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Analytical Model for Seismic Performance

of Hollow RC Bridge Piers Considering
Elongation Reduction in Reinforcement
Deteriorated by Aging and Other Factors

Tae-Hoon Kim"®, Ick-Hyun Kim? and Hyun Mock Shin?

Abstract

This study presents an analytical technique for understanding the seismic behavior and evaluating the seismic per-
formance of hollow RC bridge piers deteriorated by aging and other factors. Deterioration caused by de-icing agents
and carbonation has reduced the lifespan of bridge structures, thus necessitating frequent maintenance and increas-
ing economic and social costs. A validated nonlinear finite element analysis program RCAHEST (Reinforced Concrete
Analysis in Higher Evaluation System Technology) was enhanced with a deterioration model and an extended dam-
age index that incorporates elongation reduction in reinforcing bars. The modified nonlinear material model accounts
for the reduction of cross-sectional area of reinforcement and the change of bond strength at the concrete-to-steel
interface caused by corrosion. Extended damage indices considering elongation reduction of reinforcing bars aim

to provide a means of quantifying numerically the damage in deteriorated hollow RC bridge piers under earthquake
loading. This approach allowed for a reliable parametric study of deteriorated hollow RC bridge piers, resulting

in accurate predictions of performance degradation and the reversal phenomenon of the damage index due to drift
ratios. The proposed nonlinear analysis method was validated to properly account for key design variables, includ-
ing corrosion level, yield strength and ultimate strength of the reinforcing bars, and compressive strength of the con-
crete. Additionally, the newly extended damage index, which incorporates both the deterioration model and elonga-
tion reduction in reinforcing bars affecting behavior, effectively evaluates seismic performance.
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1 Introduction

Recent earthquakes in different countries have caused
damage to infrastructure, including bridge structures,
thus highlighting an urgent need for research on accu-
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load on the foundation structure and lower inertial forces
during earthquakes, thus making hollow bridge piers rel-
atively advantageous compared to solid bridge piers (Yeh
et al,, 2001; Sun & Kim, 2009; Lignola et al., 2012; Kim
et al,, 2019). Additionally, they are commonly used in the
design and construction of railway bridges due to their
favorable mechanical behavior, such as a higher second
moment of area. Furthermore, studies are continuously
being conducted to investigate the seismic behavior of
hollow bridge piers (Cardone et al., 2013; Cassese et al.,
2020; Kim et al., 2014; Lee et al., 2017).

The seismic performance evaluation technique based
on damage indices has been validated for appropriately
assessing the seismic performance of both solid and hol-
low RC bridge piers subjected to cyclic loads, such as
earthquake loads. Additionally, nonlinear finite element
analysis can help evaluate the actual behavior and seis-
mic performance of multi-degree-of-freedom structures,
such as reinforced concrete (RC) bridges (Kim, 2019,
2022; Kim et al., 2005, 2007).

In recent years, deterioration caused by de-icing agents
and carbonation has reduced the lifespan of bridge
structures, thus necessitating frequent maintenance
and increasing economic and social costs (El-Joukhadar
et al., 2023). Corrosion resulting from this deteriora-
tion reduces the cross-sectional areas of reinforcing
bars and degrades bonding performance due to concrete
cover cracks and corrosion products. This degradation
in bonding performance significantly affects the seismic
performance and structural behavior of RC, such as ten-
sile hardening behavior (Ahmadi et al., 2021; Crespi et al.,
2022; Ghosh & Padgett, 2012; Pantazopoulou & Papoulia,
2001; Rajput & Sharma, 2018; Rinaldi et al., 2022; Stewart
& Al-Harthy, 2008; Toongoenthong & Maekawa, 2005;
Zucca et al., 2023). Additionally, the loss due to corrosion
is more pronounced when reinforcing bars are embedded
in concrete because chloride-induced corrosion creates
active and passive areas, known as the macro-cell effect,
in the metal (Apostolopoulos et al., 2013).

The deterioration of concrete structures, as described
above, results in substantial economic costs for mainte-
nance and reinforcement. According to a study by Ueda
& Takewaka (2007), maintenance and repair costs can
amount to as much as 50% of the investment in civil engi-
neering construction in some European countries.

