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ABSTRACT: Corrosion is one of the crucial damages that may occur to reinforced concrete structures.
It also may affect the expected performance of the structure during possible earthquakes. Onshore
reinforced structures, bridges exposed to deicing salts in winter and also the pillars of marine structures
under tidal waves, all of which are examples of corrosion damages. Corrosion mostly occurs due to
two main reasons: chloride and carbonation which cause pitting corrosion and uniform corrosion,
respectively. Corrosion starts with the reaching of those two ions to the bar surface, passing by the
physical and chemical passive covers. Corrosion also affects the mechanical properties of the steel and
the concrete and reduces the seismic performance of the structure. One of the most important parameters
in studying corrosion and its effects on the seismic performance and life cycle of the structure is the
corrosion initiation time. According to Fick’s law, the initiation time is a function of surface and critical
chloride, chloride diffusion coefficient and concrete cover on armatures. In the present study, the
chloride-based corrosion is considered. Besides, corrosion initiation time is determined by deterministic
and probabilistic Monte-Carlo methods considering the uncertainties in the effective parameters. In the
end, by comparing these two methods, the effect of uncertainties in the possibility of corrosion initiation
time is presented. Furthermore, parameters like the distance from the sea and the water-to-cement ratio
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are discussed in a parametric study.

1- Introduction

Buildings and bridges have been damaged prematurely by
reinforcement corrosion in recent decades, and reinforcement
corrosion occurs due to chloride ions in reinforced concrete
structures [1, 2]. Rebar in concrete is protected by two
physical and chemical factors. One of the factors is the
coating on the reinforcement, while the other is the highly
alkaline environment in concrete (pH > 13.5). In order to
optimize the cost of repairing damaged concrete, designing
new structures, and evaluating the stability of new cement
materials, it is necessary to be able to predict the start time
of corrosion [3]. The penetration of chloride ions and the
onset of corrosion of reinforced concrete structures have
been examined in several studies. In a study conducted
by Shayanfar et al., ultra-exploratory methods were used
to calculate the likelihood of corrosion of rebars under
conditions of chloride penetration and carbonation of
reinforced concrete members [4]. Ghanooni-Bagha studied
the variations of reinforcement tensile strength due to the
stress concentration of pitting corrosion analyzed. The stress
concentration consequence of corrosion on the reinforcement
tensile capacity was studied by utilizing tension tests and
creating different ABAQUS software models. According to
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the modeling in various corrosion depths, strength reduction
was less than 5% in corrosion with pit radius to reinforcement
diameter ratio up to 0.3, and for corrosion higher than 0.4, the
measure of capacity reduction was increased to 30% [5]. In
order to predict corrosion initiation time, Chateauneuf et al.
considered uncertainties in the parameters affecting corrosion
onset. Based on the results, the proposed method can be
very useful for determining the corrosion initiation time of
reinforced concrete structures, especially those that have just
been built [6].

This research predicts the corrosion start time by using
probabilistic and non-probabilistic methods. The corrosion
initiation time has been investigated using Monte Carlo
simulations in a probabilistic manner. Also, the effect of
surface chloride concentration and the effect of water-cement
ratio have been investigated. Calculations and results have
been compared for corrosion start times based on different
distances from the coast, water-cement ratios, and failure
probabilities. In addition, uncertainties in corrosion initiation
have also been examined.

2- Chloride release in concrete and corrosion time
In order to calculate the rate at which chlorides penetrate
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concrete and to reach the critical chloride concentration for
corrosion, Fick’s second law must be applied. The second
rule of Fick is as follows:

C(x,t)=C, {1 —erf(zfa}

Which C represents the concentration of chloride in moles
per cubic meter, D represents the diffusion coefficient in
square meters per second, and x represents the desired depth
from the surface of the reinforced concrete member in meters
(m), as well as surface chloride levels at corrosion. Following
relation (1), corrosion start time is calculated as follows:

Corr — 4D (1)

