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16  Abstract

17  The development of effective life cycle management strategies for transport infrastructure assets
18 is of importance for meeting the defined public policies and levels of service. In the last decades,
19  much progress has been made in assessing the life-cycle performance of bridges using reliability-
20 based approaches. However, the goal of developing a comprehensive life-cycle performance
21  assessment framework for bridges has not been fully achieved. This is due to the uncertainties
22 surrounding model parameters as well as the correlation between these parameters (e.g. the
23 complex correlation between the reinforcement corrosion and the concrete cracking). It becomes
24  more challenging due to the limited access to bridge inspection data by bridge research
25  communities resulting from confidentiality issues. Using a typical highway concrete bridge as a
26  case study, the present study systematically investigated the impact of concrete crack induced
27  reinforcement corrosion on the serviceability of concrete bridges by developing an engineering
28  reliability-based approach involving an auto-regressive crack propagation model and a steel

29  corrosion prediction model. The model parameters were calibrated using the eight-year inspection
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data of an operating bridge. The influence of different external environments in the reinforcement
corrosion, ultimately the residual life of the bridges, was also investigated through conducting a
series of parametric studies. Based on the collected bridge inspection data, the model results
predict that, although the surface crack of a RC bridge is repairable through periodic maintenance,
the corrosion of the steel bars in the bridge still continues over time with a corrosion rate which
depends on different maintenance intervention cycle periods (Tcyce). FOr example, reducing Teycle
from 12 years to 4 years could potentially prolong the service life of the bridge by around 15 years.
The developed model could assist bridge managers to estimate the optimal Tcyce to prolong the

service life of bridges.
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1. Introduction

As one of the fundamental transport infrastructures, bridges continuously support social and
economic development of the world. The consistently operational performance of bridges plays a
critical role for both public and private sectors. Bridge inspection, maintenance and repair become
daily routines for maintaining the health of bridges [1]. However, the service life of many bridges
in the world is expected to be less than their design life due to the continuous deterioration of
bridges induced by dalily traffic loading and environmental conditions [2, 3]. Therefore, it becomes
increasingly important to maintain and repair the deteriorated bridges in a timely and cost-effective

manner.

Concrete is one of the commonly used construction materials for bridges. Concrete cracking is
generally used as one of the primary indicators for assessing the severity of reinforced concrete
(RC) bridge deterioration [4]. Cracks in RC bridges can be classified into two main types, i.e.
loading cracks and non-loading cracks [5]. While the non-loading cracks are mainly caused by
environmental factors (e.g. cyclic changes in temperature and moisture), the loading cracks are
caused by external loading imposed on the bridges (e.qg. traffic loading, earthquake, etc.) [6, 7].
The crack development in RC bridges over time could result in the corrosion of reinforcements in
concrete, delamination, which affects the mechanical properties of concrete material, and
ultimately reduce the service life of a bridge [8]. Most importantly, corrosion of steel bars in
concrete induced by cracking may lead to the failure of the bridges. Concrete cracking and
corrosion of reinforcing steel bars have a bilateral influence on each other [9]. During the corrosion
process of steel bars, the hydrated ferric oxide (i.e. rust), which is a larger substance than the
original ferrous hydroxide, causes the expansion of the internal space between concrete and
reinforcing steel bars. This produces a higher inner pressure in concrete which results in the
formation of cracks around the interface between concrete and steel bars [10]. As the corrosion

proceeds, cracks can propagate from the inner surface to the external surface, i.e. so-called
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corrosion-induced cracking. Although a high alkaline environment in concrete can hinder the
corrosion of steel bars through the formation of a passive layer, cracks in concrete could provide
a pathway for chloride ions, acidic ions, carbon dioxide and other substances to corrode the steel
bars in concrete [11]. In addition, under sulfate attack, formation of ettringite could happen in
concrete [12], ultimately lead to concrete cracking due to expansion of ettringite within the
concrete [13]. Previous experimental studies have shown that the steel bar corrosion in concrete
depends on crack characteristics [14], such as width, types and frequency, particularly at the initial

stage of corrosion.