In the failure of RC bridge piers due to the fracture of
reinforcing bars, i.e., the focus of this study, the fracture of
longitudinal reinforcing bars is governed by the low-cycle
fatigue behavior of the reinforcement. The fracture of
transverse reinforcing bars is influenced by the axial force
of the bridge pier and the strain in the transverse rein-
forcement, which depends on the amount of transverse
reinforcing bars. Additionally, elongation, a fundamental
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mechanical property of reinforcing bars, has a significant
impact on seismic performance (Lee et al., 2011). There-
fore, the nonlinear program RCAHEST (Reinforced Con-
crete Analysis in Higher Evaluation System Technology)
(Kim, 2019, 2022, 2023; Kim et al., 2005, 2007, 2019)—
modified to account for uncertainties such as uniform
corrosion, pitting corrosion of reinforcing bars, and the
reduction in bond strength between concrete and rein-
forcement—was further extended to consider the elon-
gation reduction of newly deteriorated reinforcing bars.
The extended RCAHEST program was then used to eval-
uate the behavior and seismic performance of RC hol-
low bridge piers that have deteriorated due to aging and
other factors. This study also extended the seismic per-
formance evaluation technique using damage indices to
assess hollow RC bridge piers that have deteriorated due
to aging and other factors. The validity of this technique
was verified using quasi-static experimental results from
previous studies on hollow RC bridge pier specimens.

2 Consideration of Elongation Reduction

and Deterioration of Reinforcing Bars Due

to Aging and Other Factors
2.1 Elongation Reduction of Deteriorated Reinforcing Bars
The numerical simulation of hollow RC bridge piers dete-
riorated due to aging and other factors is highly com-
plex due to various uncertainties. Therefore, to evaluate
long-term seismic performance, it is essential to develop
an analytical technique that can overcome the limita-
tions of experimental methods. Previous studies (Kim,
2022, 2023) have investigated the impacts of corrosion
on structural performance, including concrete cracks,
reduction of the cross-sectional area of reinforcing bars,
decreased bond strength between reinforcing bars and
concrete, and the degradation of mechanical properties
of corroded reinforcing bars. Additionally, related dete-
rioration models were developed and applied.

In this study, the reduction in the elongation of dete-
riorated reinforcing bars, which significantly impacts
seismic performance, was newly considered. Gener-
ally, as the corrosion level of reinforcing bars increases,
the nominal yield strength and nominal elastic modu-
lus decrease, and the corrosion level is highly correlated
with the mechanical properties of reinforcing bars (Lee
& Cho, 2009; Lee et al.,, 2011). Furthermore, after ten-
sile testing, it was found that failure often initiates from
localized corrosion, such as pitting, leading to brittle fail-
ure with low strength and low elongation. The elongation
of reinforcing bars must be considered as it significantly
affects the ductility of RC members.

Elongation is determined by conducting a monotonic
tensile test on reinforcing bars and is calculated using

Eq. (1).
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Here, § denotes the elongation, [y represents the gauge
length, and [/ is the length between the gauge points
measured after fracture.

Final elongation is determined by testing the specimen
under a tensile load and measuring the elongation after
the reinforcing bar fractures. Additionally, the surface of
the specimen is marked before conducting the tensile test
to define the gauge length and verify the elongation of the
reinforcing bar.

When measuring the elongation of reinforcing bars
that have deteriorated due to aging and other factors,
fracture occurs after necking develops at a length smaller
than the measured elongation length once the ultimate
strength is reached. El-Joukhadar et al. (2023) proposed
Eq. (2) for the residual maximum elongation of corroded
reinforcing bars based on a regression analysis of experi-
mental data (see Fig. 1).
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Here, &, represents the ultimate elongation, ¢,

denotes the ultimate strain, and x is the average mass

reduction of the reinforcing bars.

2.2 Nonlinear Material Model Considering Deterioration

In this study, the deterioration model (Kim, 2022, 2023)—
developed to represent the reduction in cross-sectional
area due to the corrosion of reinforcing bars, degradation
in bond strength and ductility, and reduced strength due
to concrete cracks—was modified to suit the structural
behavior of hollow RC bridge piers deteriorated by aging
and other factors. Additionally, the elongation reduction of
deteriorated reinforcing bars, as discussed in the previous
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section, was incorporated. This process can be summarized
as follows:

The equation proposed by Bhargava et al. (Bhargava
et al., 2007), based on the pullout results of RC corrosion
test specimens, was applied to represent nonlinear behav-
ioral characteristics such as bond strength degradation due
to the corrosion of reinforcing bars. A realistic analytical
model of bond strength degradation is determined using
fracture mechanics combining the action of adhesion, con-
fining pressure and corrosion pressure at steel concrete
interface (Nepal et al., 2013).

