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Abstract   

Bridges are one of the most critical components of transportation networks, which are 

highly vulnerable due to exposure to natural hazards. In addition, multiple degradation 

mechanisms can considerably affect the functionality of highway bridges during their 

service life. Therefore, accumulated damage could also arise continuously because of 

seismic loading and structural deterioration, which consequently can change system 

resilience over its life-cycle. This study presents a probabilistic methodology to 

systematically evaluate and develop the time-dependent seismic resilience curves for 

Reinforced Concrete ሺRCሻ bridges under chloride attacks. In this regard, different 

jacketing materials with varying thicknesses are chosen for retrofitting purposes. In 

each case, the time-dependent seismic fragility curves ሺfour damage statesሻ for 

calculating the time-dependent seismic resilience curves are established through 

Probabilistic Seismic Demand Models ሺPSDMsሻ by performing Incremental Dynamic 

Analysis ሺIDAሻ. Finally, the time-dependent seismic resilience curves are evaluated 

based on the time-dependent seismic fragility curves using the restoration function for 

all the retrofitting strategies by considering the effect of structural deterioration over 
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time. The results indicate that aging, earthquake intensities, and retrofitting strategies 

undeniably affect the time-variant seismic resilience of bridges, which is helpful for the 

long-term safety and reliability of bridges. 

Keywords: Seismic time-dependent resilience; Infrastructures management; Aging 

bridge; Corrosion deterioration; Retrofitting strategies 

 

1. Introduction 

One of the most critical functions of infrastructure systems, such as 

transportation networks, is to provide essential services to communities and support 

their economic growth, security, and competitiveness. Bridges are one of the most 

common and critical components in the transportation network. Experiences from past 

earthquakes and the damage caused by these events have shown that bridges are one of 

the most vulnerable components of the transportation system as an infrastructure 

system ሾ1ሿ. In this regard, bridge damage during an earthquake can severely disrupt 

socio-economic activities, including Search and Rescue ሺSARሻ operations, logistics, 

emergency routes for firefighting, and emergency evacuation routing. In order to reduce 

potential economic losses and human casualties during a seismic event, it is crucial to 

evaluate the performance of existing bridges and retrofit essential components such as 

piers. Accordingly, a reliable seismic vulnerability evaluation framework is becoming a 

high-priority demand for decision-makers to predict possible earthquake-induced 

damage in bridge networks ሾ2-3ሿ. It is an appropriate approach to find the best method 

to repair, maintain, retrofit, and evaluate the life-cycle of bridges ሾ4ሿ. 

Bridges are designed and constructed in various ways worldwide, so a single 

method cannot be used to assess the seismic vulnerability of highway bridges. 

Uncertainties, including different bridge components, material properties, and 

seismicity of the area, along with the need to better predict the seismic performance of 
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bridges, have led to various vulnerability assessment methods for highway bridges ሾ5-

6ሿ. Although each of these methods uses a specific mathematical framework to assess 

the vulnerability of bridges, the overall goal of seismic assessment of highway bridges is 

to ensure the safety and security of transportation network infrastructure and its 

acceptable functionality against seismic loads. In this respect, fragility curves have 

emerged as an essential decision-making support tool for identifying the relationship 

between hazards and structural and non-structural system features, as well as the 

consequences of damage during an event ሾ7ሿ. These curves indicate the probability of 

exceeding a particular damage state for varying hazard intensities. Therefore, fragility 

curves can provide information about the performance of infrastructure and determine 

its expected functionality in the event of a possible hazard such as an earthquake, and be 

effective in decision-making as a futuristic tool ሾ8ሿ.  

In general, there are four main methods for constructing seismic fragility curves: 

ሺ1ሻ an expert opinion-based method, ሺ2ሻ an empirical ሺor statisticalሻ-based method, ሺ3ሻ 

an analytical ሺor simulationሻ-based method, and ሺ4ሻ a hybrid method [9-12]. The 

probabilistic damage distribution functions in the 1st and 2nd methods are presented 

based on experts’ questioning and post-earthquake field observations/information, 

respectively. In the 3rd method, the main focus is on mathematically describing and 

creating a numerical structural model to assess the seismic risk of transportation 

networks. In the 4th method, empirical data and analytical modeling are combined to 

provide a more accurate and reliable approach for constructing fragility curves. In this 

line, Mander ሾ13ሿ was among the first researchers who studied the seismic fragility of 

highway bridges in the United States and proposed different approaches for 

constructing seismic fragility curves, which finally improved the reliability of fragility 

curves by providing a theoretical method. Lee et al. ሾ14ሿ estimated fragility curves for 

different classifications of highway bridges in Korea. The results revealed that different 
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levels of damage in such structures did not depend only on the magnitude of the 

earthquake and the distance from the epicenter but also are a function of the site ሺin 

particular, soil typeሻ and structural bridge characteristics. Wright et al. ሾ15ሿ examined 

the vulnerability of bridges in the central and southeastern US along with bridge 

retrofitting methods. Ghosh and Sood ሾ16ሿ proposed a framework for developing seismic 

fragility curves of deteriorating bridges under chloride-induced corrosion to improve 

time-dependent predictive functions, which can interpolate logistic regression 

coefficients for continuous seismic reliability evaluation during its life-cycle with 

reasonable accuracy. Biondini et al. ሾ17ሿ performed a series of Incremental Dynamic 

Analyses ሺIDAሻ to calculate the life-cycle resilience of aging Reinforced Concrete ሺRCሻ 

bridges in an illustrative transportation network under earthquake scenarios. In this 

respect, Panchireddi and Ghosh ሾ18ሿ proposed a novel index-based estimation 

methodology to calculate cumulative damage in highway bridges under repeated main 

shock sequences and corrosion deterioration during their service life. Shin et al. ሾ19ሿ 

discussed the need for developing a seismic performance-evaluation method for 

composite steel-concrete box girder bridges with aging piers by considering various 

seismic inputs and comparing the maximum displacement and maximum shear force 

responses of the piers. Messore et al. ሾ20ሿ investigated the increasing complexity of road 

infrastructures and bridge networks due to technological advancements and urban 

growth. Finally, they presented a life-cycle cost-based risk assessment approach for 

aging bridge networks. Han and Frangopol ሾ21ሿ proposed a life-cycle risk optimization 

management framework for existing bridge networks subjected to seismic hazards and 

corrosion. 

As a result, the destructive effects of aging and structural corrosion are indicated 

in the time-varying seismic resilience of bridge networks. Resilience can be defined as 

the ability of a system to withstand the effects of disruptive events and efficiently 
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recover to pre-event performance. Recently, there has been a great deal of interest in 

researching the field of bridge resilience as a sense-making tool for decision-makers ሾ22-

23ሿ. In this line, Chen et al. ሾ24ሿ introduced a repair procedure-based recovery pattern to 

improve the estimation of structural seismic resilience. Chen et al. ሾ25ሿ proposed an 

optimization procedure to determine the optimal configurations of link beams in 

double-column tall pier bents, considering multiple performance objectives to enhance 

bridge seismic performance. Also, Chen et al. ሾ26ሿ investigated the seismic resilient 

design of tall bridge piers with rocking foundations using inerter-based systems, 

specifically focusing on using a tuned viscous mass damper system to minimize the tilt 

angle of the bridge pier. Zhong et al. ሾ27ሿ presented a novel hemisphere-based rocking 

hinge at the rocking interface to minimize local damage and facilitate construction. 

Omidian and Khaji ሾ28ሿ proposed a multi-criteria decision-making optimization 

framework for improving the seismic resilience of RC structures by selecting the 

retrofitting strategies optimized for the seismic resilience index and the cost of the 

retrofit. Also, Omidian and Khaji ሾ29ሿ introduced a comprehensive optimization 

framework for assessing the total life-cycle cost ሺLCCሻ and resilience using Genetic 

Algorithm ሺGAሻ. This framework offers a systematic approach for decision-makers to 

choose the most suitable retrofit strategies that minimize the LCC while satisfying a 

given level of resilience. 

One of the most critical steps in an infrastructure seismic risk mitigation plan is 

to identify an applicable methodology to assess its status incorporating various 

variables ሺe.g., the damage state of the structure, direct and indirect losses, and the level 

of functionality under hazard events during their service lifetimeሻ. As a risk indicator, 

seismic resilience is a driving concept in infrastructure systems’ design, assessment, 

monitoring, maintenance, and management. In this connection, this research aims to 

present the interpolated log-normal distribution function parameters ሺi.e., the median  
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and log-standard deviationሻ for calculating the time-dependent seismic resilience that 

considers the potential effects of aging on seismic vulnerability and the enhancement 

effect of retrofit on resilience curves/surfaces for different points in time. In addition, 

the deterioration mechanisms induced by corrosive chloride attack are evaluated by 

assuming a uniform corrosion scenario. The response of a typical five-span RC box 

girder bridge with different retrofitting strategies under other corrosion conditions and 

seismic scenarios is investigated to present the time-dependent seismic fragility and 

resilience curves. Fig. 1 graphically depicts the general view of the seismic resilience 

assessment framework of this study. 

