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Abstract

This paper provides an improved mathematical analysis of chloride penetration into concrete employing a time-dependent diffusion coefficient
for the solution of Fick’s second law of diffusion. In the paper the possible errors caused by the application of oversimplified mathematical
expressions used in some models for the evaluation of service life of reinforced concrete structures are discussed. The results from this
mathematical analysis demonstrate that some models based on the oversimplified error function complement (ERFC) solutions may easily
overestimate the service life by orders of magnitude, especially when the age factor is high. Some chloride profiles after up to 10 years’ field
exposure were used to compare the oversimplified with the improved models. The results show that both the oversimplified and the improved
models fairly well predict the 10 years’ chloride ingress in Portland cement concrete, but the oversimplified ERFC model significantly

underestimates the chloride ingress in concrete with fly ash.
© 2007 Elsevier Ltd. All rights reserved.
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1. Background

Owing to problems associated with chloride-induced
corrosion in reinforced concrete structures, reliable prediction
of chloride ingress in concrete is one of the key elements in
durability design and redesign of concrete structures. Early
work to analyze and extrapolate trends of chloride ingress in
concrete was based on Fick’s 2nd law, resulting in a prediction
model based on an error function complement (ERFC) solution
[1]. Since the properties of concrete, especially the surface
cover layer, differ very much from the assumptions of a stable,
homogeneous, non-reactive material subject to pure diffusion,
as assumed for an ERFC solution to Fick’s 2nd law, it has been
realized that this simplest ERFC model cannot provide a correct
analysis for prediction of chloride ingress in concrete. To deal
with the complexity of chloride ingress in concrete whose
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properties change with many factors such as distance from the
surface, time, the interactions between chloride and cement
hydrates, the influence of moisture transport in parallel with
diffusion within the concrete, etc., models based on the actual
physical or chemical/electrochemical processes [2—7] would be
better than those based on simple Fick’s 2nd law. In these
physical or chemical/electrochemical models, however, finite
lamina time stepped calculation is often needed to solve the
sophisticated mathematical equations. A critical review of
various approaches to modeling chloride ingress in concrete has
been given by Nilsson et al. [8]. In spite of the oversimplified
assumptions, the ERFC models are widely used by engineers in
practical applications, due to their relatively simple mathemat-
ical expressions. The simplest ERFC model, which takes the
apparent diffusion coefficient as a constant in time and space,
has been proven too conservative due to the lack of considera-
tion of the retarding effect on the diffusion process resulting
from chloride binding and refinement of the pore structure over
time. Therefore, in some ERFC models the time-dependency
of the curve-fitted apparent chloride diffusion coefficient was
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taken into account by an exponential relationship introducing a
so-called age factor. However, this creates a big problem in
mathematics of diffusion, as will be discussed later. This paper
intends to give the proper mathematical analysis for a time-
dependent diffusion coefficient and compare the possible errors
caused by some oversimplified mathematical expressions
commonly used in the ERFC models.

2. Mathematics of chloride penetration using a
time-dependent diffusion coefficient

Takewake and Mastumoto [9] are probably the first who
stated the dependency of chloride diffusion coefficient D on the
exposure period ¢ and used a purely empiric equation to
describe the decrease of diffusion coefficient with time, that is,
D is proportional to 7 °'. In 1992, Tang and Nilsson [10] from
their rapid diffusivity test found that the measured diffusion
coefficient in the young concrete dramatically decreased with
age and they proposed the mathematical expression for a time-
dependent chloride diffusion coefficient based on Crank’s
mathematics of diffusion [11]:

D(t)=a (/)" (1)

where D(¢') is the time-dependent diffusion coefficient, ¢’ is the
concrete age, and « and n are constants, with n normally being
referred to as the age factor. It should be noted that the constant
a has no direct physical meaning but describes a constant
product of D(#') and (¢)". With a pair of known diffusion
coefficient and age, represented by D, and 4, Eq. (1) can be
rewritten as

o) =o' ()" =00 () )

Under the assumptions of 1) homogeneous concrete; 2) con-
stant chloride concentration at the exposure surface; 3) linear
chloride binding; 4) constant effect of co-existing ions; and 5) one
dimensional diffusion into semi-infinite space, the error function
solution to Fick’s 2nd law will be:

c% — 1-erf (%) 2)

where ¢ and ¢ denote the concentration of dissolved (free)
chloride in the pore solution within the concrete cover and at the
exposed concrete surface, respectively. The parameter 7 is
defined by:
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or rearranged as

T

where ¢/, is the age of concrete at the start of exposure and ¢ is
the duration of exposure. Note that, to be more explicit, ' denotes

D
T=22.
1-n

the age of concrete and ¢ denotes exposure duration in this paper.

