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Abstract 

Base isolators and fluid viscous dampers are viable protective devices that have been commonly 

considered in the seismic protection of civil engineering structures. However, the optimal design 

of these devices remains a tedious and iterative undertaking due to the uncertainty of ground 

motions, the nonlinear behavior of the structure, and its change of dynamic characteristics (i.e., 

effective stiffness and damping ratio) under each new design. The optimal design problem 

becomes more challenging concerning a multi-response bridge system where conflicting damage 

potential are often expected among multiple bridge components (e.g., column, bearing, shear key, 

deck unseating, foundation). In this respect, this study develops a risk-based optimization strategy 

that directly links the expected annual repair cost ratio (ARCR) of the bridge to the design 

parameters of base isolators and fluid dampers. This strategy is achieved by devising a multi-step 

workflow that integrates a seismic hazard model, an experimental design of bearings and dampers, 

nonlinear time history analysis (NLTHA) of multi-component bridge models, a logistic regression 

towards parameterized component-level fragility models, and a bridge system-level seismic loss 

assessment. The developed ARCR is parameterized as a convex function of the influential 

parameters of seismic protective devices. As such, optimal bearing and damper designs can be 

pinpointed by directly visualizing the global minimum of the parameterized ARCR surface. The 

optimal design is carried out against a typical reinforced concrete highway bridge in California 

that is installed with the fluid dampers and three types of widely-used isolation bearings – the 

elastomeric bearing, lead-rubber bearing, and friction pendulum system. It is shown that optimal 

design parameters can be obtained to significantly reduce the expected ARCR of the bridge, 

whereas combining optimally designed bearings and dampers can provide the minimum seismic 
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risk. In addition, the robustness of the optimization framework is verified by carrying out the 

sensitivity analysis, and it is shown that the capacity model, damage ratio and replacement cost for 

column and deck unseating constitute the major parts of uncertainty in the analysis. 
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Résumé 

L'isolateur de fondation et l'amortisseur visqueux liquide sont des dispositifs de protection 

couramment utilisés dans les structures de génie civil. Cependant, en raison de l'incertitude du 

mouvement du sol, du comportement non linéaire de la structure et de la variation de ses 

caractéristiques dynamiques (c. - à - D. rigidité effective et rapport d'amortissement) dans chaque 

nouvelle conception, la conception optimale de ces dispositifs reste une tâche itérative fastidieuse. 

La question de l'optimisation de la conception devient plus difficile pour les systèmes de ponts à 

réponses multiples, car il y a souvent des possibilités conflictuelles de dommages entre plusieurs 

éléments de pont (p. ex., colonnes, roulements, clés de cisaillement, vides de pont, fondations). À 

cet égard, l'étude a mis au point une stratégie d'optimisation fondée sur les risques qui établit un 

lien direct entre le rapport des coûts d'entretien annuels prévus (RC) des ponts et les paramètres de 

conception des isolateurs de fondation et des amortisseurs de fluides. La stratégie est mise en 

œuvre en concevant un flux de travail en plusieurs étapes qui intègre le modèle de risque sismique, 

la conception expérimentale des roulements et des amortisseurs, la régression logique vers le 

modèle paramétrique de vulnérabilité au niveau des composants et l'évaluation des pertes 

sismiques au niveau du système de pont. L'arcr développé est paramétré en fonction convexe des 

paramètres d'influence du dispositif de protection contre les tremblements de terre. Par conséquent, 

la meilleure conception du roulement et de l'amortisseur peut être déterminée avec précision en 

visualisant directement la valeur minimale globale de la surface paramétrique de l'arc. Une 

conception optimisée a été réalisée pour un pont routier typique en béton armé en Californie, qui 

est équipé d'amortisseurs de fluide et de trois types de supports d'isolation sismique largement 

utilisés - des supports élastiques, des supports en caoutchouc plomb et des systèmes de pendules à 
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friction. Les résultats montrent que les paramètres de conception optimaux peuvent être obtenus 

pour réduire considérablement l'arc attendu du pont, tandis que les roulements et les amortisseurs 

combinés à une conception optimisée peuvent fournir un risque sismique minimal. De plus, la 

robustesse du cadre optimisé est vérifiée par l'analyse de sensibilité. Les résultats montrent que le 

modèle de capacité portante, le taux de dommages et le coût de remplacement de la colonne et du 

pont vides constituent les principales incertitudes de l'analyse. 
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Chapter 1 – Introduction 

1.1 Problem description and motivation  

Highway bridges are one of the most vulnerable components in transportation networks under 

seismic hazards, and their failure brings multiple longstanding socioeconomic impacts to the 

affected regions, such as casualties, economic losses, and downtime of regional traffic (Bruneau, 

Wilson and Tremblay, 1996; Basöz et al., 1999). The state of California has a complex 

transportation system, and over half of the highway bridges are constructed before 1971 ( FHWA, 

2021). Those early-designed bridges are more prone to seismic damage due to the lack of seismic 

design. In addition, California state features high seismicity, influenced by the active San Andreas 

fault that forms the boundary between the pacific plate and the North American plate. The high 

seismic hazard and dense infrastructures result in severe seismic loss and risk, as witnessed by 

historical earthquake events. According to the report from Caltrans, the Northridge earthquake 

damaged 233 bridges among 850 inspections in Southern California (Caltrans, 1994), and more 

than 67% of the damaged bridges were designed before the 1970s. Besides, other earthquakes [e.g., 

the 1971 San Fernando earthquake (Mitchell et al., 1995) and the 1989 Loma Prieta earthquake 

(Mitchell, Tinawi and Sexsmith, 1991)] revealed that early designed bridges exhibited common 

failure modes, such as 1) non-ductile failure of columns due to inadequate reinforcement; 2) deck 

unseating due to the narrow seat width; 3) large movement of foundations on soft soil.  

Since 1971, the state of California has introduced extensive retrofitting projects to improve the 

seismic resistance of bridges. For example, the restrainer is installed between the deck and 

abutment to constrain span unseating, and columns are coated with steel jackets to improve the 

ductility and shear strength (Mitchell et al., 1995). The Northridge earthquake verified the 
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effectiveness of those seismic retrofitting measurements, as most retrofitted bridges sustained only 

minor damages (Basöz et al., 1999).  

In addition to the aforementioned traditional retrofitting schemes, the installation of 

supplemental seismic protective devices (e.g., isolation bearings and fluid viscous dampers) shows 

promise in mitigating the seismic risk of bridges (Gidaris and Taflanidis, 2015; Xie and Zhang, 

2017, 2018). These devices feature excellent energy dissipation ability, and a considerable part of 

the seismic energy is dissipated through their hysteretic mechanisms. To be specific, isolation 

bearing can be regarded as a “soft connecter” between superstructure and substructure. It lengthens 

the natural period of the bridge, and its yielding strength limits the force transmitted to the 

substructure. In contrast, fluid viscous dampers supply additional damping into the structure 

system. They usually are installed to connect the deck to abutments and/or columns. A large 

amount of energy can be dissipated through fluid dampers under earthquakes. At the same time, 

they constrain the relative movement between superstructure and substructure, which effectively 

avoids bearing failure and deck unseating (Park et al., 2004; Ghosh, Singh and Thakkar, 2011; 

Karalar, Padgett and Dicleli, 2012). Compared to traditional retrofitting methods, seismic 

protective devices also provide the structure system with additional energy dissipation, such that 

the inelastic damage of the main structure is effectively reduced. 