 

2. Background theories for disaster resilience 

To implement the proposed methodology, the desired infrastructure should be 

selected in the first step, and potential natural hazards should be identified. The fragility 

curves are then calculated according to the type of structure and site characteristics. 

Finally, the resilience index is calculated based on the mentioned formulation. For 

different retrofit strategies and aging degradation, the general aforementioned steps are 

repeated, and the target objective ሺi.e., resilienceሻ is evaluated. A simple and illustrative 

model is used to clarify the implementation steps of the seismic resilience assessment 

framework presented in this study. In this regard, an RC box girder bridge, one of the 

most critical transportation network components, is considered a case study 

infrastructure under corrosion. 

 

2.1. Seismic resilience methodology ሺloss and recovery functionsሻ 

The measure of Resilience ሺ𝑅ሻ encompasses various factors commonly used to 

assess overall seismic performance, such as restoration path, human fatalities, and 

economic losses. In this perspective, resilience ሺ𝑅ሻ is the capability to sustain a 
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predefined level of functionality 𝑄ሺ𝑡ሻ during a control time ሺ𝑇େሻ for an infrastructure 

ሾ29ሿ. In this context, several studies have been conducted to practically define and 

calculate the resilience index of various infrastructure systems ሾ30ሿ. In this regard, the 

resilience index is defined analytically as ሾ31ሿ 

𝑅ሺ𝑡ሻ ൌ න
𝑄ሺ𝑡ሻ
𝑇େ

d𝑡

௧బుା்ైి

௧బు

 ሺ1ሻ 

As shown in Eq. ሺ2ሻ, the analytical expression of the system functionality 𝑄ሺ𝑡ሻ 

constitutes a loss function and a recovery function of infrastructure system performance 

during the period of system interruption because of the occurrence of an extreme event 

such as an earthquake. Mathematically, this term is given by the following equation 

𝑄ሺ𝑡ሻ ൌ 1 െ ሾ𝐿ሺ𝐼,𝑇 ሻ ൈ ሼ𝐻ሺ𝑡 െ 𝑡ሻ െ 𝐻ሺ𝑡 െ ሺ𝑡  𝑇 ሻሻሽ ൈ 𝑓୰ୣୡሺ𝑡, 𝑡,𝑇 ሻሿ ሺ2ሻ 

 

in which 𝐿ሺ𝐼,𝑇 ሻ indicates the loss function as a function of hazard intensity ሺ𝐼ሻ and the 

recovery time ሺ𝑇 ሻ from the event 𝐸, and 𝑓୰ୣୡሺ𝑡, 𝑡,𝑇 ሻ denotes the post-event 

recovery function. Also, 𝐻ሺ∙ሻ represents the Heaviside ሺor unitሻ step function. The 

functionality ሺ𝑄ሻ can be measured in terms of a dimensionless cost ሺ𝐿ሻ, which is 

represented as ቀ
େ୭ୱ୲ ୭ ୰ୣ୮ୟ୧୰

ୖୣ୮୪ୟୡୣ୫ୣ୬୲ ୡ୭ୱ୲
ቁ. Hence, the system resilience index or functionality right 

after any event ሺ𝑡ሻ can be calculated as follows 

𝑅ሺ%ሻ ൌ 𝑄 ൌ 100 െ 𝐿 ൌ 100 െ𝑃ாሺ𝐿𝑆ሻ. 𝑟


 ሺ3ሻ 

 

where 𝑘 indicates the structural limit state ሺe.g., minor, moderate, major, collapseሻ, and 

𝑃ாሺ𝐿𝑆ሻ implies the probability of exceeding a structure limit state 𝑘 after the event 𝐸. 

Additionally, 𝑟 is the damage ratio associated with the 𝑘th limit state ሾ32ሿ, which can be 

estimated as reported by FEMA ሾ33ሿ.  

It should be noted that some repair tasks should be established for the bridge to 

be rehabilitated through a given recovery path. Fu et al. ሾ34ሿ investigated the seismic 
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performance of a bridge pier by identifying the critical elements in the repair effects. In 

addition, the estimates of the restoration functions (in the unit of time) are adopted by 

accounting for delays in decision-making, financing, and inspection, as outlined above, to 

evaluate the median time for recovery of highway bridge functions. In the case study 

structure of this research, the repair times dependence on the limit states is considered 

according to Fereshtehnejad and Shafieezadeh [35] for four limit states. Typically, as the 

severity of the damage increases, further time is needed to repair the damage and 

restore the structural condition to its original state (or intact state). In this line, Table 1 

presents the recovery path for each seismic damage state, along with the corresponding 

probabilistic log-normal function for the required times. In this table, 𝑇௦ represents the 

time needed for the inspection and estimation, 𝑇ௗ& denotes the required time for 

preparing a repair plan, bidding, and contracting, 𝑇 indicates the needed time for the 

mobilization of resources (including materials and crews), and 𝑇 signifies the time 

required for the repair. 

 

2.2. Seismic fragility methodology ሺdamage indices and statesሻ 

In this study, infrastructure system vulnerability or damage is measured by 

fragility curves. The fragility curves describe the likelihood of exceeding each damage 

state at varying levels of ground motion intensity measures. In a probabilistic seismic 

vulnerability assessment framework, the fragility of a system ሺor system componentሻ is 

defined as the conditional probability 𝑃ாሺ∙ | ∙ሻ of demand being greater than the capacity 

ሾ36ሿ. To construct fragility curves, it is necessary to create a Probabilistic Seismic 

Demand Model ሺPSDMሻ that connects the Intensity Measure ሺ𝐼𝑀ሻ to the Engineering 

Demand Parameter ሺ𝐸𝐷𝑃ሻ. It should be noted that there are various Damage Indices 

ሺDIsሻ with different types of 𝐼𝑀 such as Peak Ground Acceleration ሺPGAሻ, Peak Ground 

Velocity ሺPGVሻ, Arias Intensity ሺAIሻ, Spectral acceleration ሺSaሻ, Spectral displacement 
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ሺSdሻ which are proposed by several studies. In this study, PGA is used as a suitable 𝐼𝑀 

for large-scale seismic risk reduction plans to prioritize retrofit programs ሾ37-41ሿ. The 

"scaling approach" and the "non-scaling approach" can be used to create the PSDMs. The 

scaling approach generates the fragility curves by performing IDAs, which scale the 

ground motion to various levels. Alternatively, the cloud approach analyzes data without 

changing ሺor scalingሻ the ground motion’s intensity level. The scaling approach is 

valuable for comprehending structures’ inelastic behavior at different intensity scales. In 

general, the PSDMs are derived through regression analysis as  

lnሺ𝐸𝐷𝑃ሻ ൌ lnሺ𝑎ሻ  𝑏 lnሺ𝐼𝑀ሻ ሺ4ሻ 

in which 𝑎 and 𝑏 are regression coefficients obtained through the correlation between 

𝐼𝑀 and 𝐸𝐷𝑃 determined by incremental dynamic analysis. Considering the lognormal 

distribution to connect the 𝐸𝐷𝑃 and the 𝐼𝑀, the probability of exceedance of each 

damage state can be calculated using the following analytical relationship  

𝑃ாሺ𝐷  𝐷𝑆|𝐼𝑀ሻ ൌ 𝜙 
1
𝜎

ln ൬
𝐸𝐷𝑃
𝜇

൰൨ ሺ5ሻ 

where 𝜙ሾ ∙ ሿ is the log-normal cumulative distribution function with median value ሺ𝜇ሻ 

and log-standard deviation ሺ𝜎ሻ as the input fragility parameter for each damage state. 

𝐷𝑆 represents the 𝑘th damage state ሺi.e., minor, moderate, major, collapseሻ, 

respectively. It should be noted that generating fragility curves for individual bridge 

components, such as piers, bearings, and abutments, is a critical step in developing 

fragility curves for bridge systems. While some studies have focused on fragility curves 

for a single component ሺe.g., piersሻ and considered them sufficient for calculating system 

fragility, multicomponent fragility provides more robust results. In this study, the 

fragilities of three main components ሺi.e., piers, bearings, and abutmentsሻ are 

considered to construct the bridge system fragility. The probability of exceeding a 

certain level of damage for the entire bridge can be estimated by treating the bridge as a 

series system and applying the first-order boundary estimation method ሾ42ሿ. By utilizing 
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Eq. ሺ6ሻ, the fragility probability of the bridge system can be estimated while considering 

the upper and lower bounds of damage probabilities ሾ43ሿ: 

max
ୀଵ:

ሾ𝑃ாሺcompሻሿ  𝑃ா൫𝐹ୱ୷ୱ୲ୣ୫൯  1 െෑሾ1 െ 𝑃ாሺcompሻሿ



ୀଵ

 ሺ6ሻ 

in which 𝑃ாሺcompሻ indicates the exceedance probability of specific component damage 

state, and  𝑃ா൫𝐹ୱ୷ୱ୲ୣ୫൯ characterizes the same for the bridge system.  

