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ABSTRACT 
 

The Self-Centering bridge pier has good seismic performance, which is in line with 
the design concept of post-earthquake resilience. However, the coastal bridges are in a 
complex environment, and their seismic performance decline severely due to 
chloride-induced corrosion during their lifecycles. In this paper, the OpenSEES model of 
the Self-Centering bridge pier was established by considering the effect of 
chloride-induced corrosion on the reinforcement through the section loss rate, and its 
accuracy was verified by the quasi-static test results of Self-Centering pier in existing 
literature. This paper focuses on the effect of chloride-induced corrosion on 
energy-dissipating reinforcement and prestressed reinforcement of Self-Centering pier 
under four cases. The results show that the influence of chloride-induced corrosion on 
the seismic behavior of self-centering pier is small when the loss rate of reinforcement 
section is low. Both the seismic behavior and Self-Centering behavior decrease 

gradually, when the section loss rate increases with chloride-induced corrosion of 

reinforcement. 
Keywords: Self-Centering bridge pier, chloride-induced corrosion, Seismic 
performance 
 
 

1. Introduction 

 
The bridge pier is the main component of the bridge structure that plays the function 
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of resisting lateral force, and its seismic performance is very important for the seismic 
research of the bridge structure. Traditional reinforced concrete piers often have large 
residual drift after an earthquake and are not easily repaired. Mander (1997) proposed 
the concept of damage free design for swaying piers based on swaying structures. 
These piers could reduce structural damage and residual displacement after an 
earthquake but have a very weak energy dissipation capacity. In order to solve the 
problem of insufficient energy dissipation capacity of prestressed connection piers, 
Palermo (2004) proposed a Self-Centering pier with unbonded prestressing tendons 
and built-in energy dissipation rebars. Palermo (2005) started a comparative analysis of 
the proposed static forces between a normal bridge pier and a Self-Centering pier with 
energy dissipation rebars, which proved that the Self-Centering pier had a better 
recovery capacity. Guo (2021) elaborated the basic mechanical characteristics of 
Self-Centering bridge pier structures and proposed a mechanical analysis model of 
self-centering section structures as well as a finite element model, further enriching the 
research methods of self-centering piers. 

The structural performance of coastal bridge structures is inevitably degraded 
during their lifecycles due to long-term chloride-induced corrosion. Li (2015) proposed a 
seismic response analysis method for coastal bridge structures considering the effects 
of chloride-induced corrosion in conjunction with existing chloride-induced corrosion 
models. Li (2015) studied the onset of corrosion and the magnitude of corrosion rate of 
main reinforcement and stirrup in pier sections under chloride-induced corrosion. In 
addition, developed a model for the degradation of the diameter and yield strength of 
reinforcement and analyzed the effect of material degradation on the seismic 
performance of bridge piers under three cases: longitudinal reinforcement corrosion, 
stirrup corrosion, and considering both longitudinal and stirrup corrosion. The seismic 
performance of reinforced concrete piers was analyzed by Cheng (2017), considering 
the mechanical degradation of the longitudinal reinforcements and bond degradation of 
the piers. Cao (2021) studied the influence of different design parameters on the seismic 
performance and seismic response of Precast Segmental Bridge Column, and 
conducted a vulnerability analysis on the seismic performance of piers due to corrosion 
of reinforcement. In the study of bridge structures subjected to chloride-induced 
corrosion, more research has been conducted on the seismic performance of traditional 
reinforced concrete bridges and seismically isolated bridge structures subjected to 
chloride-induced corrosion, structural seismic response and seismic susceptibility 
analysis, while less analysis has been conducted on the seismic performance of 
Self-Centering piers subjected to chloride-induced corrosion, which needs further 
research. 