The effectiveness of seismic protective devices depends on multiple factors, including the 

dynamic property of the main structure, the mechanical parameters of the devices, and the 

characteristics of seismic hazards. The design of seismic protective devices requires a thorough 

understanding of the complex nonlinear interaction between those factors (Symans et al., 2008). 

In this regard, the state of research can be generally classified into deterministic and probabilistic 
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approaches. The deterministic method neglects the variability in each of these factors, and the 

seismic performance of retrofitted bridges has been analyzed using design spectra or a handful of 

earthquake ground motions (Wang, Chung and Liao, 1998; Makris and Zhang, 2004a; Jangid, 

2005; Soneji and Jangid, 2007; Ozbulut and Hurlebaus, 2011a). Based on individual analyses, 

these prescriptive approaches elucidate the dynamic interplay between the seismic protective 

device and the main structure. However, their drawback is obvious: the seismic hazard is 

represented by a small number of selected ground motions, and the uncertainties cannot be 

faithfully captured. In contrast, the probabilistic approach explicitly quantifies and propagates 

uncertainties in seismic hazard, structural demand, seismic capacity, and exposure information 

(Gardoni, Mosalam and Kiureghian, 2003).  

The performance-based earthquake engineering (PBEE) framework proposed by the 

Pacific Earthquake Research Center (PEER) has offered a feasible pathway to conduct the design 

and optimization of seismic protective devices in a fully probabilistic manner (Cornell and 

Krawinkler, 2000). PBEE stands on the premise that seismic risk can be predicted and evaluated 

with quantifiable confidence in all pertinent uncertainties that propagate from earthquake 

occurrence modelling to the assessment of earthquake consequences, such as casualties, dollar 

losses, and downtime (Porter, Beck and Shaikhutdinov, 2002; Park et al., 2004). The PBEE has 

also fostered related studies on highway bridges. For instance, recent works have evaluated the 

effectiveness of isolation devices and other retrofit measures on the seismic fragility of bridges (Li 

et al., 2020; Xiang and Li, 2020; Montazeri, Ghodrati Amiri and Namiranian, 2021; Wei et al., 

2021). These studies have indicated a significant change in the seismic fragility between isolated 

and non-isolated bridges. However, previous studies on the optimal design of seismic protective 

devices are computationally demanding. To be specific, Zhang and Huo (2009) used permutations 
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to include all design scenarios and computed the fragility curve for each combination of design 

parameters, which requires hundreds of nonlinear time history analyses (NLTHA) for each 

scenario to develop fragility curves. Similarly, Xie and Zhang (2017, 2018) relied on genetic 

algorithm to identify the optimal design under each ground motion. Hundreds or even thousands 

sets of computations are needed in these studies. In addition, these studies defined optimization 

objectives on discrete hazard levels, while the mitigation of the overall seismic risk stays unclear.  

To this end, the current study develops a complete risk-based optimization framework that 

(1) integrates the seismic damage and loss of multiple bridge components; (2) derives a 

performance objective that is intensity independent; and (3) does not require an iterative process 

to identify the optimal design. The proposed multi-step workflow engages the parameterized 

fragility models (Ghosh, Padgett and Dueñas-Osorio, 2013; Kameshwar and Padgett, 2014) into 

the existing PBEE framework, making the fragility function depending on both intensity measure 

(IM) and design parameters of seismic protective devices. By convolving the seismic hazard 

model, parameterized fragility model, and bridge exposure information, the system-level expected 

annual repair cost ratio (ARCR) is derived. The ARCR is shown to be convex with respect to 

device design parameters, and the optimal design parameters can be directly pinpointed by 

visualizing the global minimum of the convex ARCR surface. The proposed optimization 

methodology is used to retrofit a typical early-designed bridge in California, considering six 

different design scenarios (i.e., three bearing cases, and three bearing plus damper cases). The 

protection effectiveness of these different bearing and damper cases are also compared. 

1.2 Outline of this study 

The research is organized into five subsequent chapters with the following contents: 
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Chapter 2 presents a literature review regarding the development of the PBEE framework 

and seismic protective devices. 

Chapter 3 shows the proposed risk-based optimization framework and its components, 

including the seismic hazard model, finite element analysis, parameterized fragility model, and 

expected annual repair cost ratio (ARCR). 

Chapter 4 applies the proposed methodology to retrofit an early-designed benchmark 

bridge using seismic protective devices. The risk mitigation effect of various isolation bearings 

and viscous dampers is compared, and the sensitivity analysis is also carried out. 

Chapter 5 presents the conclusions from the present research. 
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Chapter 2 – Literature Review 

2.1 Performance-based earthquake engineering (PBEE) framework 

The conventional earthquake-resistance design relies on the nonlinear behavior of certain 

structural components to dissipate seismic energy. Such nonlinear behavior is associated with 

structural damage, such as forming plastic hinges on columns and beams, and cracking and 

spalling of concrete and masonry structures. Seismic damage to civil engineering structures would 

induce direct and indirect costs (e.g., closure and rerouting time, and causalities). However, the 

seismic risk and loss remain difficult to estimate because the conventional design didn’t reliably 

predict seismic damage and consequences (Constantinou et al., 2007).  

The Performance-based Earthquake Engineering (PBEE) framework (Cornell and 

Krawinkler, 2000) bears the potential to replace the existing load-and-resistance-factor design 

(LRFD) method in design codes (Porter, 2003). The early versions of PBEE methodologies were 

documented in different reports (e.g., SEAOC’s Vision 2000 report (1995), ATC (1996a, 1996b) 

and FEMA (1997, 2000)) more than 20 years ago. However, these initiatives fall short in 

quantifying all sources of uncertainties. For instance, the structure’s performance is assumed to be 

deterministic: it is considered acceptable if the demand is below a predefined limit state. 

Subsequently, the Pacific Earthquake Engineering Research (PEER) Center updated its PBEE 

framework to assess the system-level performance of the structure in a probabilistic manner. The 

PBEE framework is mainly composed of the following probabilistic elements: seismic hazard 

model, demand and capacity model, fragility model, and exposure model. These four elements are 

analyzed through the corresponding four stages: hazard analysis, structural analysis, damage 

analysis, and loss analysis (Günay and Mosalam, 2013), as shown in Figure 2.1. Different stages 
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are represented by probabilistic distribution functions conditioning only on the previous adjunct 

stage, known as a discrete Markov process (Moehle and Deierlein, 2004). The PEER’s PBEE 

 

Figure 2.1 PEER PBEE analysis stages (Günay and Mosalam, 2013) 
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framework can be represented by combining these distribution functions using the total probability 

formula, as shown in Eq. (2.1).  

