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Abstract: One of the influential factors in estimating the service life of reinforced concrete bridges 

(RCB) is determining the long-term seismic performance of these structures. Corrosion due to chlo-

ride ion diffusion leads to the destruction of critical members of the RCB during the useful life of 

the structure. So, the long-term seismic performance of the bridge deteriorates as a result. It is es-

sential to study the effect of corrosion deterioration on the long-term seismic performance of bridges 

in the southern regions of Iran, near the coasts of the Persian Gulf and the Oman Sea, because of the 

seismicity of the region and high corrosion rate of reinforced concrete (RC) members is the result of 

environmental conditions. In order to investigate this issue, considering studies about environmen-

tal conditions of southern Iran, the onset time of corrosion in the columns, as seismic critical mem-

bers of the bridge, was determined. Based on that, the corrosion's effect on characteristics of RC at 

specific time points during the bridge's useful life (0, 15, 30, 45, 60, 75 and 90 years) have been cal-

culated. The effects of corrosion include deterioration of the core and cover concrete properties, steel 

bar and the connection between concrete and steel bar. In the next step, at each time point, according 

to the modified stress-strain relationships, the moment-curvature analysis of the bridge pier was 

done, and the properties of the plastic hinge were determined. Finally, based on the obtained data 

about plastic hinge characteristics at each time point, overload analysis of the bridge was performed 

in both longitudinal and transverse directions. Then the capacity curves of RCB were compared at 

the mentioned time-points. The results show that the capacity of the bridge deteriorates over time 

due to corrosion. Therefore, a proposal to increase the value of base shear design has been made to 

ensure the long-term seismic performance of RCB in corrosive environments. 

Keywords: reinforced concrete bridge (RCB); chloride corrosion; seismic performance; plastic hinge; 

overload analysis 

 

1. Introduction 

The prevailing demolition mechanism for concrete bridges in marine environments 

with high humidity and salt concentration is corrosion due to chloride ions diffusion. Cor-

rosion significantly reduces the bearing capacity and ductility of RC structures in chlo-

ride-rich environments [1, 2]. During the service life of the structure, a gradual decrease 

in the performance of these structures is due to cracking, destruction of cover concrete [3], 

reduction of core concrete strength [4], cross-section reduction of steel rebar and deterio-

ration of its mechanical characteristics [5, 6] as well as reduction of connection between 

concrete and steel bar [7, 8]. The long-term performance of bridges and their service life is 

a significant issue for maintenance, improvement and repair of such structures. One of the 

effective factors in estimating the service life of RCB in seismic areas is determining the 

long-term seismic performance of these structures. Corrosion due to chloride ion diffusion 

leads to the destruction of critical members of the RCB during the useful life of the struc-

ture and thus degrades the long-term seismic performance of the bridge. Therefore, it can 

be concluded that the RCB that has been designed based on seismic requirements of a 

specific regulation cannot have the same safety margin as the critical members of the 
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bridge that suffer significant corrosion. Methods for evaluating the seismic performance 

of RCB in corrosive conditions during their useful life are important to ensure the safety 

of the structure and provide an appropriate strategy for structure maintenance. Some 

studies have been done recently regarding this subject. In most of these studies, the seis-

mic performance of RCB, subjected to corrosion damages, were investigated using the 

concepts of brittleness curve, structure reliability and finally cost estimation of the struc-

ture. The time-dependent reliability of RCB with different structural systems exposed to 

long-term invasive chloride environments has been investigated in various studies [9 and 

10]. Decreased reliability of structures is due to the long-term effect of corrosion. Based on 

corrosion-induced decay, a kind of probabilistic evaluation method has been proposed to 

estimate the service life and maintenance strategies of structures under corrosion [11]. 

Various approaches have been proposed to investigate the general effects of corrosion on 

the RC members' properties as well as this issue on the structural system's response and 

their design [14-12]. A study was done to investigate the combined effect of the cumula-

tive damage caused by multiple earthquakes and corrosion-induced decay during the use-

ful life of RCB on the seismic fragility curve of the bridge [15]. The fragility cure deter-

mines the probability of the bridge's failure in a given seismic intensity measurement at a 

given time. Numerous studies have been conducted on the development of the seismic 

fragility curve of RCB subjected to corrosion [18-16]. Studies show that increasing the 

probability of failure in certain seismic intensities is proportional to the increase in time 

and level of corrosion occurred in the structure. From another perspective, general ap-

proaches for various types of nonlinear analysis of concrete bridges under corrosion are 

presented [19, 20]. The southern regions of Iran near the shores of the Persian Gulf and 

the Oman Sea are one of the most corrosive environments in the world due to high tem-

perature and humidity, strong winds, high-temperature fluctuations and high chloride 

concentration [21]. Due to high intensity of corrosion of RC members caused by environ-

mental conditions as well as seismicity of the region, it will be important to investigate the 

effect of corrosion deterioration on long-term seismic performance of bridges in these ar-

eas. In this study, the effect of chloride corrosion on the long-term seismic performance of 