The Self-Centering piers meet the requirements of low damage and Self-Centering 
of the post-earthquake structure, and have good seismic performance, which has been 
widely used in cross-sea bridge structures in recent years. The seismic performance of 
coastal bridge structures has been greatly affected by long-term chloride-induced 
corrosion. In order to avoid aggravating structural damage due to chloride-induced 
corrosion, it is necessary to study the seismic performance of Self-Centering piers after 
corrosion. The paper will further analyze the changes in the hysteretic and seismic 
performance of Self-Centering pier under different chloride-induced corrosion rates. 
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2. Numerical simulation method for reinforced concrete bridge pier considering 

the effect of chloride-induced corrosion 

 

2.1 Modeling method for Self-Centering reinforced concrete pier 

Based on the OpenSEES finite element platform, the Self-Centering bridge pier 
model was established by referring to the uniformly distributed zero-length spring model 
proposed by Zhong (2021), and the joint was simulated with zero-length springs of 
Elastic-No Tension material, which were considered to be under compression only. With 
the bottom nodes of the zero-length springs consolidated and the top nodes linked to 
each other by rigid arms, the Elastic-No Tension material stiffness was obtained 
according to the empirical equation suggested by Si (2017), as shown in Eq. (1). 

cE A
E

Ln
= ,  

(1) 

Where: cE  is the modulus of elasticity of the concrete; A  is the cross-sectional area of 

the pier; L takes the effective pier height; n  is the number of zero-length springs;   is 
the empirical coefficient and takes a value in the range of 1.0 to 2.0. 

The initial strain was applied using ElasticPP material to simulate unbonded 
prestressing reinforcement, the top of which was connected to the top node of the pier 
body by a rigid arm and the bottom node was consolidated (Sun 2019). Simulation of the 
main body of the pier with an elastic beam unit improves the convergence of the 
numerical model and increases the efficiency of the calculation (Zhong 2021), with the 
bottom node of the pier consolidated. The modulus of elasticity of the elastic beam unit 

is calculated as follows. The modulus of elasticity of the elastic beam unit cE  is 

calculated as shown in Eq. (2) 
'

,4700 f ,c c cyE =  

(2) 

Where: 
'

,c cyf  is the compressive strength of the cylinder. 

The ReinforcingSteel material was used to simulate the energy-dissipating 
reinforcement, with the bottom node of the energy-dissipating reinforcement 
consolidated and the top node connected to the corresponding node of the pier body by 
a rigid arm unit. As the strain permeability effect at the anchored end of the 
reinforcement, the length of the unbonded section of the energy-dissipating 
reinforcement in the numerical simulation (Zhong 2021) should be greater than the 
length of the unbonded section considered adopting Eq. (3) 

0 0ub eqL L L L  + ,  

(3) 

Where: 0L is the length of the unbonded section; ubL the length of the unbonded section 

in the numerical model; 2 0.044eq sp y bL l f d= = , yf is the yield strength of the reinforcement, 

bd  is the diameter of the reinforcement. 

 

2.2 Model reliability verification 
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Simulation and model reliability verification based on the HBD1 specimen 
completed by Palermo (2007). As shown in Fig. 1, The HBD1 specimen is a 
scaled-down model with a pier cross-sectional area of 350mm*350mm and a pier height 
of 1600mm, and the superstructure weight and prestressing force are characterized by 
applying a prestressing force of 100KN to each of two prestressing reinforcements with 
a cross-sectional area of 99mm2.The yield strength of the prestressing reinforcement is 
1600MPa and the ultimate strength is 1870KN. Four energy-dissipating reinforcement of 
Grade 300 and diameter 16mm are used. The yield strength of the energy-dissipating 
reinforcement is 304MPa and the length of the unbonded section is 50mm. The 
compressive strength of the pier concrete is 54.1MPa and the ACI loading regime is 
used. The specimen diagram and loading regime are shown in Fig. 1.     

 
 

(a) Test specimen diagram                            (b) Test loading regime 

Figure 1 Test profile diagram 

 

(a) Comparison of hysteresis curves         (b) Comparison of prestressing tendon stresses 

Figure 2  Comparison of numerical simulation and test results 
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As can be seen from Fig. 2, the simulated stiffness, strength, residual drift and 
unloading path of the specimen are in good agreement with the test results, and the 
hysteresis curves are similar, so the numerical analysis model can simulate the 
hysteresis performance of the Self-Centering pier. When the maximum stress of the 
prestressing tendon reaches 0.8 times the ultimate strength, it starts to enter the plastic 
stage (Gu 2017), so the calculation is suspended when the maximum stress of the 
prestressing tendon reaches 0.8 times the ultimate strength. It can be seen that the 
numerical analysis model fits well with the test results in the negative direction of loading, 
and the stress in the positive prestressing reinforcement is greater than the test results. 
The maximum value of the negative prestressing reinforcement stress is 113MPa and 
the maximum experimental value of the positive prestressing reinforcement stress is 
136MPa, while the maximum value of the negative prestressing reinforcement stress is 
112MPa and the maximum stress of the positive prestressing reinforcement stress is 
141.5MPa in the numerical analysis model, with errors of 0.88% and 4% respectively. 
Therefore, it can be proved that the numerical analysis model can better simulate the 
force characteristics of the prestressing reinforcement in the Self-Centering pier. 

