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Safety of the existing corrosion damaged reinforced concrete (RC) bridges during a seismic event is a matter of
increasing concern. To reduce the enormous economic loss and casualties, it is important to examine the po-
tential seismic risk of corroded RC bridge structures. This paper presents a simplified method to determine the
seismic fragility of corroded RC bridge piers by developing a simplified FEM model and seismic fragility analysis.
To make the proposed approach realistic, the numerical model is validated with two different experimental

studies available in the literature. Obtain results from the simplified numerical model demonstrated excellent
agreement with the experimental tests, making it suitable for seismic vulnerability analysis. After validation, the
numerical model is further adopted to perform non-linear static pushover analysis of corroded RC bridge piers.
Finally, a recently developed software tool SPO2FRAG is utilized to carry out seismic fragility analysis by
defining three different damage levels.

1. Introduction

Corrosion of infrastructure is receiving particular attention, as it is
associated with enormous economic loss. In a recent report, the global
corrosion cost was estimated as $2.5 trillion in 2013. The amount was
nearly 3.4% of the global gross domestic product. This report also
indicated that up to 35% of the cost ($875 billion) could be saved by
proper corrosion management practices (Bowman et al., 2016),
(Khayatazad et al., 2020). According to another report, in the United
States, approximately 87500 bridges (15% of the total amount) were
reported as structurally deficient in 1997, mainly owing to steel bar
corrosion that results in a cost of $8.3 billion (Koch et al., 2001).
Meanwhile, in Japan, the annual average cost of corrosion of public
infrastructure for the fiscal years 1996-1998 was JPY 207 billion (Sur-
vey of Corrosion Cost in, 1997).

Bridges are considered as crucial components for the national
economy of a country. They play a key role in establishing a quick and
reliable transportation system across the country and beyond. However,
a seismic event may substantially damage the bridge structures (i.e.,

Kobe earthquake in 1995, Christchurch earthquake in 2011 etc.) and
disrupt the transportation facilities as well as emergency and evacuation
routes (Muntasir Billah and Shahria Alam, 2015). Therefore, it is
important to understand the associated risk of existing deteriorated
bridges to mitigate the enormous economic loss and casualties.

In recent times, several researchers started investigating the influ-
ence of rebar corrosion on the seismic fragility of RC structures (Zhong
et al., 2012; Ghosh and Padgett, 2010; Choe et al., 2008, 2009; Dizaj
et al., 2018). Zhong et al. (2012) developed fragility functions for the
bridge structures incorporating the effect of rebar corrosion. Ghosh and
Padget highlighted the effect of the aging of RC bridge piers on the
seismic fragility. Choe et al., 2008, 2009 examined the adverse effect of
rebar corrosion on the seismic fragility of single bent RC bridges. Dizaj
et al. (2018) examined the seismic vulnerability of corroded RC frames
considering non-uniform distribution of rebar corrosion. However, due
to the increasing complexity of the existing approaches, an alternative
simplified and reliable approach is needed that may help the infra-
structure owner to estimate the associated risk of the infrastructure in a
simplified manner.
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Fig. 1. RC and plain zone in concrete (Biswas et al., 2020a).

The novelty of this current work is that it presents a simplified
approach for the probabilistic risk assessment of the corrosion damaged
RC bridge piers by developing a simplified numerical model and using
seismic fragility analysis. The simplified numerical model is developed
following the author’s previous advanced FEM model for RC beam
(Biswas et al., 2020a) and column (Biswas et al., 2021a). The simplified
FEM model is presented in Section 2. To avoid modeling burden and to
make the numerical model simplified, the cross-sectional loss of the
rebar is modelled in a uniform manner. When the RC bridge piers are
subjected to low level of rebar corrosion (~5%), bond loss between the
rebar and surrounding concrete is not considered. The reduced strength
of the corrosion damaged concrete is modelled based on the study pre-
sented in (Shayanfar et al., 2016). In Section 3, to make the proposed
approach realistic, the simplified FEM model is validated with two
different experimental investigations (Guo et al., 2015) (Chang et al.,
2019), where the RC bridge pier specimens were subjected to different
levels of rebar corrosion. In Section 5, the simplified numerical model is
adopted to carry out nonlinear static pushover analysis. Thereafter, the
capacity curves obtained from the static pushover analysis is used as an
input in the recently developed software tool SPO2FRAG (Baltzopoulos
et al., 2017) and seismic fragility analysis is carried out for corroded RC
bridge piers by defining three different damage levels namely damage
level 1, damage level 2, and damage level 3. In Section 6, the important
conclusions are summarized. The results obtained in this study will be
useful to assess the potential seismic risk of the existing corroded RC
bridge piers in a simplified way.

