions
may be easily accumulated on the concrete surface. It is notable thatata
given duration of exposure the Cs for GGBS concrete was usually higher
than for OPC concrete, which seems attributed to different levels of
chloride binding. The GGBS may impose the higher chloride binding
capacity arising from higher level of aluminum oxide (Al,03) [31].
Hence the surface of GGBS concrete is more capable of binding chlorides,
compared to OPC concrete, at a given content of free chlorides, thereby
leading to the higher total chlorides on the surface: in this study, the
chloride concentration was expressed in total (i.e. acid soluble chloride).

To predict the rate of chloride ingress in a long term, the fit curves
were extrapolated to 100 years. When the average value of the D and Cs
at the youngest age (i.e. 0.65 years for OPC and 1.35 years for GGBS
concretes, respectively) was taken as a control, their proportional deve-
lopment to exposure duration is described in Fig. 4. It is seen that a
change in both the D and Cs is much affected by binder. The diffusivity of
OPC concretes rapidly decreased for the first 20 years after exposure to a
salt environment and then still decreased but at a lower rate up to about
75% of the initial D. For GGBS concretes, the D more rapidly decreased

180
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Fig. 4. Time dependent change in the apparent diffusion coefficient and surface chloride
for OPC and GGBS concretes.
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with time up to only 40% of the initial values. It may reflect the better
long-term durability of GGBS concretes against chloride attack, in that
the D at an early age for GGBS is, moreover, much lower than for OPC.
The Cs for OPC highly increased up to by about 70%, compared to the
initial value, while for GGBS by 30%.When it comes to the time depen-
dency of chloride transport, the resistance to chloride attack depending
on binder is of high complexity. GGBS concretes can be beneficent, since
the D is lower and more rapidly decreases with time, and the Cs increa-
ses at a lower rate, compared to OPC concretes. However, the high level
of initial Cs for GGBS concretes could partially offset the benefit of lower
rate of chloride transport.

4.2. Chloride penetration

The chloride penetration by the time dependent/independent
model (Eq. (11)) at 25, 50, 75 and 100 mm of the concrete cover is
described in Fig. 5, for comparison (Eq. (1)). The chloride content was
calculated with 2.5 years increments of the time interval. It is seen
that the penetrated chloride ions calculated from the time dependent
model was always higher than the time independent model. At an
early age within 5-10 years, the penetration of chloride ions seemed
not to be affected by time dependency of chloride transport; there
was no particular difference between the time dependent and
independent models. However, in a long term the penetrated chloride
content for the time dependent model for OPC concretes was even
higher than for the time independent model, in particular at the lower

(a)

3.0

concrete cover. It may suggest that the influence of the increased Cs is
dominant at chloride penetration, setting a higher concentration
gradient of chloride ions on the concrete surface. However, as the
cover depth increased, the difference of penetration of chlorides bet-
ween two models decreased, since the increased Cs was less influenc-
ing and the D also governed the rate of chloride ingress.

For GGBS concretes, the penetration of chloride ions was varied with
the concrete cover depth. At 25 mm, the penetrated chlorides obtained
from the time dependent model was higher than the time independent
model, and there was no difference between the models at 50 and 75 mm
of the cover depth. At 100 mm, the time independent model produced
higher level of chloride penetration. This can be explained by the lower
rate of a build-up of the Cs, despite the greater Cs than for OPC concretes.
At the lower cover depth, the Cs mainly drove chloride transport, and thus
produced higher level of penetration for the time dependent model that
considers a Cs build-up. However, at the deeper concrete, the affect of the
increased Cs was relatively marginal and moreover the diffusivity
decreased with time, eventually indicating the lower level of chloride
penetration for the time dependent model, compared to the time inde-
pendent model.

4.3. Chloride profile

The influence of the time dependency of chloride transport is
described in Fig. 6, showing the different rate of chloride ingresses
between time dependent and independent models. The chloride profiles

F| —*— Time-dependent
t| —— Time-independent

25mm deplhé

Chloride content (%, Binder)

50mm depth

Chloride content (%, Binder)

0 20 40 60 80
Time (years)

100 0 20 40 60 80 100

Time (years)

Fig. 5. Penetration of chloride ions at different concrete cover depth for (a) OPC and (b) GGBS concretes.