RCB in this area has been investigated using nonlinear (overload) static analysis. First, the 

onset time of corrosion in the RC columns of the bridge is estimated. Then the possible 

effects of corrosion, including decay of core and cover concrete properties, longitudinal 

and transverse steel and the connection between concrete and steel at specific time-points 

on the useful life of the bridge are calculated. In the next step, based on the material model 

developed in the previous section, the moment-curvature analysis of the columns was 

performed at selected time points and based on them, the behavioral characteristics of the 

columns' plastic hinge were determined. Finally, the bridge's overload analysis in both 

longitudinal and transverse directions has been done in these time-points, and the capac-

ity curves of the bridge have been developed. Comparison of the obtained capacity curves 

shows the reduction of bridge capacity in both longitudinal and transverse directions over 

time due to the effect of corrosion. By comparing the obtained values, a proposal to in-

crease the base shear value is given in order to ensure the long-term seismic performance 

of the RCB in corrosive environmental conditions. Under aggressive marine environment, 

the offshore reinforced concrete structures are vulnerable to the attack of various harmful 

ions like sulfate ions, chloride ions and magnesium ions [22]. In addition, the chloride-

induced reinforcement corrosion can also significantly influence the durability of concrete 

structures [23, 24]. Chloride ions normally exist in pore solution in the form of free ions or 

be bound by the hydrated product which could slow down the ingress of chlorides [25-

27]. 
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2. Effects of Corrosion on Properties of the Materials 

This section describes how to model all possible effects of corrosion (due to the chlo-

ride ions penetration) on the mechanical properties of the materials. These effects include 

the deterioration of the unconfined concrete (cover) and confined concrete (core) proper-

ties, longitudinal and transverse steel bar and the connection between concrete and steel. 

2.1. Corrosion onset Time and Corrosion Level 

The deterioration of the structures related to the corrosion process of steel bar con-

sists of three phases: the first phase as the diffusion phase in which chloride ions are dis-

persed on the surface of the steel bar, the second phase as the developing phase from the 

onset of corrosion to when cover concrete starts cracking. The third phase is the decay 

phase which is the phase after the onset of cracking. In order to simulate the theory and 

mathematics of the mentioned phases, several models of chloride ion corrosion have been 

proposed based on Fick's second law. According to the developed models, the concentra-

tion of concrete chloride is a function of depth and time on a one-dimensional solution of 

Fick's second law [1]. 

�(�, �) = �� �1 − erf (
�

2��� × �
)� (1)

Where: 

C(x, t): Concrete chloride concentration 

Cs: Chloride concentration at the surface 

Ds: Apparent chloride diffusion coefficient 

X: Depth from the concrete surface 

t: Time 

erf (): Error function 

 

Steel bar corrosion begins once the chloride concentration at the bar surface reaches 

the critical chloride concentration. Based on the existing environmental conditions, differ-

ent functions have been introduced for the critical chloride concentration and corrosion 

onset time. Considering that this study is about the RCB in southern Iran, adjacent to the 

Persian Gulf, the proposed function has been used for this specific region. In this study, 

the onset time of corrosion is proposed as a result of laboratory studies (simulated envi-

ronmental conditions of the Persian Gulf and Oman Sea) as well as experimental studies 

in real corrosive environmental conditions of the southern regions [28]: 

����� = 0.75(
��

��

)��  (2)

Where: 

TCorr: Onset time of corrosion (year) 

dc: Thickness of steel bar coat (mm)  

B1 and C1: Fixed coefficients 

 

Coefficients B1 and C1 depend on the water-cement ratio and the percentage of micro-

silica used in the concrete mixture design. The diameter of the steel bar in RC decreases 

over time due to corrosion. Based on the calculated corrosion onset time, the following 

equation is proposed to calculate the reduced diameter of the corrosion-induced steel bar 

[29]: 

�� = ��� −
1.0508(1 − � �⁄ )��.��

��

(� − �����)�.�� (3)

Where: 

db: Reduced steel bar diameter 

dbi: Initial diameter of steel bar 
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w/c: water-cement ratio 

Based on the reduced diameter of the steel bar due to corrosion, the amount of cor-

rosion (ΔCorr) is defined as follows: 

∆����=
��

� − ���
�

���
� × 100 (4)

First, corrosion occurs in the bar, and then, due to the expansion of the corrosion 

products, cracking occurs in the cover and core concrete. 

2.2. Effect of Corrosion on Unconfined Concrete (Cover) Properties 

The volumetric expansion of corrosion products of steel reinforcement causes perim-

eter tensile stress and development of tensile strain in concrete and ultimately leads to 

cracking and rupture of cover concrete. The created perimeter tensile strain is calculated 

as follows [20]: 

�� =
∑ ���

��

 (5)

Where:  

ɛr: Transverse tensile strain 

Ʃwcr: Crack width of the entire longitudinal and transverse bar (mm) 

b0: Concrete cross-section circumference (mm) 

 

The corresponding crack width for steel bars is determined using the following equa-

tion: 

��� = �(��� − 1)(2�) (6)

Where: 

2x: Reduced diameter of the steel bar due to corrosion 

vrs: Expansion coefficient of steel bar diameter due to corrosion 

 

The value of vrs coefficient in this study is considered to be 2. The width of the crack 

created by the corrosion of the longitudinal and transverse bars is shown in Fig. 1. 
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Figure 1. Crack width of corroded cover concrete (a) longitudinal rebar (b) transverse rebar. 