 

2.3 Methods for considering the effect of chloride-induced corrosion 

Wang (2006) established three corrosion models for uniform corrosion of 
reinforcement, pit corrosion and uniform and pit rust simultaneously. Chloride-induced 
corrosion not only brings about loss of reinforcement cross-section, but also leads to 
degradation of the mechanical properties of reinforcement. The reinforcement corrosion 
rate is generally defined as the ratio of the mass loss of the reinforcement due to 
corrosion to the initial mass of the reinforcement (%), which can be simplified to the ratio 
of the reinforcement cross-sectional loss to the initial cross-section of the reinforcement 
if the effect of corrosion on the rebar length and remaining part density is ignored 
(Cheng 2019), as shown in Eq. (4) 

,s sc
s

s

A A

A


−
=  

(4) 

Where: sA is the cross-sectional area of the reinforcement before corrosion; scA is the 

cross-sectional area of the reinforcement after corrosion. 
The loss of reinforcement diameter due to chloride-induced corrosion can be 

discounted by Eq. (5) 

1.0 ,sc s sd d= −  

(5) 

Where: sd is the diameter of the reinforcement before corrosion; scd is the diameter of 

the reinforcement after corrosion. 
The mechanical properties of the prestressing reinforcement (Yu 2013) and 

energy-dissipating reinforcement (Cheng 2019) subjected to chloride-induced 
corrosion can be calculated using Eq. (6)-(9) 

(1.0 ) ,yc y s yf f = −  

(6) 
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Where: yf is the yield strength of the reinforcement before chloride-induced corrosion; 

ycf is the yield strength of the reinforcement after chloride-induced corrosion; uf is the 

ultimate strength of the reinforcement before chloride-induced corrosion; ucf is the 

ultimate strength of the reinforcement after chloride-induced corrosion; y and u is 

0.49 and 0.65 for bright round reinforcement and 0.12 and 0.15 for reinforcement, 

respectively; pyf is the yield strength of the prestressing reinforcement before 

chloride-induced corrosion; pycf is the yield strength of the prestressing reinforcement 

after chloride-induced corrosion; puf  is the ultimate strength of prestressing 

reinforcement before chloride-induced corrosion; pucf is the ultimate strength of 

prestressing reinforcement after chloride-induced corrosion. 
In this paper, the seismic performance of Self-Centering pier subjected to c 

chloride-induced corrosion is analyzed by analyzing the residual drift ratio and the 
secant stiffness. The two parameters are defined as shown in Eq. (10)-(11) 

,
peak peak

m

peak peak

F F
K

D D

+ −

+ −

−
=

−
 

(10) 

Where: mK  is the secant stiffness; peakF+
, peakF−

 are the forward peak horizontal load and 

reverse peak horizontal load of the hysteresis loop respectively; peakD+
, peakD−

are the 

maximum forward horizontal displacement and reverse horizontal displacement of the 
hysteresis loop respectively. 

1
100%,

2

r r
r

D D

L


+ −+
=    

(11) 

Where: mK  is the residual drift ratio; peakF+
, peakF−

 are the forward peak horizontal load 

and the reverse peak horizontal load of the hysteresis loop, respectively; peakD+
, peakD−

are 

the maximum forward horizontal displacement and reverse horizontal displacement of 
the hysteresis loop, respectively. 
 

3. Effect of chloride-induced corrosion on reinforcement on the hysteresis 

performance of bridge pier 
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This section analyzes the effect of chloride-induced corrosion on the equivalent 

yield drift, equivalent yield strength and cumulative hysteresis energy dissipation of the 
Self-Centering pier for a 3% drift ratio at the top of the pier by considering only 
prestressing reinforcements corrosion, only energy-dissipating reinforcements corrosion 
and both prestressing reinforcement and energy-dissipating reinforcements corrosion. 

