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Abstract

The present paper studies effect of the variatiopitadistance on structural reliability of a reimn€ed concrete (RC) beam, with
particular emphasis on the interference of locdlizerrosion on adjacent tensile rebars. The reseprestion leading the inquiry
of this article is how does average distance betveeerosion pits in rebars affect the probabilifyailure in RC beams. In this

paper, by using Monte Carlo Simulation (MCS), probigds of failure in a corroded RC beam with diffetgnit distances are

quantified. Uncertainties in material propertiespignetry, loads, corrosion modelling, pit distanaed pit interference are taken
into account. Statistical data reported in literatiegarding the extent and location of corrossoutilized to undertake a parametric
study of corresponding probability distribution @fions. According to results, variation of pit diste has significant influence
on probabilities of failure. This influence increasf the effect of interference of localized csiom is taking into account.
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1. Introduction

Corrosion of steel rebars embedded in reinforcedcrmie (RC) members, causes deterioration of ctcre
structures, diminishing their capacity and sendii@g. There are two types of corrosion: uniformdalocalized
(pitting) corrosion. A typical deterioration of R&Eructures exposed to aggressive chloride enviraisrie localized
corrosion of rebar. Pitting corrosion can leaditghtdegrees of cross-section area loss along e [&].

Assessing reliability of RC members with corrodie@ars has received increasing attention in regegts [2-9].
Early studies accounted only for uniform corrosiomebars. However, this approach requires additioreasures to
take into account spatial variability of cross-gattalong the bar and the reduction of mechanicapgrties of the
bar due to local stress localizations [10-12].
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Later studies have become more realistic by dewdopeliability assessments of RC beams by consigehe
effect of spatial variability of the localized cosion on rebars. Kioumarsi et al. [13] studieddffect of interference
of corrosion pits on adjacent rebars on the prdibalf bending failure of a corroded reinforcedncoete beam.
Spatial distribution of localized corrosion alondgp@am is considered in the analyses. These autbossdered the
appearance of corrosion pits as a Poison process, process in which pits occur continuously iadépendently.

Different rebars, exposed to different environmertanditions would present different average valoégit
distance, which in turn may affect the probabitifyfailure of RC beams. In the present article fellow up the work
by Kioumarsi et al, drawing attention to the infige of average pit distance on reliability of coled RC beams. The
research objective leading the inquiry of thiscetis thus: Quantifying effect of average distabeéveen corrosion
pits in rebars on the probability of failure in R€ams. To answer the research question, we corsitiese study and
estimate failure probability using Monte Carlo Slation (MCS). Uncertainties in material propertiggometry,
loads, corrosion modelling, pit distances and pieriference are taken into account. Statisticah daported in
literature regarding the extent and location of@sion is utilized to undertake a parametric statigorresponding
probability distribution functions.

2. Interference of localized corrosion on adjacent rebars
Itis shown that the cross-section reduction vaaleng the tensile rebars and that the cross-sectituction differs

between rebars [14]. The disparities of localizemss-section reduction between rebars may resultténference
between the pits (see Fig. 1) [15].

C= . n — a | Back tensile rebar

Pit

—— | | | | | Front tensile rebar

Fig. 1. Plan view of potential pit locations andsgible interference of localized corrosion betwaédjacent tensile rebars [15].

Kioumarsi et al. [15-17] selected an idealized dasguantify the possible interference of localizedrosion on
adjacent rebars in an under-reinforced beam sdgect bending. In the idealized case two adjacelnans were
considered with one corrosion pit each. The twoasion pits were equal in size. In a series of imealr finite element
models the combined influence of two variablestenliending ultimate limit state (ULS) was quandifithe ratio of
the distance between pits in two adjacent rebatisetdistance between tensile rebgyg/,, and the ratio of the cross
section reduction of the rebar due to localizedamon to the initial cross section of rebat,;./A,. From the
numerical simulations it was found that pits inéeef within a critical distance. Interference ofdlized corrosions
reduces gradually for increasing distance betwétsriptwo adjacent rebar$,). For the investigated beam with 80
mm distance between two adjacent rebiistiée critical distance was 100 mm; i.e. for higtaios ofl,, /1, > 100/80
= 1.25 no interference was observed [15-17].