Tensile stress due to corrosion in the cover concrete is applied as a softening coeffi-

cient on the stress-strain curve of the cover concrete. The softening behavior of concrete is 

considered using the softening coefficient ζ: 

� =
9

10�1 + 600��

 (7)

By applying the softening coefficient of the cover concrete due to corrosion, the as-

cending and descending branch of the stress-strain relationship of the cover concrete has 

been calculated based on the Eqs 8 and 9, respectively [24]: 

� = ���
� �2 �

�

� × ��

� − (
�

� × ��

)�� (8)

� = ���
� �1 − (

� − ���

���

2 − �
�

)�� (9)

Where:  

σ: Concrete compressive stress 

ɛ: Concrete compressive strain  
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f'c: Compressive strength characteristic of concrete 

ɛ0: Strain corresponding to maximum stress (0.002)  

 

The maximum point of the stress-strain curve of the cover concrete is limited to (ζ × 

ɛ0) and the strain range is from zero to 2ɛ0. 

2.3. The Effect of Corrosion on the Mechanical Properties of Steel Bar 

The effect of corrosion on the steel bar is observed in the form of reduced cross-sec-

tion and changed parameters of the stress-strain equation of steel. Corrosion decreases the 

strength and ductility of steel. Reduction yield stress (σy), ultimate stress (σu), elasticity 

modulus (Es) and ultimate strain (ɛu) of corroded steel bar are mentioned in the Eq. 10 -13, 

respectively [6]. Index 0 corresponds to the initial state without corrosion effect. 

�� = [1 − (1.98Δ����)]��� (10)

�� = [1 − (1.57Δ����)]��� (11)

�� = [1 − (1.15Δ����)]��� (12)

�� = [1 − (2.59Δ����)]��� (13)

The above equations are used to change the properties of longitudinal and transverse 

bars. The following symmetric stress-strain equation has been used to model the behavior 

of steel [31]: 

� = �� �
��

��

− (
�� − ��

��

) × (
�� − �

�� − ���

)�� (14)

Where: 

σ: Steel stress 

εsh: Strain hardening of steel 

2.4. Effect of Corrosion on the Properties of Confined Concrete (Core) 

The confined concrete model has been used to analyze the behavior of pressurized 

core concrete [32]. In general, the confinement coefficient of resistance (K) and the final 

strain of confined concrete (εcu) have been reduced due to corrosion: 

��� = 0.004 +
1.4��������

���
�

 (15)

Where: 

��: Volume ratio of the transverse bar 

fyh: yield resistance of the transverse bar  

εsu: Maximum strain of transverse bar 

f'cc: Compressive strength of confined concrete 

 

The compressive strength of confined concrete is calculated using Eqs. 16 and 17: 

���
� = ���

� (16)

� = 2.254�1 +
7.94��

�

��
�

−
��

�

��
�

− 1.254 (17)

The effective confinement stress (��
�) is determined using Eqs. 18 to 20: 

��
� = 0.5������� (18)
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�� =
(1 −

��

2��
)�

1 − ���

 
(19)

�� =
(4���)�

���
 (20)

Where: 

Ke: Confinement effect coefficient  

ds: The diameter of the core concrete 

���: The ratio of the cross-section of the longitudinal steel bar to the core 

s: Vertical distance of transverse bars 

s': Net vertical distance of transverse bars 

Asp: Cross-section of transverse bars 

 

The effect of corrosion on the properties of core concrete is reflected by the reduced 

cross-sectional area of the steel bar in the calculation of the cross-sectional ratio of the 

longitudinal bar to the core concrete (���) and the volume ratio of the transverse bar (��) 

to confinement coefficient (K). Also, the maximum strain of concrete (εcu) is decreased by 

reducing the maximum strain of steel (εsu). The properties of longitudinal and transverse 

bars have also been changed according to Eqs. 10 -13. 

The stress-strain relationship in confined concrete is determined using Eq. 21: 

� =
���

� × �� × �

� − 1 + ��
 (21)

Where: 

xc: The ratio of the desired strain to the corresponding strain of the maximum com-

pressive stress of the confined concrete 

r: The ratio of the elastic modulus (Es) to the difference between the elastic modulus 

and the secant modulus of confined concrete (Esec) value. The relationships of these pa-

rameters are listed in Eqs. 22 -25: 

�� = 5000���
� (22)

���� =
���

�

���

 (23)

�� =
�

���

 (24)

��� = ��� �1 + 5(
���

�

��
�

− 1)� (25)

Where: 

σ: Compressive stress of concrete 

ɛ: Compressive strain of concrete 

ɛcc: The strain corresponding to the maximum stress of the confined concrete 

ɛco: Strain corresponding to the maximum stress of the initial concrete (0.002) 

 

As mentioned before, the maximum compressive stress (strength) and final strain 

(ductility) is reduced in the stress-strain diagram of confined concrete due to corrosion. 