𝜆(𝐷𝑉) = ∫∫∫𝑃(𝐷𝑉|𝐷𝑀)𝑑𝑃(𝐷𝑀|𝐸𝐷𝑃)𝑑𝑃(𝐸𝐷𝑃|𝐼𝑀)𝑑𝜆(𝐼𝑀|𝑂, 𝐷)  (2.1) 

where λ(·) denotes the mean annual rate of exceedance, P(·) is the complementary cumulative 

distribution function, DV is the decision variable, DM stands for the structural measure, EDP 

denotes the engineering demand parameter, and IM denotes the ground motion intensity measure. 

Under the conditional independence assumption, the PEER formulation allows seismic risk 

assessment to be decomposed into multiple individual modules, where different sources of 

uncertainties from each module can be quantified and propagated.  

Many studies have leveraged the PBEE framework to assess the seismic performance of 

buildings (Ramamoorthy, Gardoni and Bracci, 2006; Tesfamariam and Goda, 2015; Gur, Xie and 

DesRoches, 2019) and bridges (Floren and Mohammadi, 2001; Moehle and Deierlein, 2004; 

Mackie and Stojadinović, 2007; Mangalathu, 2017; Yoon et al., 2019). Mangalathu et al. (2016, 

2017) grouped bridges in California into classes according to their design and structural 

performance, and studied the seismic fragility of each group of bridges. Similarly, Padgett et al. 

(2008) developed fragility curves for retrofitted bridges using the analytical method. Kameshwar 

et al. (2014) analyzed the annual risk of the bridge under the action of earthquake and flood, and 

the PBEE framework is used to estimate the failure probability under different hazards. Goda and 

co-authors analyzed the seismic loss of reinforced concrete frame buildings (Tesfamariam and 

Goda, 2015; Goda and Tesfamariam, 2019) and wood frame buildings (Goda and Atkinson, 2011)) 

in Canada, taking into consideration the different earthquake types across the country. These 

studies have shown that the PBEE framework enables reliable estimations of seismic fragility and 
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risk of civil engineering structures. However, the research on PBEE-based optimization design is 

still lacking consistency. This thesis fills this knowledge gap by developing a framework that gives 

the optimal design scenario without iterative and tedious computations. 

2.2 Seismic protection techniques of bridges 

In the last three decades, seismic protective devices have been developed to mitigate the seismic 

effect on highway bridges. These devices improve the seismic performance of bridges by 1) 

supplementing additional damping to the system; 2) elongating the natural period of the structure 

(Xie and Zhang, 2017); 3) redistributing the force between superstructures and substructures 

(Constantinou et al., 2007). In particular, seismic protective devices (e.g., bearings, dampers, and 

restrainers) require certain relative movement/velocity to fully engage during seismic shaking. 

Thus, they are commonly installed between the deck and columns/abutments for highway bridges, 

as shown in Figure 2.2.  

2.2.1 Isolation bearings 

Isolation bearings are well-accepted seismic protective devices. Many researchers have 

investigated their seismic applications in both newly-designed and retrofitted bridges (Makris and 

 

Figure 2.2. Typical configuration of seismic protective devices (Agrawal and Amjadian, 2022) 

 



10 

 

Zhang, 2004b; Soneji and Jangid, 2007; Ozbulut and Hurlebaus, 2011b; Xie and Zhang, 2018). In 

the vertical direction, isolation bearings transmit the weight of the superstructure to the 

substructure, while they isolate the shaking effect of the superstructure in the horizontal direction. 

They also provide additional energy dissipations through their hysteretic mechanisms 

(Constantinou et al., 2007). Three commonly used isolation bearings are elastomeric bearing 

(ERB), lead-rubber bearing (LRB), and friction pendulum systems (FPS). Their differences lie in 

 

Figure 2.3. Various types of isolation bearings: (a) ERB; (b) LRB (Hu, 2014); (c) FPS; (d) 

bilinear model for isolation bearings. 

Table 2.1. Mechanical characteristics for the three types of isolation bearings (Zhang and 

Huo, 2009) 

Bearing type 
Posityielding ratio N 

 (𝑁 = 𝐾1/𝐾2) 
Characteristic strength Q Postyielding stiffness 𝐾2 

ERB 5-15 From hysteresis loop 𝐾2 = 𝐺𝐴/∑𝑡𝑟 

LRB 15-30 𝑄 = 𝑓𝑦𝐴𝑙𝑒𝑎𝑑 𝐾2 = (1.15 − 1.20)
𝐺𝐴

∑𝑡𝑟
  

FPS 50-100 𝑄 = 𝜇𝑊 𝐾2 = 𝑊/𝑅 

 

    

    

  

  

 

  

 

(a) (b)

(c) (d)
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the mechanical properties and energy dissipation mechanisms, but their hysteretic behaviours can 

be generally represented using a bilinear model (Naeim and Kelly, 1999). The bilinear model and 

the corresponding modelling parameters for the three types of isolation bearings are shown in 

Figure 2.3(d) and Table 2.1, respectively. Particularly, the bilinear material model is characterized 

by three parameters: postyielding stiffness 𝐾2, yielding strength 𝑄, and the postyielding ratio N 

(the ratio between postyielding stiffness and elastic stiffness). Different types of isolation bearings 

would have distinct postyielding ratios, as discussed by Zhang and Huo (2009) and summarized 

in Table 2.1.  

Historical earthquake events (Chaudhary et al., 2000; Bessason and Haflidason, 2004), 

experimental research (Tsopelas et al., 1996) and numerical simulations (Zhang and Huo, 2009; 

Xie and Zhang, 2017, 2018) have proven the seismic protection effectiveness of installing isolation 

bearings. For instance, several studies have found that seismic damage to bridge columns (Zhang 

and Huo, 2009; Dion et al., 2012) and span unseating (Abdel Raheem, 2009; Ghosh, Singh and 

Thakkar, 2011), as well as post-earthquake repair costs (Padgett, Dennemann and Ghosh, 2010; 

Xie and Zhang, 2017, 2018), can be significantly reduced if the bridge is equipped with base 

isolators. However, the effectiveness of bearing isolators is questionable if their parameters are not 

properly designed. This issue becomes evident for 1) flexible bridges with large natural periods 

(He et al., 2020) and 2) bridges close to earthquake fault ruptures. First, bridges with high-

elevation piers or surrounded by soft soils may have a natural period larger than the predominant 

period of seismic waves, in which case the period elongatioan effect of bearing isolators is 

negligible (Dezi et al., 2012; Agrawal and Amjadian, 2022).  Second, the bearing isolator works 

ineffectively when the bridge is subjected to the long pulse component of near-field earthquake 

events – the presence of isolation bearings sometimes would make the bridge system more flexible 
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and vulnerable (He and Agrawal, 2008; Losanno, Hadad and Serino, 2017). Recent studies have 

also revealed possible bearing failure modes – the excessive deformation demand would cause 

shear failure to bearings (Mangalathu, 2017). 