Current analytical design rules cannot quantifyititerference of localized corrosions for internaell, /1, ratios
(0 <L/l < 1.25) [17]. In order to take into account the possibkeiference of localized corrosions, Kioumarsi et
al. [15] proposed using a modified total residualss section of corroded tensile rebars in an ginalyanalysis of
the strength of the cross section:

Ares(mod) =240 — (2Aun + Apit + BApit) )1

B = —0.76(l,/1)2 +0.16(L,/1,) + 1 )
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whereA, .smoq) is the modified total residual cross section af tebars after uniform and localized corrosidg,
is the initial cross section of a rebay,,; is the cross section reduction of a rebar dueifoum corrosionA,;, is the
additional cross section reduction of a rebar @dutctalized corrosion. The interference of localizerrosion is

introduced by an interference factwhich is only a function of the ratio of the dista between pits in two adjacent
rebars to the distance between tensile rebars.

3. Distribution function of localized corrosion

When inspecting naturally corroded rebars it besoi®vious that the distinction between localized aniform
corrosion is not clearly visible, and the explitivdelling of both requires some simplifying assuomptin this paper
we used a different geometric description whicbwali modelling of localized corrosion; the origimabss-section

(4y), the cross-section reduction due to uniform caorgA,,,,;), and the cross-section reduction due to localized
corrosion(4,;.). See Fig. 2.

Ao

a) b)
Fig. 2. (a) Original cross-secti@d,); (b) uniform(4,,,;) and localized cross-section reduct@r;,) [13].

If the uniform corrosion is assumed to be equaht&ominimum cross-section loss the number of tkeipihigh.
If the assumed uniform corrosion is increased timaler of pits will gradually decrease [13]. Thigiemplified in

Fig. 3.
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Fig. 3. Cross-section reduction of a corroded reblae dashed lines illustrate different assumptafnsmiform corrosion, which influences the
number of pits.

Loss of cross section (%)

3.1.Distribution function of pit size rati@4,;./A,)

Maps of steel cross-section losses of the selexigdded rebars were obtained from two recent sajddr, 18].
The average cross-section reduction was measuradssloss for the rebars, which amounted to appedzly 10%.
It is shown that the gamma distribution functiopresents best variation of the cross-sectionalatémualong a
rebar [13]. Fig. 4(a) indicates the obtained ganfortions for the selected four naturally corrodetars. By
assuming the four rebars as one long rebar, whkichlled “composed rebar”, a gamma function isiobth see Fig.

4(b); this is the one that will be used in this @agt was assumed that uniform cross section tetués equal to
average cross section reduction (10%).
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Fig. 4. Empirical and fitted cumulative distribut®(using gamma distribution function) of pit siadour naturally corroded rebars, for the
assumption of uniform corrosion equal to 10%.

Table 1. Statistics of the ratio of localized cresstion reduction to initial cross section of reba
(Apit/A,) based on cross section loss data of four corroetears.

Variable  A,.;/A, (%) Distribution  Shape parameter  Scale parameter  Refere

Fitted with data
Aye/dy 10 Gamma 1.16 8.14 from [14, 19]

3.2.Distribution function of pit distanc@;,)

The occurrence of pits along the tensile rebarbearepresented by a Poisson process, i.e. thereocerof pits is
assumed statistically independent [13]. Using messworrosion data for the same four rebars, thautative
distribution function of the distance between pitsame rebars were fitted to the exponential grdibadistribution,
see Fig. 5. Similar as for the distributions ofgi#tes, pit distance distributions in rebars wéted for the assumed

case where the uniform cross section reductiogqusleo average cross section reduction. TablgtRtlhe parameters
of the fitted distribution functions.
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Fig. 5. Empirical and fitted (using exponentialtdisution function) cumulative distributions of thsice between pits in same rebar in four
naturally corroded rebars, for the assumption ébam corrosion equal to 10%.
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Table 2. Statistics of the distance between pitmime rebafl,,) based on cross section loss
data of four corroded rebars.

