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Abstract— This paper presents a comprehensive
parametric study to determine the effect of different
factors on the service life of reinforced concrete
structures in chloride-laden environment. A model for
corrosion initiation is selected and solved numerically by
Finite Element Method for one-dimensional diffusion
problem. It has been found that increase in water to
cement ratio by 12.5%-50% in range of 0.20-0.40reduces
the service life by 8%-35%, and by 7.35%-30.5% for the
range 0.40-0.60. Also, the increase in concrete cover in
the range of 20-35 mm by 14%-42%increases the service
life by 8.1%-25.8%, and in the range of 35-60 mm by
7.7%-21.8%.Regarding mineral admixtures, the addition
of fly ash and blast-furnace slag resulted in enhances the
service life by 8%-70.7% due to increase of age factor by
25%-200%. Moreover the addition of silica fume by 5%-
15% increases the service life by 25.5%-80.6%.Finally,
the rise of temperature by 25%-75% reduces the service
life by 6.45%-18.7%, and the reduction of relative
humidity by 25%-50% increases the life by 21.2%-89%.
These values are based on a conservative approach and
tend to guide the practice engineer on how these
parameters affect service life of concrete structures.
Keywords—Concrete, Corrosion, Chloride diffusion,
Service life, Numerical, Finite Element Method, One
dimensional diffusion.

l. INTRODUCTION

Reinforced concrete is the most frequently usederiat

in construction over the world due to its versstiland
availability of constituents. Structures can beosqu to
severe exposure conditions during their service lif
resulting in deterioration of concrete.In chloritkden
environments such as marine exposure, chlorideciediu
corrosion is the major deterioration mechanismof
reinforced concrete structures [1]. Corrosion askeigr
affect the structural behavior of the corroded @etand
may cause premature failure of structures. It cause
reduction of flexural stiffness, shear capacity tbe
element, and loss of bond strength [2-4].Moreovest
produced as a result of corrosion expands to czalsene
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increase at the steel/concrete interface. Volunpaesion
develops tensile stresses in concrete, which uléilpa
results in cracking of concrete along the rebagtlerand
eventual spalling of the concrete cover [5]. TheS.U.
Federal Highway Administration (FHWA) and NACE
International initiated a 2-year study in 1999 whedi
“Corrosion Costs and Preventive Strategies in thédd
States” on the direct costs associated with metalli
corrosion in nearly every U.S. industry sector. iRtssof

the study show that the total annual estimatecctrest

of corrosion in the U.S. is a staggering $276 dmllj6].
Hence, increasing attention was given in the past
decadesto develop models to predict initiation tifoe
chloride-induced corrosion[7, 8]. These models heip
evaluate the performance of structures and develop
optimized and  cost-saving  corrosion  control
strategies.Corrosion initiates when chloride ions
accumulate on the reinforcement surface with a
concentration exceeds a certain threshold value [9]
Chloride ions may transport through concrete biedint
mechanisms: diffusion, adsorption, migration, andkw
action. Diffusion due to concentration gradient is
considered to be the dominant mechanism [10].Fick's
second law is widely used to mathematically reprete
diffusion process whose analytical solutionbased on
assuming a constant boundary condition and diffusio
coefficient is as given in Eq. (1) [11]:

Cet) = G+ (Cs — C).[1—erf(5 &)] 1)
whereC; is the initial chloride concentration in concrete
form mix materials and it is considered as theiahit
condition to the diffusion problemCs is the chloride
concentration at the surface and the boundary tondo
the problem,D is the chloride diffusion coefficient of
concrete, erf is the mathematical error functior G(x,t)

is the chloride concentration at distanceapart from
thechloride-exposed surface at timé Diffusion
coefficient is the key element that represent gsistance
of concrete to chloride ion ingress. Several fagtiect
the diffusivity of chlorides and consequently thexvice
life. Page et al. [12] found that the diffusion rieases as
water to cement ratio increases. Thomas and Bamfort
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[13], and Song et al. [14] indicated that additiainfly
ash, blast-furnace slag and silica fume reduced the
diffusion ofchlorides due to a refined pore struetlyuan

et al. [15] found that higher temperatures resulhigher
diffusion coefficient. Relative humidity is foundo t
influence the diffusion process [16]. Also, Eqg. {fhplies
that increasing the concrete cover will delay ther@sion
initiation time.