Extensive studies indicated potential challenges that may hinder the wide application of 

isolation bearings. First, the stiffness of LRB and ERB increases as temperature drops, which could 

induce the overloading of pier columns in cold seasons (Sato et al., 1994), and they become softer 

if environment temperature increases or cyclic deformation generates heat. Second, isolation 

bearings are susceptible to loading history. Experiments and field inspections have demonstrated 

the reducing bulk modulus and increasing effective damping of elastomers under cyclic loading, 

known as Mullins’ effect (Mullins, 1969) or scragging effect (Clark, 1996). Finally, the mechanical 

properties of aged isolation bearings could change, due to the continued vulcanization and 

degradation of elastomer (Constantinou et al., 2007). Raw rubber gains strength and elasticity by 

vulcanization, and the effective shear modulus of elastomers keeps increasing with time. 

Degradation of rubber happens if exposed to oxygen and ozone, and this can be prevented by 

adding waxes and anti-oxidants to the rubber matrix. 

2.2.2 Damper devices 

Various damper devices with different mechanical properties have been developed during the past 

three decades. These devices include fluid viscous damper (FVD), friction damper, metallic 

damper, shape memory alloy damper (SMA) (Song, Ma and Li, 2006), and tuned mass damper 

(TMD), etc.   
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FVD resists the vibration of structures by generating a force that is proportional to the 

relative velocity between the two ends of the damper, as shown in Eq. (2.2) (Pekcan, Mander and 

Chen, 1999; Xie and Zhang, 2017, 2018; De Domenico, Ricciardi and Takewaki, 2019): 

𝐹𝑑(𝑡) = 𝐶𝛼 ∙ sgn[𝜈(𝑡)] ∙ |𝜈(𝑡)|
𝛼 (2.2) 

where sgn[𝜈(𝑡)] is the signum function to damper velocity 𝜈(𝑡), and 𝐶𝛼 is the viscous coefficient 

for the damper. 𝛼 is the velocity exponent, and it controls the nonlinearity of FVD. The FVD is 

linear when 𝛼 = 1, and the damper force 𝐹𝑑 is linearly proportional to damper velocity 𝑣. Previous 

studies have identified that 𝛼  usually takes a value from 0.3 to 1.0 toward effective seismic 

protection (Lee and Taylor, 2001; Narkhede and Sinha, 2014; Xie and Zhang, 2017, 2018; Berquist 

and DePasquale, 2020). Figure 2.4 (a) compares the force-displacement curves for linear FVD and 

nonlinear FVD. Although the nonlinear damper has a better energy dissipation ability, linear 

damping is preferred in seismic applications. The reason is that higher modes of structure are less 

likely to be activated by linear damping, as it has little correlation with structural forces (Lee and 

Taylor, 2001). In bridge engineering, numerous experimental and numerical studies have been 

conducted to validate the effectiveness of installing FVDs (Madhekar and Jangid, 2009; Dion et 

al., 2011; Zhu et al., 2016; Xie and Zhang, 2017, 2018). 

 

Figure 2.4. Material models for dampers: (a) FVD; (b) Friction/metallic damper; (c) SMA 
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Friction and metallic dampers exhibit similar hysteretic behaviours, as shown in Figure 2.4 

(b). The material model for these two types of dampers can be characterized using three 

parameters: elastic stiffness (𝑘𝑏), friction/yielding strength (𝑃𝑠), and postyielidng stiffness (𝑘2). 

When seismic force in the damper exceeds the friction/yielding strength 𝑃𝑠, friction and metallic 

dampers start to dissipate energy through yielding and friction mechanisms, respectively. 

However, neither metallic nor friction devices will dissipate energy if the earthquake intensity is 

low, and they will provide additional elastic stiffness to the system (Moreschi and Singh, 2003). 

Metallic and friction dampers gain popularity in structural engineering because of their 1) stable 

hysteretic behaviour and energy dissipation capacity; 2) reliable performance under different 

temperatures; 3) simplicity in manufacturing; and 4) competitive cost-effectiveness (Westenenk et 

al., 2019a; Javanmardi et al., 2020a).  

It is worth mentioning that different metal materials constitute distinct properties of 

metallic dampers. For example, lead dampers require no repair or replacement after earthquakes 

because of the recrystallization behaviour, although they are heavier and costlier than steel 

dampers (Javanmardi et al., 2020b). The most significant disadvantage of metallic and friction 

dampers is the lack of self-centering capability, leaving the base structure with residual 

deformations after earthquake events (Westenenk et al., 2019b). Applications of metallic and 

friction dampers can be found in frame structures (Moreschi and Singh, 2003; Kiris and 

Boduroglu, 2013; Ebadi Jamkhaneh, Ebrahimi and Shokri Amiri, 2019; Taiyari, Mazzolani and 

Bagheri, 2019), highway bridges (Xiang, Alam and Li, 2019; Xiang and Li, 2020), and cable-

stayed bridges (Zhou, Wang and Ye, 2019; Wen et al., 2021a). 

SMA damper employs superelastic shape memory alloy material to dissipate seismic 

energy, and its flag-shaped hysteretic curve is shown in Figure 2.4(c). SMA damper is able to 
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restore to the undeformed shape after experiencing large strains, with negligible residual 

deformation and perfect self-centering property. This unique characteristic makes SMA attractive 

to vibration control, and many previous studies have investigated its application in earthquake 

engineering (Dolce, Cardone and Marnetto, 2000; DesRoches and Delemont, 2002; Desroches and 

Smith, 2004; Song, Ma and Li, 2006; Gur, Xie and DesRoches, 2019). Li et al. (2004) simulated 

the vibration of stay cable-SMA damper combination and found that the SMA damper can 

suppress the vibration amplitude. Sharabash et al. (2009) utilized SMA dampers to reduce the force 

demand in the tower for cable-stayed bridges. Besides, these studies also pointed out that the 

design parameters of SMA dampers would significantly influence the effectiveness of seismic risk 

mitigation. Gur et al. (2019) compared the performance of SMA damper with steel yielding 

damper, and concluded that SMA damper outperforms yielding damper in reducing floor 

accelerations and inter-story drifts. SMA devices have also shown promise in the seismic retrofit 

of existing bridges, as verified through both numerical studies (DesRoches and Delemont, 2002; 

Andrawes and DesRoches, 2007) and experimental tests (Johnson et al., 2008; Padgett, DesRoches 

and Ehlinger, 2009). 