In this study, various damage indices are considered for different bridge 

components. In this regard, the displacement ductility is adopted for bridge piers ሾ42-

43ሿ as given below: 

𝜇ௗ ൌ
∆௨
∆௬

 ሺ7ሻ 

where ∆௨ and ∆௬ are the ultimate and yield displacements of piers, respectively. In 

addition, the damage states for the isolation bearings are determined using the capacity 

models outlined by Zhang and Huo ሾ44ሿ as bearing shear strain. Finally, the damage 

states for the abutments are specified using the capacity models proposed by 

Ramanathan ሾ45ሿ as abutment ሺactive and passiveሻ displacement. Many studies have 

widely utilized these damage states for different bridge components to evaluate the 

seismic fragility of bridges in regions with moderate to high seismic activity, 

encompassing both seismically and non-seismically designed bridges ሾ46ሿ. Table 2 

presents the parameters needed to define the capacity models associated with different 

damage states ሺ𝐷𝑆ሻ for various components. 

 

3. Modelling of case study bridge 

Infrastructure systems include many single or multiple structures with simple to 

complex details. In order to illustrate the implementation steps of the proposed 

framework, a typical RC bridge model is employed to provide a clear demonstration of 

its practical application in seismic resilience assessment. 
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3.1. Bridge geometry and finite element modeling 

The considered RC box girder bridge is adopted per the bridge model presented 

by Sultan and Kawashima ሾ47ሿ. This bridge is assumed to be a three-lane with five spans 

ሺtwo 39.6 m exterior spans and three 53.3 m interior spansሻ. Fig. 2 provides additional 

details about the case study bridge modeled in the finite element SeismoStruct software 

ሾ48ሿ, which also presents the specifications of pier sections. 

This research uses nonlinear time-history dynamic analysis to determine the 

structure’s response. For material nonlinearity modeling, the 3D inelastic Displacement-

Based Element ሺDBEሻ is utilized to model the bridge piers. In addition, the fiber-based 

model is employed to generate the hysteretic relationship of the circular piers ሾ49-50ሿ. 

This element approximates the response by enforcing constant axial deformation and 

linear curvature distribution along its length. Hence, to improve the accuracy, especially 

in the plastic hinge region, the member is often divided into smaller lengths when using 

these elements. In the SeismoStruct ሾ48ሿ, the cross-section behavior should be defined to 

accurately calculate the damage distribution in elements ሾ51ሿ. In this regard, the cross-

section is divided into 400 fibers, each corresponding to a uniaxial stress-strain 

relationship. Next, the beam-column elements' stress-strain condition is determined by 

integrating the nonlinear uniaxial stress-strain response of the individual fibers. For 

dynamic time-history analyses, the Hilbert-Hughes-Taylor integration scheme is used to 

calculate the overall flexibility matrix of elements that considers the potential strain 

softening or localized deformations according to Fakharifar et al. ሾ49ሿ for FRP/steel 

jacketed RC bridge piers. The resulting forces and inelastic deformations are then 

distributed through fiber-based sections along the element length, with each section 

represented by an integration point. These fiber sections are assumed to remain plane 

throughout the analysis and satisfy strain compatibility between the longitudinal 
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reinforcement and the surrounding concrete. Factors such as bond-slip deformations, 

shear deformations, P-delta effects, and strain rate effects on material properties are 

accounted for in the analysis ሾ52ሿ.  

The concrete material is modeled by a uniaxial nonlinear constant confinement 

model programmed by Madas ሾ53ሿ and initially developed by Mander et al. ሾ54ሿ for 

externally confined concrete. Also, this model considers a cyclic rule presented by 

Martinez-Rueda and Elnashai ሾ55ሿ. The reinforcement steel material is modeled using 

the uniaxial steel model initially programmed by Yassin ሾ56ሿ based on a simple yet 

efficient stress-strain relationship proposed by Menegotto and Pinto ሾ57ሿ, coupled with 

the isotropic hardening rules proposed by Filippou et al. ሾ58ሿ. The current 

implementation follows that carried out by Monti et al. ሾ59ሿ and the memory rule 

suggested by Fragiadakis et al. ሾ60ሿ for higher numerical stability/accuracy under 

transient seismic loading. For retrofitting, the bridge piers are jacketed with three 

distinct materials ሺi.e., steel, Carbon Fiber-Reinforced Polymer ሺCFRPሻ, and Glass Fiber-

Reinforced Polymer ሺGFRPሻሻ in this study, as summarized in Table 3. 

The Fiber Reinforced-Polymer ሺFRPሻ material is considered a simplified uniaxial 

trilinear FRP model that assumes no compressive strength, which has linear elastic 

behavior up to the rupture with zero compressive strength ሾ61ሿ. CFRP and GFRP are 

modeled as TU27C-QuakeWrap and VU27G-QuakeWrap in SeismoStruct ሾ48ሿ, which can 

consider different numbers of FRP layers. Both composite materials contain high-

strength unidirectional fabrics, whose material properties are obtained from 

QuakeWrap Inc. product data sheets ሺTable 4ሻ. It should be noted that when the bridge 

pier is jacketed, the concrete cover is deemed as the concrete confined by the steel/FRP 

jacket in the presence of steel/FRP sheets that jacket the piers. In contrast, the core 

concrete is considered to be confined by the FRP and transverse reinforcements. In 

order to simulate the external confined concrete effect of FRP jacketing materials, 
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Ferracuti and Savoia’s model ሾ62ሿ is implemented, which follows the constitutive 

relationship and cyclic rules proposed by Mander et al. ሾ54ሿ and Yankelevsky and 

Reinhardt ሾ63ሿ under compression and tension, respectively. This FRP-confined 

concrete model adheres to the constitutive relationship and cyclic rules under 

compression and tension states, respectively. Regarding the properties of the steel 

jacket material, a uniaxial bilinear stress-strain model with kinematic strain hardening is 

utilized, as outlined in Table 4.  

Steel jackets of four different thicknesses ሺT1 to T4ሻ of 9.53, 12.7, 19.05, and 

25.40 mm are selected for pier retrofitting. Furthermore, the piers are jacketed with 2, 4, 

7, and 10 plies of CFRP and GFRP with 1.24 and 1.27 mm thicknesses for each ply, 

respectively. Table 4 represents the specifications of the materials considered in this 

study. Additionally, eight different arrangements of the piers of the bridge are 

considered for the retrofit designs in four categories ሺnamely, Full ሺFሻ, Three quarter 

ሺTqሻ, Half ሺHሻ, and Quarter ሺQሻሻ, as shown by red and black diagonal strips in Fig. 3, in 

which short names indicate the retrofitting arrangements. Moreover, various retrofitting 

strategies are assessed using three materials with different plies’ thicknesses and 

numbers, and the resilience index and LCC are determined for each scenario. 

 

3.2. Incremental dynamic analysis and ground motion data 

In the seismic vulnerability assessment of structures, fragility curves are 

commonly obtained through the IDA, which can be used to calculate the resilience 

curves/surfaces. In this method, each Strong Ground Motion ሺSGMሻ record is scaled into 

a wide range of seismic intensity levels and monotonically applied to the case study 

structure to extract different structural damage states from elastic to collapse. 

Therefore, a critical factor in the nonlinear dynamic analysis of structures is the 

selection of a sufficient number of appropriate SGMs, as the results of the analyses 
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heavily rely on the input ground motion ሾ64ሿ. In this line, Shome and Cornel ሾ65ሿ 

suggested that using 10 to 20 records can yield reliable estimates of structural response. 

For this reason, 20 time-histories are considered from the Pacific Seismic Engineering 

Research ሺPEERሻ database ሾ66ሿ for IDAs. Table 5 presents the SGM data corresponding 

to an earthquake magnitude of approximately 5.5~7.5 and the typical soil classification 

ሺi.e., 360  Vୗଷ  760 m/sሻ. It should be noted that each record is scaled into ten stages 

from PGA ൌ 0.1g to 1.0g by an incremental step of 0.1g ሾ29ሿ. Assuming a damping ratio 

of 5%, the acceleration response spectra of 20 earthquake records are shown along with 

their mean amplitudes in Fig. 4. 

 

3.3. Bridge components degradation due to corrosion 

As mentioned, one of the objectives of this study is to investigate the effect of 

deterioration on seismic resilience. In general, the strength of different components of a 

structure changes during its service life and decreases due to factors such as corrosion, 

erosion, other forms of chemical deterioration, and fatigue ሾ69ሿ. In this regard, highway 

bridges are often exposed to harsh environmental conditions. They will deteriorate if 

not correctly maintained over time, affecting their functionality under seismic hazard 

events. In this line, one of RC bridges' most critical and vulnerable elements is their 

piers, which are exposed to chloride-induced corrosion. Therefore, consideration of this 

factor can be crucial in resilience-based decision frameworks. In the following, it is 

discussed how to consider the degraded model for the under-study bridge. 

In general, corrosion of reinforcing steel can be assigned to the penetration of 

chloride ions that pass through the concrete surface cover and cause degradation. 