Let
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with f(¢) <1 when 0 <n<1 and >0. Eq. (3) then becomes

f(téx) =
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Inserting Eq. (5) into Eq. (2) yields an expression similar to
the conventional expression for the error function solution to
Fick’s 2nd law:

cis: lerf(z\/%;?) @)

where D, commonly is referred to as the apparent chloride
diffusion coefficient. In general curve-fitting techniques can be
used on measured chloride profiles to obtain D, for different
durations of exposure, ¢.

When chloride concentration in the pore solution, ¢ and ¢;
(note the lower-case), are replaced by total chloride content in
the concrete, C and C, (note the upper-case), expressed by mass
percentage of either concrete or cement, respectively, Eq. (7)
becomes the simplest model for chloride ingress in concrete —
classified as ERFC model by Nilsson and Carcasses [1]:

£ = l—erf
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Obviously, Eq. (8) only applies under the implicit assump-
tion that chloride binding is time-independent and linearly
proportional to the free chloride concentration c.

It should be noted that the apparent diffusion coefficient D,
in Egs. (7) or (8) is absolutely not equal to D(¢'), because D(t')
is a function of time that cannot be directly put into the error
function solution without time integration as given in Eq. (3),
whereas D, is the result after time integration and can be taken
as a “constant” for exposure duration ¢ and put into Egs. (7) or
(8). In this respect, D(¢') can be regarded as the diffusion
coefficient obtained by a short-term diffusion test of less than,
e.g. one or a few days (far less than a year if the unit year is to be
used for the service life prediction). The essential difference
between D, and D(?'), is often ignored by some researchers,

= l-erf
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resulting in some ERFC models with oversimplified mathe-
matics, as will be discussed later.

3. Oversimplified mathematics in some ERFC models

In 1994, Mangat and Molloy [12] reported a wide range of
experimental data showing that the apparent chloride diffusion
coefficient is strongly dependent on the duration of exposure of
concrete to a chloride-laden environment. They used an ex-
pression similar to Egs. (2) and (3), but instead of integration
from 7/, to (t+1¢4) in Eq. (3), they simply integrated the time
from 0 to ¢, and thus derived the following equation for
prediction of long-term chloride penetration profiles:

C e 9)

Cs 2 /% flen

where D; was defined as “the effective diffusion coefficient at
time ¢ equal to one second” [12]. According to Mangat and
Molloy [12], the values of D; are in the range of 7.08 x 10~ % m?/s
up to 3.04 x 10”2 m%/s, i.e. far larger than the chloride diffusion
coefficient that can be obtained in the diluted bulk solution
(2.03x 10~ ? m?/s). This cannot be correct, because the diffusion
coefficient in a porous material should always be less than that in
the diluted bulk solution. Consequently, something must be
wrong in their extrapolation of the experimental data to
“one second” time due to their mathematical simplification, as
will be seen later. Nevertheless, if we let D;=Dy - (#5)", Eq. (9)
turns into

c
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It is obvious that
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where D,gq(10) denotes the apparent diffusion coefficient in
Eq. (10) and D,gq(e) denotes the one defined in Eq. (6). Clearly,
the term f(¢,) is missing in Eq. (10), because in Mangat and
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Molloy’s model [12] the time integration was started from 0,
implying that #,=0, resulting in the term f(z.)=1. Thus,
Mangat and Molloy’s model is a simplified version of Eq. (6).
As shown in Fig. 1, this simplification makes the model
mathematically close to the analytical one if > ¢/, and n<0.3,
but may result in an overestimation of the apparent diffusion
coefficient, especially when the value of n is high and the
exposure period ¢ is not long enough. When the exposure
duration r— 0, e.g. 1 s as defined in [12], which corresponds to
ttly~4x10"7 for t,,=28 days, the overestimation of D, will
be as much as several orders of magnitude. This explains why
Mangat and Molloy [12] reported improperly large values of
diffusion coefficient D;, paying attention to the fact that the
value of n was in the range of 0.44 to 1.34.