Several theoretical studies have been carried out to investigate the relationship between corrosion
of steel bars and crack development in RC structure members [15-19]. Based on the relationship
between residual load capacity, surface crack width and corrosion of steel bars of a RC structure,
an empirical model is proposed to predict the structural performance of corroded RC structures
[20]. In addition, a theoretical model for crack widths has been developed to assess the
serviceability of the RC structures based on the concept of fracture energy under combined
reinforcement corrosion and applied loading effects [21]. Further, a mathematical model was
proposed to predict the service life of the RC bridge structures exposed to chloride environment
based on Fick’s second law [22]. Moreover, to account for the uncertainties of structural
deterioration induced by the combined effects of progressive loading (corrosion and cracking) and
extreme loading (earthquake and impact), a stochastic model was used to predict the time-
dependent performance of infrastructures using structural reliability analysis with the aim of
improving decision-making for maintenance and replacement of infrastructures [2]. Furthermore,
because of the importance of failure probability assessment for structural systems which have
different uncertain inputs [23], a probabilistic model regarding structural deterioration subject to
corrosion was developed to predict the probability of failure (PoF) of reinforcing steels in a RC

bridge deck in a marine environment throughout its 75 years’ service life [24].
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Although much research work has been done in last decades to develop the reliability-based life-
cycle performance model for bridges [25-27], the accuracy of the realistic model forecasting of
future bridge performance is much dependent on the accurate determination of the model
parameters. This is rather challenging due to a range of uncertainties surrounding these
parameters resulting from the limited measurement data as well as the correlation between these
parameters, e.g. the corrosion rate of reinforcing steel bars is closely correlated to the crack
propagation of concrete. Although autoregressive processes have been implemented to predict
the long-term deterioration of concrete structures [28], the determination of the model coefficients
depends on the collection of a large amount of historical data. In addition, even if several reliability-
based mathematical model have been established to simulate the reinforcement corrosion of
highway bridges [29], the chloride diffusion coefficient and corrosive rate of reinforcements are
significantly affected by the crack propagation of concrete cover over time. Without historical crack
measurement data, the long-term reinforcement corrosion behavior cannot be correctly modelled.
Using the historical data collected from bridge inspection, the purpose of this study is to develop
an engineering reliability analysis (ERA)-based framework to assess the life-cycle performance
of RC bridges subject to reinforcement corrosion by concrete cracking. The current research
represents the first step towards fundamental understanding of the concrete cracking induced
reinforcement corrosion, which could potentially contribute to the development of effective bridge

maintenance strategies.

2. Method

2.1 ERA-based framework for life-cycle condition assessment of bridges

Figure 1 shows the details of developed ERA-based framework for assessing the life-cycle
performance of the RC bridges which are gradually deteriorating resulting from steel bar corrosion
due to the development of concrete cracking. First, the initial crack characteristics (e.g. crack
width) at time to are quantified through data collection via bridge inspection. Then, the

5



117

118

119

120

121

122

123

124

125

126

development of crack characteristics over time is captured from next bridge inspection at time
to+At (At: bridge inspection time interval). Based on collected historical data, the long-term crack
propagation is predicted using an auto-regressive (AR) approach (Equation (1)) [30, 31]. The
accuracy of autoregression model prediction could be improved with the collection of more crack
measurement data over time. Using chloride diffusion model and steel corrosion model (Equation
(8)-(14)), the long-term corrosion behaviour of steel bars can be estimated based on the time-
dependent crack characteristics (see Figure 2). Finally, the change reliability index (B) of the
bridge structures can be predicted based on the codes of practice requirements of bridge design

and construction (e.g. maximum allowable crack width, Wo).
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Figure 1 — Proposed framework for life-cycle condition assessment of reinforced concrete

structures using engineering reliability analysis. ERA, engineering reliability analysis.
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As shown in Figure 2, the developed framework could be implemented to assess the PoF of a
bridge under different maintenance intervention cycle periods (T¢ycie). It Shows the time-dependent
crack propagation under different routine bridge inspection intervals (At). When crack width W;
approaches Wy, maintenance intervention is required for crack treatment under a certain Tcycle.
As shown in Equations (12) - (14), it is assumed that the rate of the reinforcement corrosion
depends on the crack width. Initially (e.g. short time after maintenance, t < Ti), the rate of
corrosion is relatively low when the concrete crack width is relatively small (W < W1). Over time,
the rate of corrosion accelerates when the crack width is over a certain threshold (i.e. Wo). The

details are described in Figure 2.
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Figure 2 — (a) An engineering reliability analysis (ERA)-based approach for assessing crack
propagation under maintenance intervention cycle period Teyce (Wo: maximum allowable crack
width, W1: crack width inducing higher diffusion coefficient and corrosion rate, At: inspection time
interval and Tce: mMaintenance intervention cycle period); (b) an ERA-based approach for

assessing reinforcement steel corrosion in concrete under crack maintenance intervention cycle
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period Teyce (rp1: Steel corrosion rate when W< W4, rp2: steel corrosion rate when W= W1 & Ay:

initial cross-section area of steel bar).
2.2 Auto-regressive model for crack propagation prediction