Here, the bond strength degradation was calculated as
the ratio between the bond strength of uncorroded rein-
forcing bars and that of corroded reinforcing bars, accord-
ing to the level of corrosion.

Rape = 1.0 for C g, < 1.5% (3)
Rape = 1.192e017Cane for Cype > 1.5% (4)
W,
Cape = —2 100 (5)
dhc

Here, Ryj. represents the ratio between the bond
strength of uncorroded reinforcing bars and that of cor-
roded reinforcing bars, Cy;,. denotes the corrosion level,
AW is the average mass reduction of the reinforcing
bars, and W, denotes the mass of uncorroded reinforcing
bars.

Moreover, the reduction in the cross-sectional area of the
corroded reinforcing bars was represented using the fol-
lowing equation.

Agsgne = Asnc(1 — 0.01Cypc) (6)

30 40 50 60

Mass loss (%)
Fig. 1 Residual maximum elongation of corroded reinforcement vs mass loss (El-Joukhadar et al. (2023))
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Here, Ay denotes the cross-sectional area of the cor-
roded reinforcing bars, and Ay, represents the cross-sec-
tional area of the uncorroded reinforcing bars.

3 Nonlinear Finite Element Analysis Program
RCAHEST and Extended Damage Indices
3.1 Nonlinear Finite Element Analysis Program RCAHEST
In this study, a model that accounts for the reduction
in elongation and deterioration of reinforcing bars due
to aging and other factors, as described in Sect. 2, was
added to the nonlinear program RCAHEST (Reinforced
Concrete Analysis in Higher Evaluation System Technol-
ogy) (Kim, 2019, 2022, 2023; Kim et al., 2005, 2007, 2019)
developed to date. RCAHEST incorporates plane stress
elements, joint elements, and interface elements—all
developed by the authors—into the Finite Element Analy-
sis Program (FEAP) developed by Professor Taylor at UC
Berkeley (Taylor, 2000). The existing RC material model
serves as the nonlinear material model in the RCAHEST
program.

The non-orthogonal fixed crack model applied in this
study compensates for the drawback of the orthogonal
fixed crack model, which overestimates concrete stiffness
by restricting secondary cracks from forming orthogo-
nally to primary cracks (Kim et al., 2005). This allows for
a more realistic evaluation of concrete stiffness.

Based on these cracks, the mechanical behavior of
concrete before cracking is represented by the basic
concept of the elastic—plastic failure model for a biaxial
stress state, while nonlinearity becomes significant after
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cracks occur. For post-cracking nonlinearity, the tension
stiffening model, compression stiffness model, and shear
transfer model were applied according to the orthotropic
assumption of RC elements. As shown in Fig. 2, the ten-
sion stiffening model represents the tensile stress carried
by the concrete perpendicular to the cracks; the com-
pression stiffness model accounts for the degradation of
compressive stiffness parallel to the cracks; and the shear
transfer model addresses the shear transfer effect of the
cracked surface.

The post-yield behavior of reinforcing bars embedded
in concrete must be considered alongside the character-
istics of the reinforcing bars and the bond effect between
the concrete and the reinforcing bars. Stress does not
increase due to the yielding of reinforcing bars in the
cracked area. However, the internal stress within the
reinforcing bars increases, leading to a rise in the average
stress of the bars. As a result, the yield plateau phenom-
enon, typically observed in the stress—strain relationship
of the reinforcing bars alone, is not seen. This post-yield
behavior of reinforcing bars in the envelope region is rep-
resented by the bilinear model proposed by the authors,
as shown in Fig. 3.

Transverse confinement reinforcement increases the
ultimate strength and ultimate strain of concrete. As
a result, confined concrete exhibits superior resilience
and ductility compared to unconfined concrete when
subjected to earthquake loads (Mander et al, 1988).
In this study, a coefficient that adjusts the transverse
confinement effect according to the hollow dimension
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Fig. 3 Reinforcing bar model in concrete

ratio was incorporated into the model proposed by the
authors (Kim, 2019, 2022; Kim et al., 2005, 2007, 2019).
This model accounts for the amount of transverse con-
finement reinforcement, longitudinal reinforcement,
yield strength, and the arrangement of reinforcing bars,
regardless of the cross-sectional shape of the concrete.
Additionally, the mechanical properties of concrete
experiencing compressive failure were considered. It
was assumed that when compressive failure occurs in
the concrete surrounding the reinforcing bars, the rein-
forcing bars also buckle. In this case, the stress in the
reinforcing bars was considered to be 20% of the stress
obtained without accounting for buckling, consistent
with compressive failure in concrete (Kim, 2019, 2022;
Kim et al., 2005, 2007, 2019).