2.3 Design and optimization of seismic protective devices 

Although seismic protective devices show promise in mitigating the seismic risk of civil 

engineering structures, their efficiency is contingent on the proper design of parameters and 

configurations (Constantinou et al., 2007). A counterexample is the failure of the Bolu Viaduct 

bridge during the 1999 Ducze earthquake – the bearing’s displacement capacity was exceeded 

substantially (Roussis et al., 2003). To this end, standard seismic codes suggested systematic 

design methods for seismic protective devices. Taking isolation bearing as an example, the 

European code (2005) and American Association of State Highway and Transportation Officials 
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(AASHTO) (2010) give similar design methods, including 1) simplified method; 2) single-mode 

spectral method; 3) multimode spectral method, and 4) time-history method. The first three 

methods represent the bridge and nonlinear isolators by an elastic model with equivalent dynamic 

properties (e.g., period and damping ratio), and the design response spectrum for the construction 

site is used to estimate the seismic demand of key components iteratively. The design for isolation 

bearings can be determined once the iteration is finished and the seismic performance objective is 

achieved. The time history analysis method is used when the bridge exhibits irregularity (Amjadian 

and Agrawal, 2016) or large ductility demand (AASHTO, 2010). The method is regarded as the 

most accurate, although it is more time-consuming. The time history analysis method usually 

simulates a 3D bridge model and isolators with nonlinear material and elements, and a bilinear 

model (Figure 2.3(d)) can be used to simulate the hysteretic behaviour of isolators (Eurocode 8, 

2005; AASHTO, 2010). 

Seismic protective devices designed by standard codes don’t guarantee optimal economic 

performance of the system, and the associated different sources of uncertainties and reliabilities 

are not explicitly quantified. To this end, numerous optimization-based design methods for seismic 

protective devices have been proposed in the last three decades. In general, design methodologies 

for seismic devices can be classified to be deterministic (Wang, Chung and Liao, 1998; Makris 

and Zhang, 2004a; Jangid, 2005; Soneji and Jangid, 2007; Ozbulut and Hurlebaus, 2011a) and 

probabilistic (Karim and Yamazaki, 2007; Padgett and DesRoches, 2008; Agrawal et al., 2012; 

Siqueira et al., 2014; Olmos Navarrete et al., 2016). The deterministic method simulates the 

structure’s nonlinear time history responses under a handful of ground motions to determine its 

performance state. This method is conditioned on pre-defined seismic hazard levels (e.g., 

earthquake with a return period of 2475 years), and it fails to consider the uncertainties in 
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earthquake hazards. Conversely, the probabilistic approach aims to design the seismic protective 

devices against several performance objectives by incorporating and propagating various sources 

of uncertainties (Mackie and Stojadinović, 2007). Therefore, recent efforts in the earthquake 

engineering community have focused largely on moving away from deterministic methods to 

performance-based methods for selecting protective devices for highway bridges. 

In the last two decades, the PEER’s PBEE framework has been widely used in the design 

of new structures (Goulet et al., 2006; Mitrani-Reiser et al., 2006; Mitseas, Kougioumtzoglou and 

Beer, 2016; Perrone and Filiatrault, 2017; Mosalam et al., 2018) and assessment of existing 

structures (Mitrani-Reiser, 2007; Mackie, Wong and Stojadinović, 2009; Tubaldi, Barbato and 

Dall’Asta, 2014; Cardone and Perrone, 2017). The fragility curve is the key component in the 

PBEE framework. A seismic fragility curve can be established through expert opinions, empirical 

methods, and analytical methods. The analytical fragility curve is generally more reliable but 

computationally expensive, as a large number of nonlinear time history analyses are required to 

capture the uncertainty in seismic hazards (Mangalathu, 2017). In this regard, the PBEE-based 

optimal design of protective devices for highway bridges is a cumbersome and iterative process 

unless a more efficient and practical method is proposed. Very few studies have attempted to 

leverage the PBEE framework in the optimal design of seismic protective devices. Zhang and Huo 

(2009) have conducted an extensive sensitivity analysis to link a composite damage index to the 

design parameters of isolation bearings. Their work has been extended recently to incorporate the 

bridge seismic repair cost ratio (RCR) (Xie and Zhang, 2017, 2018) into a genetic optimization 

framework to identify the optimal design parameters for both the isolation bearings and viscous 

dampers. Wen et al. (2021) applied a similar framework to design viscous dampers for a cable-

stayed bridge. Although these studies have made promising attempts, some limitations still exist 
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that warrant further research. First, only the bridge column and bearing are considered the 

vulnerable components, which contradicts the fact that the seismic damage to other bridge 

components, such as abutment wall (Zheng et al., 2021), pile foundation (Xie et al., 2021), shear 

key, span unseating, and joint seal (Mangalathu, 2017), would also inflict substantial seismic losses. 

Second, the proposed performance objective (i.e., the damage index in Zhang and Huo (2009) and 

the RCR in Xie and Zhang (2017, 2018)) are still conditional on the intensity measure (IM) of 

ground motions, instead of a system-level risk index. As a result, the optimal design parameters 

can only be identified at discrete IM levels. Besides, significant computational efforts have to be 

spent to deal with the inherent challenge that a new design of seismic protective devices would 

alter the dynamic characteristics of the bridge and thereby change the corresponding seismic 

fragility curves. 
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Chapter 3 – Risk-based Optimization Framework for Seismic 

Protective Devices 

The PEER recommended PBEE framework in Eq. (2.1) is applicable for a single specified 

structure. For individual structures with deterministic design/modeling parameters, the primary 

source of uncertainty comes from earthquake hazard, where the ground motion IM serves as the 

point of contact between seismic hazard and seismic demand represented by EDPs. In this case, 

seismic fragility models estimate the probability of limit state exceedance in terms of a single 

variable, the earthquake IM (Cornell et al., 2002).  

The PEER formulation also bears the flexibility to be expanded towards seismic risk 

assessment of regional structures, where work has considered analysis of archetype structures or 

groups of representative structures to derive IM-based class fragilities. To this end, recent advances 

supporting seismic risk assessment of regional portfolios of structures consider demand models 

with multiple predictors, including not only earthquake IM but other influential structural 

parameters. As such, the resultant fragility models are parameterized and can be tailored to any 

specific structures once their design/modeling parameters are made available [e.g., Dukes, 2013; 

Ghosh, Padgett and Dueñas-Osorio, 2013]. 

Inspired by the recent efforts of developing parameterized seismic fragility models for 

regional structures, this study adopts and adapts the associated analysis workflow into the optimal 

design of seismic protective devices for a multi-component structure system. As shown in Fig. 3.1, 

other than the existing analysis procedure recommended by the PEER center, additional analysis 

modules include (1) the design of experiment (Park, 2007) for a wide collection of seismic 
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protective devices and generating motion-device samples for seismic demand analysis; (2) 

comparing the demand versus capacity for each numerical sample and using the logistic regression 

to develop the parameterized fragility models; (3) combining the fragility results with hazard 

models and loss estimates to develop parameterized, expected annual repair cost ratio (ARCR); 

and (4) pinpointing the optimal design by directly visualizing the global minimum of the ARCR 

surface.  