3.1 Considering the effect of prestressing reinforcement corrosion only 

  

(a) hysteresis curve                           (b) skeleton curve  

Figure 3  Considering prestressing reinforcements corrosion only 

 

Table 1 Displacement, load and hysteresis energy dissipation considering 

prestressing reinforcements corrosion only 

Corrosion 

rate (%) 

Equivalent yield 

displacement/mm 

Equivalent yield 

strength/KN 

Cumulative hysteresis 

energy dissipation /KN mm 

0% 42.064 53.469 32262 

1% 42.074 53.003 32292 

5% 41.898 51.983 32373 

10% 40.825 49.965 32602 

 
As shown in Fig. 3, when only the prestressing reinforcements are corroded, the 

skeleton curves follow the same trend for different chloride-induced corrosion rates, the 
horizontal forces all decrease, and the equivalent yield displacement and equivalent 
yield strength of the bridge piers show a decreasing trend. As shown in Tab. 1, when the 
corrosion rate is 1%, there is no significant change in the equivalent yield displacement 
and equivalent yield strength. When the corrosion rate is 5%, the equivalent yield 
displacement decreases by 0.39% and the equivalent yield strength decreases by 
2.78%. When the corrosion rate is 10%, the equivalent yield displacement is reduced by 
2.95% and the equivalent yield strength is reduced by 6.55%. The cumulative hysteretic 
energy dissipation does not change significantly as the Self-Centering piers rely mainly 
on energy-dissipating reinforcement. 
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3.2 Considering the effect of corrosion of energy-dissipating reinforcements only 

  

(a) hysteresis curve                          (b) skeleton curve  

Figure 4 Considering energy-dissipating reinforcements corrosion only 

 

Table 2 Displacement, load and hysteretic energy dissipation for energy-dissipating 

reinforcements corrosion only 

Corrosion 

rate (%) 

Equivalent yield 

displacement/mm 

Equivalent yield 

strength/KN 

Cumulative hysteresis 

energy dissipation /KN mm 

0% 42.064 53.469 32262 

1% 42.029 52.878 31864 

5% 42.001 51.467 30227 

10% 41.989 49.750 28207 

 

As shown in Fig. 4, when only the energy-dissipating reinforcements are corroded, 
the hysteresis curve gradually becomes less full as the corrosion rate increases, the 
horizontal force of the skeleton curve both decrease, and the equivalent yield strength 
and cumulative hysteresis energy dissipation of the bridge pier also show a decreasing 
trend, with no significant change in the equivalent yield displacement. As shown in Tab. 
2, when the corrosion rate is 1%, the equivalent yield strength decreases by 1.1% and 
the cumulative hysteretic energy decreases by 1.23%. When the corrosion rate is 5%, 
the equivalent yield strength decreases by 1.1% and the cumulative hysteresis energy 
consumption decreases by 1.23%. When the corrosion rate is 10%, the equivalent yield 
strength is reduced by 6.95% and the equivalent yield displacement is reduced by 
0.18%. With the energy-dissipating reinforcements providing the main energy 
dissipation capacity, the cumulative hysteresis energy dissipation is reduced by 12.57% 
and the energy dissipation capacity of the bridge pier is significantly reduced. 

 

3.3 Simultaneous consideration of prestressing and energy-dissipating 

reinforcements corrosion effects 
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(a) hysteresis curve                          (b) skeleton curve  

Figure 5 Consider both prestressing reinforcements and energy-dissipating 

reinforcements corrosion 

 

Table 3 Displacement, load and hysteretic energy dissipation both prestressing and 

energy-dissipating reinforcements corrosion 

Corrosion 

rate (%) 

Equivalent yield 

displacement/mm 

Equivalent yield 

strength/KN 

Cumulative hysteresis 

energy dissipation /KN mm 

0% 42.064 53.469 32262 

1% 42.059 52.644 31879 

5% 41.897 50.203 30322 

10% 40.733 46.442 28524 

 

As shown in Fig. 5, with the effect of corrosion of both prestressing and 
energy-dissipating rebars considered, the hysteresis curve fullness is further reduced, 
the skeleton curve horizontal force is significantly reduced, and the equivalent yield 
displacement, equivalent yield strength and cumulative hysteresis energy dissipation of 
the piers all show a decreasing trend. As shown in Tab. 3, when the corrosion rate is 1%, 
the equivalent yield displacement does not decrease significantly, the equivalent yield 
strength decreases by 1.54% and the cumulative hysteresis energy dissipation 
decreases by 1.19%. When the corrosion rate is 5%, the equivalent yield displacement 
decreases by 0.4%, the equivalent yield strength decreases by 6.1% and the cumulative 
hysteresis energy dissipation decreases by 6%. When the corrosion rate is 10%, the 
equivalent yield displacement is reduced by 3.16% and the equivalent yield strength and 
cumulative hysteresis energy dissipation are significantly reduced by 13.14% and 
11.59% respectively. 