N

_ Cover? {erfl(l—gr):|

In the same way as with structures, the following
relationship can be used to estimate when corrosion will start
by determining how high the chloride concentration is on the
surface of the rebar (D) and the amount of critical chloride

R).
g(X,0)=R(X,)-D(X,1)

-C, -, {1 —erf(zgt)} @

3- Results and discussion

Extended For the determined case, the corrosion start time
has nearly quadrupled with a 25% reduction in the water/
cement ratio for critical chloride concentrations of 0.6, 0.9
and 1.2 kg/m® at 100 meters from the coast. For a critical
chloride concentration of 9 kg/m* at 350 meters from the
coast, corrosion time has doubled. In the case of a distance
of fewer than 100 meters from the coast, where corrosion
initiation takes less time than at other distances, by reducing
the water-cement ratio to less than 0.4, corrosion initiation
times become longer than the useful life of the structure.
Moreover, when the critical chloride concentration changes,
significant changes in the results are observed, which makes
it impossible to make accurate decisions about preventing
future damage and reducing financial and life damage.
Hence, it is recommended that low water-to-cement ratios
are considered in coastal areas, such as the Persian Gulf,
and environmental conditions that contribute to corrosion
initiation. The probability of corrosion onset in 50 years with
a critical chloride concentration of 0.9 kg/m* and a distance
of 100 meters from the coast, as well as a 25% reduction
of water to cement with COV [1], is 13%, and COV [2] is
34%. At 350 meters of distance from the coast, COV [1] has
a 57% probability of corrosion start time, while COV [2] has
a 37% probability. The probability of corrosion occurring at a

82

distance of 1000 meters from the coast is very low. With COV
[1]at 100 m from the coast, a critical chloride concentration of
1.2 kg/m? is 46% reduced, COV [2] 36% reduced, and COV
[1] with a critical chloride concentration of 0.6 kg/m? is 36%
reduced. COV [2] has a reduction of 4% while COV [1] has
a reduction of 32% while COV [2] has a reduction of 37%.
With increasing water-cement ratios (increasing concrete
permeability) and decreasing distance from the coast, as in
the non-probability case, corrosion initiation times decrease.
In addition, if the corrosion initiation is investigated in a
probabilistic manner with the probability of different failures,
the corrosion initiation time is reduced as compared to a non-
probabilistic condition. This issue illustrates the importance
of considering uncertainties on the effective parameters
at the time of corrosion initiation in order to make the best
prediction and prevent corrosion damage. There were many
differences in the results of the ratio of water to different
cements due to different coefficients of change and failure
probabilities. Considering the existing conditions of a project
under review, it is necessary to select the coefficients of
changes and effective parameters at the time of corrosion.
Moreover, in order to determine which of these parameters
has a greater influence on the probability of structural
failure, different uncertainties have been considered for each
parameter. By considering a 10% probability of corrosion
initiation, a shorter corrosion initiation time is obtained. It is
also important to consider different uncertainties for concrete
coatings when predicting corrosion up to 50%, as these
uncertainties have a significant impact on the results and lead
to uneconomic designs being presented during the design
process. In addition, corrosion start times will probably be
estimated longer in high probability situations, which results
in a lower degree of safety during design and implementation.
This issue also illustrates the importance of choosing the
coefficients of change carefully in order to provide a design
that is both economical and safe, especially for the concrete
cover.