The proposed flowchart features two advantages compared with previous attempts that 

involve performance-based approaches to design bearings and dampers [e.g., Zhang and Huo, 

2009; Xie and Zhang, 2017, 2018]. First, one set of computations is sufficient to parameterize the 

fragility and risk models as functions of the design parameters of devices. Namely, all possible 

design scenarios have been captured at once, including the change of dynamic characteristics of 

the system (e.g., damping ratio, stiffness) due to the installation of different devices. By contrast, 

 

Figure 3.1. Risk-based Optimization Flowchart of Seismic Protective Devices 
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Zhang and Huo (Zhang and Huo, 2009) used permutations to include all design scenarios and 

computed the fragility curve for each combination of design parameters. Moreover, both (Xie and 

Zhang, 2017) and (Xie and Zhang, 2018) relied on genetic algorithms to identify the optimal design 

under each ground motion. Hundreds or even thousands sets of computations are needed in these 

studies. The development of parameterized fragility models avoids a highly iterative and tedious 

process since fragility models can be automatically updated against new design scenarios. Second, 

this study directly links the design parameters of devices to the DV (i.e., ARCR) of the system, 

which integrates all the intermediate variables such as IM, EDP, and DM, as well as the damage 

potential of all constitutive components. Note that this direct linkage explicitly quantifies and 

eliminates the dependency between the DV and IM, which has not been fully achieved in the 

existing literature [e.g., Zhang and Huo, 2009; Xie and Zhang, 2017, 2018]. As such, the proposed 

workflow moves forward from a performance-based approach into a complete system-level, risk-

based methodology. Moreover, the explicit functional relationship between ARCR and design 

parameters of devices enables a convenient identification of the optimal bearing and damper 

designs by directly visualizing the global minimum of the convex ARCR surface. Given the overall 

methodology, individual analysis modules and crucial considerations are introduced separately in 

the following sections.  

3.1 Seismic hazard model 

As the first step, the seismic hazard model predicts the annual probability of exceeding some 

intensity levels of earthquake events. Probabilistic seismic hazard analysis is a widely adopted 

approach to develop seismic hazard models by taking into account all possible sources of 

uncertainties, such as location, fault type, and epicenter distance (Baker, 2015; Gerstenberger et 

al., 2020). One example of seismic hazard models is developed by the United States Geological 
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Survey (2020, last access, 2021-07-24), where the annual exceedance probabilities of earthquakes 

are provided concerning different IMs. For ease of implementation, the hazard data at discrete IMs 

can be commonly regressed as a continuous hazard curve, including the exponential model (Eq. 

(2.1)) or hyperbolic model (Eq. (3.2)). 

𝜆(𝐼𝑀) = 𝑎 (𝐼𝑀)𝑏 ( .1) 

𝜆(𝐼𝑀) = 𝛼 exp [𝛽 (ln (
𝐼𝑀

𝛾
))

−1

] ( .2) 

where a, b, 𝛼, 𝛽, 𝛾 are regression constants determined by fitting over the hazard data. Eq. 

(3.1) assumes that 𝜆 and 𝐼𝑀 are in a linear relationship in the log-log space, while Eq. (3.2) shows 

a hyperbolic relationship in the log-log space. Although the linear relationship is simpler in 

computation, the hazard data does not always precisely follow this simple trend (Bradley et al., 

2007). The hyperbolic relationship in Eq. (3.2) is used in this study to consider both linear and 

nonlinear logarithmic hazard probabilities (Bradley et al., 2007; Kameshwar and Padgett, 2014). 

Using this hazard model, selections of IM and ground motions will be discussed in the next section 

in the context of a bridge case study.  

3.2 Seismic response modeling of a multi-component bridge system 

The fragility curve in this study is derived through an analytical approach, which thereby requires 

the numerical modeling and damage analysis of the concerning structure. Taking highway bridge 

as an example, significant progress has been made to understand the seismic damage of different 

bridge components. Previous seismic design and evaluation efforts focus on detailing the bridge 

column, which has been considered the most vulnerable component in a bridge system (Xiao et 

al., 2011; Gulerce et al., 2012; Lee et al., 2021). The vulnerabilities of the remaining bridge 

components and their design details might be controlled by different hazards other than 
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earthquakes (Petrini et al., 2020). However, recent studies have also examined the seismic 

vulnerability of other components, including abutment backwall (Zheng et al., 2021), shear key, 

bearing (Xie and Zhang, 2018), joint seal, and foundation (Xie et al., 2021), etc. Although the 

damage of these structural components is generally less likely to cause the complete collapse of 

the bridge, their inclusion in the seismic risk assessment is of significant importance to bear 

accurate risk quantifications at the bridge system level (Akkari et al., 2015).  

In addition, the design and optimization of seismic protective devices also need to consider 

multiple bridge components. This is because the installation of isolators and dampers will 

redistribute the damage potential across these different components. For example, a base isolator 

with larger stiffness can effectively reduce the bearing damage and the potential of span unseating. 

However, this larger bearing stiffness permits enlarged inertia force to be transmitted to 

substructures, which would increase the damage probabilities of the column, abutment, and 

foundation at the same time. To this end, designing seismic protective devices should expect 

conflicting responses and damage probabilities among column, bearing, span unseating, 

foundation, and abutment components. Therefore, a high-fidelity numerical model is needed to 

capture the seismic damage and loss of all constitutive elements in a bridge system. Detailed 

considerations of such a numerical model will be discussed in Chapter 4.  

3.3 Design of experiment and parameterized fragility models 

The parameterized fragility models developed herein estimate the damage/failure probabilities of 

bridge components conditioned on earthquake IM and design parameters of bearings and dampers. 

To construct a robust fragility model, sufficient bridge response data when subjected to different 

design parameters and earthquake ground motions are needed to account for all possible sources 

of uncertainties. In this regard, a design of experiment (Kameshwar and Padgett, 2014) is carried 
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out for a given bridge structure to statistically sample a large set of stochastic realizations for 

bearing/damper designs and ground motion inputs. The most frequently used sampling schemes 

include Latin Hypercube Sampling (LHS) (Mckay, Beckman and Conover, 2000), Monte Carlo 

sampling (Niederreiter, 1992), and orthogonal array sampling (Nordhausen, 2009). Because this 

study aims to search the optimal bearing/damper design parameters from the high dimensional 

design space, these design parameters are assumed to follow independent uniform distributions 

sampled by the LHS method. At the same time, a large suite of ground motions is selected to be 

consistent with the seismic hazard at the bridge site. 

Subsequently, nonlinear time history analysis (NLTHA) is performed against every ground 

motion-device pair for the bridge. Seismic demands of different bridge components are recorded 

from the NLTHAs through EDPs and are compared with their associated capacity limit states of 

reaching different damage states. The seismic capacities of bridge components can be determined 

based on expert’s opinions, experimental testing, field measurement, and computational 

simulation (Nielson, 2005). By comparing the seismic demand with the capacity, the binary 

survival-failure vector indicating the failure ratio of each bridge component against each damage 

state can be computed. As such, parameterized seismic fragility models can be developed using a 

multi-input, multi-output dataset with the design parameters of bearings/dampers and earthquake 

IMs as the predictors, and the survival-failure values of each bridge component reaching different 

damage states as the labels. This study adopts logistic regression to develop the fragility models 

because of its consistent statistical inference – a logistic regression curve also predicts the 

probability of reaching a failure (Xie et al., 2020). To yield more accurate regression results, a 

second-order polynomial response surface model (PRSM) is incorporated into the logistic 
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regression (Cundy et al., 2003; Seo and Linzell, 2012; Ghosh, Padgett and Dueñas-Osorio, 2013), 

as shown in Eqs. (3.3) and (3.4): 