While recent advance in artificial intelligence provide an innovative way to model crack in concrete
bridges [32], a large amount of training data and the selection of the optimal algorithm are required.
Considering the limited amount of inspection data available in this study, the autoregressive
model was implanted to predict the long-term crack propagation due to its capability of modelling
time-varying random process based on historical data [33]. The AR model has the capability of
univariately forecasting time-series models which demonstrate the relationship between a single
variable and its corresponding past values [34]. As a first step, by assuming that there is little
change in environmental and loading conditions in recent years, the long-term prediction of crack

width in concrete can be defined as a stationary process. That is,
Wi = BiWieq + BoWip + -+ BpWip + & 1)

where P, as the order of auto-regressive process (AR(p)), represents the number of past values
which will be included. P is defined by the highest time-lag order coefficient which is less than
0.05. At a given time t, & is the random distribution of uncorrelated error with zero mean and

variance, i.e. {&} ~ (0, 0?). B is the AR coefficient with |B| < 1 [31, 35].
Hence, the predicted concrete crack width at time t can be expressed as,
W, =20 BiWeei + & (2
By applying the backward shift operator m(B),
n(B) = X}, BiB; 3)

Equation (2) can be written as,

10
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Wi = (B)W,_; + & (4)
With consideration of periodic crack maintenance intervention, we obtain,

Y020 BijWeoij + & G <t<t
Wti,j = (5)

0 t:tj

where j represents the j-th number of crack maintenance intervention after the i-th year of crack
inspection. Using the indicator function 1y as shown below,
1 t <t<tjy

1, = (6)

]
0 t:tj

The crack width with time under different maintenance interventions can be expressed as,
Wti,]- = Z?:oljzo(ﬁi,jwt—i,j + &) * 1t]- (7)
2.3 Predicting corrosion of reinforcement steel bars in concrete

As shown in Figure 3, throughout the service life, the corrosion process of RC structures can be

divided to the following two stages:

e Initial stage (O<t<t;): At this stage, chloride ions gradually diffuse into concrete from
external environment until the concentration of chloride ions on the surface of steel bars
in concrete reaches to the maximum allowable threshold value (Cinreshold) defined in design
guidelines [11]. The thickness of concrete cover, concentration of chloride ions on
concrete surface and diffusion coefficient of chloride ions play an important role in

corrosion resistance at this stage.

o Propagation stage (t>t1): At this stage, significant chloride ions induced corrosion of steel

bars occurs and could cause the local damage of the RC structures [36, 37].

11
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Figure 3 — Corrosion process of reinforcement steel bars in concrete [36, 37]
Initial stage:

The transport of mass through diffusive means is generally modelled using the Fick's second law

[38, 39]. That is,
X2 X X __x2
Cet) = kt((1+3) erf (77=) — () €01} (8)
In this study, C(x,t) is chloride concentration at depth x (mm) of concrete cover at time t (year). D
is the diffusion coefficient (mm?/year) which is much dependent on the porosity of the concrete

and the volume fraction of aggregate in concrete [11, 12].
Propagation stage:

At this stage, the significant corrosion process of steel bars in concrete is triggered as the chloride
concentration reaches to the threshold value (Cinreshold = 0.68% [11, 40-42]). In this study, the mass
loss of steel bars in concrete was modelled using mathematical approach of Du et al. (2005) [9],
which divides the corrosion of steel bars in concrete into two stages, i.e. (1) chemical reaction

stage, and (2) the stage involving current flow with anode and cathode on surface of reinforcement

12
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steel bars, leading to the transformation of iron into rust which sticks onto the surface of steel bars