In this research work, a parametric study is perfat to
investigate the effect of previously mentioned daston
the corrosion initiation time, and try to quantlipw the
change in one factor changes the service life.sthay is
based on a selected model for corrosion initiation
prediction. The research work is organized into paots

to be published in two papers. In this first papte
model is solved numerically be the finite elemertmod
considering one-dimensional diffusion problem to
represent one-surface exposed elements, while én th
second part, results of two-dimensional diffusioakypem
would be given. This study also tends to provide th
practice engineer with a guide on how these factors
influence the service life of reinforced concrerectures.

Il. SELECTED MODEL FOR CHLORIDE
TRANSPORT

The selected model for corrosion initiation is lwhem
Fick’s second law. Adjustments are made in theusiiéih
equation to allow for the time dependency of thdae
chloride, and the diffusion coefficient. The effeof
environmental variables is also considered.
fundamental one-dimensional partial differentialiaiipn
for chloride diffusion through concrete structucas be

written as [17]:
ac(xt) _ 0%c(xt)

ot ax?
(2)

whereC(x,t) is the chloride ion concentration at a distance
xfrom the chloride-exposed concrete surface aftémgoe
exposed for a period of tintgo chloride concentration at
surface, and is the chloride diffusion coefficient.
2.1 Time Dependency Of Diffusion Coefficient
It was realized that the diffusion coefficient itn
constant but decreases with time as refinementooé p
structure continues due to progression of the higira
process [18].Thetime dependency of chloride ditfosi
coefficient is considered as follows [7, 19,20]:

D(t) = Dyey. (ZEy™ (@)
whereD(t) is the diffusion coefficient at timg D,«is the
reference diffusion coefficient at timgg(usually 28
days), andnis an age factor that defines the reduction of
diffusion coefficient with time. This relation isalid until

the hydration process is complete and no furthee po

refinement takes place, assumed 25 years. Beydad th

The
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point the value of diffusion coefficient remainsnstant
at the 25 years value [21].

Based on a large database of bulk diffusion teats,
software package (Life-365) uses the following tietes
to express the reference diffusion coefficient, sk
factor [21]:
Dref — 10(—12.06+2.4-0*w/c) (mZ/S);

(5a)
m = 0.2 + 0.4(%FA/50 + %SG/70) < 0.6

(5b)
whereaw/c is the water to cement ratio, abdFA and %
G are the amount of fly asix%0%) and slag<(70%),
respectively.The equation for age factor m consiaderly
the addition of fly ash and slag. Silica fume isuamed to
have no effect on the age factor, but affects #fierence
diffusion by a multiplied factd#(SF) equalg—°-165%SF
wherés S is the amount of silica fume [21].
2.2 Temperature and Relative Humidity Effect on

Diffusion Coefficient

Temperature and relative humidity are consideresl th
main environmental variables that affect the clleri
ingress into concrete [22, 23].Yuan et al. [15] dwcted
an experimental study to examine the effect that
temperature had on the diffusion coefficient. Tleynd
that increasing the temperature results in incngpghe
diffusion coefficient. The trend of the chlorideofites
did not change with increasing temperature, but the
penetration depth increased.In this model, theceftd
temperature was taken into account by multiplyihg t
reference diffusion coefficient by a factB(T) obtained

from Arrhenius law [15, 24]:

Ucsf 1 1
F(T) = exp [? (Te‘f - F)]

(6)

whereUc is the activation energy of chloride diffusion in
concrete, reported as 23, 39.9 kJ/mol for wataretment
ratio 0.35, and 0.6 respectively [15], assumed &03b
kJ/mol in this studW is the universal gas constant (8.314
J/mol K), Tref is the reference temperature (20203:15
K), andT is the ambient temperature.The effect of relative
humidity was taken into account by multiplying the
reference diffusion coefficient by a factefRH)[24]:

471
FRH) = [1 + 5] Y
WhereRH is the ambient relative humidity, aRH, is
the reference relative humidity (assumed 75% [25])
2.3 ModifiedChloride Diffusion Coefficient
The modified value of chloride diffusion coeffictem
concrete considering the time dependency, andfthete

of temperature and relative humidity is:
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Dioa. = Dref * f(T) * f(RH) = (tr_Ef)m,

t

ODpo.(t, T, RH) = Dyey * €xp [U? (T:Ef B %)] *
- 417t tre m

1+ S ()@
whereD,«is the reference diffusion coefficient {fs), U,
is the activation energy of chloride diffusion ioncrete
(35000 J/mol),R is the universal gas constant (8.314
J/imol K),T,« is the reference temperature (293.15TK3,
the ambient temperature (R)J is the ambient relative
humidity, RH, is the reference relative humidity (0.75),
t.¢ is the reference age of concrete (28 dayis) the age
of exposure (days), amdis the age factor.
2.4 Time Dependency of Surface

Concentration
Surface chloride concentratiGa is a very important
parameter in service life prediction models. Itresgnts
the severity of the surrounding environment, and th
boundary condition of the diffusion problem.Adojgtin
appropriate values forCs is important to predict
adequately the future chloride penetration
[26].Experimental work [27-30] showed that the clde
ions on the concrete surface exposed to a marine
environment can be accumulated then to increase wit
time.The time dependency 6k is considered throughan
equation related totime. Ann et al. [30] studiedd an
compared previously suggested relations: conSgnt
linear build-upwith time t¢s = kt; wherek is a constant
under a linear build-up condition), square rootldxuip
(Cs = k+/t; wherek is a constant under a square root
build-up condition). They indicated that the consta
surface chloride model produced the greatest |efel
chloride penetration, as an initial set of surfabéoride
content was overestimated indicating a greater afk
chloride-induced corrosion, whereas the linear sodare
root build-up models indicated 2—3 times longeration
of initiation time. Finally, they suggested a moeelistic
relation for surface chloride build-upCq = C, + k/t;
whereC, is the initial build-up of surface chloridk,is a
constant under a linear build-up condition) to actdor
the existence of chloride ions at concrete surtdoearly
age of exposure.ln this model, the proposed surface
chloride build-up is adopted, but the constarg used as
a constant under a square root build-up condition.
2.5 Mathematicallmplementation
Finite element analysis method is used to solve the
diffusion problem and the set of equations formthg
model by using “Transport of Diluted Species” madin
COMSOL MULTIPHYSICS software [31]. This module
provides a predefined modeling environment for girugl
the transport of chemical species by diffusion treo
mechanism using Fick’s law based on the assum{ttigin
all species present are dilute; that is, that their

Chloride
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concentration is small compared to a solvent flaid
solid.

Il PARAMETRIC STUDY
In this section, the effect of each factor on thkogde
penetration and service life isinvestigated. A mefiee
case is assumedfor these factors based on code
recommendations to ensure durability requirements i
chloride environment [32-34]. The value of one ¢ads
changed while the others remain constant, andthdtse
are then compared with the reference case to duahé
effect of each parameter.Noting that service bfdivided
to corrosion initiation and propagation phases i8}this
study the term “service life” will be used to refay
corrosion initiation. Codes recommendations imgigtt
service life is 50 years so the comparison is peréd at
this age (a conservative approach as indicated.nexe
change in concentration due to change in a paramete
value is considered to express the change in seliféc
For the present study, the surface chloride valsie i
assumed based on the experimental study performed b
Costa and Appleton [27] for elements exposed te air
borne chlorides carried by the sea wind. Thesdteeate
shown in Table 1.

Table.1: Values of Cs at different times for the
atmospheric exposure [ 27].

Time 12

(years| 1 5 15| 2| 25| 3| 35 4
)

Cs (%

wtof | 0809|1313 |13 |17|16| 19
cemen| 5 3 9 2 9 8 3 4
t)

No data is available on the value@dat initial exposure.
It is approximately obtained by carrying out simfpear
regression on these data. The resulting equatioGdas
0.6537 + 0.3217* and correlation factd® is 0.85. The
value of Cs at initial age is 0.6537 along with the
experimental results is used to perform anotheressjon
to relateCs and+/t (see Fig. 1). The intercefiis 0.454
and the slopekj is 0.656. It is important to mention that
this assumed value d@s will not affect the parametric
study as it will be kept constant for all casestofly.