Therefore, small individual pits or cracks on the steel bar are developed during the 

corrosion propagation stage. Over time, these pits and cracks expand and cause wider 

cracks in the form of uniform corrosion ሾ70ሿ. It should be noted that the corrosion tends 
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to develop uniformly on the reinforcing bars in carbonated concrete without relevant 

chloride content, as depicted in Fig. 5ሺaሻ ሾ71ሿ. In this study, it is assumed that there is a 

traffic spray scenario in which the de-icing of salt chlorides gets airborne because 

vehicles pass through chloride-laden water under the bridge. In addition, it is assumed 

that the reinforcement steel area loss due to corrosion occurs uniformly along the length 

of the pier, as uniform corrosion ሾ72ሿ. Also, the non-uniform pitting corrosion of steel 

reinforcing bars in a chloride environment is excluded in the present study for 

simplicity. However, this study explicitly considers other effects of non-uniform pitting 

corrosion, such as the reduction in steel strength and ductility according to the 

recommendations of Dizaj et al. ሾ73ሿ. 

As a result, Fick’s second law of diffusion ሾ74ሿ through a semi-infinite solid can be 

used to simulate the penetration of chloride ions into RC structures as follows ሾ75ሿ 

𝜕𝐶ሺ𝑥, 𝑡ሻ
𝜕𝑡

ൌ െ𝐷
𝜕ଶ𝐶ሺ𝑥, 𝑡ሻ
𝜕𝑥ଶ

 ሺ8ሻ 

in which 𝐶 and 𝐷  indicate chloride ion concentration and diffusion coefficient, 

respectively. Also, 𝑥 represents the depth of concrete from the surface. If the 

concentration of chloride ions near the concrete surface is assumed to be constant ሺlike 

that usually assumed for corrosion due to de-icing saltsሻ, the corrosion initiation time 

ሺ𝑇ሻ can be estimated by the following relation ሾ76ሿ 

𝑇 ൌ
𝑥ଶ

4𝐷
erfିଵ ൬

𝐶 െ 𝐶
𝐶

൰൨
ିଶ

 ሺ9ሻ 

where 𝐶 and 𝐶 are equilibrium chloride concentration at the concrete surface and 

critical chloride concentration that causes the dissolution of the passive protective film 

around the reinforcement and initiates corrosion, respectively. Additionally, erf ሺ𝜃ሻ 

denotes the Gaussian error function, which analytically is defined as 

erf ሺ𝜃ሻ ൌ
2

√𝜋
න expሺെ𝑝ଶሻd𝑡
ఏ


 ሺ10ሻ 
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It is important to highlight that the start time of corrosion ሺi.e., 𝑇ሻ relies on 

various parameters, such as the bridge’s location and environmental conditions, which 

can vary. Therefore, it is necessary to use probabilistic models to consider such 

uncertainties following Table 6 ሾ77ሿ. Hence, when the passive protective layer around 

the reinforcement dissolves due to the constant attack of chloride, corrosion begins, and 

the loss of time-dependent reinforcement cross-section, 𝐴ሺ𝑡ሻ, can be obtained by ሾ75-

76ሿ 

𝐴ሺ𝑡ሻ ൌ

⎩
⎪
⎨

⎪
⎧𝑛ୠୟ୰ୱ𝐷

ଶ గ

ସ
                  
 

𝑛ୠୟ୰ୱሾ𝐷ሺ𝑡ሻሿଶ
గ

ସ
        

 
0                                 

for 𝑡  𝑇                              
 

for 𝑇 ൏ 𝑡 ൏ 𝑇  𝐷/𝑟ୡ୭୰୰ 
for 𝑡  𝑇  𝐷/𝑟ୡ୭୰୰         

  ሺ11ሻ 

in which 𝑛ୠୟ୰ୱ indicates the total number of reinforcement bars, and 𝑡 represents the 

elapsed time in years. In addition, 𝐷  denotes the initial diameter of steel reinforcement, 

and 𝐷ሺ𝑡ሻ is the steel reinforcement diameter at the end of time 𝑡 െ 𝑇, with the rate of 

corrosion 𝑟ୡ୭୰୰. Furthermore: 

𝐷ሺ𝑡ሻ ൌ 𝐷 െ 𝑟ୡ୭୰୰ሺ𝑡 െ 𝑇ሻ ሺ12ሻ 

In this study, the corrosion rate during the life-cycle of the bridge based on 

previous studies is assumed to be constant due to the lack of detailed data for time-

dependent corrosion rate. However, this rate can be variable according to 

environmental conditions ሾ78ሿ. As mentioned earlier, the uncertainty about the 

corrosion rate is calculated by a probabilistic model instead of a single deterministic 

value based on Table 6. In this context, the area of the reinforcing steel at time 𝑡, 𝐴ሺ𝑡ሻ, 

normalized by the initial size of the reinforcement, 𝐴 , as time-dependent area reduction 

ratio is shown in Fig. 5ሺbሻ. In addition, the red dashed lines show the Probability Density 

Functions ሺPDFsሻ for corrosion parameters, and the black curve indicates the mean 

values of normalized time-variant area reduction of the RC pier reinforcement. As seen 

from Fig. 5ሺbሻ, it shows the reduction of the steel cross-sectional area during the 
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considered timespan and the increase of uncertainty regarding the estimation of the 

reinforcement area due to the combined effect of the corrosion initiation time 𝑇, the 

variability of the corrosion rate 𝑟ୡ୭୰୰, and the initial diameter of the reinforcement 𝐷 . 

The loss of steel area due to corrosion of RC piers is correspondingly modeled as a 

reduction in the cross-sectional area of the longitudinal reinforcing bar in the fiber 

section model compared to the intact piers in the finite element model. This study 

considers the effect of structural deterioration at 0 ሺi.e., intact caseሻ, 25, 50, 75, and 100 

years. In this study, the structural deterioration is assumed to naturally initiate after 

applying retrofitting strategies on the bridge system of the retrofitted case. This 

assumption implies that the retrofitting measurements implemented on the bridge 

system will effectively restore the structural performance to its initial state or even 

enhance it ሾ79ሿ. Therefore, the time of applying the retrofitting is considered the base 

scenario for the retrofitted case. In other words, any deterioration or damage that 

occurs after the retrofitting ሺi.e., 0 year for the intact caseሻ is assumed to be due to 

external factors. Also, the effect of FRP layers on aging RC columns is considered 

following Dhakal ሾ79ሿ ሺfor further discussions, refer to ሾ80-82ሿሻ. Since FRP layers are 

corrosion resistant, enhancing structures' durability ሾ81, 83ሿ, the deterioration of FRP 

layers is not considered in the modeling. It should be noted that in addition to the loss of 

reinforcement cross-section, corrosion deterioration can give rise to various secondary 

consequences. These include the reduction of the strength of both the concrete cover 

and core, as well as a reduction in the strength and ductility of the steel. The secondary 

effects of corrosion deterioration examined in this study are outlined below. 

 

3.3.1. Secondary effects of corrosion deterioration 

The corrosion deterioration process generates splitting stresses caused by the 

expansion of rust products, ultimately forming micro-cracks in the concrete cover. These 
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cracks can potentially widen over time, eventually resulting in the spalling or 

detachment of the cover. The assessment of the concrete cover strength is carried out 

according to the methodology proposed by Biondini and Vergani ሾ71ሿ as given by: 

𝑓ሺ𝑡ሻ ൌ 𝑓 ൬1  𝐾
 𝑛ୠୟ୰ୱ 𝑤ሺ𝑡ሻ

𝜀  𝐷
൰
ିଵ

 ሺ13ሻ 

where 𝑓ሺ𝑡ሻ indicates the time-dependent strength of the spalling and cracking concrete 

cover, and 𝑓 and 𝜀 are the initial strength and strain of the non-corroded concrete 

cover, respectively. The parameter 𝐾 is assumed to be 0.1, which is associated with the 

diameter of steel reinforcement and its roughness ሾ72ሿ. In addition, 𝑤ሺ𝑡ሻ implies the 

total crack width at time 𝑡, which can be calculated by the available empirical formula 

and depends on the depth of corrosion attack and volumetric expansion of corroded 

rebars ሾ84ሿ. In this line, the variation of mean cover concrete strength 𝑓ሺ𝑡ሻ, normalized 

by the initial concrete cover strength 𝑓, as time-dependent strength reduction ratio is 

shown in Fig. 5ሺcሻ.  

Besides the loss of strength in the cover concrete, corrosion deterioration also 

results in a decrease in the strength of the core concrete due to the loss of area of 

transverse ties. To evaluate the reduced confined core concrete strength, the model 

initially introduced by Mander et al. ሾ54ሿ and developed by other researchers for aging 

columns ሾ85ሿ is utilized in this study as follows: 

𝑓ሺ𝑡ሻ ൌ 𝑓 ቌെ1.254  2.254ඨ1 
7.94𝑓ሺ𝑡ሻ

𝑓
െ 2

𝑓ሺ𝑡ሻ
𝑓

ቍ ሺ14ሻ 

in which 𝑓ሺ𝑡ሻ indicates the time-dependent strength of the confined core concrete. 

Also, 𝑓ሺ𝑡ሻ is the effective lateral confining stress distributed over the surface of the core 

concrete. It is defined by a function of the volumetric ratio of transverse tie 

reinforcement, which undergoes a time-dependent reduction due to corrosion 

deterioration. As mentioned earlier, the corrosion deterioration along the length of the 
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rebar causes a decrease in the yield or ultimate strength and ductility of the steel 

reinforcement. Experimental studies conducted on bare or reinforced steel bars have 

demonstrated that the strength of the steel decreases linearly with the loss of mass ሾ86ሿ. 