2.5. Effect of Corrosion on the Connection between Concrete and Steel Bar 

One of the effects of corrosion on RC materials is the progressive deterioration of the 

bonding between concrete and steel, which occurred as a function of corrosion level. 

Mechanisms of reducing the cross-sectional area of steel bar and cracking that happen due 

to volumetric expansion of corrosion products lead to weakened bonding. The concept of 
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equivalent discontinuity length [20] has been used to investigate the corrosion effects on 

the reduction of this bonding. In this sense, decrement of bonding strength is showed by 

applying a coefficient to the stress-strain curve of the steel. Decreased continuity delays 

the development of stress proportionate to the increase in strain. Therefore, in exchange 

for the existing strain, the stress in the steel is reduced due to the joint deterioration. 

Bonding reduction coefficient is defined as follows: 

� =
����

����

 (26)

Where: 

Ψ: Coefficient related to corrosion-induced connection reduction  

Leu1: Equivalent discontinuity length of the main steel bar 

Leu2: Equivalent discontinuity length of corroded steel bar 

 

Assuming a uniform strain distribution, the equivalent discontinuity length is deter-

mined using the following equation: 

��� =
��

��

 (27)

Where:  

SE: Bar slip 

εs: Maximum strain of bar 

 

If the maximum available strain of the bar (εs) is less than the flow strain of the bar 

(εy), bar slip is calculated using Eq. 28, otherwise using Eq. 29: 

�� = ��

���

2
 (28)

�� = ��

���

2
+ (�� + ��)

���

2
 (29)

In the above equations, if the existing bar stress is less than its yield stress (fy), Ld1 is 

the connection length required to transfer the bar force corresponding to the maximum 

available bar stress (fs). If the maximum available stress of the bar is greater than its yield 

stress, Ld2 is the required connection length to transfer the force difference between the 

existing force of the bar and its yield force: 

��� =
����

4����

  , ��� =
(�� − ��)��

4��

 (30)

Where: 

���� : Maximum continuity resistance 

��: Residual bonding resistance 

 

The maximum and residual bonding resistances are calculated using Eq. 31: 

���� = ���
� (���)  , �� = 0.15���� (31)

The effect of corrosion on the bonding between concrete and steel is modeled as re-

ducing the maximum bonding strength. The effect of corrosion on the bonding between 

concrete and steel is modeled as reducing the maximum bonding strength. The relation-

ship between maximum resistance in the initial state without corrosion (τmax0) and cor-

roded state (τmax) is as follows [7]: 

���� = (1 − ��)����� (32)

Where: 

Dc: Coefficient of the maximum continuity resistance reduction 
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The coefficient of the maximum bonding strength reduction is zero if the reduction 

of the steel's cross-sectional area due to corrosion (ΔAs) is less than the reduction of the 

steel's cross-sectional area which is required to start cracking (ΔAs0): 

�� = 1 − (
�� − Δ��

�� − Δ���

)� (33)

Where, As: The cross-section of the steel before corrosion 

the cross-sectional area of the steel required to start cracking (ΔAs0) is determined using 

Eq. 34: 

Δ�� = �� �1 − �1 −
�

��

(0.00753 + 0.00932
��

��

�
�

� (34)

Where: 

�: Corrosion penetration depth coefficient (α = 6)  

db and dc: Diameter and thickness of steel bar cover, respectively 

3. Modeling of the Reinforced Concrete Bridge under Study 

In this section, the RCB in Iran's southern regions (with corrosive environmental con-

ditions) has been modeled in SAP2000 software [33] to study the effect of corrosion on the 

long-term seismic performance of the studied bridge. 

The studied bridge is a standard four-span bridge with three-pillar foundations. The 

deck is constructed with precast concrete beams and in-situ slabs. The bridge has two side 

spans, a 24 meter and a 20-meter middle span with a total length of 92 meters. The deck 

is discontinuous at the base, and the beams are located at the base on elastomeric supports. 

The general specifications of the bridge are presented in Table 1, and its model is shown 

in Fig. 2. 

Table 1. General characteristics of bridge 

Parameter Value 

Total width of deck 11.3m 

Depth of deck 1.4m 

 

 

Specifications of deck’s transverse cross-section 

A=5.196m2 ; J= 0.1208m4 

Ix= 1.0675m4; Iy= 59.157m4 

Avx= 2.472m2 ; Avy= 2.632m3 

Sx= 2.115m3 ; Sy= 10.4702m3 

Zx= 2.004m3 ; Zy= 15.2292m3 

Height of column 6.1m 

Diameter of column 1.2m 

Dimensions of column capital beam 1.7 × 1.2m 

Compressive strength of concrete 34.34MPa (350 kg/cm3) 

Rebar flowing strength 392.4MPa (400 kg/cm3) 

Water to cement ratio of concrete 0.4 

Micro silica contents of concrete 7 

Longitudinal rebar of column 12 � 32 

Transverse rebar of column �10 @ 7.5cm 

Thickness of cover 6cm 
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Figure 2. Model of studying RC bridge. 