3.1 One-Dimensional Diffusion

3.1.1 Reference Case

In this part, one dimensional slab element is mexdlel
using an average value of the minimum specifiede alf
concrete cover in codes, 35 mm, and maximum water t
cementw/c ratio of 0.40. According to this value ofic
ratio the reference diffusioB,s is 7.94E-12 rfis. The
initial chloride concentration is assumed to beozéto
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cement replacement materials are used thus, thizaeige
mis 0.20. The annual average tempamaT is 20C, and
the annual average relative humidRid is 100%. Based
on these conditions, the chloride concentrationatian
with depth from the surface at 5, 25, 50, and 1€8ry is
shown in Fig. 2.

2.5
z 2 Cs =0.6556Vt+0.4541
[+7] P
2 R2=0.82
g 15
5
E
z 1
J

0.5

0

0 0.5 1 15 2 2.5
Vit

Fig.1: Assumed surface chloride concentration obtained
by linear regression.

5 years 25 years
—. 8.00 y y

7.00
6.00
5.00
4.00
3.00
2.00
1.00
0.00

—— 50 years =100 years

Concentration (%wt of cement

0 50 100 150 200 250 300
Depth from surface (mm)
Fig.2: Chloride content variation with depth from surface
at 5, 25, 50, and 100 years.

It is obvious that at the same point, chloride i
accumulate with timelt will be considere in this study,
the variation of chloride concentration with time the
same point which is chosen here to be the concmte!
value. The concentrian variation against time 35 mm
from the surface is shown in Fig. 3.
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Fig.3:Variation of chloride concentration with time at 35
mm from concr ete surface.

3.1.2 Water to Cement Ratio(w/c) Effect

The value of water to cement ratio is changed fbg0
to 0.60 with a step of 0.05. According to the mc
selected, the change wic affects the value of referen
diffusion coefficientD,g. Values ofD,g for each value of
w/c are shown in Table 2. The chloride content vane
with time at distance of 35 mm from the concretdaxe
for each value oW/c along with the reference vie 0.40
is shown in Fig. 4.

It is noticed as expected that the chloride ingriss
directly proportional to the w/c ratio i.e. at @t time,
increasing w/c leads to an increase in the prediicsdue
of concentration and vice versa.Also, the effectw/c
change on concentration is more obviouw/c range of
0.20-0.40 than 0.40-60. The rate of increase or decre
in concentration C with respect to the referen
concentratiorC,¢ corresponding tw/c of 0.40 is shown
in Fig. 5.

Table 2: Values of diffusion coefficient for different w/c

ratios.
wic 0.2( 0.25 0.30
Dg(m?/s)*10™ 2.6¢ 3.47 4.57
wic 0.3t 0.40 0.45
D,g(m?/s)*10°™ 6.0 7.94 10.5
wic 0.5C 0.55 0.60
Dog(m?/s)*10™ 13.€ 18.2 29.98
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Fig. 4:Variation of chloride concentration with time at 35
mm from concr ete surface for different val ues of w/c
ratio.

For a certain value ofw/c, the rate of change
concentration is higher at early ages up to 10syeher
the rate turns to be mucttower. Moreover, the more
the difference between the/c ratio and the referenc
value, the more is the change ratio in concentm:

400%

300%

rrf{.l

= 200%

r

100%

) ﬁ — v v v 7
-100%

Cref)/Cre

C
2

-200%
0 10 20 30 40 50 60 70 80 S0 100
Time (years)
—— =020 —8—w/c=0.25 w/c=0.30 w/c=0.35
——w/c=0.45 w/c=0.50 w/c=0.55 w/c=0.60

Fig. 5:Change percentage of chloride concentration at 35
mm from concrete surface for each w/c ratio with time.

At 50 years, the change af/c from C.40 to 0.35 (-
12.5%), 0.40 to 0.30 Z5%), and 0.40 to 0.2(-50%)
results in a reduction (increase) of concentrafgervice
life) by about 8%, 16.5%, and 35%gspectivel. These
ratio are comparable witthe reduction ratios of servii
life obtained from increasing w/c by the same re
(+12.5%, +25%, and +50%¥hich are 7.35%, 14% at
30.5%. These values are smaller than the formeause
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the effect of w/cis more obvious in thrange (0.20 to
0.40) than(0.40 to 0.60) as indicated in F4.