In this regard, the percentage mass loss of steel 𝑋ሺ𝑡ሻ, due to corrosion at time 𝑡 can be 

calculated by the following relation: 

𝑋ሺ𝑡ሻ ൌ
𝐴 െ 𝐴ሺ𝑡ሻ

𝐴
ൌ
𝐷

ଶ െ 𝐷ሺ𝑡ሻଶ

𝐷
ଶ  ሺ15ሻ 

The yield or ultimate time-dependent strength of the corroding steel 

reinforcement at time 𝑡 can be estimated as: 

𝑓௦௬ሺ𝑡ሻ ൌ ሾ1 െ 0.005𝑋ሺ𝑡ሻሿ𝑓௦  ሺ16ሻ 

where 𝑓௦ is the corresponding yield or ultimate strength of the non-corroded 

reinforcement.  

The reduction in steel ultimate strain does not conform to a linear model, as 

indicated by various experiments reporting a wide range of strain reduction values ሾ87ሿ. 

Consequently, this study adopts the experimental findings of Apostolopoulos and 

Papadakis ሾ88ሿ, who observed a nonlinear relationship between ultimate strain and 

percentage mass loss. According to the analysis of experimental data, the ultimate strain 

is correlated with the percentage mass loss based on the equation proposed by Biondini 

and Vergani ሾ71ሿ as follows: 

𝜀௦௨ሺ𝑡ሻ ൌ ൝
𝜀௦௨                                      

                                
0.1521𝜀௦௨ሾ𝑋ሺ𝑡ሻሿି.ସହ଼ଷ

     
for 0  𝑋ሺ𝑡ሻ ൏ 1.6

 
     for 1.6  𝑋ሺ𝑡ሻ  100

 ሺ17ሻ 

in which 𝜀௦௨ and 𝜀௦௨ሺ𝑡ሻ correspond to the ultimate strain of the non-corroded and 

corroding reinforcements, respectively. 

 

4.  Seismic resilience development methodology 
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The probabilistic seismic demand models should be determined in the first step 

to assess the time-dependent seismic resilience. To achieve this purpose, a series of IDAs 

is conducted for each retrofitting strategy. Next, fragility curves are determined for each 

of the four damage states ሺi.e., minor, moderate, major, collapseሻ using calculated PSDM 

at a range of seismic intensity levels from PGA ൌ 0.0 to PGA ൌ 1.0g. Finally, time-

dependent seismic resilience curves/surfaces are calculated for each aging case, 

retrofitting arrangements with different materials and thicknesses following the 

explained assumptions and formulation in section 2. 

 

4.1. Probabilistic seismic demand models 

The Probabilistic Seismic Demand Models ሺPSDMsሻ can establish a statistical 

relationship between the median peak seismic response of critical bridge components 

and the seismic intensity. This study considers the PGA and the three components ሺi.e., 

pier displacement ductility, bearings shear strain, and abutment displacementሻ of the 

bridge system as the seismic intensity and engineering demand parameter, respectively. 

The PSDMs are developed by the IDA when these critical elements are exposed to 

chloride-induced corrosion at 0 ሺintact or pristine caseሻ, 25, 50, 75, and 100 years of 

service life ሾ89ሿ. At each point, 20 SGMs from the ground motion ensemble are paired 

with statistically similar bridge samples that reflect uncertainties in modeling, material 

variables, and deterioration parameters. The probabilistic seismic demand models for 

RC piers for the pristine case and different retrofitted strategies bridge are shown in Fig. 

6. In each panel, the lines represent the linear regression relationship of the form given 

in Eq. ሺ4ሻ, and the top line ሺindicated by a solid blue lineሻ marks the non-retrofitted 

bridge. In contrast, the lowermost line ሺshown by a solid black lineሻ indicates retrofitted 

with the thickest considered material and arrangement. At the same time, the markers 

depict the ground motion intensity and 𝐸𝐷𝑃 for highlighted cases. As seen from the 
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results from Fig. 6, different PSDMs arise based on various strategies ሺi.e., different 

retrofitting jacketing materials, thicknesses, and arrangementsሻ. In this line, materials 

with more strength, such as CFRP, can remarkably reduce structural responses against 

seismic loads. This ability increases by using strategies that retrofit more piers with 

thicker material. Also, the influence of aging is examined and demonstrated in Fig. 7. 

By comparing the results from Fig. 6 and Fig. 7, the median estimates of seismic 

demand based on the PSDMs are increased according to two main factors: ሺ1ሻ over time 

from pristine to corrosion conditions and ሺ2ሻ different seismic intensities. This can be 

attributed to the higher uncertainty in determining the degree of deterioration and how 

the bridge responds to SGMs. In this regard, it should be noted that retrofitting has a 

significant effect on reducing the seismic vulnerability of bridges by considering the 

effect of corrosive chloride attack as structural deterioration. Generally, this effect can 

be presented in two categories as follows:  

ሺIሻ With retrofitting under the effect of corrosion, the median values of the responses ሺor 

linear regression relationship between 𝐼𝑀 and 𝐸𝐷𝑃ሻ are significantly reduced 

compared to retrofitting without aging and the non-retrofitted case. 

ሺIIሻ Retrofitting strategies in which a greater number of bridge piers are retrofitted with 

more strength and thicker materials lead to an increase in this effect ሺsee Fig. 7ሺbሻ 

and Fig. 7ሺdሻሻ. 

 

4.2. Time-dependent seismic fragility curves development 

To achieve the time-dependent seismic resilience curves, it is necessary to 

measure time-dependent seismic fragility curves based on the probabilistic seismic 

demand models described in the previous section. The fragility curves indicate the 

probability of damage to the studied system for different damage states and the effects 

of different ground motion intensity levels, which can lead to a better understanding of 
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the seismic vulnerability of bridges under various uncertainties. In this line, curve fitting 

is used to find the best fit curve representing a set of data points. In the case of fragility 

curves, curve fitting models the relationship between an input parameter ሺsuch as 

ground motion intensityሻ and the probability of exceeding a specific damage state or 

performance level. To accomplish this, a mathematical function that accurately describes 

the connection between the independent variable ሺhazard intensityሻ and the dependent 

variable ሺprobability of damageሻ needs to be identified. The lognormally curve fitting 

method is commonly used to develop fragility curves ሾ90ሿ. The first step in this method 

involves collecting data on the damage or performance of structures for different hazard 

intensity levels. This data is then transformed into a logarithmic scale, as a log-normal 

distribution appears symmetrical when portrayed on this scale. The transformed data is 

then plotted on a scatter plot, with the logarithmic hazard intensity on the 𝑥-axis and the 

quantile of damage on the 𝑦-axis. The curve is typically represented by the median and 

percentile values, such as the 16th, 50th, and 84th percentiles ሺcorresponding to one 

standard deviation away from the medianሻ. 

To evaluate the impact of corrosion on seismic vulnerability, the time-dependent 

seismic fragilities of the bridge system are calculated at different times during their life-

cycle, following the general expression of seismic fragility in section 2.2. In this process, 

the probability of structural damage at four damage states ሺi.e., minor, moderate, major, 

collapseሻ is calculated for non-retrofitted bridges under different years of corrosion ሺi.e., 

pristine, 25, 50, 75, and 100 yearsሻ, as illustrated in Fig. 8. 

The results of Fig. 8 indicate that the fragility curves generally increase over time 

as the bridge corrosion continues. It can be observed that for a specific intensity level  

ሺnamely, the PGAሻ, the bridge system tends to have a higher median damage index for 

corrosion conditions compared to the pristine case. However, the increase rate of the 

probability of structural damage varies according to seismic intensity, damage state, and 
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the duration of deterioration. In line with the results, the probability of structural 

damage increases at higher seismic intensities. For example, with PGA ൌ 0.3 g, there is 

approximately a 10.4% and 15.2% chance of achieving a moderate damage state for the 

pristine and 50 years aging cases, respectively, while under the PGA ൌ 0.6 g and the 

same damage state, these values are nearly equal to 45.9% and 55.1% ሺFig. 8ሺbሻሻ. In 

addition, this difference in fragility values increases with the change of damage state 

from minor to collapse ሺFig. 8ሺa-cሻሻ and more exposed to harsh environmental conditions 

(i.e., from 0 to 100 years) ሺFig. 8ሺdሻሻ. Also, the influence of retrofitting is depicted in Fig. 

9. 

As seen in Fig. 9, different retrofitting strategies effectively reduce the 

vulnerability of aging bridges. In this regard, various arrangements with different 

materials and thicknesses have different effects on reducing vulnerability. Materials 

with higher strength, such as CFRP, more retrofitted piers, and the number of 

layers/thicknesses, are more efficient in lowering vulnerability ሺFig. 9ሺa - bሻሻ, 

consequently increasing the resilience index. In each panel of this figure, the topmost 

curve ሺindicated by a solid black lineሻ represents the non-retrofitted structure. In 

contrast, the lowermost curve indicates the most efficient approach for mitigating 

damage. In all cases, the lowermost curves correspond to the cases where all piers are 

covered with the thickest jacketing. In addition, retrofitting reduces the destructive 

effect of structural deterioration ሺFig. 9ሺaሻ and Fig. 9ሺcሻሻ. Also, the effectiveness of 

retrofitting strategies increases when the damage state goes from minor to collapse and 

under severe seismic intensities ሺFig. 9ሺc - dሻሻ. In general, fragility curves for retrofitted 

bridges are less varied than those of non-retrofitted structures, which makes the 

structure more stable against the aforementioned damaging factors.  