For seismic analysis of the bridge, three-dimensional beam-column elements with 

corresponding cross-sectional characteristics have been used to model the superstructure 

and foundation members (column and column beam). Each deck opening and the base is 

divided into five elements of the same length and the head beam into four elements to 

estimate the mass of the bridge members with the objects concentrated in the nodes,. The 

deck is modeled as a linear elastic beam-column element with material properties corre-

sponding to cracking RC. No nonlinear properties are considered for the deck in overall 

bridge analysis. To estimate the real value for the bridge rotation period, cracking which 

occurred before reaching the final limit was considered and a coefficient of 0.75 was used 

to reduce bending moment inertia of the deck cross-section. The geometric properties of 

the deck are listed in Table 1. In the studied bridge with multi-column foundations, an 

elastic frame element with a rectangular cross-section corresponding to the dimensions of 

executive plans has been used to model the column capital beam. Because the superstruc-

ture concrete and the column capital beam are poured simultaneously, the flexural rigid-

ity of the superstructure leads to a significant increase in the flexural rigidity of the column 

capital beam. Therefore, for realistic modeling of the column capital beam, the bending 

moment of the column capital beam is intensified using the coefficient of 100. It is sug-

gested that a separate piece should be introduced at the top of the column with a specified 

length that represents part of the column located at the column capital beam. The specified 

length is equal to the distance from the top of the column to the superstructure's center of 

gravity. This distance is modeled as a rigid area [34]. For bridge pillars that are designed 

as ductile members with nonlinear behavior, effective flexural rigidity caused by cracking 

has been used in modeling. Assuming the axial load level is obtained from the dead load 

of the column, the effective flexural stiffness (Ieff) is defined using the following equation: 

I��� =
M�

Eϕ�

 (35)

Where: 

M�: Effective yield moment 

ϕ�: Effective curvature 

E: Elastic modulus of concrete 

 

The effective yield moment and curvature are determined by bi-linearizing the mo-

ment-curvature curve obtained from the column cross-section analysis. Flexural and shear 

stiffness of concrete members are mainly reduced after the beginning of cracking. So co-

efficient 0.2 has been used to reduce the torsional moment of inertia, and coefficient 0.8 

has been used to reduce the column's shear cross-section. According to the characteristics 

of the used elastomeric abutment, the longitudinal and vertical stiffness of this abutment 

are 3270kN/m and 62550kN/m, respectively. Since shear switch comes along the 
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transverse movement of the beams (in center abutment), infinite stiffness has been used 

to model transverse stiffness of the abutment. The abutment of pillars' base modeled as 

clamped. In addition to calculating the weight of the bridge members, the dead load of 

the deck's asphalt superstructure, concrete fence and sidewalk of the bridge is considered 

2.6kN/m2 in the loading of the bridge. 

Abutment model of the bridge consists of a rigid element with a length equal to the 

deck's width that is connected to the centerline of the deck through a rigid point. It has a 

nonlinear longitudinal, transverse and vertical response defined at each end of this rigid 

element [34]. The series system in the longitudinal direction are defined that consists of a 

rigid element with a terminal boundary condition that only allows longitudinal transmis-

sion and a length-zero element. Elastoplastic endurance curve with abutment hardness 

equal to 15.98kN/mm and ultimate strength of the abutment equal to 1111.1kN is allocated 

to the element with length-zero. If longitudinal displacement in the deck is greater than 

the gap between the deck and the abutment (equal to 50mm) the behavior determined for 

the longitudinal response will be activated. In the transverse direction, the length-zero 

element at each end of the rigid element is defined by elastoplastic endurance curve with 

a hardness of 19.78kN/mm and a final strength of 461.3 kN. In order to calculate abutment 

stiffness of the transverse bar, the values of the longitudinal direction have been corrected 

using coefficient corresponding to the effective wall length (equal to 4.3) and the partici-

pation coefficient (equal to 2.3). Length of the return wall is one-third of the back wall 

length. In the vertical direction, an elastic spring at each end of the rigid element is con-

sidered with a stiffness corresponding to vertical stiffness of the elastomeric abutment. 

4. Overloading Analysis of the Studied Bridge 

In order to seismically evaluate the studied bridge under the effect of corrosion, over-

loading analysis (nonlinear static) has been used. The corroded column capacity model is 

used for validation based on laboratory results [29]. The main purpose of this study is to 

compare capacity curves of the studied bridge at different times selected in its useful life. 