Variable  Ayni/A, (%) Distribution ~Mean Value (mm)  Reference

Exponential 47.51

Fitted with data

I, (mm
p (mm) 10 Exponential ~ 74.48 from [14, 18]

4. Discussion about pit distance and its effect on the distribution functions

Pit distance in corroded rebar is function of theakion of the rebar and degree and type of thesion. It might
be different from lightly to severe corroded coiwdit In section 3, we obtained the mean value efib distance for
four corroded rebars. Obtained exponential distidioufunctions of pit distance in section 3 showattthe mean
values of pit distance of the four selected relaris from 50 mm to 130 mm when the composed rebsthe mean

value of 81 mm, see Fig. 5(a) and Fig. 6. It rasegiestion that “how variation of the pit distamoelld influences
on failure probability of corroded RC beam”.
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Fig. 6. Relation between mean values of ratio ofliaed cross section reduction to initial crosgtise of rebai(4,;./A,) and distance between
pits in same rebd(t,,). Uniform cross section reduction equal to (a) zerd (b) 10%.

5. Probabilistic analyses of a RC beam

The purpose of the case study presented in thieas to quantify the effect of pit distance & fprobability of
failure of a corroded RC beam when the interferagftext of localized corrosion is taken into accoun

5.1.Case study

Since under-reinforced beams are most common atipeaonly this type of beam was considered. Asedywere
carried out for a simply supported RC beam. Therbeaimensions are length 6 m, height 0.35 m ardthwd.2 m.
The beam included two tensile rebars with diamei&2% mm and a concrete cover of 36 mm.

5.2. Statistical properties of other random variables

As it discussed earlier, the pit distar¢g) and ratio of localized cross-section reductiomttal cross section of
rebar(A,;./Ao)in each tensile rebar are represented by an expahand gamma distribution functions, respectively

The other statistical variables of the RC beam udte probabilistic analysis and their distrilomtifunctions are
given in Table 3.
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Table 3. Statistical properties of random variables

Variable Symbol  Distribution Meany) CoV  References
Effective beam depth (mm) d Log-normal 288 0.03 [2] [19]
Beam section width (mm) b Normal 200 0.02 [20]
Original rebar diameter (mm) dy Normal 24 0.02 [20]
Distance between adjacent tensile rebar (mm) [, Normal 80 0.05

Self-weight (kN/m) Qw Normal 15 0.1 [21] [7]
Live load (kN/m) Q. Gamma 4.7 0.6 [71122]
Concrete compressive strength (MPa) fe Log-normal 47.7 0.18 [2] [7, 23]
Steel yield strength (MPa) fy Log-normal 592 0.1 [24] [23] [7]

5.3.Limit state function and probability of failure

To quantify the failure probability of a corrodegldm with interference effect of localized corrositwe probability
of failure was estimated using Monte Carlo SimolatiThe limit state function is expressed as:

, fyAWres(mo fyAWDres(mo (GL+QpI() .
Gy (1) = =228 (1 = 0422y foyba? — === (L= 1) 3

wheref, is the steel yield strengtff, is the concrete compressive strengtis the beam widthd is the effective
height, A,..scmoq) is the modified total residual cross-section of tebars after uniform and localized corrosion, ta
king into account possible interfereneg, is self-weight,Q, is live load,(i) is the location of" pit along tensile
rebar and is length of beam span.

In Monte Carlo Simulatio,.sm.q) at the location of each pit on first tensile reisacalculated following Eq. 1
by pairing it successively with each pit in theaamjnt rebar within the critical zone. The respecii¥erference factors
B; are applied for the pits in another tensile relitais assumed that the interference with the @guiting in the
smallestd,..sqmoq) is dominant. The procedure is repeated by startitig thie pits on the second rebar and identifying
the potential interference with pits on the firsbar.