3.1.3 ConcreteCover €o\) Effect

It is well known that concrete cover is the barrikat
keeps harmful substances away from the
reinforcement Its effect is evaluatt by keeping all
reference values constant and changingcover value
from 20 to ® mm with a step of 5 mm, the variation
chloride concentratiomith time at a location equals the
cover value apart from the concrete surface istquotor
different corcrete cover values in F. 6. It is observed
that at certain time, tlodloride content at reinforceme
decreases with covéncreas. The percentage change in
concentrationC with respect to the concentration
reference cover 35 mm.gs illustrated in Fig7. Similar
to w/c effect the rate of change in concentration is
only at early timesAt 50 years, the reduction of concr
cover from 35 to 30 mm-14%), 35 to 25 mm (-28%),
and 35 to 20 mm 42% results in an increase of
concentration by 8.1%16.7%, and 25% respectively,
and the increase of concrete cover from 35 to 40
(+14% of reference), 35 to 45 mm (+28%), 35 ton®t
(+42%), and 35 to 60 mm-71%) results in a reduction of
concentratia by 7.7%, 15%, 21.8%, and 34.
respectivelyThe later ratio are less than the former as
effect of cover change on concentration is morei@mis
in cover range of 2@5 mm than 3-60 mm.

8

8

8

g
8

8

Concentration (%wt of cement)
w

38

0 10 20 30 40 53 60 70 8 9 100
Time (years)
cov=20 cov=25 cov=30
cov=35 cov=40 cov=45
cov=b0 cov=b5 cov=60

Fig.6: Variation of chloride concentration with time at
each value of concrete cover.
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Fig. 7: Change percentage of chloride concentration for
each cover value with time.

3.1.4 Effect of Fly Ash and Slag Aldition

The effect of fly ash and/or blaiirnace slag addition

considered through the age factor, The value oim is

changed from 0.20 to 0.60 with a step of 0.05. filme
variation of concentration at 35 mm from the sueféar
different values ofmis represented in Fig. 8. It is obvic
that increasing the age factor reduces considertis
concetration value. Recalling that the reference vaifi
m is 0.2, the change of chloride concentratC with

respect to that of the reference valdg is depicted in
Fig. 9. The change in concentration follows a ne
constant rate from initial ages. AD years, percent
concentration reduction (or service life increahed to ar
increase of age factor by 25%, 50%, 75%, 100%, 1.
150%, 175%, and 200% are 8%, 16.65%, 25.7%, .
44.4%, 53.7%, 62.45%, and 70.75% respecti

5.00

Now e
5 8 B

8

Concent-ation (Yewt of cerent)

8

0 0 20 30 40 50 0 70 8 9 100

Time (years)

— m=.20 m=0.25 m=0.30
m-0.35 m~0.40 m-0.45
—m=0.50 —m=0.55 — m=0.60

Fig.8: Variation of chloride concentration with time at 35
mm from concr ete surface for different values of age
factor.
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Fig. 9:Reduction percentage of chloride concentration at
35 mm from concr ete surface for each value of age factor
with time.

3.1.5 Effect of Silica Fume (SF) Addition

The effect of silica fume is considered by multipty the
reference diffusion coefficient by a face=%165*SF, The
percentage of silica fume is used as 5%, 10%, &f4.
The modified values objare 3.48E-12, 1.53E-12, and
6.68E-13 /s, respectively. The variation of chlori
concentration with time at 35 mm from surfi
isillustrated for eaclpercentage of silica fume along w
the reference value 0% in Fig. 10.The addition ibfas
fume increases the service life considerably. Ay&ars,
the addition of 5%, 10%, or 15% of silica fume Hesin

a reduction of concentration by about 25.554.5%, and
80.6% respectively.

0 10 20 30 40 50 60 70 8 S0 100

-20%

(f{.l

>-40%

-60%

ref){Cref

@]
U-80%

-100% |

-120%

Time (years)
SF=5% SF=10% SF=15%

Fig.10: Variation of chloride concentration with time at
35 mm from concr ete surface for each value of silica fume
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Fig. 11 shows the reduction percentage of chic
concentrationC due to added values of silica fumeth
respect to that of the reference valijg.