𝑃[𝐹𝑎𝑖𝑙| 𝑋, 𝐼𝑀] =
𝑒𝑔(𝑋,𝐼𝑀)

1 + 𝑒𝑔(𝑋,𝐼𝑀)
 ( . ) 

𝑔(𝑋, 𝐼𝑀) = 𝛽0 +∑𝛽𝑖𝑥𝑖

𝑘

𝑖=1

+∑ ∑ 𝛽𝑖𝑗𝑥𝑗𝑥𝑖

𝑘

𝑗=1,𝑗<𝑖

𝑘

𝑖=1

( .4) 

where 𝑋  represents design parameters of seismic protective devices, 𝑃[𝐹𝑎𝑖𝑙|𝑋, 𝐼𝑀] 

denotes the parameterized damage probability (i.e., fragility model) conditioned on the design 

parameters X and earthquake IM, k is the total number of cases for NLTHAs, and 𝛽0, … , 𝛽𝑖𝑗 are 

unknown coefficients that are determined by using the maximum likelihood estimation approach. 

To this end, Eq. (3.4) defines the parameterized seismic fragility model for each bridge component 

that can be further utilized for system-level risk assessment.  

3.4 Parameterized, expected annual repair cost ratio (ARCR) 

Seismic risk assessment is further conducted to eliminate the dependence of earthquake IM and 

combine the damage potential of different bridge components. A bridge system-level seismic loss 

analysis is considered in this study, where the expected annual repair cost ratio (ARCR) is 

computed by coupling the seismic hazard model, component-level fragility model, and the 

associated loss quantifications. In particular, the expected ARCR is derived in two steps. First, 

seismic-induced loss of the bridge is quantified through the repair cost ratio (RCR) that combines 

the contribution of each bridge component (Xie and Zhang, 2017, 2018). The closed-form formula 

of RCR is provided in Eq. (3.5), where l and m are the subscripts indicating damage states and 

bridge components, respectively, L is the total number of damage states,  𝑑𝑙,𝑚 is the damage ratio 

describing the percentage damaged for component m in state l, and 𝑐𝑚 is the replacement cost of 
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component m, 𝑝𝑙,𝑚 is the probability of the mth component staying in damage state l, which can be 

computed through Eq. (3.6).  

𝑅𝐶𝑅(𝑋, 𝐼𝑀) =
∑ ∑ 𝑝𝑙,𝑚(𝑋, 𝐼𝑀)𝑑𝑙,𝑚𝑐𝑚𝑚=1𝑙=1

∑ 𝑐𝑚𝑚

( .5) 

𝑝𝑙,𝑚(𝑋, 𝐼𝑀) = {
𝑃𝑙,𝑚(𝑋, 𝐼𝑀) − 𝑃𝑙+1,𝑚(𝑋, 𝐼𝑀), for 1 ≤ 𝑙 ≤ 𝐿 − 1

𝑃𝐿,𝑚(𝑋, 𝐼𝑀)             , for 𝑙 = 𝐿
( .6) 

In essence, The IM-based RCR formula quantifies the seismic vulnerability of the bridge 

in terms of economic losses (FEMA, 2021). It combines the component-level fragility models (i.e., 

𝑃𝑙,𝑚(𝑋, 𝐼𝑀) in Eq. (3.6)) with the exposure information (i.e., replacement cost 𝑐𝑚 and damage 

ratio 𝑑𝑙,𝑚 in Eq. (3.5)) of the bridge. The fragility models 𝑃𝑙,𝑚(𝑋, 𝐼𝑀) are provided in Eq. (3.3) as 

functions of earthquake IM and design parameters X, while the exposure information can be 

determined according to the bridge configuration, construction material, seismic design levels, etc. 

(Ghosh et al., 2014; Mangalathu, 2017).  

To eliminate the dependence on earthquake IM, the expected ARCR is further computed 

through Eq. (3.7) that convolves the seismic RCR of the bridge with the mentioned seismic hazard 

model (i.e., Eq. (3.2)). It is worth mentioning that the ARCR formula has been deemed a reliable 

estimate of the seismic risk in a short time period (Kiureghian, 2005). In the current work, the 

ARCR also has its unique feature as a parameterized function that directly links X, the design 

parameters of seismic protective devices, to the expected annual repair cost of the bridge. As such, 

the optimal design scenario can be intuitively identified by visually pinpointing the design 

parameters that yield the minimum ARCR. 

𝐴𝑅𝐶𝑅(𝑋) = ∫ 𝑅𝐶𝑅(𝑋, 𝐼𝑀) |
𝑑𝜆

𝑑(𝐼𝑀)
| 𝑑(𝐼𝑀)

𝐼𝑀

( .7) 
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Chapter 4 - Case Study: Retrofitting an Early-Designed Benchmark 

Bridge with Optimally Designed Seismic Protective Devices 

4.1 The benchmark bridge and its numerical modeling 

As one of the prevalent types of bridges in California, the multi-span continuous concrete box-

girder bridges were seismically vulnerable during previous earthquake events, such as the 1994 

Northridge Earthquake and the 1989 Loma Prieta Earthquake (Mitchell, Tinawi and Sexsmith, 

1991; Mitchell et al., 1995). In addition, recent research has also underscored the temporal 

dependence of bridge performance when subjected to earthquake loading. Namely, the bridges in 

California that are designed before 1971 (Era 1) are seismically most vulnerable due to the lack of 

seismic detailing and ductility (Ramanathan, 2012). As such, this study selects the two-span, 

single-column continuous concrete box-girder bridge designed in Era 1 with seat-type abutments 

as the benchmark case for seismic retrofitting. A comprehensive review of the bridge inventory 

indicates significant variations in geometric parameters, material properties, and design details for 

the benchmark bridge class, where statistical distributions of the relevant modeling parameters 

have been summarized in previous studies (Ramanathan, 2012; Mangalathu, 2017). To be 

representative, the median values from each distribution (i.e., those tabulated in Table 4.1) are 

used to benchmark the case-study bridge. 