2. Simplified 3D FEM model
2.1. Modelling of concrete

Depending on the location of the rebar, the behavior of concrete will
be different as demonstrated in Fig. 1. Concrete embedded with rebar is
defined as a RC zone and concrete without any reinforcing bar is known
as a plain concrete zone. The following equations represent the stress-
strain relationships of RC and plain concrete zones (An et al., 1997;
Maekawa et al., 2003).

En
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Here, in Eq. (1), oy, &y, f; represents tensile stress, tensile strength,
and cracking strain of concrete, respectively. In Eq. (2), ¢, &, Gy, Ir
represents stiffening factor, average tensile strain of concrete, fracture
energy, and mesh size.

2.1.1. Reduction of concrete strength

Owing to the expansion of corrosion product, concrete surrounding
the corroded rebar is subjected to internal expansive pressure and it
causes cracking in the surrounding concrete. Consequently, the effective
compressive strength of the cracked concrete can be reduced substan-
tially. In the numerical model, the reduction of compressive strength is
considered following the experimental outcome of the study conducted
by Shayanfar et al. (2016). The reduced compressive strength of con-
crete can be determined using the following equation.
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Fig. 2. Schematic representation of corrosion product in concrete (Toongoenthong and Maekawa, 2005).
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where f. . ..q is reduced concrete compressive strength, 1 denotes
percent of compressive strength reduction, represents compressive
strength of undamaged concrete.

For water to cement ratio of 0.5, A can be calculated using following
equation

A=2.576Cy, — 1.876 (@)

where Cy represents corrosion ratio of rebar.

2.2. Simulation of corrosion-related cracking in concrete

For effective modeling of corrosion-induced damage, it is important
to consider corrosion-induced cracking (Yoon et al., 2000) (Coronelli
and Gambarova, 2004). In the FEM analysis, corrosion-induced crack is
modelled following the Toongoenthong-Maekawa model (Toongoen-
thong and Maekawa, 2005, 2007). Fig. 2 displays the schematic repre-
sentation of the constitutive model. The average stiffness (Es ) of the
corroded system can be calculated by Eq. (5), where Y,a, E; and G
represents volumetric loss of corroded rebar, coefficient related to
corrosion product, volumetric loss of corroded rebar, stiffness of rebar
and stiffness of rust product, respectively. Details can be found in (Yoon
et al., 2000) and (Coronelli and Gambarova, 2004). It is noteworthy
that, in the FEM analysis, the corrosion-induced stress is considered
constant when the corrosion-induced crack reached the outer surface of
the concrete (Biswas et al., 2019, 2021b).

I+y(a—-1)
B 0= D) + (/) ©

Temperature and oxygen level at the steel surface play important
role for determining corrosion ratio (Rizwan and Ishida, 2011; Paul and
van Zijl, 2017; Paul and van Zijl, 2016). In this numerical model, the
effect of temperature and oxygen level is not considered to keep the
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Fig. 3. Details of specimens (unit in mm) (a) Guo et al. (Guo et al., 2015) (b)
Chang et al. (Chang et al., 2019).
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numerical model simplified. Here, the accumulation of corrosion prod-
uct around the rebar is considered uniform and the diameter of the
corroded rebar is determined from the following equation,

Dcorradcdla_var =D/1+ y(a - 1)

Here, « is the expansion coefficient of corroded substance, Y denotes
the volume fraction loss of steel per unit and D represents the original
steel diameter.