 

4.3. Time-dependent seismic resilience curves development 
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In disaster management, a reliable, robust, and efficient index is necessary for 

decision-makers to prepare crisis management strategies ሺincluding mitigation, 

preparedness, response, and recovery phasesሻ by considering the current, during, and 

post-event infrastructure under hazard events. In this regard, the seismic resilience 

index can establish a sense-making relationship between the functionality level of the 

under-study infrastructure and the potential seismic intensity. It can provide an 

overview of the infrastructure's status before, during, and post-earthquake events over 

time by considering and applying fitted recovery paths on the system's situation. In this 

study, the time-dependent seismic resilience curves are evaluated for all the retrofitting 

strategies by considering the effect of structural deterioration over time, as mentioned 

in section 2.1. The time-dependent seismic resilience surfaces are calculated using the 

restoration function based on the time-dependent seismic resilience curves. Fig. 10 

illustrates the time-dependent seismic resilience curves for the selected arrangements 

and materials by considering all discussed assumptions and related formulations in 

section 2. 

As observed from the results in Fig. 10, the seismic resilience index decreases 

with the continuation of corrosion and increases in seismic intensity at different rates 

based on the type of retrofitting strategy and the time of deterioration. In this respect, 

retrofitting action leads to an improvement in the resilience index compared to the non-

retrofitted structure so that the mentioned destructive effect of seismic intensity can be 

significantly reduced ሺevident in Fig. 10ሺa - bሻሻ. These results underline the importance 

of considering the impact of aging on the response of bridge systems. In addition, 

materials such as CFRP with high strength combined with robust retrofitting strategies 

ሺi.e., a greater number of retrofitted piers and thicknessሻ have a notable influence on 

enhancing the resilience index ሺFig. 10ሺb - cሻሻ. Moreover, their significant effect in 

mitigating the destructive consequences of aging becomes more pronounced as 
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corrosion conditions worsen from pristine to 100 years ሺFig. 10ሺc - dሻሻ. Table 7 

represents the median and log-standard deviation values of the interpolated log-normal 

distribution functions for the system's resilience immediately following seismic hazard 

events at different aging time intervals. For a better comparison of the obtained results, 

the Retrofit Efficiency ሺ𝑅𝐸ሻ ratio is defined as the ratio of “useful output” to “total input” 

for the seismic resilience index as follows: 

𝑅𝐸ሺ%ሻ ൌ
Useful output
Total output

 ൈ 100% ሺ18ሻ 

 

where the useful output denotes the amount of increase in the seismic resilience index 

due to retrofitting compared to the non-retrofitted situation. In addition, the total input 

indicates the seismic resilience index of the non-retrofitted situation. Fig. 11 plots the 

𝑅𝐸 for different CFRP jacketing strategies and aging conditions. Also, Table 8 presents 

the percentage increase in the median of the log-normal distribution function of system 

resilience that can be attained by various retrofitting designs. In this table, the 

percentage increase is fitted as exponential functions based on two ratios as general 

categories: ሺ1ሻ assuming that the arrangement is fixed and examining the effect of 

different thicknesses, and ሺ2ሻ assuming that the thickness is constant and investigating 

the effect of different retrofit arrangements. 

As mentioned, the resilience of the desired structure is dropped just after a 

seismic hazard event occurs. It can then be restored to its intact state through repair 

actions. Mathematically, this drop in resilience and the effect of recovery measurement 

on it can be calculated by utilizing the Heaviside step ሺor the unit step functionሻ and 

restoration functions, as illustrated in Fig. 12. The results show that the effect of 

structural deterioration on the seismic resilience is meaningful so that it decreases 

seismic resilience with a higher rate compared to a pristine state. In addition, this effect 

is magnified in a severe earthquake, which causes the structure's restoration to be 

affected ሺFig. 12ሺa-bሻሻ. On the other hand, it is possible to deal with the destructive 
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effects of the deterioration of the structure and the seismic risk by retrofitting the 

structure, as shown in Fig. 12ሺc-dሻ. In this connection, the appropriate retrofitting 

strategy can provide more stable conditions for the infrastructure before, during, and 

post-hazardous events. 

 

5. Conclusions  

This study focuses on evaluating the impact of aging on the seismic resilience of 

highway bridges as one of the critical elements in the transportation network. In this 

regard, a simplified probabilistic framework is presented to determine and develop the 

corroded bridge’s time-dependent seismic resilience over time by assuming uniform 

corrosion. For this purpose, a typical RC box girder bridge is investigated in detail as a 

case study infrastructure. Fragility curves are constructed for each aging scenario ሺi.e., 

including a non-retrofitted and retrofitted bridge system with different strategiesሻ 

based on the PSDMs by employing IDAs. Finally, time-dependent seismic resilience 

curves are constructed for each aging scenario. Specific results obtained from this 

research are as follows: 

 The PSDMs for under-study bridge are increased as the corrosive chloride attack 

and seismic intensities increase. However, different retrofitting strategies in RC 

bridge piers can significantly reduce their seismic vulnerability by considering the 

effects of aging at different rates. In this regard, increasing the strength and 

thickness of materials in the retrofitting process further enhances this ability. 

 The comparison of the calculated time-dependent seismic fragility curves indicates 

that they increase over time with different rates as corrosion continues, primarily 

influenced by three factors: ሺ1ሻ higher seismic intensity input, ሺ2ሻ transitions in 

damage states from minor to collapse, and ሺ3ሻ the duration of deterioration ranging 

from 0 to 100 years. In this respect, retrofitting actions are very effective in further 
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stabilizing the structure against the combined destructive effects of seismic hazard 

and deterioration. Additionally, this reliability can be increased by applying 

retrofitting strategies on the bridge that include materials with higher strength, 

more retrofitted piers, and more the number of layers, which ultimately leads to an 

increase in the resilience index. 

 The time-dependent seismic resilience surfaces are calculated for all the retrofitting 

strategies under different seismic scenarios by considering the effect of aging over 

time. The results indicated that the seismic resilience index decreases at different 

rates depending on the continuation of corrosion and the increase in seismic 

intensity. In this line, retrofitting interventions increase the resilience index 

compared to the non-retrofitted structure and significantly mitigate the 

simultaneous destructive effect of seismic intensity and aging. In addition, robust 

retrofitting strategies ሺsuch as incorporating more retrofitted piers and thicknessሻ 

have a more remarkable impact on increasing the resilience index and 𝑅𝐸 ratio, 

thereby neutralizing the aforementioned destructive effects. 

 Finally, The median and log-standard deviation values of the interpolated log-

normal distribution functions are presented to quantify the bridge system resilience 

after seismic hazard events by incorporating the effects of different aging time and 

retrofitting strategies. The suggested statistical/mathematical functions are based 

on the PGA as the main intensity measure in seismic hazard analysis. These 

functions can aid decision-makers in preparing optimal strategies for crisis 

management, including mitigation, preparedness, response, and recovery phases. 

 

Appendix A 

In order to validate the accuracy and reliability of the outcomes derived from the 

modeling conducted via the SeismoStruct software ሾ48ሿ, a nonlinear time-history 
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analysis is undertaken. This analysis aims to assess the behavior of an actual RC bridge 

pier subjected to a uniaxial SGM based on the study conducted by Bianchi et al. ሾ91ሿ. Fig. 

A1ሺaሻ illustrates the actual model installed on the shaking table. At the same time, 

Figure A1ሺb - cሻ compares the responses of base shear and top displacement for the 

bridge pier simulated using the SeismoStruct and the results obtained from the shaking-

table experiment. Obviously, there is a close alignment between the numerically 

predicted and experimentally measured time-history data for both top displacement and 

base shear responses. 
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Fig. 1. The flowchart of the time-dependent seismic resilience assessment process of this 

study.  
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Fig. 2. Typical details of ሺaሻ the bridge under investigation and ሺbሻ finite element model 

specifications of the considered bridge in SeismoStruct software. 
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Fig. 3. Various arrangements used for bridge pier retrofitting configurations. 
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Fig. 4. Scaled acceleration response spectrum of selected earthquake records used in this 

study. 
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Fig. 5. Modeling of RC piers depends on the time during the service life for ሺaሻ schematic 

cross-section reduction of a uniform corroded reinforcing steel bar, ሺbሻ distribution of 

normalized time-variant area reduction of the reinforcing steel area, and ሺcሻ mean cover 

concrete strength with time along with the lower and upper limits of the uncertainty 

band representing 5th and 95th percentile confidence bounds. 
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ሺcሻ 
 

ሺdሻ 

 

Fig. 6. IDAs results and fitted PSDMs of bridge piers for ሺaሻ Quarter-steel jacketing, ሺbሻ 

Full-steel jacketing, ሺcሻ Quarter-CFRP jacketing, and ሺdሻ Full-CFRP jacketing at pristine 

state ሺ0 year agingሻ. 
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ሺcሻ 
 
 

ሺdሻ 

 

Fig. 7. IDAs results and fitted PSDMs of bridge piers for ሺaሻ Quarter-steel jacketing, ሺbሻ 

Full-steel jacketing, ሺcሻ Quarter-CFRP jacketing, and ሺdሻ Full-CFRP jacketing when they 

were exposed to chloride-induced corrosion at 75 years of service life. 