308

(b)

S.-W. Pack et al. / Cement and Concrete Research 40 (2010) 302-312

3.0 " ‘ ; ;
k| —+— Time-dependent | ! i ‘
. ) I v 25mm depth
F[ —— Time-independent| | ; !
a2 ‘ 1 . f
— 1 1
L 1
=3 '
g L oo
[aa) 2U ™ N Wit 777 77777777 T
) Lo i i
= | ] ]
et | | ' '
= ] | ] ]
B ' 1 1 1
S l 1 i :
8 | i ] |
v | l ‘ '
=] 14 b b o o 1
g 40 v : T H
= l l ' ‘
@] ] i ] ]
1 ! ' I
i | | |
1 ! ] I
1 i ' |
| i ] I
1 i ' I
| i ] i
1 | ' '
0.0 i t t }
3.0 : . ‘ ‘
| | | |
| | | |
\ ) | |
i i i 75mm depth i
5 i i i i
2 i i | |
m 20 T R T ——— A 1T T
C; 1 1 I I
E | : : :
=] | i 1 ;
] | | |
E : : :
= | ; | |
3 : i :
AR I 7 s s et T e
= ; i 1 1
o ) | |
| | | |
| | | |
| | | |
0.0 } f } -
0 20 40 60 80 100 0

Time (years)

Time (years)

Fig. 5 (continued).

encompass a 100 mm of the concrete cover depth with increments of
2.5 mm from the surface concrete at 5, 20, 50 and 100 years. For OPC
concretes, the chloride profiles calculated from the time dependent
model were always higher than the time independent model and the
chloride ingress increased with time at a much higher rate. It seems due
to the higher Cs by a time dependent build-up of Cs. The concentration
gradient of chloride ions on the surface concrete significantly increased
with time and thus sustained the higher level of chloride ingress at all
depths.

For GGBS concretes, the build-up rate of the Cs is relatively low,
and hence the difference of chloride ingress on the surface concrete is
not so significant, compared to OPC concrete. However, the dramatic
decrease in the diffusivity seemed to affect the chloride profile. At
5years, no particular difference in chloride ingress was observed
except the Cs. At 20 and 50 years, for the time dependent model, the
surface concrete produced the higher level of chloride ingress, but
lower chloride content at deeper concrete beyond 50-60 mm of the
cover concrete. Eventually, at 100 years, the chloride ingress from the
time dependent model was higher than the time independent model
within 85 mm of the cover concrete. It reflects the dominance of a
significant fall in the diffusivity of GGBS concretes (Fig. 4). For the time
dependent model, a build-up of the Cs is even more crucial in judging
the chloride profile at an early age, but a reduction of the D with a
combined effect of the increased Cs subsequently produced higher

chlorides in the outer concrete and lower chlorides in the deeper
concrete, compared to the time independent model.

4.4. Time to corrosion

The calculated time to corrosion for OPC and GGBS concretes with
respect to the time dependency of chloride transport is depicted in
Fig. 7, assuming the chloride threshold level for corrosion equates to
0.4% by weight of binder [9]. The concrete cover depth of up to
100 mm was considered with increments of 2.5 mm. For OPC
concretes, the time dependent model produced the lowest level of
the time to corrosion, presumably due to the highest development of
the Cs with time and a relatively small decrease in the diffusivity. In
contrast, for GGBS concretes, the time to corrosion calculated from the
time dependent model was longer than that by the time independent
model, since the development of hydration significantly decreased the
diffusivity with time and a build-up of the Cs was relatively lower,
compared to OPC concretes. Thus, the reduction of the D enhanced the
time to corrosion over the increased Cs. When it comes to binder,
GGBS concretes always produced the longer time to corrosion than
OPC concretes. It may be due to the filler effect of GGBS, and thus its
effect on the pore structure refinement and resistance to chloride
transport may delay the onset of corrosion [32]. The time to corrosion
calculated in this study was tried to compare to that for in-situ
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Fig. 6. Chloride profiles with time for (a) OPC concretes and (b) GGBS concretes.
structures, but the corrosion state has not been monitored for indicat-

ing the time to corrosion. Thus, a direct comparison for the accuracy of
the calculation was not unfortunately performed.
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Fig. 7. Time to corrosion initiation of OPC and GGBS concretes.
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Fig. 8. Chloride profiles obtained from in-situ data and models in the present study and
LIFE 365. (a) OPC concrete. (b) GGBS concrete.

5. Discussion
5.1. General (factors to chloride transport)

For chloride transport, aggregates usually have very low permeabil-
ity and therefore have little impact on the permeation of chloride. Hence
the rate of transport in a concrete is largely dependent on the charac-
teristics of cement paste, in terms of the concrete pore structure,
concrete mix proportion, curing and exposure conditions.