2.3. Simulation of corroded rebar

Inside concrete, because of its high alkaline nature (pH value over
12), a dense passivating film forms around the rebars and provides a
high level of corrosion protection (Talakokula et al., 2016). However,
when the pH value becomes lower or there is ingress of deleterious
element (Cl7) from the environment, the passivating film becomes un-
stable and rebar corrosion initiates (Andrade, 2021) (Gao et al., 2021).

Steel bar corrosion may occur mainly in two categories i.e. chloride
induced and carbonation induced corrosion. Carbonation induced
corrosion generally leads to uniform corrosion, whether, chloride
induced corrosion results in non-uniform corrosion. In FEM analysis, one
of the major difficulties is to represent the non-uniform distribution of
rebar corrosion. Often it may become a modeling burden. To make the
FEM analysis simple, the corroded rebar is modelled in a uniform
manner. Here, a probabilistic model is used (Choe et al., 2008, 2009) to
represent uniform corrosion.

2.3.1. Corrosion initiation phase

If the chloride concentration around the embedded rebar reaches the
threshold value, steel bar corrosion initiates. The rebar corrosion initi-
ation time can be determined using the following equation ,

1

dz» C _ C =2 ) T-n
Twrr -X ¢ —1 K cr 6
") . & k. Dot {e’f < C )} } ©

Here, X; represents uncertainty factor of model, d. represents depth
of concrete cover, k., denotes environmental factor, k; is test factor, k.
represents curing factor, Dy denotes diffusion coefficient, ty is reference
period, n represents age factor. C, is critical chloride concertation and Cj
represents equilibrium chloride concentration. erf ! denotes Gaussian
error function.

2.3.2. Corrosion propagation phase

After the initiation of steel bar corrosion, it starts progressing with
time. In the corrosion propagation phase, the level of rebar corrosion can
be determined from the following equations ,

1.05081(1 — %)~

D, orr =Dy D
corr

*(t - Tcorr)ojl (7)

where D, and D represent diameter of corroded and sound steel bars.
w/c is water to cement ratio. T, is starting time of steel bar corrosion, t
represents time after corrosion initiates.

sz - Dcorr2
— e x00 ®)

o

Xeorr =

where X, represents the degree of rebar corrosion.
If experimental results of the corroded rebars are available, the
corrosion ratio can be determined using the calculations below.

nD? Xoonr
As(Xeorr) =—— (1 —
$(Xeom) === (1= 755 ©)
err _ W\ - Wcurr* 100 (10)
W:
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Fig. 4. Loading history used in the experimental studies (a) Guo et al. (Guo et al., 2015) (b) Chang et al. (Chang et al., 2019).

where W; and W, represent weight of non-corroded and corroded
reinforcements, X.o,r denotes corrosion ratio.

2.4. Modelling of bond deterioration

When rebar corrosion begins, corrosion products expand in volume,
causing tensile stress on the nearby concrete. As corrosion amount
reaches a critical limit, cracks occur along with the rebar and as a result,
the reinforcing bar and the concrete become separated. In the FEM
analysis of this study, bond loss among rebar and concrete is represented
by corrosion-induced cracking (Toongoenthong and Maekawa, 2005). It
is reported in the literature that the bond strength may slightly increase
when the RC member is subjected to low level of corrosion (Almusallam
et al., 1996; Kearsley and Joyce, 2014; Coccia and Imperatore, 2014).
Almusallam et al. (1996) reported that bond strength can be increased
when the corrosion ratio is up to 4%. Thus, it can be considered that a
low level of corrosion may not influence the bond strength substantially.
To make the numerical modeling simplified and reduce the modeling
burden, the bond deterioration was not considered in this study for
slightly corroded specimens (~5% corrosion).