5.00 1
£4.00
E
oo}
Lol
£3.00
z
a<
£2.00
=
£1.00
5
J
0.00
0 10 20 30 4 50 60 70 8 9 100
Time (years)
SF=0% —— =5% SF=10% SF=15%

Fig.11: Reduction percentage of chloride concentration
for different values of silica fume with time.

3.1.6 Effect of Ambient Temperature (T)
The effect of ambient temperature is considerec
multiplying the reference diffusion coefficient lyfactor
F(T). The numerical simulation is carried out
temperature values of &5, 30C, and 3°C respectively.
The values of F(T) are 1.272, 1.673, nd 2.137
respectively. The time variation of chloride contation
at 35 mm is illustrated in Fig. 12 for differentlves of
ambient temperature. The change in concentraC
relative to that of the reference valiC,y at ambient
temperature of 2 ateach ambient temperature valu
shown in Fig. 13.

6.00

N W = w
= = = =

Concentration (%wt of cement)

8

38

0 10 20 30 40 5350 60 70

Time (years)
T=25C T=30C

80 90

T=20C T=3C

Fig.12: Variation of chloride concentration with time at

35 mm from concrete surface for different values of
ambient temperature
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Fig. 13: Increase percentage of chloride concentration at
35 mm from concrete surface for different values of
ambient temperature

Temperature change from 20 to 25 (25%) increase
concentration at 50 years by 6.45%. Increase by a6é
75% changes the value of concation by 13.2% and
18.7%.
3.1.7Effect of Relative Humidity (RH)
The effect of relative humidity is considered
multiplying the reference diffusion coefficient bg
factor=(T).The RHvalues ranged fror50% to 75% with
a step of 5%. The value F(T) for each RH value is
shown in Table3 The time variation of chlorid
concentration at 35mm from concrete surface istguk
for different values of RH along with the referenadue
of 100% in Fig. 14.

Table 3: Values of f(RH) for different RH values.

RH (%) 50 55 60
F(RH) 0.0588 | 0.08697 0.1324
RH (%) 65 70 75
F(RH) 0.2065 0.3254 05
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Fig. 14:Variation of chloride concentration with time at
35 mm from concrete surface for different values of
relative humidity.

The reduction of chloride concentrati@with respect to
that of the reference valugis illustrated in Fi. 15.

Also, the ratios of reduction in concentrat
corresponding to reduction of 25%, 30%, 35%, 4
45%, or 50% inRH at 50 yearsare 21.17%, 35.{%,

52%, 67.2%, 79.8%, and 89%is obvious thaRH has a
significant effect on the chloride ingressd it should nc
be overlooked when predicting the service life atgain
location.

v

0 10 20 30 4 5350 e 70 8 9 10
0%
-20%
:3 _40(3'0
5
&
9/—80%
-100% |
-120%
Time (years)
—+—RH=50% —a— RH=55% RH=60%
RH=65% —— RH=/0% —eo—RH=75%

Fig.15: Reduction percentage of chloride concentration at
35 mm from concrete surface for different values of
relative humidity.
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V. CONCLUSIONS
In this paper, theffect of different parameters cone-
dimensional chloride ion diffusion and corrosion
initiation time is studied, and the following israuded

1- Service life is inversely proportional to water
cement ratio. Irthe range 0.2-0.40 ofwic, the
change (increase/decreaof w/c by 12.5%-50%
changes (decrease/increase) thrvice life of
the structure by 8% 35%, and by 7.35%-
30.5%in range of 0.+0.60.

2- The service life is directly proportional to t
concrete cover. fle variation inconcrete cover
in the range of 2B5 mm by 149-42% changes
the service life by8.1%-25.8%, and in the range
of 35-60 mm byr.7%-21.8%.

3- The addition of fly ash and bli-furnace slag is
recommended as they increase the age m,
as a resultthe increase om by 25% - 200%
increases the service life by -70.7%. Also, the
addition of silica fime by5%-15% increases the
service life by 25.5¢-80.6% and indicating a
significant effect on service lifi

4- Temperature increase reds service life.
Increase of temperature by 2-75% reduces
service life by 6.45¢-18.7%. Also, relative
humidity has aignificant effect on chloride io
diffusion, andshould not be overlooked wh
predicting service life of a structure at a cer
location. Reduction of relative humidi
increases theesvice life and reducing it £25%-
50%increases the life by 21.2-89%.
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