Moreover, local discontinuous displacements, such
as anchorage slip of reinforcing bars, penetration of the
joint surface, and sliding of the joint surface, occur in the
foundation of hollow RC bridge piers due to a sudden
change in cross-sectional stiffness at the joints between
members of different thicknesses. These local discontinu-
ous displacements were addressed by applying the inter-
face elements developed by the authors (Kim, 2019, 2022;
Kim et al., 2005, 2007, 2019).

3.2 Extended Damage Indices

The damage index developed in previous studies (Kim,
2019, 2022, 2023; Kim et al., 2005, 2007, 2019) is an innova-
tive method for evaluating the damage level of a structure,
as illustrated in Fig. 4. The damage index quantitatively rep-
resents the extent of damage to the structure under load

and reflects the performance characteristics of the entire
structure. Previous studies developed a technique to calcu-
late the damage index directly from the strain at the Gauss
integration points of each element, obtained during nonlin-
ear finite element analysis. To evaluate the seismic perfor-
mance of hollow RC bridge piers deteriorated by aging and
other factors, this study further extended the technique to
include the deterioration model and the reduction in elon-
gation of reinforcing bars, which influence the behavior.

A reliable nonlinear finite element analysis accounts for
stiffness degradation, strength reduction, fatigue damage,
and energy dissipation in hysteresis curves. Therefore, the
strain at the Gauss integration points of each element pro-
vides sufficient information for evaluating the level of dam-
age to the structure.

The performance level can be defined as the damage state
determined by the limit state and is obtained by calculat-
ing the damage indices DI ompressive and DI yeyi7. based on
the ultimate strain of concrete and reinforcing bars derived
from finite element analysis. As shown in Fig. 4, the failure
criteria can be classified into concrete compressive failure,
shear failure, and tensile failure of reinforcing bars. The fol-
lowing equations represent the damage indices extended
through this study:

20 — Ees \ >
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Fig. 4 Performance level assessment using an extended damage index

Here, DI compressive and DI 1,517 denote the compressive
and tensile damage indices, respectively, while ®. and ¢,
represent the fatigue parameters for concrete and rein-
forcing bars, respectively. Additionally, ., and &, are the
failure criteria based on the ultimate strains of concrete
and reinforcing bars, respectively, whereas e, and &
denote the compressive and tensile strains at the analysis
phase, respectively. ®, is the elongation reduction coef-
ficient for reinforcing bars that have deteriorated due to
aging and other factors.

A damage index of 0.0 indicates no damage, and a dam-
age index of 1.0 indicates failure. A damage index of 0.75
denotes the point of failure. A modified damage index
of 0.1 represents a state before the yielding of reinforc-
ing bars, with slight flexural cracks, indicating a fully

operational level. A damage index of 0.4 indicates that
the reinforcing bars have yielded and there are significant
flexural or shear cracks, resulting in spalling of the con-
crete cover. This damage index signifies an operational
level. Furthermore, a damage index of 0.75 represents a
state where reinforcing bars have begun to fracture, indi-
cating a collapse prevention level.

4 Numerical Examples

4.1 Hollow RC Bridge Pier Specimens

Reliable experimental results from previous studies (Kim
et al.,, 2014, 2019) were selected as numerical examples
to validate the proposed numerical analysis method and
to simulate mechanical behavior, such as the elongation
reduction of deteriorated reinforcing bars.
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The test specimens C-L and CC-80 from these studies
(Kim et al., 2014, 2019) were used as hollow RC bridge
pier specimens for the numerical example. Table 1 pre-
sents the material properties of these test specimens. For
this study, the test specimens were designated HC-D1
and HC-D2, with details of the experiment shown in
Fig. 5. The specimens were designed according to the
Highway Bridge Design Standard (Ministry of Land,
Infrastructure and Transport, 2015) and AASHTO LRFD
(AASHTO, 2012), with the amount of transverse confine-
ment reinforcement calculated based on a solid cross-
section and considering only the exterior transverse
reinforcement.