3. Reference experimental tests

To investigate the effect of rebar corrosion on the cyclic response of
RC bridge piers, Guo et al. (2015) carried out reversed cyclic loading
tests of RC bridge piers with different degrees of rebar corrosion. Four
single shaft RC bridge piers were casted and the height of the column
pier was 2500 mm with a cross-section of 250 x 600 mm. The specimen
was casted on a 1400 x 1400 x 700 mm foundation (see Fig. 3). The
bridge piers were reinforced with 16 mm diameter rebar and the lon-
gitudinal reinforcement ratio was 1.61%. 8 mm diameter rebar was used
as transverse reinforcement. The transverse reinforcement ratio was
1.42% at the bottom 600 mm of the pier; however, it was reduced to
0.58% at the remaining part of the pier. The longitudinal and transverse
reinforcements had yield strengths of 362 MPa and 325 MPa, respec-
tively. During reversed cyclic loading, first, a 514 kN axial load was
applied gradually to the sound and corroded specimens, afterward,
displacement controlled reverse cyclic loading was carried out. The
loading history of the reversed cyclic loading can be seen in Fig. 4(a).
The horizontal load was applied at a height of 2300 mm. Depending on
the degree of corrosion, corroded RC bridge piers can be categorized into
three different zones, i.e., splash and tidal zone, submerged zone, and
atmospheric zone. Normally, splash and tidal zone is subjected to higher
degree of corrosion owing to drying-wetting cycles and higher chloride
concentration. Considering this fact, only 500 mm above the foundation
was subjected to an accelerated corrosion process. A total of four bridge
piers were tested in this study, where Specimen 1 was the control
specimen. The average corrosion ratio of the longitudinal rebars of
Specimen 2, 3, and 4 was 5.07%, 9.74%, and 15.24%, respectively. In
contrast to the sound specimen, Specimen 2, 3, and 4 demonstrated
20.2%, 20.9%, 37.6% less yield, and 20.8%, 27.5%, 35.2% less

(a)

Fig. 5. Analysis model of RC bridge piers (a) 3D view (b) top view.

(b)

maximum load-carrying capacity respectively in the positive loading
cycle.

To further investigate the accuracy of the simplified numerical
model, and to predict the structural behavior of RC columns with low
level of rebar corrosion, another experimental study conducted by
Chang et al. (2019) was considered. Out of the ten tested specimens, two
specimens (XZ-6 & XZ-7) subjected to low level of rebar corrosion were
selected. The columns were casted with 200 x 200 mm cross-section and
alength of 1100 mm (see Fig. 3). The effective length of the column was
900 mm with an aspect ratio of 4.5. The columns were reinforced with a
14 mm steel bar and the longitudinal reinforcement ratio was 2.31%. 6
mm rebar was used as transverse reinforcement with a center to center
spacing of 80 mm. Specimens XZ-6 & XZ-7 were subjected to steel bar
corrosion ratio of 5.57% and 4.06% and axial load of 0 and 249 kN
respectively. The reversed cyclic loading history of this experimental
study is shown in Fig. 4(b).
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Fig. 6. Comparison of hysteresis loop (a) Sound specimen (Guo et al., 2015) (b) Specimen 2 (Guo et al., 2015) (c) Specimen 3 (Guo et al., 2015) (d) Specimen 4 (Guo

et al., 2015).

4. Validation of the simplified numerical model

Finite element software package COM 3 was used to perform
reversed cyclic loading of the corroded specimens using the proposed
simplified model. The reliability of this software tool can be found
elsewhere (Chijiwa and Maekawa, 2015a, 2015b; Uno et al., 2017;
Kurihara et al.,, 2017; Chijiwa et al., 2018; Yamada et al., 2017).
Modelling of the foundation part of the RC bridge pier was omitted (see
Fig. 5) as no damage was reported in the experimental study. RC and
plain concrete zones were modelled based on the availability of steel bar
as described in Section 2.1. Corrosion induced cracking was modelled
only for the longitudinal reinforcement. The phenomena of rebar
corrosion were modelled in two steps. In the first step, rust product,
crack propagation and corrosion induced stress were modelled following
Toogoenthong-Maekawa model (Toongoenthong and Maekawa, 2005,
2007). Thereafter, once the corrosion induced crack reached the con-
crete surface, the reduced reinforcement ratio was modelled in a uni-
form manner. Since the failure mode of the specimen was governed by
flexure, and to obtain simplicity, corrosion induced cracking and rust
growth were not considered for the transverse reinforcement and
reduced reinforcement ratio was inserted in the mesh uniformly. The
bond between rebar and concrete was modelled by using corrosion
induced cracking, following Toogoenthong-Maekawa model (Toon-
goenthong and Maekawa, 2005, 2007). The bond deterioration was only
considered for highly corroded cases.