4- Conclusion

First, the results from the non-probabilistic state are
presented in this paper, then the results from the probabilistic
state for three distances less than 100 meters, 350 meters, and
1000 meters from the coast are presented, as well as corrosion
start times for structures situated less than 100 meters from
the coast. In order to analyze the quality of construction and
the effect of concrete permeability, different probabilities
of failures are presented for different surface chloride
concentrations, critical chloride concentrations, and water-
to-cement ratios. A comparison of two sets of coefficients
of variation for the influencing parameters on corrosion
initiation was conducted in order to evaluate the importance
of accuracy in determining the uncertainties appropriate for
the existing conditions of the project. The corrosion start time
for a non-probability case with 0.6, 0.9, and 1.2 kg/m? critical
chloride concentrations and a distance of 100 meters from the
coast has increased almost four times. For a critical chloride
concentration of 9 kg/m?® at a distance of 350 meters from
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the coast, the corrosion time has doubled. As for probability
mode, with a 10% probability of corrosion initiation, as was
observed, with a 25% decrease in the water/cement ratio,
corrosion initiation time increases three to four times. Also,
in the 10% probability for the start of corrosion, taking into
account more uncertainties for the effective parameters,
especially for the concrete coating, this will result in a lower
corrosion start time than in the previous cases, and finally,
an uneconomic plan will be presented. A comparison of the
results shows how surface chloride concentration, critical
chloride concentration, and water-cement ratio play an
important role. As we approach the coast, surface chloride
concentration increases and the water-cement ratio becomes
more important. The longer the distance from the coast,
the longer it will take for corrosion to start because water-
to-cement ratios are reduced. The ratio of cement to water
in structures near the coast should be low during design
and especially during implementation to reduce damage
during the structure’s useful life and to improve earthquake
resistance.
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Fig. 1. Schematic diagram of corrosion initiation time
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Table 2. Effective parameters and coefficients of variation and effective parameters at the time of corrosion initiation

< cov Ccov
u o . . .L~°
ol &Y oSl ) @)
Cover Normal 50 (mm) 0.2 0.12
38.3 mm"2/year (W/C=0.4)
Dc Lognormal 73.8 mm”2/year (W/C=0.45) 0.1 0.75
144 mm~2/year (W/C=0.5)
0.6 kg/m"3
0.9 kg/m"3
Cer Lognormal 0.1 0.2
1.2 kg/m™3

1.6 kg/m"3(Persian Golf)
4.35kg/m”3(Persian Golf)
1.15 kg/m"3 (d=1000m)
Cs Lognormal 0.1 0.5
2.05kg/m”3 (d=350m)

2.95 kg/m”"3 (d<100m)
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Table 3. The values of effective parameters at the time of corrosion initiation and their coefficients of variation
on corrosion initiation

 yiio &¥ RSN Ccov

Cover Normal 50(mm) 0.2 0.4 0.6 0.8
Dc Lognormal 144 mm”2/year (W/C=0.5) 0.1 0.2 0.4 0.6
Cer Lognormal 0.9 kg/m"3 0.1 0.2 0.4 0.6
Cs Lognormal 2.95 kg/m”"3 (d=100m) 0.1 0.2 0.4 0.6
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a- A comparison of corrosion start times for
water/cement ratios of 0.5, 0.45, and 0.4 at a
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b- A comparison of corrosion start times for
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c- A comparison of corrosion start times for water to cement ratios of 0.5, 0.45, and 0.4 at 1000 meters
from the coast (C"=0.9 kg/m?)
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Fig. 2. A non-probabilistic Corrosion initiation time at different distances from the coast and at different
water-cement ratios
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(5=2.95 kg/m"3 (Cth=1.2 kg/m"3)
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a- A comparison of corrosion start times for
water/cement ratios of 0.5, 0.45, and 0.4 at a
distance of less than 100 meters from the coast
(Ca=1.2 kg/m?)
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b- A comparison of corrosion start times for
water/cement ratios of 0.5, 0.45, and 0.4 at a
distance of less than 100 meters from the coast
(Cex=0.6 kg/m?)
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c- A comparison of corrosion start times for water to cement ratios of 0.5, 0.45, and 0.4 at Persian-Golf

Ggliie Gl logw 4 Of Comad 5 (Jyou SLCBIE gl (Y] pué O j90 41 (53,95 £9505 oloj ¥ JSUS

Fig. 3. A non-probabilistic corrosion initiation time in relation to critical concentrations and water-to-cement ratios
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c- A comparison of corrosion start times for water
to cement ratios of 0.5, 0.45, and 0.4 at 350 meters
from the coast (COV(1))
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d- A comparison of corrosion start times for
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Fig. 4. A potential corrosion initiation time for different distances from the shore and different water-cement ratios
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Fig. 5. A potential corrosion initiation time in relation to critical concentrations and water-to-cement ratios

Feoo



¥eF U YA aan Y-V JL» &y Q)Lo.w AT 0,93 4)2..5)“0‘ LJ‘)‘"’C L;u)._\a.@(a 4.1).»&.’