[43]. The rate of mass loss of steel bar (Qcor) can be defined as,

My—M
Qcorr = (;Vlo : (9)

where My is the initial weight of steel bar before corrosion started and M; is the weight of corroded

steel bar. Using the empirical corrosion model proposed by [9], Equation (8) can be modified as,
Qeorr = 0.046 * <2 x ¢ (10)

where reor is the corrosion rate of steel bar in a RC structure under certain environmental
conditions (uA/cm?), d is the diameter of non-corroded steel bar (mm). Thus, the time-dependent

cross-section area of the corroded steel bars in concrete structure can be expressed as [9],
Ati_j =Ao(1 — Qcorr) (11)
where Ay is the initial cross-section area of non-corroded steel bar.

Previous studies have demonstrated that there is a positive correlation between the corrosion rate
of bars in concrete and the surface crack width as shown in Figure 2 [9]. Let 1y, be an indicator
function for corrosion rate of steel bar under different crack widths on a concrete surface. It is
assumed that the corrosion rate of a steel bar is r1 when crack width W: is less than W, while the

corrosion rate of a steel bar is r. when W is greater than W1. The indicator function 1y, can be

written as,
1 0< Wti,,- <W
1Wt'1 = (12)
0 Wti,,- =W
0 0< Wti,j <W
1Wt,2 = (13)
1 Wti]. =W

13



220

221

222

223

224

225

226

227

228

229

230

231

232

233

234

235

236

237

238

Combining Equations (10) and (12), the time-dependent cross-section area of the corroded steel

bars in concrete structure due to the development of crack width can be expressed as,
Ay, = Ag * {1 - [(0.046 L Ly ) + (0.046 % 2+ 1Wt,2)] dt} (14)

2.4 Life-cycle performance assessment of the bridges using ERA

The time dependent PoF of the bridges due to steel bar corrosion can be predicted using ERA. 3
can be calculated using first-order second-moment (FOSM) [44] with consideration of the first two
moments which are mean and standard deviation of the random variables. In FOSM, the non-
linear performance function is required to be linearised [45-47]. Considering (X{,X,, ..., X,) as

random variables, the non-linear function Z can be expressed as,
7= f(X) = f(X]_'XZ' ...,Xn) (15)
Taylor series expansion with second-order terms leads to,

of 1 of2
Z=f(ux) + Zin=1a—xi + 521“:12?:1@()(1 — Hx)(Xj —ux,) + (16)

where px are mean of these random variables (ux,, px,, ---, Mx,)- The second-order approximated

mean of Z, i.e. E(Z) can be obtained,
B2) = £l b0 ) + 5 20 il g COVEX, X) (17)
where Cov (X, X;) is the covariance of X; and X;.
Cov(Xi,Xj) = Px;X; * OX; * O, (18)

where oy is the standard deviation of these random variables (ox,,0x,,--,0x_) , PX; X; is

coefficient of correlation between X; and X;.

14
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In the FOSM analysis, the function Z is expanded by Taylor series expansion with first-order terms.

That is,
Z=f(X1, Xz, ., Xp) + 2L 1ax( —py,) + (19)

By applying the first-order approximation, E(Z) can be defined as,

E(Z) ~ f(llxl» |J'X2! L] |J-Xn) (20)
The variance of function Var(Z) with second-order approximation is,

of
Var(Z) ~ (67) 0%, + X1 a5 ox 2% Cov(X;,X;) (21)

As variance of function Z equals the square of standard deviation of Z, we obtain,
0% = Var(Z) (22)

Using the first-order approximation, the variance of Z is defined as,

af \2
0% =X (5) ok (23)

In present study, it is assumed that the Wy of a concrete crack in the RC bridge is defined
according to Bridge Design Standard (AS 5100.5 — Bridge Design, 2017). The time-dependent

concrete crack width is defined as W, with mean and standard deviation under normal

distribution. Therefore, the cracking assessment can be analysed based on the difference

between W, and Wo. The study of Du et al. (2007) [48] indicates that the reduction in ductility of

a RC beam could be significantly affected when the amount of reinforcement corrosion exceeds
10%. Thus, 10% loss of cross-section area of reinforcements is used as the maximum allowable

corrosion limit in this study. Hence, the “remaining concrete surface crack width capacity” (Ry,. )
L)

and “remaining cross-section area of the corroded steel bars” (R,, ) can be expressed as,
1)