In all three directions, all nodes at the bottom of the specimen were
constrained to restrict the rotation and displacement during reversed
cyclic loading. To avoid local failure at the loading points, steel plates
were installed to distribute the loading stress uniformly. The original
Newton-Raphson iterative method was used to conduct the FEM analysis
and the number of iterations was set sufficiently large to obtain stable
convergence. In the FEM analysis, the reversed cyclic loading was con-
ducted at displacement levels of 10, 20, 30, 40, 50, 60, 70, 90, and 100
mm.

The global behaviors of the specimens obtained from the numerical
analysis are compared with experimental results in Fig. 6. The difference

Table 1
Comparison of failure displacement.
Specimen Failure displacement  Failure displacement  Failure
(positive direction, (negative direction, displacement (Both
Exp.) Exp.) direction, FEM)
Specimen >90 mm >90 mm 100 mm
1
Specimen 71.5 mm 90 mm 80 mm
2
Specimen 58.4 mm 60.8 mm 70 mm
3
Specimen 41.8 mm 60.1 mm 60 mm
4

between the maximum load-carrying capacities for sound specimens is
less than 11% in both loading cycles (positive and negative). Specimen 2
had lower level of rebar corrosion (5.07%). Therefore, in the numerical
analysis, corrosion-induced damage and bond loss between steel bar and
surrounding concrete were not considered. Nevertheless, there was an
excellent correlation in the global response. In both loading cycles, the
discrepancy between the maximum load-carrying capacity in the
experimental and numerical studies was less than 5%. In Specimens 3
and 4, this difference was calculated as less than 7% in both loading
cycles. It is noteworthy that, in terms of maximum load carrying ca-
pacity, obtained results provided better prediction than the other
simplified models (Rao et al., 2017; Lepech et al., 2015) available in the
literature.

Table 1 compares the failure displacements obtained from the
experimental study and numerical analysis. Here, the failure displace-
ment was termed as a 15% reduction in maximum load-carrying ca-
pacity. As shown in Table 1, the simplified numerical model was able to
predict the failure displacement with high precision. For example, in
Specimen 2, the failure displacement was obtained as 90.1 mm and 71.5
mm in negative and positive loading cycles. The simplified numerical
model may slightly overestimate the displacement capacity of highly
corroded RC bridges as can be seen in Table 1. The slight discrepancies
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(c)

Specimen 3

Specimen 2
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(b)

(d)

Specimen 4

Fig. 7. Comparison of cracking pattern and strain distribution(a) Sound specimen (b) Specimen 2 (c) Specimen 3 (d) Specimen 4.

between the experimental and numerical analysis were indeed expected
and it can be attributed to the consideration of uniform corrosion in the
FEM analysis. Highly corroded bridge piers can be subjected to non-
uniform corrosion with corrosion pit which was not considered in the
simplified FEM model.