The outer diameter of the hollow RC bridge pier speci-
mens is 1400 mm, with inner diameters of 980 mm and
1,050 mm, respectively. Thus, the hollow dimension
ratios (inner diameter/outer diameter) are 0.70 and 0.75.
The height of the bridge pier specimens is 4,900 mm,
resulting in an aspect ratio of 3.5, which induces flexural
failure behavior (Kolozvari et al., 2018).

The hollow RC pier specimens were consistently sub-
jected to an axial force equivalent to 10% of the cross-
sectional axial strength (see Fig. 6). To ensure that the
axial force remained constant throughout the experi-
ment, a device equipped with a hydraulic pump was
used. Lateral loads were applied using a 3500 kN actua-
tor, and the drift ratio was incrementally increased to
0.25%, 0.50%, 1.00%, 1.50%, 2.00%, 2.50%, 3.00%, 3.50%,
4.00%, 4.50%, and 5.00%. Each drift ratio was tested for
two cycles. The number of displacement-controlled loads
was chosen to investigate variations in seismic response
characteristics for the same amplitude, changes in energy
dissipation capacity, and the effect on strength degrada-
tion after reaching the maximum load-carrying capacity
during seismic behavior.

To analyze the seismic behavior of the hollow RC
bridge pier specimens, load measurements were taken

Table 1 Properties of hollow RC bridge pier specimen
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using a load cell embedded in the actuator, while lateral
displacements were measured with a linear variable dif-
ferential transformer (LVDT). One LVDT was installed at
the foundation to monitor its movement, and two LVDTs
were positioned at the lateral loading point.

The quasi-static experimental results for these hollow
RC bridge pier specimens are detailed in Kim et al. (2014)
and Kim et al. (2019). The design values for load-bearing
capacity, ductility, and energy dissipation capacity were
well—satisfied. The analytical and experimental results
indicated that stiffness, strength, and damage progres-
sion are influenced by the hollow dimension ratios (inner
diameter/outer diameter), the amount and arrangement
of lateral reinforcement, longitudinal steel percentage
and the axial load ratio. Also, these parameters affected
the location of the neutral axis and failure mode at fail-
ure. These factors should be considered in design and
construction.

The HC-D1 specimen demonstrated a load-bearing
capacity of up to 120% of the design load and met the
required ductility of the bridge pier while exhibiting
stable energy dissipation capacity. Similarly, the HC-D2
specimen achieved a load-bearing capacity of up to 145%
of the design load, satisfied the required ductility, and
showed stable energy dissipation capacity. The experi-
mental results revealed that after horizontal cracks devel-
oped, concrete cover spalling and detachment occurred,
leading to the buckling of the longitudinal reinforcing
bars. As buckling progressed, internal concrete dam-
age ensued, eventually resulting in the fracture of the
longitudinal reinforcing bars. This fracture significantly
impacted the stiffness and strength of the hollow RC
bridge pier system.

4.2 Interpretation and Analysis of Experimental Results
In this study, nonlinear finite element analysis was con-
ducted by partitioning the elements, as shown in Fig. 7.

Specimen HC-D1 HC-D2

Cylinder concrete strength (MPa) 220 28.1

Longitudinal reinforcement (D19) /(%) 13 15
f,(MPa) 376.0 4083

Transverse reinforcement (D13) Ratio (Compared to code)

Outer 0.0047 (49%),

Inner 0.0047 (49%)

Quter 0.0047 (49%),
Inner 0.0047 (49%)

Space (mm) Outer @80, Quter @80,
Inner @80 Inner @80
fy(MPa) 343.0 405.7
Cross-tie (D13) Space (mm) 18@80 18@80
fe(MPa) 343.0 405.7
Axial force ratio P 0.1 0.1

fekAg
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Fig. 5 Hollow RC bridge pier specimen (Unit: mm): a HC-D1 and b HC-D2
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Fig. 6 Details of test setup

For the analysis of the hollow RC bridge pier specimens,
an equivalent transformed cross-section was utilized
(Fig. 7a, b) and a two-dimensional plane stress element
was applied (Fig. 7c).