In 1995, Maage et al. [13] proposed an even simplerQ
equation for modeling of chloride penetration, that is,

= l-erf ol

C
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However, the authors of [13] seem just simply to have
substituted the constant D in the error function solution to
Fick’s second law by the time-dependent D without adequate
clarifying the mathematical basis of diffusion. Thus it follows
that

% \" 1-n t 1\
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where Dqgq(12) denotes the apparent diffusion coefficient in
Eq. (12). Since in normal cases (¢+1.,) = t, the big mathematical
mistake in Eq. (12) is the negligence of the term f(z,)/(1 —n),
which results in a significant difference between D,gq(12) and
Dygqe6)> as shown in Fig. 2. With this mathematical oversim-
plification, Eq. (12) significantly underestimates the apparent
diffusion coefficient, which will cause major errors in durability
design and redesign of reinforced concrete structures, as will be
exemplified in the next chapter.
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In the EU project DuraCrete [14] a model similar to Eq. (12)
was proposed, with a certain modification resulting from the
introduction of two multiplication factors, according to,

= = l-ef al (14)

: 2\/kc'ke'DRCM'<#O/CX> 't

where k. is the curing factor, k. is the environmental factor and
Drcwm denotes the diffusion coefficient determined by the rapid
chloride migration test, i.e. the Nordic standard test method NT
BUILD 492. Since both k. and k. are constants that modify the
diffusion coefficient Drcy, this modification does not change
its mathematical characteristics. If we let Dy=k. ke Drcm,
Eq. (14) becomes identical to Eq. (12). It is worthy to remark
that, although the constants k. and k. may possibly compensate
the factor 1/(1—n) to some extent, the values of k. and £,
presented in the DuraCrete reports [14] do not suggest that this
compensation has been included. Therefore, the mathematical
expression adopted by the DuraCrete model does not fulfill the
underlying differential equation. Consequently, a numerical
calculation of the underlying differential equation will yield
different results compared to those obtained by using (14).

Until recently, some researchers [8,15—17] realized the
mathematical mistake in Eq. (12). Stanish and Thomas [15] in
their bulk diffusion tests used the concept of “effective age” and
proposed an equation for calculation of the average diffusion
coefficient Dayg:

Qo

DavG = Drer * (thet)” % (15)

where #{ and #; are the age of concrete at start and completion of
the bulk diffusion test. Rearranging their equation with D .=
Dy, tls =t4, t{ =t and t3=t+tl, yields

1-n 1-n n
fex fex 1
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Very recently, Gulikers [16,17] presented a new modification
of the error function solution:

== l-ef il . (16)
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Nilsson et al. [8] also presented a similar equation. In the
above equation, ¢’ denotes the concrete age, #{ is the reference
age and D;  is the instantaneous value of diffusion coefficient.
Thus, the terms inside the square root can be rewritten as

R T (. N R PR (2 A N
YU e\t TN

(17)
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After rearrangement,
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It can be seen that, if the instantaneous value D, has the
same meaning as Dy, that is, the diffusion coefficient at the age
t5, Eq. (177) becomes identical to Eq. (3). Thus, over ten years
after the first publication of equations in [10], the mathematical
expression of time-dependent diffusion coefficient in [8,15—17]

finally comes back to the analytical one.

4. Errors in durability design due to mathematical
oversimplification

In the past years the model using Eq. (12) has been used
in a number of large construction projects such as the
Western Scheldt Tunnel [18,19], and the Green Heart Tunnel
in The Netherlands [20], and the Donghai Cross-See Bridge
in China [21]. Therefore, it is necessary to evaluate the errors
in durability design and redesign caused by the mathematical
oversimplification.