Rebar corrosion significantly affects the structural behavior of RC
structures (Berto et al., 2009; Crespi et al., 2020; Crespi et al., 2022; G.
M. et al., 2018) and it is important to consider mechanical damages
caused by corrosion products and related cracking in the surrounding
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concrete (Coronelli and Gambarova, 2004). In the simplified FEM
model, corrosion substance and corrosion induced cracking were
considered when the corrosion ratio is more than 5%. The experimental
study carried out by Guo et al. (2015) reported that the failure of the RC
bridge piers was governed by flexure. To reduce the modelling burden,
corrosion products and corrosion induced cracking effect are considered
only for the main reinforcing bars, and corrosion effect in the stirrup is
considered only by reducing the cross-sectional area of the rebar.
However, a similar failure pattern can be seen in the numerical analysis
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Fig. 8. Comparison of different kinds of analysis and experimental results.
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with the simplified numerical model as shown in Fig. 7. Flexural cracks
were observed up to 1200 mm from the bottom of the sound specimen.
The simplified numerical model well captured the failure mode and
crack distribution. Specimen 2 also exhibited similar behavior to Spec-
imen 1. The crack direction and crack length were well captured in the
numerical simulation. It is noteworthy that smeared crack model is
considered for the numerical analysis and in Fig. 7 cracks are presented
in micro-strain unit.

In Specimens 3 and 4, owing to high average corrosion ratio, the
damage was concentrated at the bottom of the specimen. The FEM
analysis was able to capture this phenomenon with good correlation.

It is clear from Figs. 6 and 7 and above discussion that the proposed
model was able to capture the structural behaviour in terms of maximum
load-carrying capacity, crack pattern, crack length, initial stiffness, and
displacement capacity even though a simplified numerical model with
uniform corrosion distribution was adopted. To understand the differ-
ence between the simplified numerical model with uniform corrosion
distribution and a detailed FEM model (Biswas et al., 2020a) with
non-uniform rebar corrosion, numerical analyses were conducted on the
specimen with low and high levels of rebar corrosion (Specimens 2 and
4), and obtained results are compared in Fig. 8. In FEM analysis,
non-uniform corrosion was modelled for all individual steel bar. Here,
the maximum and minimum length of the mesh in the specimen axis was
200 mm and 100 mm, respectively. Interestingly, the predicted
displacement capacity and load carrying capacity in the both negative
and positive loading cycles from the detailed FEM model had a marginal
difference with the simplified approach, as indicated in Fig. 8.

To further verify the simplified model without considering the bond
deterioration and non-uniform corrosion, the structural behaviour of
two specimens with a low level of rebar corrosion was analyzed. Two
specimens (XZ-6 and XZ-7) were considered from the experimental
study carried out by Chang et al. (2019). In numerical analysis, the
cyclic loading was conducted at displacement levels of 8, 16, 24, 32, and
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Fig. 11. Capacity curves of sound and corroded specimen.

48 mm. The comparison of the experimental and the FEM analysis can
be seen in Figs. 9 and 10. It can be seen that the simplified numerical
model without considering non-uniform corrosion and bond deteriora-
tion was able to predict the load bearing behaviour with high precision.
For Specimen XZ-6, the difference between the maximum load-carrying
capacity in the experimental and numerical study is less than 8% in both
loading cycles. In the case of Specimen XZ-7, the difference was calcu-
lated as less than 3% in both loading cycles.

Thus, in light of the obtained results from the simplified numerical
model, it can be considered suitable for assessment of seismic
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Fig. 12. Illustration of structural fragility analysis using incremental dynamic
analysis (Baltzopoulos et al., 2017).

vulnerability of corroded RC bridge piers.

5. Assessment of seismic vulnerability of corrosion damaged RC
bridge piers

5.1. Pushover analysis

Pushover analysis is a non-linear static (NLS) analysis where the
structures are subjected to monotonically increasing lateral load and
constant axial load simulating the inertia load that the structure would
encounter during a seismic event. In this analysis, the response of the
structure can be specified by the capacity curve that defines the rela-
tionship between top displacement and base shear.