For rectangular sections, equivalent strips are calcu-
lated. After the internal forces are calculated, the equi-
librium is checked. In this transformation of a circular
section to a rectangular section, a section with mini-
mum error was selected through iterative calculations
concerning the moment of inertia for the sectional and
area of concrete and reinforcements, to ensure that the
behavior was similar to the actual behavior of the hollow
RC bridge piers. Local discontinuous displacements—
such as anchorage slip of reinforcing bars, joint surface
sliding, and joint surface penetration—occurred in the
foundation of each hollow RC bridge pier specimen due
to abrupt changes in cross-sectional stiffness at joints
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between members with varying thicknesses. These dis-
placements were simulated using interface elements,
based on the discrete crack concept and assume that
stress occurs only perpendicular to and parallel with the
elements. Therefore, the nonlinear material model of RC
described in Sect. 3.1 was applied accordingly (Kim et al.,
2005, 2007).

The results of the nonlinear finite element analy-
sis using the proposed analytical model, along with
the experimental load—displacement relationships, are
shown in Fig. 8. The maximum load, hysteresis curve, and
post-failure behavior are in agreement.

The experimental hysteretic curves also shown in Fig. 8
exhibit asymmetry. It was found that the main reasons
were slip between base plate and column foundation, and
initial axial load eccentricity. However, the analytical hys-
teretic curves exhibit symmetry.
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Fig. 7 Finite element model for specimen (Unit: mm): a Transformation of a hollow circular pier to an idealized equivalent rectangular pier (HC-D1),
b Transformation of a hollow circular pier to an idealized equivalent rectangular pier (HC-D2) and ¢ Finite element mesh for specimen



Kim et al. Int J Concr Struct Mater (2025) 19:33

Load (kN)
o

————— Experiment
Analysis

-300 -200 -100 0 100 200 300
Displacement (mm)

(@)

Load (kN)
o
|

Experiment
Analysis

-300 -200 -100 0 100 200 300
) Displacement (mm)

Fig. 8 Comparison of experimental and analytical results: a HC-D1
and b HC-D2

The concrete cover detached at the plastic hinge region
due to repeated loading. After exhibiting significant
deformation capacity, the main reinforcing bar eventually
fractured due to repeated buckling and tensioning of the
exposed reinforcing bars (Kim et al., 2014, 2019).

4.3 A Parametric Study of Elongation Reduction

In this study, hollow RC bridge pier specimens, illus-
trated in Fig. 5 of Sect. 4.1, were selected for a parametric
study related to the elongation reduction of deteriorated
reinforcing bars due to aging and other factors, based on
varying corrosion levels.

Page 11 of 19

Corrosion levels were set at 7%, 14%, 20%, and 30%
according to results from previous studies (Kim, 2023).
To simulate the seismic performance degradation of
bridge structures due to chemical and physical factors,
the deterioration model described in Sect. 2 was inte-
grated into the validated nonlinear material model from
previous studies (Kim, 2019, 2022, 2023; Kim et al., 2005,
2007, 2019). This extended model was applied to the
elements corresponding to longitudinal and transverse
reinforcement. The developed nonlinear deterioration
model accounts for the loss of cross-sectional area due
to corroded reinforcing bars, reduction in bond strength
between reinforcing bars and concrete, and decrease in
ductility.

Figs. 9 10 compare the analytical results with the com-
parable results of HC-D1 and HC-D2 from the previ-
ous section, across corrosion levels of 7%, 14%, 20%, and
30%. These figures also include comparisons based on
whether the elongation of the deteriorated reinforcing
bars was reduced. The results indicate that an increase
in corrosion level reduces both the load-bearing capac-
ity and energy dissipation of the hollow RC bridge piers.
Additionally, the data demonstrate a direct relationship
between corrosion level and the seismic performance of
the hollow RC bridge piers.

Figs. 11, 12 illustrate the seismic performance evalua-
tion of hollow RC bridge pier specimens that deteriorated
due to aging and other factors by comparing changes in
the damage index with drift ratios and performance lev-
els. The results effectively simulate the behavior where
damage progresses with increasing corrosion levels.
These analytical results generally align with experimen-
tal observations, showing that inelastic deformation in
the plastic hinge region under seismic loading leads to
concrete cracking and shattering, resulting in damage or
failure.