 

4. Effect of corrosion rate on the seismic performance of bridge pier 

 

4.1 Influence of corrosion rate on the Self-Centering capability of bridge pier 

The Self-Centering capability of Self-Centering piers can reduce the 
post-earthquake residual drift and is an important indicator to evaluate the level of 
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structural toughness. In this section, with reference to the equation defined by Cao Yang 
(2021) for evaluating the Self-Centering capacity of bridge piers based on the residual 
drift ratio, the variation of the Self-Centering capacity of bridge pier under different 
chloride-induced corrosion rates when the displacement ratio of the pier top is 3% is 
analyzed. 

 

 
Figure 6 Comparison of residual drift ratio at different corrosion rates 

 

As shown in Fig. 6, when the chloride-induced corrosion rate is low, there is no 
significant change in the residual drift ratio of the Self-Centering pier, and as the 
corrosion rate increases, the residual drift ratio increases when only the corrosion of 
prestressing reinforcements is considered. When only energy-dissipating 
reinforcements corrosion is considered, the residual drift ratio becomes smaller as the 
corrosion rate increases. When considering both prestressing and energy-dissipating 
reinforcements corrosion, the chloride-induced corrosion rate increases to 10%, the 
Self-Centering performance of the Self-Centering pier decreases and the residual drift 
ratio increases by 19%. 

 

4.2 Effect of corrosion rate on pier stiffness 

The stiffness controls the structural deformation and is an important indicator of the 
seismic performance of the structure. This sub-section uses the secant stiffness to 
analyze the degradation of the pier stiffness at different rates of chloride-induced 
corrosion. It is concluded that the Self-Centering performance and energy dissipation 
capacity of the Self-Centering pier gradually decrease as the corrosion rate of 
chloride-induced increases. 

 

Figure 7 Secant Stiffness of pier at different corrosion rates 
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As shown in Fig. 7, the reduction in secant stiffness is more pronounced when both 
prestressing and energy-dissipating reinforcement corrosion are taken into account, but 
the reduction in secant stiffness is not significant when the corrosion rate is 1%. At an 
corrosion rate of 5%, the secant stiffness decreases by 2.57%, 4.03% and 6.05% for 
prestressing reinforcements corrosion only, energy-dissipating reinforcements corrosion 
only and both prestressing reinforcements and energy-dissipating reinforcements 
corrosion respectively. When the corrosion rate is 10%, the secant stiffness decreases 
by 4.58%, 7.38% and 11.45% for prestressing reinforcements corrosion only, 
energy-dissipating reinforcements corrosion only and energy-dissipating reinforcements 
corrosion simultaneously, respectively. 

 
 

5. Conclusion 

 

(1) The comparison shows that as the corrosion rate of the force reinforcement 
increases, the Self-Centering pier skeleton curve changes significantly, the horizontal 
force decreases, the fullness of the hysteresis loop decreases and the cumulative 
hysteresis energy dissipation is reduced. 

(2) When the corrosion rate is small, the hysteresis performance and seismic 
performance of the pier are not significantly reduced. When the corrosion rate increases 
further, the equivalent yield strength, yield drift, energy dissipation capacity and 
structural stiffness of the pier are significantly reduced, the residual drift ratio increases 
and the structural drift increases. Prestressing reinforcement corrosion mainly affects 
the equivalent yield strength, which is reduced by 13.14% when considering both 
prestressing reinforcements and energy-dissipating reinforcements corrosion. 
Energy-dissipating reinforcements corrosion have a greater impact on the energy 
dissipation capacity of the bridge pier, and when both prestressing and 
energy-dissipating reinforcements corrosion are considered, the cumulative hysteretic 
energy dissipation decreases by 11.59%. 

(3) With the increase of chloride-induced corrosion rate, the secant stiffness and 
residual drift ratio of the structure considering both prestressing and energy-dissipating 
reinforcements corrosion decrease, the structural deformation increases, and the 
seismic performance decreases. 
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