Cover Gs
1 1 IO L bl -
09 09 e ‘
08 S0 08 AN
07 Pl 07 i
{05 1 =02 {05 i e V=01
105 O — Cov=04 05 i/
4 £ ' L H e V=02
04 W - (V- 04 X
! /; (V=06 i J - - V=04
03| 77/ 03
o (OV=08 /
02|/} 02 f (V=05
' t
o1 |/ : o] f
0 L 0 L
0 10 2 30 10 50 0 10 20 30 40 50
(e ()
SR gy I b 2 S el -0
a- Concrete coating b- Surface chloride concentration
D Cth
! e T T T 1
09 Pty 09
08 i 08
_ 0 ];f’ _ 07
4 J/ - '
j)o.s Joo e V=01 'j)o.s
4,05 1 - = = (V=02 4,05
3 i 3
7 04 I o COV=04 7 04
03 / 03
/ (OV=06
02 h 02
o 01| /i
o LL G
0 10 20 30 % 50 0 10 0 30 40 50
(=)o) ()

O 30 WS HLLSS! o b~

c- Chloride diffusion coefficient in concrete

o a5 clle -
d- Critical chloride concentration

52,55 Earh 31 50 S el )y Sgliste Ol g iU gy 2 USUS

Fig. 6. The effect of different change coefficients of effective parameters on corrosion initiation

¥



@ ol i g ol g Voe 5l e aAlol gl (5555 9,
14 COV (2) 5 Jlo Y0 LCOV (1) 23,5 155 0 by +/F slases
COV (1) (58,5 i yo by /%0 plagms @ O o gl e Jlo
2L Glers & Ol S (5 (Jlo N+ COV (2) 5 JLo V)
5 o b sl e Jlo § COV (2) 5 Jlo ¥V .COV (1) o285 L
Obey caSe oy p 8ok - 17 ply Glou wlS (e 3855
@ ol i g ol g Voo 5l S aAlol gl (5555 9,
Ve COV (2) 5 Jlo V) €OV (1) 8,5 i o b +/F losns
COV (1) (58,5 i po by /%0 plogms @ O o gl ¢Sl
5 0 b 0 leses 4 o o (6l o Jlo 6 COV (2) 5 Jlu #
355 oo Cpmizman il o Jlo ¥ COV (2) 5 COV (1) 08,5
7Sy o)l el aoe Lulyb 0 a8 losle sl (59,95
S o b /F e 0 Ol cas sl yls 18 Jole g Ve
0 o s gl JLo\Y COV (2) 5 Jlo YY COV (1) oz 5
2. COV (2) 5 Jlo V) COV (1) 15,5 L o b +/F olosw
£ COV (1) 58,5 Lo o b /0 loww 4 O s sl 5 Jo
il e Jls 0 COV (2) 5 Jlo
odaline il glacdle (53,55 £958 ol (owyp b
(O S npddeis i) Gloww 4 O Cond il b oo oo
958 ole; Yl e el aslen Jolo jf alols zals
g ouabd pae (3,5 )5 0 b (izmed b oo (RS (53555
slocwss Jlxxl b (Yl &y a0 (59,65 £978 (o)
lee Rl (Vi s Sl 4 S g8 loy glie
oyl 69; 2 lataalsd pae (58,5 S0 o Coeal g5050
5 oS gl b (i S slp (59565 g9, ploj 0 Hise
25 el Gl el 2525 40 5l (655l (sl o (6 S e
50 b ans e L | ails L8 sy IS Lams 43 45 olaojle
s Sglie clacnSs Jlaisl 5 cilise Sl i wylpd (28,5
Ol cadls gob; slacglis walise slaglorw 4 Ol s sl
2 F5e slayelly g Slss colpe Sl jo 283 el ggge
L) omon 2590 059 n Sozrge Ll pd b ceslite (573,95 £9,5 o)

foy

Gy o AVeo JANLEN s 5 4 COV (1) L </ 5 +/F0
S5l e YA 28T LY oy sy 4 Jlexs] ol COV (2)