Pushover analysis was carried out in COM 3 for the sound and
corroded RC bridge piers tested by Guo et al. (2015). The capacity
curves generated from the pushover analysis are shown in Fig. 11.
Several important observations can be noted from the NLS pushover
analysis. As can be seen in Fig. 11, the sound specimen was able to
withstand considerably high base shear than the corroded specimens.
The base shear capacity of the RC bridge piers decreased substantially as
the corrosion ratio increased. In comparison to the undamaged spec-
imen, Specimen 2, 3, and 4 demonstrated 6.4%, 12.9%, and 25.8%
reduced base shear capacity, respectively. The corroded RC bridge
specimens also demonstrated significantly less drift capacity than the
sound specimens. Specimen 2, 3, and 4 demonstrated 16.3%, 30.3%, and
46.7% less drift capacity than the sound specimen. Also, it can be noted
that initial stiffness slightly decreased with the increase of corrosion
ratio.

5.2. Seismic fragility analysis

Seismic fragility analysis (SFA) represents the probability of
exceeding a predefined damage limit state for a particular structure at a
defined seismic intensity level. Incremental dynamic analysis (IDA),
proposed by Vamvatsikos and Cornell (Vamvatsikos and Allin, 2002) is a
widely adopted method to determine the seismic fragility of a given
structure. In IDA, structures are subjected to a set of ground motions
scaled to the increased level of seismic intensity to explore the structural
behavior at various seismic intensity levels. In this approach, the
behavior of the structure is generally represented by engineering de-
mand parameters (EDP) such as the maximum drift ratio or
inter-story drift ratio. Seismic intensity is represented by the peak
ground acceleration (PGA) or spectral acceleration in the first mode, Sa
(T1). Fig. 12 illustrates an example of structural fragility analysis using
incremental dynamic analysis. In general, a logarithmic distribution is
assumed and IDA curves at 16%, 50%, and 84% fractile are used to
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obtain the mean and standard deviation. Using the IDA framework,
fragility curves can be defined using a lognormal cumulative distribu-
tion function as.

P[IMX < im] = @[W] an

where 7 represents mean and f is logarithmic standard deviation.

Different approaches that use capacity curve of the structure to es-
timate the seismic fragility curves at various limit state are available in
the literature, for e.g., SPO2FRAG (Baltzopoulos et al., 2017), Malla and
Wijeyewickrema (2022), Han and Chopra (Han et al., 2010), Dolsek and
Fajfar (2021). However, in this study, a widely used software package
SPO2FRAG (Baltzopoulos et al., 2017) was used to carry out SFA of
sound and corroded RC bridge piers. It is a simpler alternative to dy-
namic analysis-based seismic fragility analysis. In SPO2FRAG, using the
quadrilinear backbone curve as illustrated in Fig. 13, a set of
semi-empirical analytical equations developed by Vamvatsikos and
Cornell (2006) are utilized to predict the median and variability of peak
seismic response of the SDOF system. The backbone curve having four
different segments has an elastic start, and it yields at the ductility with
u = 1. Then it hardens at a slope ay, afterward it turns negative with a
slope a.. Finally, it achieves a residual strength of height r. Details can be
found in (Vamvatsikos and Cornell, 2006).

To estimate the seismic fragility, the pushover curves shown in
Fig. 11 are used as an input parameter. After that, the software converts
the pushover curves to a quadrilinear model following the method
proposed by De Luca et al. (De Luca et al., 2013) and serves as input for
fragility analysis. Three different limit states are considered in this study
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Fig. 15. Flow chart of simplified seismic fragility analysis of corroded RC
bridge piers.

for seismic fragility analysis as shown in Fig. 14.

- Damage level 1 (DL1) is considered as the lateral displacement cor-
responding to the yield displacement of the RC bridge pier. Similar
consideration can be also seen in the literature (Xu et al., 2020).

- Damage level 2 (DL2) is defined as the displacement corresponding
the maximum strength of the RC bridge pier as considered in (Xu
et al., 2020; Goksu, 2021).
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- Damage level 3 (DL3) is considered as the commonly considered the
failure displacement corresponding to decrease of lateral strength to
85% of the maximum strength (Li et al., 2018).