4.1. Errors in the estimation of concrete cover

With the required service life 7, which is normally as-
sumed as the time for initiation of reinforcement corrosion, the
thickness of concrete cover can be estimated using the mathe-
matical models as discussed above. In this case the chloride
content C in Egs. (8), (10) and (12) is replaced with the critical
content, C,, for corrosion initiation. Thus the relationships
between the cover thicknesses from different models can be
derived, as shown in the following equations, using identical
values for D, as the starting point:

XeEq(10) _ 1 [Darquio (18)
XcEq(8) f(téx) DaEq(())

and

xcEq(lz) _ 1-n ( i )n N
xcEq(S) f(téx) L+ téx

where Xcgqes), XcEq10) and Xcgqei2) denote the cover thickness
calculated from Egs. (8), (10) and (12), respectively. As seen in
Figs. 3 and 4, when #,=0.1 year and # =100 years (cor-
responding to #/t,,=1000), the model with the simplified
mathematics of diffusion as Eq. (10) may overestimate the
concrete cover by a few percentage up to 40% if values of
n=0.7 to 0.9 are used, while the model with the oversimplified
mathematics of diffusion as Eq. (12) may underestimate the
concrete cover by 15% to 55% if n=0.3-0.9 are used. The
overestimation of concrete cover thickness results in a
conservative approach, however an underestimated concrete
cover thickness may result in serious social and economical
consequences due to the reduced service life.

Digq12)

19
Diykqgo) 19)



T Luping, J. Gulikers / Cement and Concrete Research 37 (2007) 589-595 593

2 s
E"- -&--n=09
18 9.
. 5. ~A--n=08
s =07
--&--n=06

—w—n=05

—_——r=04

D 4eq(10)/D agqee)

—e—n=03

—_—a—n =02

10 100 1000
L/t

10000

Fig. 3. Relationship between X gq(10) and Xegqs)-

4.2. Errors in the estimation of service life

Similarly, with the given cover thickness x., the relationships
between service lives from different models can be derived, as
shown in the following equations:

B\ T
tEq(10) = (l+tLEq(g>> _(tuaq(s)> ] fLeqs)  (20)
and
ILEq(12) _ [fLEq(x)]l_n
(tLEq(12) + )" (1-n)

X

(145 )1( A )1‘" -
ILEq(8) ILEq(8)

Assuming #; gq12)>> 1y yields

1

1 T-n
ILEq(12) = (111)
(1 Lt )1( to )1‘" v
ILEq(8) ILEq(8)

where 1 gqs), fLEq10) and fLgq(i2) denote the service life cal-
culated from Egs. (8), (10) and (12), respectively. Figs. 5 and 6
show the relationships between tLEq(lO)a tLEq(12) and tLEq(S)a
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assuming # pqs)= 100 years. It can be seen that the model with
the simplified mathematics of diffusion as Eq. (10) may
underestimate the service life especially when the value of
n>0.5 or concrete is old at the start of exposure (corresponding
to a large /), while the model with the oversimplified math-
ematics of diffusion as Eq. (12) may overestimate the service
life by orders of magnitude if the value of » is large. In the
DuraCrete Model [14], values of n=0.3 to 0.9 are given. This
means that the model using Eq. (12) may overestimate the
service life by at least 60% (when n=0.3 and #,,=0.1 year), and
easily by more than one order of magnitude (when n>0.63). As
an example, if Dy=5x 10712 m%/s, t§=t.,=28 days, C./Cs=
0.1, x.=40 mm and n=0.6, Egs. (8) and (10) give a service life
of 29 and 23 years, respectively, but Eq. (12) gives 227 years!
Therefore, the mathematical oversimplification using Eq. (12)
can easily result in a large overestimation of service life. It
should be noticed that the most important contribution of the
DuraCrete model to the durability design and redesign is its
probabilistic approach. The oversimplification of the determin-
istic Eq. (12) can easily be corrected without losing the entire
advantage of the probabilistic approach.