With this comparison, the effect of corrosion on the RCB capacity at any point in time can 

be determined. The time-zero indicates the intact bridge without corrosion. In each of 

other selected times, effects of corrosion on the characteristics of RC column of the bridge, 

including deterioration of the core concrete properties, cover concrete, steel bar and the 

bonding between concrete and steel bar are considered in accordance with Section 2. In 

the overloading analysis, properties of the plastic hinge assigned to the structure, reflect 

the nonlinear behavior of the structure; therefore, plastic hinges of the bridge, which are 

formed under seismic loading- mainly in the bridge piers- will determine the capacity 

curve of the bridge. The plastic hinge is usually formed at both ends of the column. To 

evaluate the seismic performance of the bridge under corrosion, the assumption of corro-

sion development in plastic hinge formation areas is reasonable and will be the basis for 

this study. So, at selected time-points, properties of the plastic hinge after corrosion must 

be updated. The overloading analysis procedure considering corrosion is done to develop 

the bridge capacity curve (Fig. 3). 

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  "Posted: 28 October 2022"                   doi:10.20944/preprints202210.0438.v1

https://doi.org/10.20944/preprints202210.0438.v1


 

 

 

Figure 3. Pushover analysis procedure of bridge. 

As it is shown in Fig. 3, the first step is to determine the material model at each time-

point with corrosion. The material model includes the stress-strain behavior of the modi-

fied concrete and steel in accordance with the description in Section 2. According to the 

initial axial load, and the developed material model, the moment-curvature analysis of 

the bridge column-section was performed at any time-point and plastic hinge properties 

were adjusted based on the results of this analysis. Finally, overloading analysis of the 

bridge has been performed to determine the capacity curve of the bridge in each of se-

lected time-points. 

The plastic hinge of the column can be modeled as a centralized plasticity model in 

SAP2000 software using a non-coupled joint in the bending direction of M2 and M3 corre-

sponding to the local axis 2-2 and 3-3 (transverse and longitudinal directions of the bridge, 

respectively). 

The bridge studied in this research has a single column, and cantilever function in 

the longitudinal direction and plastic hinge formation probably will be at the longitudinal 

direction in the column foot. In the transverse direction, the bridge has a frame function, 

and due to the double curvature that occurs in the column in the transverse direction, a 

plastic hinge will probably form at both ends of the column. Therefore, corresponding to 

the longitudinal direction of the bridge, the plastic hinge M3 is defined at the column foot 

and corresponding to the transverse direction of the plastic hinge M2 it is defined at both 

column's ends. The length of the plastic hinge is calculated according to Eq. 36 [35]: 
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L� = 0.08H + 0.022f��d�� ≥ 0.044f��d�� (36)

Where: 

L�: Plastic hinge length (mm)  

H: Column height (mm)  

fye: yield strength of longitudinal bars (MPa)  

dbl: diameter of longitudinal bars (MPa) 

 

The axial dead load of the column includes the branch weight of the superstructure 

and weight of the members themselves. Considering cantilever function of the bridge in 

the longitudinal direction, changes in the axial load of the column do not occur during 

overloading analysis; While in the transverse direction, due to the frame performance of 

the bridge, changes in axial load of the column occur during overloading analysis and 

axial load of the column at the end of overloading curve of the bridge will not be equal to 

the initial axial load of the column. Therefore, the axial load changes should be considered 

to determine the capacity curve for the transverse direction of the bridge (Fig.3). 

In this research, XTRACT software has been used to perform moment-curvature 

analysis [36]. In order to determine properties of the plastic hinge, curvature and yield 

values corresponding to the yield moment  (ϕ�, My), effective yield moment  (ϕ�, MY) 

and final capacity (ϕ�, Mp) are calculated based on the moment-curvature analysis of the 

column under initial axial load which is due to the dead load of the bridge. The values of 

effective yield moment are determined using the concept of bi-linearization of Moment-

Curvature Curve. The elastic period of the structure does not change with the definition 

and assignment of the unpaired joint. The nonlinear behavior of the plastic hinge is de-

fined by the normalized moment–rotation (M-θ) equation related to the effective yield 

moment (Fig.4). Therefore, curvature values obtained from the column moment-curva-

ture analysis must be converted to the rotation value. Point A corresponds to the point-

zero, point B corresponds to the effective yield moment (MY-θY) and point C corresponds 

to the ultimate capacity point are to prevent overtaking plastic capacity of the column and 

bridge pier shear as a plastic hinge (MP-θP). Point D corresponds to the decay point, is 

equivalent to 20% of the plastic capacity of the column and point E is defined as the break-

ing point of the column. 

 

Figure 4. Defined nonlinear behavior for plastic hinge. 

In order to convert the curvature values obtained from the moment-curvature anal-

ysis to displacement values and in the next step, to the column rotation values, the Eqs. 

37 to 39 have been used. In these equations, plastic curvature is assumed to be constant 

along the plastic hinge. 

θ� = (ϕ� − ϕ�)L� (37)
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Δ� =
H�ϕ�

3
 (38)

Δ� = θ�(H −
L�

2
) (39)

Where: 

θp: column plastic rotation 

��: The final curvature of the column 

��: Effective yield curvature (nominal curvature) of the column 

LP: Plastic hinge length 

Δy: Yield displacement of the column  

H: Column height 

Δp: Plastic displacement of the column 

5. Results 

In the concrete mixture design of the bridge piers, water to cement ratio is 0.4 and 

micro-silica is 7% (Table 1). Based on our calculation and reference [28], coefficient B1 and 

C1 are 23.845 and 2.808, respectively. Since the cover thickness of the transverse bar (60 

mm) and longitudinal bar (70 mm) are fixed, using Eq. 2, gives the beginning time of cor-

rosion for the longitudinal and transverse bar which are 15.4 and 10 years, respectively. 