15
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thi,j = WO - Wti,j = f(X1p Xz, ""Xn)

(24)
RAti']' = AO - Ati,j = f(Xl,Xz, ...,Xn)
Substituting Equations (6), (11) and (12) into Equation (23) leads to,
P
Rwy,; = Wo — Z o (BijWe-ij + &) * 1
2 i=0,j=0
(25)

@ r r
Ray,, = Ao — Ao * {1 - j (0046 + 1, ) + (0046 » 7+ 1y, )| dt}
’ 0

where (X4,X,,...,X,) are random variables, such as uncertainties of cracking width occurred

during data acquisition stage [49]. The change in value of RWtii depends on the maintenance

intervention cycle period (Teyce). AS shown in Figure 2, the probability of the width of the surface

crack (Wti].) over its allowable value (W,) as well as the cross-section area of a steel bar (Ati].)

over its allowable value (A,) can be defined as [50],
PoFy = P (Wo — W, <0) = P(Rw,,, < 0)
(26)

POFA =P (AO - Ati']' < 090A0) = P(RAti‘j < 0)

16
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Figure 4 — Schematic diagram of reliability index.
As shown in Figure 4, the minimum distance from origin to the failure line is B which represents
the maximum value of PoF [51]. The point (thij, RAtij = 0) represents the design point. Thus,

HRw,. . = Hw, — Hw,
ij L)

P'RWti_]- = uWo —Z}D:o,j:o(ﬁi,jwt—i,j +€t)*1t]- (27)

— , 2 2
GRWti]- = [Ow, + thi’]_

HRy, . = Ha, — Ha, .
ij 1)

uRAti,]- = P'AO—AO*{l—fOOO[(O.046*%*1Wt,1)+(0.046*%2*lwt,z)]dt} (28)

— , 2 2
GRAti]- = 0A0+6Ati,,-

where py, and ORy, are the mean and standard deviation of surface crack width, respectively.
ij ij

MRy, and og A, Q1€ the mean and standard deviation of cross-section area of the corroded steel
ij ij

17
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bars, respectively. Hence, engineering B of crack width and cross-section area of the corroded

steel bars can be determined as,

" P—thl]
Weis —
ti,j O'thi]
(29)
HRAt”
BAti] B OR

In addition, the PoF of crack width and cross-section area of the corroded steel bars can be

defined as,
PoFw =10 (Bw,,)
(30)
PoFy =1-0(Ba,, )

where @ () is the cumulative distribution function of a standard normal random variable. The First
Order Second Moment (FOSM) is widely used to analyze the load and resistance of the bridges
[52]. As shown in Equation (28), the reliability index (B) is defined based on the allowable crack
width and reduction in the cross-sectional area of a steel bar (AS 5100.5 — Bridge Design, 2017).
As the first estimate, the relationship between the loading imposed on the bridge and the concrete

cracking is ignored in this study.
3. Problem description

The developed ERA-based framework was implemented to conduct life-cycle condition
assessment of a RC highway bridge (Long Feng Xi Bridge, Chongging, China) based on the

historical inspection data of concrete surface crack width (Figure 5a). The present study mainly

18
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focuses on the No. 4 span of the bridge as shown in Figure 5 b-c. The developments of the 3
cracks have been regularly monitored, and the image of the cracks are shown in Figure 5 d and
e. The historical crack width data collected from 2011 to 2018 by Chongqging Expressway Group
Company Ltd. were statistically analysed, and the long-term crack development was predicted
using the AR model based on Wy = 0.25 mm (AS 5100.5 — Bridge Design, 2017). In this study,
the relationship between the chloride penetration profile, corrosion rate of reinforcement and crack
width was established based on Fick’s 2nd law and mathematical model which ignores the
variation of environment condition. To cater for the effects of different environmental conditions,
a series of parametric studies were carried out to investigate the impact of reinforcement corrosion
rate on the residual life of the bridge under normal and costal environments, respectively. The
experimental studies of [53] revealed that the corrosion rate of steel bars is dependent on the
experimental conditions, i.e. (1) the value of steel corrosion rate is r1 under non-exposed-to-air
conditions (W: < W3) and (2) the value of steel corrosion rate is r, under exposed-to-air conditions
(W: > W3). Although day-night cycles, seasonal cycles, rain periods and extreme temperature
cycles could affect the corrosion rate of steel bars in practice [54], it is assumed that the
experimental conditions remain constant to simplify the complex corrosion processes in this study.
Based on AS 5100.5 — Bridge Design (2017) and previous studies [53, 54], the W, (AS 5100.5 —