5. Comparison between predicted and measured chloride
profiles

Chloride profiles measured from two types of concrete
continually submerged in seawater at a field site at the Swedish
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Table 1
Relevant input data for modeling

Binder type w/b  Ragq, Drem Or Dy, n according  C according
MPa =10 "2 m%s to [14] to [14]

100% SRPC 0.30 96 2.5 0.30 3.09

80%SRPC+20%FA 0.30 98 1.5 0.69 3.24

west coast were used to compare the models between the
improved mathematics as expressed in Eq. (8) and the
DuraCrete formula as expressed in Eq. (14), which is identical
to Eq. (12) if Dy=k. keDrcem- The detailed information about
the field site, the mixture proportions of concrete, the laboratory
measurement of chloride migration coefficient and the mea-
surement of chloride profiles was reported elsewhere [22]. The
two types of concrete, one with sulfate resistant Portland cement
(SRPC) and another blended with 20% fly ash (FA), were
chosen in order to evaluate the effect of age factor on the
prediction results. Both types of concrete have a water binder
ratio of 0.3, belonging to HPC (high-performance concrete).
The concrete slabs were exposed to the marine environment at
the age #=0.03 years. The chloride diffusion coefficient Dy in
Eq. (8) or Dreym in Eq. (14) was measured from the parallel
specimens stored in the laboratory at the age 7)=0.5 years using
the Rapid Chloride Migration Test [2] which has later been
adopted as a Nordtest method NT BUILD 492 [26]. The mean
values of the surface-chloride content C, were calculated
according to the DuraCrete design guidelines [14]. According to
the guideline [14], the curing factor £.=0.85 and the
environmental factor k.=1.32. Other relevant input data used
in the modeling are summarized in Table 1. The modeled results
are shown in Figs. 7 and 8. It can be seen that the predicted
profiles by both Egs. (8) and (14) are in fairly agreement with
the measured ones for Portland cement concrete (Fig. 7). The
difference in predicted profiles between Eqgs. (8) and (14) is not
very large, owing to a relatively low value of age factor
(n=0.3). However, for the concrete blended with 20% fly ash,
Eq. (14) predicts chloride penetration profiles significant lower
than the measured ones. If the critical content, C,,, is 1 mass%
of binder for the submerged zone, the actual chloride
penetration after 10 years’ exposure at the depth of 20 mm
has already exceeded the predicted 100 years’ penetration

SRPC w/b 0.3

A O Measured after 1 yr A Measured after 10 yrs

Eq (14) for 1, 10, 100 yrs

Eq (8) for 1, 10, 100 yrs

Cl [mass% of binder]

0 L e Ppeen i S T
0 20 40 60 80 100
Depth [mm]

Fig. 7. Measured and predicted chloride profiles in Portland cement concrete.

80%SRPC + 20%FA w/b 0.3

4
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B 3 N2
£ R A
a A
s \\g\ Eq (14) for 1, 10, 100 yrs
2 2
§ M Eq (8) for 1, 10, 100 yrs
E 1
o
0 = =
0 10 20 30 40 50

Depth [mm]

Fig. 8. Measured and predicted chloride profiles in concrete with fly ash.

(Fig. 8), implying that Eq. (14) overestimates the service life by
an order of magnitude, similar to the example demonstrated in
Section 4.2. With the improved mathematics, Eq. (8) gives
relatively better prediction to the 10 years’ chloride penetration,
even though the shape of the predicted profile is not in good
agreement with the actual one, especially the surface-chloride
content.

From Figs. 7 and 8 as well as other observations, it has been
found that the surface-chloride content C also increases with
exposure time [22-25], even for concrete exposed under
submerged conditions [22,24,25], where the free surface-
chloride concentration ¢y remains relatively constant over
time. Tang and Nilsson [25] attributed the increased surface-
chloride content Cg under submerged conditions to the
increased chloride binding capacity. The ERFC models assume
a constant Cs, which is obviously not the case in reality.
Although Eq. (8) describes the time-dependent diffusion in a
more proper mathematical way and gives a relatively better
prediction, the ignorance of chloride binding is perhaps a vital
weakness of the ERFC based models. Further study is certainly
needed to improve the ERFC models through more proper
estimation of the effect of C, on the chloride ingress in concrete.