Foor e S ek I Gl als cble ol S nl o
o, YO als b Jlu 8 o Jolo gyme Ve e alols 5 cuSe
W 50,05 £958 oley Jleisl COV [T L ol 4 O Cns
G YO alols gl by o 28l o )3 YF COV [2] 5 as s
o, OV COV [1] iy S8 oy ooy Jleixl Jolu
Voo alols o 098 o sunlin LalS wsys YY COV [2]
wdlior ml Sl (59,95 £908 Oley Jlexal Jobe Sl s %
COV Ik canSo 2o 2 0 S5kS VIV Gl 05 il (ol
20,3 Y8 COV [2] « 2als s o FF ol g, Ve e aluls o
S e p o SokS o7 Sl w I8 chle ln rals
Sl s els ssye ¥ COV [2] (alS sy Y COV (11
YV COV [2] « pals ao,s ¥Y COV [1] 1 o)b mds ailaie
oS o0 0doline yralS ws o

b o S o [YA1 200 1) (5055 g5, 5T Jloxol 51
oS e g S elS I8 Rl Glee WIS Gl (285 S0 s
S g ol gy Vol ieS alol sl (Se5 98 O
COV (2) 5 JLs\Y LCOV (1) 58,5 Las o b +/F low & ]
GBS S50 L /0l @ ol cud 6l (JLo Y
o & ol Ces sl (Jle A COV (2) 5 Jls @ «COV (1)
ol sl Jlo ¥ COV (2) 3 COV (1) 28,5 a0 b +/0
I Gl & ST e 5 Jolo 5l sy YO alole (ol oo
&l Jls YV COV (2) 5 Jlo YA €OV (1) 23,5 s o L
5 Jlo 10 OV (1) (23,8 L o b /50 sloww 4 o Cons
855 i 53 b 10 less & T s (61 o JLo 1Y COV (2)
9> E955 oley il Jlo £ COV (2) 5 Jlu A COV (1)
P LY plas 4 o con s ol Sl g Ve e alols ol
S s alle 0+ o3 5l 2an COV (2) 5 COV (1) (23,5 L
L TED losw 4 O Cand (6l Cwimren il oo ol 38,5
(2) sl 5 o0 48,5 Sl 0 03, 5l 2ty COV (1) (235 ks
A e b gl 4 OT ces gl (JLo Y- COV
2 baslbe Jl 10 COV (2) 5 Jlo Y8 COV (1) o8 8

Olej coSe fo @ S okS VY 2l (S oI5 e 02857 5103



A Ao JS0uSH b guls g Cowl odd a8)S Jlas
Gl loww a4 Ol s (202 YO LialS b SYlessl e clls s
Voo Aol g e yio o) SobS VY g /8 /5 Slou )l clale
clale glp cunl 0l ply ¥ Loyl (59,8 g9y oloj Jolo s
Oles Jolo (%0 Y0+ alols 5 cuxSo oy p)SolS <12 il I8
olej 8,5 ks ) b SVl b )5 sl ol ¥V (59,95 g9,
oials b b sdalin & jshailen oy Ve sl b (S55)58 g0
An ¥ Y om (508 g9 olej ploss & o Cund (g10,0 YO
b (53,55 g9 slp by Ve Jlainl )5 (piomed A8 00 Iy 0138
eyt & e eyl gl jidn glaceds pae (85 e
s oS (53,55 g9 Olaj (0y9] Comd & Carge (0 by sl
b dnled &l (oolaidl e b coles 40 g g8 0 Jub slacdls o
5 Spe 2l clle (o )l ki 3t Cuenl b5 duglio b
pesbse PS5 Jolo 4 da m 09d 0 sdaltio Glas 4 Ol s
D90 5 abled Gloww 4 Ol G Cuanl g inl38l o )18 clale
S0 9y oloj Glowms 4 Ol s JialS g Jol jl 585 Aol |