5.3. Effect of corrosion damage on the seismic fragility of RC bridge piers

Fig. 15 presents a flow chart that depicts a concise overview of the
simplified approach of fragility analysis of the corroded RC bridge pier.
As a first major step, corrosion initiation time and corrosion ratio need to
be estimated. Thereafter, the material properties of the corroded RC
bridge piers should be determined. Then, as a second major step,
pushover analysis of the RC corroded bridge pier should be carried out
and capacity curves need to be established. Thereafter, based on the
obtained capacity curves, SFA can be carried out. After that, the prob-
ability of exceedance of each damage state can be obtained. Fig. 16
displays the fragility curves for different damage states and corrosion
levels. As shown in Fig. 16 (a), rebar corrosion did not have a significant
influence on DL1. This can be attributed to the fact that the sound and
corroded bridge piers attain DL1 at considerably low level of ground
motion intensities and thus the effect of corrosion is not reflected.
Similar phenomena can also be noticed in the literature (Xu et al., 2020).

The influence of rebar corrosion becomes pronounced at DL2. For
example, for an acceleration of 0.6g, the probability of exceedance was
about 30% for sound RC bridge piers. However, the probability of ex-
ceedance significantly increased to about 44%, 60%, and 84% for RC
bridge piers with 5.07%, 9.74%, and 15.24% rebar corrosion, respec-
tively. This represents that for an acceleration of 0.6g probability of
exceedance was increased by 31.8%, 50.0% 64.2% corresponding to
corrosion ratios of 5.07%, 9.74%, and 15.24%, respectively. This
behavior is indeed expected since the displacement ductility of the
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Fig. 16. Fragility curves for different damage states and corrosion levels.
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corroded RC bridge piers decreased substantially with the increase of
corrosion ratio. Similar to DL2, rebar corrosion also had a significant
impact on the probability of exceeding the damage limit state in DL3.
For example, to obtain a 60%probability exceedance, the required
ground acceleration was 1.03g for the undamaged RC bridge pier
specimen. However, the corresponding ground acceleration was 0.81g,
0.6g, and 0.44g for the specimen with rebar corrosion of 5.07%, 9.74%,
and 15.24% rebar corrosion, representing an increase of 21.3%, 41.7%,
and 57.2% respectively.

Fig. 17 depicts the median values of spectral acceleration (g) for each
damage level. It can be seen that median values of the Sa (g) reduced
remarkably with the increase of corrosion ratio. In DL2, the median Sa
(g) for the sound case was determined as 0.78g, whereas the median for
Specimen 4 was obtained as 0.4g. Similarly, in DL3, the median Sa (g)
for the sound case was determined as 0.92g, while the median for
Specimen 4 was obtained as 0.44g. This behavior can be attributed to the
less displacement capacity of the corroded specimens.

6. Conclusions

This research presents a simplified approach to estimate seismic
fragility of corrosion damaged RC bridge piers by developing a simpli-
fied 3D numerical model to predict the structural behavior of corroded
RC bridge piers. To make the proposed approach realistic, the numerical
model was validated with two different experimental studies available
in the literature, where RC bridge piers or columns were subjected to
various degrees of rebar corrosion. After validation of the FEM model, it
was adopted to carry out the nonlinear static pushover analysis.
Thereafter, based on the non-linear static pushover analysis, seismic
fragility analysis was carried out by defining three different damage
levels. Following are some key conclusions that can be drawn from the
findings of this study.

10

- The proposed simplified 3D dimensional FEM model was capable to
capture the structural response of corroded RC bridge piers in terms
of initial stiffness, maximum load-carrying capacity, and cracking
pattern.

The numerically obtained results validated with experimental
studies demonstrated that rebar corrosion significantly affected the
load-bearing capacity and ductility of RC bridge piers. A similar
tendency was also observed in the NLS pushover analysis.

Seismic fragility analysis was carried out for the sound and corroded
RC bridge pier specimens indicated that an increased amount of
rebar corrosion significantly increases the probability of exceedance
in the respective damage level.

Neglecting the extent of rebar corrosion might result in a substantial
underestimation of the potential risk of structural damage to
corroded RC bridge piers.
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