Bridge Design 2017), diffusion coefficient and corrosion rates [55-58] are shown in Table 1.
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345 Figure 5 — Case study of Long Feng Xi Bridge, Chongging, China: (a) bridge appearance, (b)
346  section of the bridge with cracking investigated in this study, (c) the cross-section X-X, (d) cracking

347 1 detail and (e) cracks’ locations on No.4 span of the bridge.

348 Table 1 — Value of crack width W, causing steel bars exposed to air, different diffusion coefficients
349  of chloride ions in concrete subject to different environmental conditions [55-58] and corrosion
350 rates r;and r, of a reinforcement steel bar under normal and coastal environmental conditions in

351  this study [53, 54].

Classification of assessment Wy Di: Wi<Wi1 | D2: W2 Wi ris We< Wi | ors We2 Wy
conditions (mm) | (mm?year) (mm?3year) (LA/cm?) (WA/cm?)
Normal environmental conditions 0.1 63.08 189.24 0.5 2
Coastal environmental conditions 0.1 167.78 503.31 1 10

352
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Figure 6 — (a) Time-dependent normalised crack width prediction using autoregression with 3
cracks data on the same span of bridge, Wo: maximum allowable crack width (AS 5100.5 — Bridge
Design, 2017); (b) time-dependent reliability index (B) for concrete cracking assessment under

different maintenance intervention cycle periods (T¢yce). POF, probability of failure.

As shown in Figure 6 (a), the long-term crack width is predicted using an autoregression approach
based on the available eight-year crack width measurements of 3 different cracks obtained from
routine bridge inspection. The model coefficients were determined based on the measurement
data using a well-established methodology proposed by Hagan et al (1987) [31]. The linear crack
width evolution trend results from the limited historical measurement data. With more crack data
available over the time, the prediction of autoregression model will become more accurate. The
model predicted that, without any crack repair, the crack width will reach its threshold (i.e. Wo =
0.25mm, AS 5100.5 - Bridge Design, 2017) between 2021 and 2022. Figure 6 (b) shows the
effects of different maintenance intervention cycle periods (Tcece) On the time-dependent S.
Assuming PoF < 5% of W, is the objective of the road authority, it indicates that the service life of
the bridge, in terms of allowable crack width (W), is very sensitive to Tcyce. FOr example, the
reduction of Teyce by 50% (i.e. reduce Tee from 8 years to 4 years) could lead to three-fold
increase of B, and therefore prolong the time for crack width to reach its allowable value. However,
without a maintenance plan, the time for the crack width to reach Wy would be significantly

shortened (i.e. less than 10 years).

Although the surface crack of the bridge can be fixed through regular maintenance, the chloride
penetration and corrosion of the steel bars in concrete will continue over time with certain diffusion
coefficient and corrosion rate which are dependent on different maintenance intervention cycle
periods (Teyce). Figure 7a shows that chloride content at 50 mm depth in concrete increases with
time because of the chloride penetration even the crack is sealed. Meanwhile, because the

diffusion coefficient D is larger when concrete crack width W, is greater than W1 (0.1mm), the
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figure 7a shows different chloride profiles under different maintenance intervention cycles. In
figure 7b, assuming the allowable loss of the cross-section of a steel bar is 10% (i.e. A/Aoc 2 90%),
the time-dependent normalised cross-section area of a steel bar (AJAc = 90%) under different
Teyele IS shown, while the time-dependent value of B under different Tcyce can be found in Figure
7c. It demonstrates that reducing Tcyce from 12 years to 4 years could prolong the service life of
the bridge by around 15 years. In addition, assuming PoF < 5% loss of cross-section area of a

steel bar is the objective of the road authority, the maintenance intervention cycle period of (Tcycie)

should be 4 years to prolong the service life to 70 years from a conservative perspective.
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396  Figure 7 - (a) Chloride profile of total chloride content in concrete at depth 50 mm at initial stage;
397 (b) Time-dependent normalised cross-section area of concrete steel bar prediction using steel
398 corrosion model at propagation stage; (c) time-dependent reliability index (B) for steel bar
399  corrosion assessment under different maintenance intervention cycle periods (Tcyce). POF,