6. Concluding remarks

Based on the more proper mathematical analysis for a time-
dependent diffusion coefficient we can conclude that the
simplified model such as represented by Eq. (10) may be used
for long-term prediction without significant mathematical errors
if the age factor » is small (<0.3), however it may underestimate
the service life if high values for » are used. From the point view
of structural safety, this underestimation may be acceptable
because it is on the conservative side, especially when con-
sidering the fact that there is still lack of information about the
long-term effect of time-dependent chloride diffusion coeffi-
cient. However, this model should not be used for obtaining
apparent diffusion coefficients from short-term exposures,
because in this case the model will tremendously overestimate
the apparent diffusion coefficient, as shown in Fig. 1.

The big mathematical oversimplification in some ERFC
models using Eq. (12) is mainly due to the negligence of the
term f(¢.,)/(1 —n). As a consequence, the oversimplified ERFC
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models may easily overestimate the service life by up to orders
of magnitude, depending on which age factor is used.

Based on the comparison with the actual ingress profiles
measured from two types of concrete exposed under the
seawater, it can be concluded that both the oversimplified and
the improved models fairly well predict the 10 years’ chloride
ingress in Portland cement concrete, but the oversimplified
ERFC model significantly underestimates the chloride ingress
in concrete with fly ash.

References

[1] M. Collepardi, A. Marcialis, R. Turriziani, Penetration of chloride ions into
cement pastes and concrete, J. Am. Ceram. Soc. 55 (10) (1972) 534-535.

[2] L. Tang, Chloride Transport in Concrete — Measurement and prediction,
PhD thesis, Publication P-96:6, Dept. of Building Materials, Chalmers
Univ. of Tech., Gothenburg, Sweden, 1996.

[3] E. Samson, J. Marchand, L. Robert, J.P. Bournazel, Modeling the
mechanisms of ion diffusion in porous media, Int. J. Numer. Methods
Eng. 46 (1999) 2043-2060.

[4] B. Johannesson, Transport and Sorption Phenomena in Concrete and
Others Porous Media, PhD thesis, Report TVBM-1019, Div. of Building
Materials, Lund Inst. of Techn., Lund, Sweden, 2000.

[5] O. Truc, J.P. Ollivier, L.-O. Nilsson, Numerical simulation of multi-species
diffusion, Mat. Struct. 33 (122) (2000) 566—-573.

[6] S.J.H. Meijers, Computational Modelling of Chloride Ingress in Concrete,
PhD thesis, Delft University, Delft, Netherlands, 2003.

[7] N.R. Buenfeld, M.-T. Shurafa-Daoudi, I.M. McLoughlin, Chloride
transport due to wick action in concrete, in: L.-O. Nilsson, J. Ollivier
(Eds.), Chloride Penetration into Concrete, RILEM PRO, vol. 2, 1995,
pp. 315-324.

[8] L.-O. Nilsson, M. Carcasses, Models for Chloride Ingress into Concrete —
A Critical Analysis, Report of Task 4.1 in EU-Project G6RD-CT-2002-
00855, ChlorTest, 2004.

[9] K. Takewaka, S. Mastumoto, Quality and cover thickness of concrete based
on the estimation of chloride penetration in marine environments, in: V.M.
Malhotra (Ed.), Proc. 2nd Int. Conf. Concr. Marine Envir., ACI SP-109,
1988, pp. 381-400.

[10] L. Tang, L.-O. Nilsson, Chloride Diffusivity in High Strength Concrete at
Different Ages, Nordic Concr. Res., Publication, vol. 11, 1992, pp. 162—171.

[11] J. Crank, The Mathematics of Diffusion, 2nd ed. Clarendon Press, Bristol,
1975.

[12] P.S. Mangat, B.T. Molloy, Predicting of long term chloride concentration
in concrete, Mat. Struct. 27 (1994) 338-346.

[13] M. Maage, S. Helland, J.E. Carlsen, Practical non-steady state chloride
transport as a part of a model for predicting the initiation period, in: L.-O.
Nilsson, J. Ollivier (Eds.), Chloride Penetration into Concrete, RILEM
PRO, vol. 2, 1995, pp. 398-406.