Ol G 398 0 duog ol 4 Sonp ool 55 b e Lol

9013 Gl yioS 3¢5 Wido yae Jobo )3 ojle U cdsl J)e8 5 sl
sl 53 45 g5ty i 1y 5350 3,Sc

&lo

[1] E.A. Dizaj, R. Madandoust, M.M. Kashani, Probabilistic
seismic vulnerability analysis of corroded reinforced
concrete frames including spatial variability of pitting
corrosion, Soil Dynamics and Earthquake Engineering,
114 (2018) 97-112.

[2] S. Ahmad, Reinforcement corrosion in concrete
structures, its monitoring and service life prediction—a
review, Cement and concrete composites, 25(4-5) (2003)
459-471.

[3] A. Neville, Chloride attack of reinforced concrete: an

overview, Materials and Structures, 28(2) (1995) 63-70.

[4] T. Saad, C.C. Fu, Determining remaining strength
capacity of deteriorating RC bridge substructures,

Journal of Performance of Constructed Facilities, 29(5)

for

S5 Eard p F3e sl yiell slaculad pa 3l )y —F -V
50353 955 Olay $9) 32 BiZenalsd pa 13l ) jlate
9 2 & i 36 o gl il S plaS oSl s aseiie
lacaakd pas b ally 51 o e sl o)ls ojle o> Jls]
1545 jabilan ool o 43 L 0 ¥ Jgaz b gillae glie
Eard lp Ve Jloiod (28,5 a5 o b 05 go saalin £ IS
Glatealld pas & Cund (565 (T35 £9,5 Gl o595
b b Loy (59,05 Jiml 0 (pizen Sadige Jolo jiaS
e (0 Gikbgr lp Dglite slaciakd pae (58,5 )l 5
plin olatilyé lag b o5d e el 5 30 @t o |, b
29> E9r8 Oloy Yo Vil o izmen 398 i)l (b
b el o ) feS el g ol sl 00 (eSS (g bt
ulpe Sl jo 285 pgil 1 ggdge (ul asoe a2
>k abl sk a1, () i e sl esatt Sl

220 oo olid |y el g soladl

& 5 o ¥
glas 1) (5395 £9x8 oloj 3 F3e Jelse Glgiee IS ssb &
g Jolos pld o cols coas s ol jl dlold (o cile
8 Ll g b e (53)55 955 53 e sl pel)l (59 2 peaiins
Sy 28 ke o laygilo ] (g9 Gy b I8l oz

NSRS
Conbid 4y G5 e ) (52085 £950 0 S slajal)ly S bl ]
o gy 3l ookl )1y 3439 byl s 5 olallas o)lgen 93,8 s
i e 9 SVl b @ byye s Il die ol 5
g o YO+ e Voo 5l iaS Aol aw gly Yl clb & byye
2 &S il sl (53,05 g9rd loj e 9 Sl syt Ve
Oglate gl Jloasl Loyl jl3 Jaolo gyt Voo 5l a8 dlold
S 315 e oglito s 1,15 e 58,5 5 > lite 4
CadsS 85 o ) ly Sglite laglons 4 Ol s 5 Sslite
Sai 50 jelate ) Cpiomed sl odd &) (o o pddsd Wl g cile
055 950 Loyl 15 b cuwlin lacuslad pae Clasl o cds cuenl 58 )8

S5 E9rd 9y 2 NS lapiell (sl Gl 5 45 germe 93



ion diffusion in concrete under fatigue loading, KSCE

Journal of Civil Engineering, 23(1) (2019) 287-294.