5.1.1. Pore structure

Hydrated cement paste contains several types of voids which have an
important influence on its properties such as strength development, ionic
transport and volume change in hardened concrete. The voids include gel
pores, capillary pores and air voids. Gel pores are the smallest voids in
concrete, ranging from 5 to 25 A, and are too small to have an adverse
effect on the ionic transport or strength of the concrete [19], while
entrapped/entrained air voids, accounting for about 1.5% of the total
volume of concrete, despite their large size, do not normally influence the
transport properties as they are not connected with each other [33]. Only
capillary pores are the most important when considering the ionic
transport in concrete, as they are interconnected and filled with the pore
solution. Their size ranges up to 3 to 5 um in diameter. The rate of chloride
transport via capillary pores is dependent on the volume fraction and



310 S.-W. Pack et al. / Cement and Concrete Research 40 (2010) 302-312

Table 3
The diffusion coefficient and surface chloride concentration calculated from diffusion models in the present study and LIFE 365.
Exposure Present study LIFE 365
?;e]aers) Initial value Value at the given time Initial value Value at the given time
D (m?/s) Cs (%, binder) D (m?/s) Cs (%, binder)  R? D (m?/s) Cs* (%, binder) D (m?/s) Cs (%, binder)  R?
OPC 22.54 6.74x10" 2 138 581x10~ 2 254 088 674x10"'2 390 332x10°'2  3.90 -
GGBS 1136 503x10" 2 201 399x10- 2 269 093 5.03x107'* 391 1501012 391 —

2 The Cs for the LIFE 365 is set 0.8% to concrete weight and then converted to the percentage by binder weight.

connectivity of the pores, and can be determined from the W/C, cement
content, cement fineness, cement type, use of replacement material and
degree of hydration. For example, low W/C, good curing and replacement
with pozzolanic materials will result in the capillary pores being blocked
with gel and a reduced permeability to water-containing aggressive ions
such as chlorides.

5.1.2. Concrete mix

It is well known that binder type and W/B significantly affects
chloride transport, since the pore structure is differently formed,
depending on concrete mix proportion. For example, pulverized fuel
ash (PFA) or GGBS in concrete produces a dense cement matrix with
fewer capillary pores due to the pozzolanic reaction [32]. Moreover,
the particle size distribution in the finest range, which accounts for
100-1000 A, for the other concrete constituents (i.e. filler effect) is
more likely to reduce a chloride transport [21]. This study also showed
from a survey of concrete bridges (i.e. OPC and GGBS concretes)
exposed to a marine environment that the GGBS concrete always
indicated much lower values of D than OPC one, by about 2-3 times, at
a given time of exposure, when the exposure condition was similar.
Hence, it is often said that a reduction of the D for PFA, GGBS and silica
fume (SF) concretes generally arises from (1) a refinement of pore
structure [21], or/and (2) the increased binding capacity [34,35]. The
influence of W/B and binder content on the rate of chloride transport
has been well addressed in the majority of previous studies. A
literature review on chloride transport done by Song et al. [36]
showed that an increase in the W/B about 20-25% resulted in a 1 order
increase in the D irrespective of binder type for the similar exposure
duration and external environment. The influence of cement or binder
content on chloride transport was also previously ensured. Buenfeld
and Okundi [30] showed, from chloride solution-exposure testing,
that the higher binder content, at a given W/B, could increase chloride
ion ingress in terms of the D and Gs, irrespective of binder type.

5.1.3. Hydration products

A proportion of chloride ions present in concrete is chemically bound,
primarily by tricalcium aluminate (CsA) to form Friedel's salt. Recent
studies have modelled the influence of binding on the penetration of
chloride [24,37]. Glass and Buenfeld [24] found that with increased
chloride binding capacity, total chloride contents increase nearer the
surface of the concrete, but decrease deeper in the concrete. An increase in
the Cs is induced by the binding effect which allows the progressive build-
up of higher total chloride content at increasing distances from the
concrete surface. Chloride binding also reduces the content of free chloride
within concrete and the concentration gradient at depth, because chloride
binding removes chloride from the transport process [31]. It is notable that
the content of bound chloride depends on the binding behaviour of
cement matrix and the concentration of chloride source.