[14] DuraCrete, Modelling of Degradation, EU-Project (Brite EuRam III) No.
BE95-1347, Probabilistic Performance based Durability Design of
Concrete Structures, Report, vol. 45, 1998.

[15] K. Stanish, M. Thomas, The use of bulk diffusion tests to establish time-
dependent concrete chloride diffusion coefficients, Cem. Concr. Res. 33
(2003) 55-62.

[16] J. Gulikers, J. Bakker, Critical evaluation of service life models applied on
existing marine concrete structures, Presented at NORECON Seminar on
Repair and Maintenance of Concrete Structures, April 19-20, Copenha-
gen, Denmark, 2004.

[17] J. Gulikers, Theoretical Backgrounds and Practical Applications of the
Modified Error Function Solution for Modelling Time-dependent Chloride
Ingress into Concrete, BSRAP-R-04012, Bouwdienst Rijkswaterstaat,
Dec. 2004.

[18] R. Breitenbiicher, Ch. Gehlen, P. Schiessl, J. Van Den Hoonaard, T.
Siemes, Service Life Design for the Western Scheldt Tunnel, in: M.A.
Lacasse, D.J. Vanier, D.R. Payer (Eds.), Proc. 8th CANMET/ACI Intl.
Conf. Durability of Building Materials and Components, vol. 1,
CANMET, Vancouver, 1999, pp. 3—15.

[19] C.Edvardsen, L. Mohr, Designing and rehabilitating concrete structures —
probabilistic approach, in: V.M. Malhotra (Ed.), Proc. 5th CANMET/ACI
Intl. Conf. on Durability of Concrete, Barcelona, June 2000, ACI SP-192,
2000, pp. 1193—1208.

[20] N. Han, Performance and reliability based service life design for reinforced
concrete infrastructures — its framework and applications, in: F. Xing, H.
Ming (Eds.), Proc. Durability 2004 — Durability and Design of Concrete
Structures in Coastal Area, Shenzhen, 2004, pp. 24-33, (in Chinese).

[21] Q. Xu, H. Yu, Q. Wang, Durability strategy and mathematical model for
chloride penetration in concrete structures of the Donghai Cross-Sea
Bridge, in: F. Xing, H. Ming (Eds.), Proc. Durability 2004 —
Durability and Design of Concrete Structures in Coastal Area,
Shenzhen, 2004, pp. 17-23, (in Chinese).

[22] L. Tang, Chloride Ingress in Concrete Exposed to Marine Environment —
Field Data Up to 10 Years’ Exposure, SP Report 2003:16, SP Swedish
National Testing and Research Institute, Boras, Sweden, 2003.

[23] K. Uji, Y. Matsuoka, T. Maruya, Formulation of an equation for
surface chloride content due to permeation of chloride, Proceedings of
3nd Intl. Symp. Corrosion of Reinf. Concr. Constr. Elsevier, London,
1990, pp. 258-267.

[24] R.N. Swamy, H. Hamada, T. Fukute, S. Tanikawa, J.C. Laiw, Chloride
penetration into concrete incorporating mineral admixtures or protected
with surface coating material under chloride environments, Proc. of
CONSEC, vol. 95, E & F N Spon, London, 1995.

[25] L. Tang, L.-O. Nilsson, Modeling of chloride penetration into concrete —
tracing five years field exposure, Concr. Sci. Eng. 2 (8) (2000) 170—-175.

[26] NT BUILD 492, Concrete, Mortar and Cement-based Repair Materials:
Chloride Migration Coefficient from Non-steady-state Migration Experi-
ments, Nordtest, Esbo, Finland, 1999.



	On the mathematics of time-dependent apparent chloride diffusion coefficient in concrete
	Background
	Mathematics of chloride penetration using a �time-dependent diffusion coefficient
	Oversimplified mathematics in some ERFC models
	Errors in durability design due to mathematical oversimplification
	Errors in the estimation of concrete cover
	Errors in the estimation of service life

	Comparison between predicted and measured chloride profiles
	Concluding remarks
	References