The reduced diameters of corroded longitudinal and transverse bars are calculated based 

on Eq. 3 and their values at the desired time-points are listed in Table 2. The longitudinal 

and transverse bars corrosion level is calculated based on Eq. 4 and the corrosion-time 

diagram is shown in Fig. 5. Since transverse bar cover is thinner than a longitudinal bar, 

the transverse bar corrosion starts faster, and its corrosion level is higher. 

Table 2. Reduced diameter of corroded longitudinal and transverse reinforcements. 

Time (year) Longitudinal rebar’s diameter (mm) Transverse rebar’s diameter (mm) 

0 32 10 

15 32 9.87 

30 31.77 9.66 

45 31.62 9.49 

60 31.49 9.35 

75 31.36 9.22 

90 31.26 9.09 

 

Figure 5. Corrosion level of longitudinal and transverse reinforcements. 

The effect of corrosion on the unconfined concrete (cover) properties is calculated 

based on the equations in Section 2.2. The strain corresponding to the maximum stress 

and the maximum stress of the cover concrete at the desired time-points are listed in Table 
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3. The stress-strain curve of the cover concrete is shown in Fig. 6. The results show a 66% 

reduction in maximum stress due to corrosion. 

Only results for time-points 0, 30, 60 and 90 years are presented for better identifica-

tion. Point zero indicates the intact state without the effect of corrosion. 

Table 3. Corrosion effect on the cover concrete characteristics. 

Time (year) Strain corresponded to maximum stress  Maximum stress (MPa) 

0 0.002 34.34 

15 0.0018 29.95 

30 0.001 17.11 

45 0.0009 14.23 

60 0.0008 12.66 

75 0.0007 10.84 

90 0.0006 11.61 

 

The corrosion effect on the steel bar properties is calculated according to Section 2-3, 

and the effect of corroded concrete and steel bar on the bar behavior is calculated accord-

ing to Section 2-4. The effect of corrosion on the yield and ultimate stress of steel shows a 

decrease of 9% and 7% at time-point of 90 years compared to the state without corrosion 

equivalent to the time-point zero. 

 

Figure 6. Stress-strain diagram of corroded cover concrete. 

The corrosion effect on steel strain, with/without considering the deterioration of the 

bonding between concrete and steel bar, is listed in Table 4. Decreased continuity delays 

the development of stress in proportion to the increase in strain. Therefore, considering 

hinge deterioration, the bar will reach the same level of stress at the highest strain as in 

the initial state. A comparison between the stress-strain diagrams of the bar at time zero 

and 90, with /without considering corrosion loss, is shown in Fig. 7. The stress-strain dia-

gram of steel with corrosion at the desired time-points with respect to the hinge deterio-

ration is presented in Fig. 8. The ultimate strain of steel with corrosion has been reduced 

by 12%. Considering the hinge deterioration, the ultimate strain of corroded bar during 

90 years has increased by 18%. 
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Table 4. Corrosion effect on the steel ultimate strain. 

Time (year) 
Ultimate strain without considering 

continues detrition  

Ultimate strain without considering 

continues detrition 

0 0.2 0.2 

15 0.2 0.2 

30 0.1925 0.1962 

45 0.1876 0.2006 

60 0.1835 0.2044 

75 0.1798 0.2079 

90 0.1762 0.2072 

 

Figure 7. Effect of corrosion-induced bonding degradation on the behavior of steel. 

 

Figure 8. Stress-strain diagram of corroded steel considering the bonding degradation between con-

crete and steel. 

The effect of corrosion on properties of confined concrete (core) is calculated accord-

ing to the equations in Section 2-4. The ultimate strain and maximum stress of core con-

crete at different time-points are listed in Table 5, and the stress-strain curve of the core 

concrete is shown in Fig. 9. The strength and ductility of corroded core concrete is re-

duced. The maximum stress and ultimate strain of the core concrete showed a decrease of 

3% and 39%, respectively. 
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Table 5. Corrosion effect on the core concrete characteristics. 

Time (year) Ultimate strain  Maximum stress (MPa) 

0 0.0147 40.05 

15 0.0138 39.92 

30 0.0124 39.72 

45 0.0113 39.55 

60 0.0105 39.41 

75 0.0097 39.27 

90 0.009 39.14 

 

Figure 9. Stress-strain diagram of corroded core concrete. 

Based on the stress-strain behavior obtained for cover concrete, core concrete and 

steel bar, the moment-curvature analysis of the bridge column is performed by consider-

ing the initial axial load due to the dead load of the bridge. The moment-curvature dia-

gram related to the cross-section of the selected RC column at desired time points is shown 

in Fig. 10. The results show a decrease in strength and ductility. Moreover, related results 

to the effective yield and ultimate moment at the desired time-points are listed in Table 6. 