Monte Carlo Simulation was used to evaluate thdabdities of failure of the RC beam. At each rwging the
calculated cross-sectional areas of longitudin@ifoecements and the generated values of the ditrectural
variables, the flexural strengths of the beam latraks-sections containing pits and at mid-sparew®aluated and
compared with the corresponding bending momeneakh run, all variables of Table 3 are realise¢ onkce per
beam. If the limit state function was violated tneast one of the verified cross-sections, therbmaconsidered as
failed. The probability of failure?s, was estimated as the number of runs with a fitdrthe beam divided by the
total number of runs.

6. Results

This section presents probabilities of failuPg)(for two cases:

a) average cross section loss and localised corr@smionsiderethcludingthe interference of pits,
b) average cross section loss and localised corr@smronsideredxcludingthe interference of pits.

Moreover, various mean values of the distributionction of pit distancél,): 20, 40, 60, 80, 100, 120, 140 and
160 mm, were used in the analyses. As it mentidreddre, the ratio of average cross-section redudtiooriginal
Cross section4,,./4,) is equal to 10%.

Fig. 7 illustrates the failure probability for bathses (a) and (b) with different pit distancesc@kding to obtained
results, reducing the pit distance results in iasheg Pr. For the case (b), excluding pit distance, reducof pit
distance from 160 mm to 20 mm leads to 270% ineréasncrease?;. If the effect of interference of localized
corrosion is taking into account this influenceresses to about 700% (see Fig. 7 case a).
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Fig. 7. Effect of the pit distance on probabilifyfailure of the RC beam with and without considgrthe interference effect of localized
corrosion.

The effect of the interference of pits increasedlbgreasing the pit distance. For example for tbdehwith 20
mm pit distance, the interference effect incresise$; up t02.5 times (See the red arrow in Fig. 7), whilerfaxdel
with 160 mm, there is almost no change inBhel.ess number of the pits, due to increase in thdigtance, which
reduces the possibility of the interference betwpés, could explain this. It could be seen tha #ffect of
interference is substantial when the pit distarazedess than 100 mm. This observed value of atitistance (100
mm) obtained by earlier studies [15, 17]. It iswhdhat, interaction of pits leads to a gradualtihn of the ULS
for pit distance less than 100 mm.

Changing the pit distance could also influencehmnreliability class suggested by EN90 or ISO138¥Ben the
value of pit distance is larger than critical vathe obtained probability of failure is in the nainneliability class
with medium consequence of failure. While reducthg pit distance leads to low reliability class twibw
consequence of failure. Thus, considering the wroagn value of pit distance could result in theosate reliability
assessment of deteriorated structures.

7. Conclusion

This paper considered the spatial variation andgiptesinterference of localized corrosion on thigahglity of a
corroded RC beam. An interference model for thea@fdf two equal pits in adjacent rebars on thienalte capacity
and the distribution functions of spatial variatiwfiocalized corrosion were proposed earlier.

Probability of failure in a corroded RC beam withfetent pit distances was estimated using MonteldCa
Simulation. Uncertainties in material propertiegometry, loads, corrosion modelling, pit distaneesl pit
interference were taken into account. The occugafcpits along the tensile rebar was represenyed Boisson
process. This assumption was supported by litexatata. Based on the above assumption the folloednglusions
the following conclusions can be drawn:

— Reducing the pit distance leads to increase iptbbability of failure. The increase will be intdfiresd
when the effect of interference of localized coiwods taking into account.

— By increasing the mean value of pit distance, tliece of the interference of pits decreases. This i
explained by the apparent lower number of pitsthedreduced possibility of interference.

— Overestimating the mean value of pit distance @omoded rebar could result in an underestimation o
reliability of deteriorated RC beam.

It is emphasized that the proposed model to conglue pit distance effect on the probability ofldaé and
application of this model was limited to one caselg.
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