5.14. Curing

Curing methods and duration control the concrete quality including
strength development, cement hydration and the rate of hydration, and
durability of concrete. Bamforth [13], and Bamforth and Price [28]
addressed the influence of curing methods on chloride transport and as
a result, the D for OPC, 30% PFA, 70% GGBS and 8% SF concretes was not
significantly affected by the curing method, while the Cs was varied with

curing. It is seen again that the Cs was increased with time: the Cs
ranged from 0.44 to 0.69% by weight of cement at 3 years of exposure,
while the Cs increased up to 1.66-6.45% after an 8 year exposure.

5.1.5. Exposure condition

The level of chloride transport may be varied to a large degree by
the location of structure, the degree of exposure to chloride
environment and weathering condition with regard to temperature
and humidity. Uji et al. [18] showed from a long-term monitoring
from 23 to 58 years that the order of Cs with regard to the degree of
vicinity of seawater is tidal > splash > atmospheric zone. The climate is
also a crucial impact to the rate of chloride transport. Song et al. [36]
compared the chloride transport of concrete from three different
latitudes: in the UK, Japan and Venezuela. Then they found that
concrete structures exposed to a tropical environment are more
susceptible to chloride attack, and concluded that the tropical climate
is better for chloride ions to move into concrete due to the high level
of relative humidity, temperature and chloride concentration. The
high temperature and humidity help chloride ions percolate concrete
via absorption altogether with diffusion.

5.2. Time dependency of chloride transport

A reduction of the rate of chloride transport is ascribed to a
development of cement hydration. Cement matrix usually completes
85-90% of the hydration within 28-56 days after casting. The rest of
hydration takes place in a very long term, ranging from a couple of
years to decades. When cement hydration proceeds, the hydration
products expand twice of the volume and thus may occupy the
capillary pore or block the interconnected network. Thus, the rate of
chloride transport could significantly decrease with time. This effect
was once modelled using a computational technique [38], but the
results was less conclusive, since only the change of geometry in the
capillary pore network (i.e. volume fraction) with time was taken into
account. In fact, the rate of chloride transport is much affected by
other factors including chemistry between chloride ions and cement
matrix [33], and physical condition of the interfacial zone between
cement paste and aggregate [39], which are also attributed to a
chloride ions' mobility. Hence, it seems required to further investigate
the time dependency of the rate of chloride transport, considering the
complexity of physical and chemical change in cement matrix.

In this study, it was shown from a survey of concrete bridges in a
marine environment that the D decreased and the Cs increased with
the duration of exposure to seawater, assuming that chloride
transport is restricted by only diffusion. According to the survey
results, relations between the D and time, and the Cs and time were
defined to model the time dependency of chloride transport, when
concrete structure is exposed to the tidal/splash zone. As a result, the
boundary condition for the model was set: the D decreases in the
form of an exponential function to time until the first 30 years of the
exposure, while the Cs increases in the form of logarithm function to
time. It should be noted that most of previous models did not concern
the characteristics of time dependent increase in the Cs, as direct
contact of the cover concrete to seawater has been intuitively
believed to form a chemical balance between cement matrix and
chloride ions then to form a constant Cs [12,40]. Furthermore, a
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decrease in the D with time has been overwhelmingly evaluated. For
example, the age factor on D is determined for LIFE 365 as 0.43 [12],
and for Duracrete as 0.6 [40], respectively, while the much lower
values of 0.06 or 0.23 was more appropriate in describing the time
dependency of chloride transport in the present study. Then, the
accuracy in predicting the chloride profile was compared between
the LIFE 365 and the present study. Fig. 8 gives the chloride profiles
obtained from an in-situ autopsy with the curves modelled by the
present study and the LIFE 365. For OPC concretes, the initial values of
D and Cs at 1year are set as 6.57x 10~ 2m?/s, and 1.79% to the
binder weight respectively and the reference chloride profile was
from sample number 12 in Table 1. For GGBS concrete, the initial D
and Cs were 5.39x107'2m?/s, and 2.29% to the binder weight
respectively and the chloride profile from the in-situ was referred
from sample number 14 in Table 2. The values of D and Cs obtained
from the present study, the LIFE 365 and in-situ examination are
compared in Table 3. It is evident that the model that the present
study suggested better describes the chloride profile at 0-50 mm of
the concrete cover for both OPC and GGBS concretes at 22.54 and
11.36 years respectively. The determinant coefficient to the mod-
elled curves in the present study accounted for 0.88 and 0.93 for OPC
and GGBS concretes, while the curves for the LIFE 365 did not well fit
the chloride profile and thus the determinant coefficient was below
zero. The inaccuracy of the LIFE 365 in predicting the chloride profile
and transport may arise from the overestimation of the decrease in
the D and a constant value of the Cs. In modelling the ingress of
chloride ions, the LIFE 365 assumes that the Cs keeps a constant
value, as being equivalent to 0.8% to the weight of concrete (i.e. 3.90
and 3.91% for OPC and GGBS concretes in this study), while the Cs
obtained from the in-situ ranged 2.36 and 2.54% to the binder weight
for OPC and GGBS concretes respectively. In the present study, the
growth model for the time dependent Cs indicated 2.54 and 2.69% at
the given duration of exposure for OPC and GGBS concretes
respectively, being mostly equated to the values obtained from an
in-situ examination. Furthermore, the D predicted in the LIFE 365
was much lower than the in-situ value, due to an overestimation of
the decreasing rate of chloride transport. For example, the D for OPC
concretes calculated by the LIFE 365 model was 3.32x 10~ '2m?/s at
22.54 years, while the present study predicted the D as 5.81x 10~ '?
m?/s at the equated time of exposure, which is closer to the value of
the D obtained from the in-situ. Consequently it seems that the
previous model (i.e. LIFE 365) must contain the following boundary
conditions: (1) an increase in the Cs with time even at the tidal/
splash zone and (2) lower rate of decreasing D, based on the data
from real structures.