[16] W. Shao, Y. Nie, F. Liang, D. Shi, Anovel comprehensive
evaluation method for the corrosion initiation life of RC
hollow piles in chloride environments, Construction and

Building Materials, 249 (2020) 118801.

[17] M.-A. Shayanfar, M.-A. Barkhordari, M. Ghanooni-
Bagha, Probability calculation of rebars corrosion in
reinforced concrete using css algorithms, Journal of

Central South University, 22(8) (2015) 3141-3150.

[18] M. Ghanooni-Bagha, M.A. Shayanfar, M.R. Yekefallah,
The Effect of Changes in Carbon-dioxide Concentrations
on Corrosion Initiation of Reinforced Concrete

Structures, Amirkabir J. Civil Eng, 9(4) (2018) 697-706.

[19] A. Chateauneuf, A. Messabhia, A. Ababneh, Reliability
analysis of corrosion initiation in reinforced concrete
structures subjected to chlorides in presence of epistemic

uncertainties, Structural Safety, 86 (2020) 101976.

[20] A.A. Ramezanianpour, E. Jahangiri, F. Moodi, B.

Ahmadi, Evaluation of Models for Service-Life
Prediction of Reinforced Concrete Structures in Persian

Gulf Marine Environment, (2012).

[21] S.-K. Choi, R.A. Canfield, R.V. Grandhi, Estimation
of structural reliability for Gaussian random fields,
Structures and Infrastructure Engineering, 2(3-4) (2006)
161-173.

[22] V. Novokshchenov, Deterioration of reinforced concrete
in the marine industrial environment of the Arabian
Gulf—A case study, Materials and Structures, 28(7)
(1995) 392-400.

[23] B. Saassouh, Z. Lounis, Probabilistic modeling of
chloride-induced corrosion in concrete structures using
first-and second-order reliability methods, Cement and

Concrete Composites, 34(9) (2012) 1082-1093.

[24] J. Crank, The mathematics of diffusion, Oxford

university press, 1979.

[25TA. Khitab, W. Anwar, M. T. Arshad, Predictive Models of

Chloride Penetration in concrete: An Overview, MUST J.

fof

(2015) 04014122.

[5] H. Li, B. Li, R. Jin, S. Li, J.-G. Yu, Effects of sustained
loading and corrosion on the performance of reinforced
concrete beams, Construction and Building Materials,
169 (2018) 179-187.

[6] M.A. Shayanfar, M.A. Barkhordari, M. Ghanooni-Bagha,
Estimation of corrosion occurrence in RC structure
using reliability based PSO optimization, Periodica
Polytechnica Civil Engineering, 59(4) (2015) 531-542.

[7] K. Tuutti, Corrosion of steel in concrete, Cement-och

betonginst., 1982.

[81Y. Du, L. Clark, A. Chan, Effect of corrosion on ductility
of reinforcing bars, Magazine of Concrete Research,
57(7) (2005) 407-419.

[9] H.-S. Lee, T. Noguchi, F. Tomosawa, Evaluation of the
bond properties between concrete and reinforcement

as a function of the degree of reinforcement corrosion,

Cement and Concrete research, 32(8) (2002) 1313-1318.

[10] C. Fang, K. Lundgren, M. Plos, K. Gylltoft, Bond
behaviour of corroded reinforcing steel bars in concrete,

Cement and concrete research, 36(10) (2006) 1931-1938.

[11]S. Williamson, L. Clark, Pressure required to cause cover
cracking of concrete due to reinforcement corrosion,

Magazine of Concrete research, 52(6) (2000) 455-467.

[12] M.M. Kashani, P. Alagheband, R. Khan, S. Davis,
Impact of corrosion on low-cycle fatigue degradation
of reinforcing bars with the effect of inelastic buckling,

International Journal of Fatigue, 77 (2015) 174-185.