 

0

2

4

6

8

-2.5 -2 -1.5 -1 -0.5 0

ln
 ሺ
∆
𝑢-

pe
ir
ሻ

ln ሺPGAሻ

Aging- 75 Year
CFRP- Quarter- T1- 75 Year
CFRP- Quarter- T2- 75 Year
CFRP- Quarter- T3- 75 Year
CFRP- Quarter- T4- 75 Year

0

2

4

6

8

-2.5 -2 -1.5 -1 -0.5 0

ln
 ሺ
∆
𝑢-

pe
ir
ሻ

ln ሺPGAሻ

Aging- 75 Year
CFRP- Full- T1- 75 Year
CFRP- Full- T2- 75 Year
CFRP- Full- T3- 75 Year
CFRP- Full- T4- 75 Year



50 
 

 

 

ሺaሻ 

 

 

ሺbሻ 

0

25

50

75

100

0 0.25 0.5 0.75 1

Pr
ob

ab
ili

ty
 o

f e
xc

ee
da

nc
e 

a 
m

in
or

 d
am

ag
e 

st
at

e 
ሺ%

ሻ

PGA ሺgሻ

Pristine

Aging- 25 years

Aging- 50 years

Aging- 75 years

Aging- 100 years

0

25

50

75

100

0 0.25 0.5 0.75 1

Pr
ob

ab
ili

ty
 o

f e
xc

ee
da

nc
e 

a 
m

od
er

at
e 

da
m

ag
e 

st
at

e 
ሺ%

ሻ

PGA ሺgሻ

Pristine

Aging- 25 years

Aging- 50 years

Aging- 75 years

Aging- 100 years

0 year aging 

100 years aging 



51 
 

ሺcሻ 
 
 

ሺdሻ 

 

Fig. 8. Seismic fragility curves of non-retrofitted bridge system for ሺaሻ minor, ሺbሻ 

moderate, ሺcሻ major, and ሺdሻ collapse damage states along its life-cycle. 
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ሺdሻ 

 

Fig. 9. Seismic fragility curves for ሺaሻ CFRP and ሺbሻ GFRP jacketings at minor damage 

state, with 0 year of aging. Seismic fragility curves for CFRP jacketings at ሺcሻ minor and 

ሺdሻ collapse damage states with 100 years of aging under corrosion. 
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ሺdሻ 

 

Fig. 10. Seismic time-dependent resilience curve right after an event for ሺaሻ non-

retrofitted, ሺbሻ steel jacketing, ሺcሻ CFRP jacketing at the intact state ሺ0 year agingሻ, and 

ሺdሻ CFRP jacketing at the end of service life ሺ100 years agingሻ under corrosion. 
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Fig. 11. Retrofit efficiency values of seismic time-dependent resilience for ሺaሻ CQT1-T4, 

ሺbሻ CHT1-T4, ሺcሻ CTqT1-T4, and ሺdሻ CFT1-T4 jacketing considering differing aging 

years.  
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Fig. 12. Seismic time-dependent resilience surface in harmony with recovery path for ሺaሻ 

pristine non-retrofitted bridge, ሺbሻ 100 years aging non-retrofitted bridge, ሺcሻ CFT4 

jacketing with 0 year aging, and ሺdሻ CFT4 jacketing at the end of service life ሺ100 years 

agingሻ under corrosion. 
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ሺbሻ 

 

 

ሺcሻ 

 

Fig. A1. General view of ሺaሻ a full-scale tested reinforced concrete bridge pier ሾ91ሿ. The 

numerical and experimental ሺbሻ base shear and ሺcሻ top displacement caused by the 

seismic record used in Ref. ሾ91ሿ. 
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Table 1. Threshold of seismic damage-dependent recovery path and the statistical 

information for the required time of each damage state ሾ35ሿ 

Damage state 
ሺ𝐷𝑆ሻ 

Recovery path description 

Recovery time ሺDaysሻ 

Log-normal mean ሺLognormal standard 
deviationሻ 

𝑇௦ 𝑇 𝑇ௗ& 𝑇 

Minor 𝑇௦  𝑇ௗ&  𝑇 4 ሺ3.6ሻ - ሺ-ሻ 30 ሺ27.4ሻ 0.6 ሺ0.6ሻ 

Moderate 𝑇௦  𝑇  𝑇ௗ&  𝑇 4 ሺ3.6ሻ 45 ሺ41.0ሻ 40 ሺ36.5ሻ 2.5 ሺ2.7ሻ 

Major 𝑇௦  𝑇  𝑇ௗ&  𝑇 4 ሺ3.6ሻ 45 ሺ41.0ሻ 50 ሺ45.6ሻ 75 ሺ42ሻ 

Collapse 𝑇௦  𝑇  𝑇ௗ&  𝑇 4 ሺ3.6ሻ 45 ሺ41.0ሻ 60 ሺ54.7ሻ 230 ሺ110ሻ 
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Table 2. Threshold of damage state quantities prescribed by FEMA ሾ33ሿ 

Bridge 

compone

nts 

𝐸𝐷𝑃 

ሺPhysical 

phenomen

onሻ 

Cracking 

and 

spalling 

Moderate 

cracking and 

spalling 

Degradati

on 

without 

collapse 

Failure leading 

to collapse 

Ref. 

ሾ33ሿ 
Minor 

damage 

state ሺ𝐷𝑆ଵሻ 

Moderate 

damage state 

ሺ𝐷𝑆ଶሻ 

Major 

damage 

state 

ሺ𝐷𝑆ଷሻ 

Collapse damage 

state ሺ𝐷𝑆ସሻ 

𝜇 𝜎 𝜇 𝜎 𝜇 𝜎 𝜇 𝜎  

Bridge 

piers 

Displacem

ent 

ductility, 

𝜇ௗ 

1 0.73 1.2 0.61 1.76 0.74 4.76 0.77 

Ref. 

ሾ43-

44ሿ 

Isolation 

bearings 

Shear 

strain, 𝛾 

ሺ%ሻ 

100 0.79 150 0.68 200 0.73 250 0.66 

Ref. 

ሾ43-

44ሿ 

Abutmen

ts 

Active 

displacem

ent, 𝛿 

ሺmmሻ 

9.75 0.25 37.9 0.25 77.2 0.46 N/A N/A 

Ref. 

ሾ45-

46ሿ 

Passive 

displacem

ent, 𝛿 

ሺmmሻ 

37 0.25 146 0.25 N/A N/A N/A N/A 

Ref. 

ሾ45-

46ሿ 
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Table 3. The retrofitting strategies for jacketing RC bridge piers considered in this study 

Retrofitting 
strategy name 

Thicknesses of each 
material ሺmmሻ  

Arrangements for each 
material 

Materials  

CFT1 2 plies ൈ 1.24 mm  
F ሺFullሻ: 100% of all piers 
are jacketed 

 
 
 
 
 
 
CFRP: Carbon Fiber-
Reinforced Polymer 

CFT2 4 plies ൈ 1.24 mm 
CFT3 7 plies ൈ 1.24 mm 
CFT4 10 plies ൈ 1.24 mm 
CTqT1 2 plies ൈ 1.24 mm  

Tq ሺThree quarterሻ: 75% of 
all piers  are jacketed 

CTqT2 4 plies ൈ 1.24 mm 
CTqT3 7 plies ൈ 1.24 mm 
CTqT4 10 plies ൈ 1.24 mm 
CHT1 2 plies ൈ 1.24 mm  

H ሺHalfሻ: 50% of all piers  
are jacketed 

CHT2 4 plies ൈ 1.24 mm 
CHT3 7 plies ൈ 1.24 mm 
CHT4 10 plies ൈ 1.24 mm 
CQT1 2 plies ൈ 1.24 mm  

Q ሺQuarterሻ: 25% of all 
piers  are jacketed 

CQT2 4 plies ൈ 1.24 mm 
CQT3 7 plies ൈ 1.24 mm 
CQT4 10 plies ൈ 1.24 mm 
GFT1 2 plies ൈ 1.27 mm  

F ሺFullሻ: 100% of all piers 
are jacketed 

 
 
 
 
 
 
GFRP: Glass Fiber-
Reinforced Polymer 

GFT2 4 plies ൈ 1.27 mm 
GFT3 7 plies ൈ 1.27 mm 
GFT4 10 plies ൈ 1.27 mm 
GTqT1 2 plies ൈ 1.27 mm  

Tq ሺThree quarterሻ: 75% of 
all piers  are jacketed 

GTqT2 4 plies ൈ 1.27 mm 
GTqT3 7 plies ൈ 1.27 mm 
GTqT4 10 plies ൈ 1.27 mm 
GHT1 2 plies ൈ 1.27 mm  