A reduction of ionic diffusivity through concrete with time is
beneficial in delaying the onset of chloride-induced corrosion and thus
enhancing the corrosion free life of structures. However, a build-up of
the Cs may mitigate the benefit of decreased diffusivity, or produce a
higher ingress of chloride ions. It was seen in this study that a
combination of a build-up of the Cs and decreased D for GGBS concretes
produced a similar level of the chloride ingresses, compared to the
model neglecting the time dependency of chloride transport, while for
OPC concrete produced a higher chloride profile. Hence, to maximise the
beneficial effect of decreased diffusivity, it is required to reduce or at
least sustain the Cs.

The present study showed the benefits of GGBS concretes against
chloride transport from a lower diffusivity at an early age and its
significant reduction with time, compared to OPC concretes. A rapid
decrease in the D for GGBS concretes may be attributed to their
hydration rate and the original pore volume. GGBS paste hydrates at a
lower rate and thus it takes longer to meet the hydration degree of OPC
paste, termed a “latent hydration,” which may be responsible for the
low-rated strength development. However, the latent hydration once
proceeds to refine the pore structure of GGBS paste and to form a lower
level of the capillary pore connectivity, it leads to a significant decrease

in the rate of chloride transport. Moreover, the original porosity is also
lower than for OPC concretes, as the finely grained GGBS fills up the
voids/pores in cement matrix [13]. Moreover, GGBS is very resistant to
chloride-induced corrosion and guarantee a low corrosion risk. The
majority of previous studies showed the highly inhibitive nature of
GGBS concretes in terms of the chloride threshold level for corrosion
[32,41], and to corrosion propagation [35,42]. These benefits have been
led to a wide use of GGBS concretes to in-situ, in particular located in a
marine or salt environment (e.g. deicing salt).

6. Conclusion

The present study surveyed 11 bridges exposed to a seawater
environment in assessing their resistance to chloride transport
through concretes in terms of diffusion. The obtained results from
the survey of in-situ were used to model for a long-term prediction of
chloride profile, considering the time dependency of chloride
transport. The conclusion is as follows.

(1) The D of chloride ions in concrete obtained from in-situ marine
environments decreased in the form of an exponential function
to time, irrespective of binder type, and the Cs increased in the
form of a logarithm function to time. This relation was used to
predict the chloride ingress in concrete structures exposed to
the tidal/splash zone in a long term.

(2) For OPC concrete, the time dependent model indicated the
higher ingresses of chloride ions than the time independent
model at a given time of exposure, because of the higher Cs,
thereby leading to a shorter time to corrosion at a given
chloride threshold level for corrosion. However, for GGBS
concrete, similar range of chloride ingress was predicted
between the time dependent and independent model. This
may arise from the more rapid reduction of the D for GGBS
concretes which imposes a further latent hydration and thus
densifies the concrete pore structure.

(3) The accuracy of the present study and a well know conven-
tional model of the LIFE 365 was compared with chloride
profiles obtained from an in-situ examination. Consequently,
the model that the present study proposed well rendered the
ingresses of chlorides, while the LIFE 365 showed a poor
prediction of the chloride profile, due to a constant value of Cs
and overestimation of decreasing rate of D.
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