[13]J. Wu, P.N. Faye, W. Zhang, B. Diao, Chloride diffusivity
and service life prediction of RC columns with sustained
load under chloride environment, Construction and

Building Materials, 158 (2018) 97-107.

[14] J. Zhang, Z. Lounis, Sensitivity analysis of simplified
diffusion-based corrosion initiation model of concrete
structures exposed to chlorides, Cement and concrete
research, 36(7) (2006) 1312-1323.

[15] T. Yang, B. Guan, G. Liu, Y. Jia, Modeling of chloride



[33] P.C. Hoffman, R.E. Weyers, Probabilistic durability
analysis of reinforced concrete bridge decks, in:
Probabilistic Mechanics & Structural Reliability, ASCE,
1996, pp. 290-293.

[34] K.A.T. Vu, M.G. Stewart, Structural reliability of
concrete bridges including improved chloride-induced
corrosion models, Structural safety, 22(4) (2000) 313-
333.

[35] M. Shekarchi, P. Ghods, R. Alizadeh, M. Chini, M.
Hoseini, DURAPGULF, A LOCAL SERVICE LIFE
MODEL FOR THE DURABILITY OF CONCRETE
STRUCTURES IN THE SOUTH OF IRAN, Arabian
Journal for Science & Engineering (Springer Science &

Business Media BV), 33 (2008).

[36] M.P. Enright, D.M. Frangopol, Probabilistic analysis
of resistance degradation of reinforced concrete bridge
beams under corrosion, Engineering structures, 20(11)
(1998) 960-971.

[37] S. B, Structural use of concrete—part 1, in: code of

practice for design and construction, 1999.

[38]R. Yu, L. Chen, D. Zhang, Z. Wang, Life cycle embodied
energy analysis of RC structures considering chloride-
induced corrosion in seismic regions, in: Structures,
Elsevier, 2020, pp. 839-848.

[39] M. GhAnooni-BAGhA, M.A. ShAyAnfAr, O. Reza-
Zadeh, M. Zabihi-Samani, The effect of materials on the
reliability of reinforced concrete beams in normal and

intense corrosions, Eksploatacja i Niezawodno$¢, 19(3)
(2017).

Eng. Appl. Sci, 1 (2017) 1-14.

[26] N.S. Berke, M.C. Hicks, Estimating the life cycle
of reinforced concrete decks and marine piles using
laboratory diffusion and corrosion data, in: Corrosion

forms and control for infrastructure, ASTM International,
1992.

[27] K. Takewaka, S. Mastumoto, Quality and cover
thickness of concrete based on the estimation of chloride
penetration in marine environments, Special Publication,
109 (1988) 381-400.

[28] P. Bamforth, W.F. Price, M. Emerson, International
Review of Chloride Ingress Into Structural Concrete: A

Trl Report (Trl 359), (1997).

[29] R. McGee, Modelling of durability performance of
Tasmanian bridges, ICASPS applications of statistics and
probability in civil engineering, 1 (1999) 297-306.

[30] V. Papadakis, A. Roumeliotis, M. Fardis, C. Vagenas,
Mathematical modelling of chloride effect on concrete
durability and protection measures, Concrete repair,

rehabilitation and protection, (1996) 165-174.

[31] M. Ghanoonibagha, M.A. Shayanfar, S. Asgarani, M.
Zabihi Samani, Service-Life Prediction of Reinforced
Concrete Structures In Tidal Zone, Journal Of Marine

Engineering, 12(24) (2017) 13-22.

[32] A.A. Ramezanianpou, E. Jahangiri, F. Moodi, B.
Ahmadi, Assessment of the Service Life Design Model
Proposed by fib for the Persian Gulf Region, Journal of
Oceanography, 5(17) (2014) 101-112.

DOI: 10.22060/ceej.2022.20005.7312

Z. Etemadi Naeini, M. Habibian, Role of personal barriers on willingness to walk in daily
work trips across Rasht citizens , Amirkabir J. Civil Eng., 55(2) (2023) 389-406.

o2 gl )l e il & Ay

¥e0