At the time point 90 years, the effective yield and ultimate moment decreased by 12% and 

11%, respectively. Also, the effective and ultimate curvature yield decreased by 20% and 

37%, respectively. The energy per unit length of the column, as the area below the mo-

ment-curvature diagram, decreased 43%, the plastic rotation capacity, according to Eq. 37 

showed a 38% decrease. The curvature ductility, as a result of dividing ultimate curvature 

by the effective yield curvature, showed a reduction of 24%. 

 

Figure 10. Moment-curvature diagram of corroded RC column. 
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Table 6. Effective yield and ultimate moments of corroded section. 

Time (year) 
Effective flowing anchored 

(kN.m) 
Ultimate anchored (kN.m) 

0 3086 3366 

15 3072 3341 

30 2935 3243 

45 2867 3166 

60 2808 3098 

75 2752 3039 

90 2711 2994 

 

Graphs of energy reduction per unit length, plastic rotation capacity and column cur-

vature ductility over time are shown in Fig. 11, 12 and 13, respectively. 

 

Figure 11. Reduction of energy per length of corroded column. 

 

Figure 12. Reduction of plastic rotation capacity (*10-3) of corroded column. 
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Figure 13. Reduction of curvature ductility of corroded column. 

According to the results of moment-curvature analysis and their conversion to mo-

ment-rotation values based on relations 37 to 39, the characteristics of plastic hinges at 

each time point are adjusted. Overloading analysis of the bridge in both longitudinal and 

transverse directions is shown in Fig. 3. The results of the maximum base shear and the 

corresponding displacement for the longitudinal and transverse directions of the bridge 

are presented in Table 7 and Table 8, respectively. The capacity curve (overloading curve) 

of the bridge in both longitudinal and transverse directions is shown in Fig. 14 and 15, 

respectively. 

In the longitudinal and transverse directions of the bridge at the time-point of 90 

years, the maximum base shear reduced by 11.5% and 12.5%, respectively. Therefore, to 

ensure the seismic performance of the bridge under 90-year corrosion, the base shear de-

sign can be increased by 12.5%. At each of other time-points, the amount of increase in the 

base shear design can be determined by similar calculations. 

Table 7. Maximum base shear and corresponding displacement in the longitudinal pushover anal-

ysis of bridge. 

Time (year) Maximum displacement (mm) Maximum shear (kN) 

0 413.92 1471.04 

15 390.57 1462.13 

30 349.45 1403.76 

45 323.79 1375.1 

60 30.09 1346.41 

75 281.41 1319.64 

90 265.75 1300.69 

Table 8. Maximum base shear and corresponding displacement in the transverse pushover analysis 

of bridge. 

Time (year) Maximum displacement (mm) Maximum shear (kN) 

0 305.03 3922.43 

15 295.31 3887.97 

30 206.39 3796.93 

45 195.68 3708.85 

60 185.62 3622.27 

75 175.14 3543.47 

90 170.61 3431.56 
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Figure 14. Longitudinal capacity curve (pushover) of bridge. 

 

Figure 15. Transverse capacity curve (pushover) of bridge. 

6. Conclusion 

The present study was carried out to determine the effect of corrosion due to chloride 

ion diffusion on the seismic performance of RCB. In the southern regions of Iran, near the 

coasts of the Persian Gulf and the Sea of Oman, due to the high corrosion of RC members 

that is because of environmental conditions and seismicity, the seismic performance of 

RCB is significant. For this purpose, RCB overloading analysis in these areas under the 

corrosion influence has been performed, and the following results are highlighted: 

Since the transverse bar cover is thinner than a longitudinal bar, corrosion starts 

faster in that (in 90 years). Corrosion in transverse bar cover is 3.8 times higher than a 

longitudinal bar.  

Because of corrosion, the maximum stress of the cover concrete, yield strength of the 

steel and ultimate strain of the core concrete during 90 years decrease by 66%, 9% and 

39%, respectively. 

Moment-curvature analysis of RC columns shows a reduction of 12%, 11%, 20% and 

37% of the effective yield moment, the ultimate moment and the corresponding curvature 

values for 90 years due to corrosion. 

Energy per unit length, plastic rotation capacity and corrosive curvature ductility of 

the column over 90 years have decreased by 43%, 38% and 24%, respectively. 

Overloading analysis of RCB shows an average reduction of 12.5% and 50%, respec-

tively, in maximum base shear (strength criterion) and corresponding displacement (duc-

tility criterion) due to corrosion over 90years. 
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Considering the results for deterioration of the bridge capacity due to corrosion, a 

proposal to increase the base shear design to ensure the seismic performance of RCB in 

corrosive environments. 

To ensure the 90-year seismic performance of RCB in the southern regions of Iran 

(with a similar structural system of the studied bridge), the shear design can be increased 

by 12.5%. 

Data Availability Statement: Data supporting the findings of this study are available from the cor-

responding author on request. 
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