H ሺHalfሻ: 50% of all piers  
are jacketed 

GHT2 4 plies ൈ 1.27 mm 
GHT3 7 plies ൈ 1.27 mm 
GHT4 10 plies ൈ 1.27 mm 
GQT1 2 plies ൈ 1.27 mm  

Q ሺQuarterሻ: 25% of all 
piers  are jacketed 

GQT2 4 plies ൈ 1.27 mm 
GQT3 7 plies ൈ 1.27 mm 
GQT4 10 plies ൈ 1.27 mm 
SFT1 9.53 mm  

F ሺFullሻ: 100% of all piers 
are jacketed 

 
 
 
 
 
 
 
 
 Steel 

SFT2 12.7 mm 
SFT3 19.05 mm 
SFT4 25.40 mm 
STqT1 9.53 mm  

Tq ሺThree quarterሻ: 75% of 
all piers  are jacketed 

STqT2 12.7 mm 
STqT3 19.05 mm 
STqT4 25.40 mm 
SHT1 9.53 mm  

H ሺHalfሻ: 50% of all piers  
are jacketed 

SHT2 12.7 mm 
SHT3 19.05 mm 
SHT4 25.40 mm 
SQT1 9.53 mm  

Q ሺQuarterሻ: 25% of all 
piers  are jacketed 

SQT2 12.7 mm 
SQT3 19.05 mm 
SQT4 25.40 mm 
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     Table 4. Material properties used in the finite element analysis 

Material                     Mechanical property                                        Value 

Concrete                 Compressive strength ሺMPaሻ 35 

 Tensile strength ሺMPaሻ 3.5 

 Strain at peak stress ሺ%ሻ  0.2 

Steel ሺbarሻ Modulus of elasticity ሺGPaሻ 200 

                Yield strength ሺMPaሻ 400 

 Strain hardening parameters ሺ%ሻ 0.5 

CFRP                       Tensile strength ሺMPaሻ 930 

 Tensile modulus ሺGPaሻ 89.6 

 Ultimate elongation ሺ%ሻ 0.98 

 Ply thickness ሺmmሻ    1.24 

Steel ሺjacketingሻ Modulus of elasticity ሺGPaሻ 200 

                      Ultimate tensile strength ሺMPaሻ 250 

GFRP                       Tensile strength ሺMPaሻ 587 

 Tensile modulus ሺGPaሻ 27.4 

 Ultimate elongation ሺ%ሻ 2.3 

 Ply thickness ሺmmሻ    1.3 
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Table 5. The selected strong ground motions 

Record 
No. 

Earthquake Year Station Name Magni
tude 

R rupture 
ሺkmሻ 

PGA 
ሺgሻ 

Focal 
Mechanism 

1 Kobe Japan 1995 Nishi-Akashi 6.9 7.08 0.498 Strike-slip 

2 Northridge 1994 Sylmar - 
Converter Sta 
East 

6.69 5.19 0.963 Reverse 

3 Chichi 
Taiwan 

1999 CHY080 7.62 2.69 0.953 Reverse 
oblique 

4 Erzincan 
Turkey 

1992 Erzincan 6.69 4.38 0.488 Strike-slip 

5 Loma Prieta 1989 Corralitos 6.93 3.85 0.662 Reverse 
oblique 

6 Helena 
Montana 

1935 Carroll College 6 2.86 0.196 Strike-slip 

7 Nahanni 
Canada 

1985 Site 1 6.76 9.6 1.019 Reverse 

8 Corinth 
Greece 

1981 Corinth 6.6 10.27 0.272 Normal 
oblique 

9 Norcia Italy 1979 Cascia 5.9 4.64 0.213 Normal 

10 Izmir Turkey 1977 Izmir 5.3 3.21 0.41 Normal 

11 Northern 
California 

1941 Ferndale City 
Hall 

6.4 44.52 0.115 Strike-slip 

12 San 
Fernando 

1971 Fairmont Dam 6.61 25.58 0.111 Reverse 

13 Tabas Iran 1978 Boshrooyeh 7.35 24.07 0.106 Reverse 

14 Imperial 
Valley 

1979 Calipatria Fire 
Station 

6.53 23.17 0.129 Strike-slip 

15 Friuli Italy 1976 Codroipo 6.5 33.32 0.091 Reverse 

16 Victoria 
Mexico 

1980 SAHOP Casa 
Flores 

6.33 39.1 0.1 Strike-slip 

17 Chichi 
Taiwan 

1999 CHY002 7.62 26.81 0.147 Reverse 
oblique 

18 Coalinga 1983 Cantua Creek 
School 

6.36 23.78 0.288 Reverse 

19 Kern County 1952 Taft Lincoln 
School 

7.36 38.42 0.18 Reverse 

20 Northern 
California 

1954 Ferndale City 
Hall 

6.5 26.72 0.203 Strike-slip 
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Table 6. Descriptors of Lognormal random variables affecting the corrosion deterioration 

of RC piers ሾ77ሿ 

Descriptor Unit Log-normal 
mean 

Coefficient of 
variation 

Cover depth ሺ𝑥ሻ cm 3.810 0.20 

Diffusion coefficient ሺ𝐷ሻ cmଶ/year 1.290 0.10 

Surface chloride concentration ሺ𝐶ሻ 𝑤𝑡 % concrete 0.100 0.10 

Critical chloride concentration ሺ𝐶ሻ 𝑤𝑡 % concrete 0.040 0.10 

Rate of corrosion ሺ𝑟ୡ୭୰୰ሻ mm/year 0.127 0.30 

Note: 𝑤𝑡 % concrete ൌ percent by weight of concrete. 

 

 

 

Table 7. Lognormally distributed functions for resilience estimation right after a seismic 

hazard event along service life for FT1 strategies 

Year Non-retrofitted Steel GFRP CFRP 

0 
100%
െ 𝐿𝑁ሺ0.83, 0.72ሻ 

100%
െ 𝐿𝑁ሺ1.03, 0.78ሻ 

100%
െ 𝐿𝑁ሺ1.06, 0.80ሻ 

100%
െ 𝐿𝑁ሺ1.23, 0.82ሻ 

25 
100%
െ 𝐿𝑁ሺ0.76, 0.71ሻ 

100%
െ 𝐿𝑁ሺ0.96, 0.73ሻ 

100%
െ 𝐿𝑁ሺ1.01, 0.81ሻ 

100%
െ 𝐿𝑁ሺ1.18, 0.81ሻ 

50 
100%
െ 𝐿𝑁ሺ0.71, 0.69ሻ 

100%
െ 𝐿𝑁ሺ0.94, 0.75ሻ 

100%
െ 𝐿𝑁ሺ0.99, 0.79ሻ 

100%
െ 𝐿𝑁ሺ1.16, 0.78ሻ 

75 
100%
െ 𝐿𝑁ሺ0.64, 0.67ሻ 

100%
െ 𝐿𝑁ሺ0.82, 0.72ሻ 

100%
െ 𝐿𝑁ሺ0.89, 0.73ሻ 

100%
െ 𝐿𝑁ሺ1.08, 0.78ሻ 

100 
100%
െ 𝐿𝑁ሺ0.56, 0.68ሻ 

100%
െ 𝐿𝑁ሺ0.76, 0.77ሻ 

100%
െ 𝐿𝑁ሺ083, 0.75ሻ 

100%
െ 𝐿𝑁ሺ1.01, 0.80ሻ 

Note: 𝐿𝑁ሺ𝜇,𝜎ሻ refers to Lognormal distribution with parameters 𝜇 and 𝜎, which are the mean ሺin 
PGAሻ and standard deviation of the corresponding distribution, respectively. 
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Table 8. Predictive exponential functions of logistic regression for quantifying the 

percentage increase in median of resilience log-normal distribution 

Strategy Ratio 1*, 2* Steel GFRP CFRP 

Quarter 

𝑇/𝑇ଵ 

3.43𝑒.ହ்  3.76𝑒.ହଷ் 5.066𝑒.ହହ்  

Half 4.84𝑒.ହ்  6.36𝑒.ହଵ் 9.24𝑒.ହ் 

Three quarters 7.43𝑒.ହସ்  9.11𝑒.ହସ் 12.89𝑒.ହସ்  

Full 9.91𝑒.ହ்  11.57𝑒.ହ்  16.88𝑒.ହ்  

𝑇ଵ 

𝐴/𝐴ଵ 

3.51𝑒.ସ଼  3.91𝑒.ହଵ  4.85𝑒.ହ  

𝑇ଶ 4.85𝑒.ହ଼  6.20𝑒.ହ  8.82𝑒.ହ଼  

𝑇ଷ 6.54𝑒.ଶ  8.16𝑒.ହ଼  11.55𝑒.  

𝑇ସ 8.764𝑒.  9.43𝑒.ଵ  14.953𝑒.ହଽ  

Note 1: where 𝑇 ∈ ሼ2, 3, 4ሽ is the thickness category ሺ2-4 represent 4, 7, and 10 plies of CFRP/GFRP or 
12.7, 19.05 and 25.40 mm of steel jacketingሻ 

Note 2: where 𝐴 ∈ ሼ2, 3, 4ሽ is the arrangement category ሺ2-4 represent Half, Three quarter, and Full 
retrofit arrangementሻ 

 

 

 

 

 