Upon examining the damage index values from the
analytical results at each loading phase in Fig. 1la,
which does not account for the elongation reduction
of HC-D1, the following observations were made: at
a drift of 0.25%, the damage index is 0.05 for the test
specimen with 0% corrosion, 0.06 for the test specimen
with 7% corrosion, 0.06 for the test specimen with 14%
corrosion, 0.06 for the test specimen with 20% corro-
sion, and 0.06 for the test specimen with 30% corrosion.
At a drift of 1.00%, the damage index is 0.19 for the test
specimen with 0% corrosion, 0.21 for the test specimen
with 7% corrosion, 0.37 for the test specimen with 14%
corrosion, 0.39 for the test specimen with 20% corro-
sion, and 0.45 for the test specimen with 30% corrosion.
At a drift of 2.00%, the damage index is 0.43 for the test
specimen with 0% corrosion, 0.45 for the test specimen
with 7% corrosion, 0.45 for the test specimen with 14%
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Fig. 11 Comparison of results from the analytical results for HC-D1: a
Without elongation reduction and b With elongation reduction

corrosion, 0.75 for the test specimen with 20% corro-
sion, and 0.71 for the test specimen with 30% corro-
sion. At a drift of 3.00%, the damage index is 0.74 for
the test specimen with 0% corrosion, 0.80 for the test
specimen with 7% corrosion, 0.90 for the test speci-
men with 14% corrosion, 0.96 for the test specimen
with 20% corrosion, and 0.94 for the test specimen with
30% corrosion. In these analytical results, which do not
account for elongation reduction, a reversal phenome-
non is observed in some cases, where the damage index
decreases as the corrosion level increases.
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Upon examining the damage index values from the
analytical results at each loading phase in Fig. 11b,
which considers the elongation reduction of deterio-
rated reinforcing bars—a factor that greatly affects seis-
mic performance—the following observations were
made: at a drift of 0.25%, the damage index is 0.05 for
the test specimen with 0% corrosion, 0.06 for 7% cor-
rosion, 0.08 for 14% corrosion, 0.12 for 20% corrosion,
and 0.20 for 30% corrosion. At a drift of 1.00%, the
damage index is 0.19 for 0% corrosion, 0.27 for 7% cor-
rosion, 0.37 for 14% corrosion, 0.48 for 20% corrosion,
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and 0.71 for 30% corrosion. At a drift of 2.00%, the
damage index is 0.43 for 0% corrosion, 0.45 for 7% cor-
rosion, 0.61 for 14% corrosion, 1.00 for 20% corrosion,
and 1.00 for 30% corrosion. At a drift of 3.00%, the
damage index is 0.74 for 0% corrosion, 0.80 for 7% cor-
rosion, and 1.00 for 14%, 20%, and 30% corrosion levels.
These results show that the analytical model account-
ing for elongation reduction does not exhibit the rever-
sal phenomenon where the damage index decreases as
the corrosion level increases. Additionally, these results
effectively represent the seismic behavior in which
damage progresses as the corrosion level increases.

Table 2 summarizes these results for HC-D1 and com-
pares the ratios for cases that consider elongation reduc-
tion with those that do not.

Upon examining the damage index values from the
analytical results at each loading phase in Fig. 12a, which
does not consider elongation reduction for HC-D2, the
following observations were made: at a drift of 0.25%, the
damage index is 0.04 for specimens with corrosion lev-
els of 0%, 7%, 14%, and 20%, 0.05 for a corrosion level of
30%. At a drift of 1.00%, the damage index is 0.19 for 0%
corrosion, 0.29 for 7% corrosion, 0.30 for 14% corrosion,
0.22 for 20% corrosion, and 0.37 for 30% corrosion. At
a drift of 2.00%, the damage index is 0.34 for 0% corro-
sion, 0.33 for 7% corrosion, 0.35 for 14% corrosion, 0.37
for 20% corrosion, and 0.70 for 30% corrosion. At a drift
of 3.00%, the damage index is 0.51 for 0% corrosion, 0.55
for 7% corrosion, 0.73 for 14% corrosion, 0.56 for 20%
corrosion, and 0.70 for 30% corrosion. In these analyti-
cal results, which do not consider elongation reduction,
the reversal phenomenon occurs in some cases where the
damage index decreases as the corrosion level increases.