400  probability of failure.
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Figure 8 — (a) Reliability index (B) for concrete cracking assessment att = 70 years under different
maintenance intervention cycle periods (Tcyce) and different environmental conditions (normal
environment: Wo= 0.25 mm; coastal environment: Wo = 0.15 mm); (b) reliability index (B) for steel
bar corrosion assessment at t = 70 years under different maintenance intervention periods Tcycle
and different environmental conditions (normal environment: Wo= 0.25 mm; coastal environment:

Wy, = 0.15 mm). PoF, probability of failure.

Figure 8 shows ERA assessment results of concrete cracking and steel bar corrosion of Long
Feng Xi Bridge at t = 70 years under normal and coastal environmental conditions. It can be seen
from Figure 8a that for concrete crack assessment, Tcyce Should be 8 years and 2 years for normal
and coastal environmental conditions, respectively. In addition, for steel bar corrosion assessment,
Teyele Should be 2 years for normal environmental conditions from a conservative perspective.
However, in costal environmental condition the corrosion causes serious rate of damage of

structure even the Ty IS 2 years. Since the reliability index is below the target value.
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Figure 9 — Estimated residual life of Long Feng Xi Bridge, Chongging, China, with 5% probability
of failure under different maintenance intervention cycle periods (Tcyce) and under two different

environmental conditions.

Based on the historical cracking data, the ERA-based framework can be implemented to predict
the residual life of a bridge. As shown in Figure 9, the residual life of a bridge is sensitive to the
external environmental conditions. Under along maintenance intervention cycle period (e.g. Teycle
= 6 years), the residual life of the bridge under normal environmental conditions is 2 times longer
than that under coastal environmental conditions. However, the difference of the residual life of
the bridge under normal and coastal environmental conditions can be significantly reduced with

a short intervention cycle period (e.g. Teyce = 2 years).

5. Conclusion
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The present study investigated the concrete crack induced corrosion of steel bars by developing

ERA-based model using the eight-year inspection data from 3 different cracks of an operating

bridge. The following are some major conclusions:

The residual service life of a RC bridge based on the allowable crack width (W) is dependent
on the maintenance intervention cycle period (Tcyce). TO make sure the PoF of surface crack
width is less than 5%, the T¢ye Should be reduced by 65% (i.e. change T¢yce from 12 years
to 4 years) which could lead to three-fold increase of 3, and therefore prolong the service life
of a bridge.

Even if the surface crack of a RC bridge is repairable through periodic maintenance, the
corrosion of the steel bars in the bridge could continue over time with a corrosion rate which
depends on different Teycle. It sShows that reducing Teyce from 12 years to 4 years could prolong
the service life of the bridge by around 15 years.

To make sure the probability of failure of the cross-section area of a steel bar is less than 5%,
Teycle Should be less than 4 years to prolong the service life to 70 years.

Teycle Of @ RC bridge is very sensitive to its external environment. To fulfil the allowable surface
crack requirement, Teyce Should be 8 years and 2 years for bridges under normal and coastal
environmental conditions, respectively. To fulfil the allowable steel bar corrosion requirement,
Teycle Should be at least 2 years for bridges under both normal and coastal environmental
conditions.

Under coastal environmental conditions, the maintenance intervention cycle period needs to

be significantly shortened to prolong the service life to 70 years (e.g. Teyce = 2 years).

It should be mentioned that the reliability-based model developed in this study is completely

general and are not in any way particular to a specific type of bridges. Sustainability assessment

of concrete bridges under extreme environmental conditions is of critical importance all around

the world [59]. However, much work is still to be done to accurately establish the correlation
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between the reinforcement corrosion and crack development in concrete. Using a RC bridge in
Chongging, China as a case study, the present study could contribute to the accurate prediction

of reinforcement corrosion induced by concrete cracking.

Limitations

It should be mentioned that the relationship between the diffusion coefficient, corrosion rate of
reinforcement and crack width was established based on previous literatures which ignores the
variation of real environment condition. In addition, the traffic load induced concrete cracking was
not considered in this study. Our future research will address these limitations and focus on model

validation by collecting more bridge inspection data.
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