In contrast, when examining the damage index val-
ues from the analytical results at each loading phase in
Fig. 12b, which considers the elongation reduction of
deteriorated reinforcing bars—a factor that significantly
affects seismic performance—the following observations
were made: at a drift of 0.25%, the damage index is 0.04
for specimens with 0% corrosion, 0.05 for 7% corrosion,
0.07 for 14% corrosion, 0.09 for 20% corrosion, and 0.14
for 30% corrosion. At a drift of 1.00%, the damage index
is 0.19 for 0% corrosion, 0.29 for 7% corrosion, 0.37 for
14% corrosion, 0.49 for 20% corrosion, and 0.70 for 30%
corrosion. At a drift of 2.00%, the damage index is 0.34
for 0% corrosion, 0.43 for 7% corrosion, 0.60 for 14%
corrosion, 1.00 for 20% corrosion, and 1.00 for 30% cor-
rosion. At a drift of 3.00%, the damage index is 0.51 for
0% corrosion, 0.66 for 7% corrosion, and 1.00 for 14%,
20%, and 30% corrosion levels. In these results, which
account for elongation reduction, the reversal phenom-
enon where the damage index decreases as the corrosion
level increases does not occur. Furthermore, the behavior
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showing damage progression as the corrosion level
increases is well-represented in these analytical results.

Table 3 summarizes the results for HC-D2 and com-
pares the ratios for cases that account for elongation
reduction with those that do not.

As shown, the nonlinear analysis technique proposed
in this study effectively predicts the seismic behav-
ior of hollow RC bridge piers deteriorated due to aging
and other factors, providing an accurate assessment of
their ultimate strength. The proposed nonlinear analysis
method was validated to properly account for key design
variables, including corrosion level, yield strength and
ultimate strength of the reinforcing bars, and compres-
sive strength of the concrete. Additionally, the newly
extended damage index, which incorporates both the
deterioration model and elongation reduction in rein-
forcing bars affecting behavior, effectively evaluates seis-
mic performance. Therefore, this extended damage index
is considered a valuable tool for analytically assessing the
seismic performance of hollow RC bridge piers subjected
to deterioration from aging and other factors.

5 Conclusions

This study presents an analytical technique for under-
standing the seismic behavior and evaluating the seismic
performance of hollow RC bridge piers deteriorated by
aging and other factors, with a deterioration model incor-
porated into the validated nonlinear finite element analy-
sis program RCAHEST for RC structures. Additionally, a
damage index was extended to account for the elongation
reduction in reinforcing bars and was used to conduct a
reliable analytical parametric study on deteriorated hol-
low RC bridge pier specimens. The following conclusions
were drawn:

(1) The performance degradation of hollow RC bridge
piers owing to reinforcing bar corrosion and con-
crete detachment was accurately predicted by
applying a reliable deterioration model that rep-
resents the reduction in the cross-sectional area
of reinforcing bars due to corrosion, as well as the
reduction in strength due to concrete cracking and
cover detachment.

(2) In this study, the seismic performance of hollow RC
bridge piers deteriorated due to aging and other fac-
tors was assessed using an extended damage index.
This index numerically represents the extent of
damage to the structure owing to drift and reflects
the overall performance characteristics of the struc-
ture. The study proposes a novel seismic perfor-
mance evaluation technique that can be applied to
performance-based seismic design.
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(3) The reversal phenomenon of the damage index
observed in the performance phase owing to drift
was reasonably addressed by incorporating elonga-
tion, a residual material property of corroded rein-
forcing bars obtained through regression analysis of
reliable test data.

(4) The analytical seismic performance evaluation
technique proposed based on a series of experi-
mental and analytical results effectively evaluated
the seismic response and performance of hollow
RC bridge piers that have deteriorated due to aging
and other factors. Consequently, this technique can
serve as an analytical alternative to experimental
seismic performance evaluations, which are lim-
ited by time and cost. Additionally, it can be used
for more rational seismic design and evaluation by
accounting for the level of deterioration caused by
environmental factors.

(5) Precisely investigating the bond stress—slip relation-
ship, bond strength with concrete, and elongation
while considering both uniform and pitting corro-
sion in future research would help accurately track
seismic behavior including shear-related damage,
such as ductility. Future research will include more
environmental factors like freeze—thaw cycles or
chloride-induced corrosion and sensitivity analysis
for impact of elongation reduction across a wider
range of drift ratios. Also, future research will
include sensitivity analysis to quantify the influence
of varying these parameters such as mechanical
properties on seismic response. This advancement
is expected to enable the analytical evaluation of
existing aging railroad facilities and provide essen-
tial data for maintenance and improvement pro-
jects.
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