The modeling parameters shown in Table 4.1 provide data inputs to build a high-fidelity 

numerical model of the benchmark bridge for seismic response/demand modeling. As shown in 

Fig. 4.1, the software platform of OpenSees (McKenna, 2011) is utilized to develop a detailed 

three-dimensional finite element model that features the following considerations. First, the bridge 

deck is simulated using elastic beam elements with mass lumped along the centerline. The 
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connections between the bridge deck and end abutments are preserved through rigid transverse 

beams. The columns are simulated using displacement-based beam-column elements with 

discretized fiber-defined sections to specify distinct nonlinear material properties at different 

locations across the cross-section. It is worth mentioning that the confinement effect of stirrups 

partitions the cross-section into core concrete and cover concrete, where the core concrete features 

larger strength and ductility. In particular, the Concrete02 material is used to model the concrete, 

and material properties for the confined concrete are computed using the Mander’s model 

(Filippou, Popov and Bertero, 1983). The Steel02 material is utilized to simulate the steel 

reinforcement in the column section (Filippou, Popov and Bertero, 1983). The Zero-Length-

Section element is added at the bottom of the column to model the strain penetration effect 

Table 4.1. Parameters considered in the bridge model 

Items/Components Parameters Value 

Geometry 

Span length, 𝐿𝑚(𝑚) 31.85 

Deck width, 𝐷𝑤(𝑚) 10.97 

Column height, 𝐻𝑐(𝑚) 7.00 

Column 

Concrete compressive strength, 𝑓𝑐(𝑀𝑃𝑎) 27.90 

Rebar yielding strength, 𝑓𝑦(𝑀𝑃𝑎) 404.60 

Longitudinal reinforcement ratio, 𝜌𝑡 2.23% 

Transverse renforcement ratio, 𝜌𝑡 0.90% 

Pile group 

Translational stiffness, 𝐾𝑓𝑡(𝑘𝑁/𝑚𝑚) 270.7 

Transverse rotational stiffness, 𝐾𝑓𝑟(𝐺𝑁 ∙

𝑚/𝑟𝑎𝑑) 
3.55 

Transverse/longitudinal rotational stiffness 

ratio, 𝑘𝑟 
1.50 

Abutment on piles 

Abutment backwall height, 𝐻𝑎(𝑚) 2.18 

Pile stiffness, 𝐾𝑝(𝑘𝑁/𝑚𝑚) 0.15 

Backfill capacity, 𝑃𝑐 (kN) 2105.02 

Gap 
Longitudinal gap (pounding), Δ𝑙(𝑚𝑚) 23.04 

Transverse gap (shear key), Δ𝑡(𝑚𝑚) 12.85 

Shear key Acceleration for shear key capacity, 𝑎𝑠𝑘(𝑔) 1.00 

Mass Mass factor, 𝑚𝑓 1.05 

Damping Damping ratio, 𝜉 0.05 
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(Moridani and Zarfam, 2013). Elastic translational and rotational springs are used to model the 

column foundation, while a spring system is established to simulate the dynamic interplay among 

various abutment components, including abutment backfill, bearing, shear key, and abutment pile 

foundation. To be specific, the trilinear material model is used to model the abutment pile 

foundation. The contact element developed by Muthukumar and DesRoches (2006) is adopted to 

 

 

Figure 4.1. Numerical modeling of various bridge components for the case-study bridge 
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simulate the pounding effect between the deck and abutment wall. The shear keys’ force-

displacement response is modeled using a trilinear curve based on the Caltrans-UCSD field 

experiments (Silva, Megally and Seible, 2009), while a hyperbolic material is considered to 

simulate the seismic resistance of abutment backfills. Fig. 4.1 also illustrates the connection details 

of these abutment components and their respective constitutive curves. It is noted that the 

numerical models of the isolation bearings and viscous dampers will be discussed in the next 

section. 

4.2 Design consideration of seismic protective devices  

Seismic retrofit of the benchmark bridge is conducted through two different design scenarios. The 

first scenario considers complete isolation of the bridge by installing isolation bearings at both 

column top and end abutments, and the second scenario further couples the bearings with fluid 

viscous dampers (Fig. 4.1). It is noted that multiple bearings and dampers can be installed in 

parallel at each end abutment, while such a location variation is not considered herein for simplicity 

purposes. Instead, the seismic protective devices at each end abutment adding together are assumed 

to possess identical mechanical properties (i.e., stiffness and strength) as those installed at the top 

of the column. Moreover, each design scenario considers three cases that respectively install three 

different types of isolation bearings, including the elastomeric bearing (ERB), lead-rubber bearing 

(LRB), and friction pendulum systems (FPS). Although these three types of isolation bearings are 

different in configurations and materials, their seismic behaviors can be generally captured through 

a bilinear force-displacement model (Fig.4.1) that consists of three parameters, the yielding 

strength Q, elastic stiffness 𝐾1 , and post-yielding stiffness 𝐾2 . Previous experimental studies 

indicated that each bearing type features a distinct value of the post-yielding ratio 𝑁 = 𝐾1/𝐾2 

(Zhang and Huo, 2009), where the associated typical ranges of N are listed in Table 4.2. To this 
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end, the stiffness parameters of isolation bearings, i.e., 𝐾1 and 𝐾2, are somewhat dependent with 

each other. Besides, previous studies have concluded that the elastic stiffness 𝐾1 bears negligible 

influence on the seismic performance of bridge structures when subjected to strong earthquakes 

(Makris and Zhang, 2004a; Zhang and Huo, 2009; Xie, Huo and Zhang, 2017). Therefore, the 

post-yielding stiffness 𝐾2  and yielding strength 𝑄  are regarded as the design parameters for 

isolation bearings, while the elastic stiffness 𝐾1 is determined by stochastically sampling the post-

yielding ratio 𝑁 for each bearing type. 

The design of experiment for 𝐾2  and 𝑄  is considered compatible with the seismic 

performance of the bridge, as the installation of bearings will shift the dynamic periods of the 

system and redistribute the damage potential of several bridge components. In this study, the 

column stiffness and strength are used to normalize 𝐾2 and 𝑄 respectively, such that their choices 

of values can be constrained into reasonable design ranges. As shown in Fig. 4.2, a pushover 

analysis is conducted on the bridge column using nonlinear beam-column elements with fiber 

cross-sections. The force-displacement pushover curve of the column can be further simplified as 

an elastic perfectly plastic relationship, which provides the column’s elastic stiffness 𝐾1,𝑐 =

 91 𝑀𝑁/𝑚, and yielding strength 𝑄𝑐 = 5806. 𝑘𝑁. Therefore, the optimal design of isolation 

bearings is equivalent to finding the optimal stiffness ratio (𝐾𝑟 = 𝐾2/𝐾1,𝑐) and strength ratio (𝑄𝑟 =

𝑄/𝑄𝑐) that yield the minimized seismic risk of the bridge. To this end, the design of experiment 

considers independent uniform distributions for 𝐾𝑟  and 𝑄𝑟 , where the associated distribution 

ranges are listed in Table 4.2. 
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Figure 4.2. Pushover analysis of the bridge column 

 

Table 4.2. Design parameters and their ranges considered for the seismic protective devices 

Seismic protective device 

Design parameters 

𝑁 = 𝐾1/𝐾2 𝐾𝑟 = 𝐾2/𝐾1,𝑐 𝑄𝑟 = 𝑄/𝑄𝑐 
𝜉
= 𝛴𝐶𝛼/2𝑚�̅� 

Bearing     

     ERB 5-15 

0.01-0.06 0.1-0.6 -      LRB 15-30 

     FPS 50-100 

Fluid viscous damper - - - 0.05-0.6 

 

In addition to isolation bearings, the fluid viscous damper can be simulated using the 

constitutive law provided in Eq. (2.2). It gives the general formula for expressing the mechanical 

behavior of nonlinear viscous dampers, as is the case when 𝛼  is smaller than one. Because 

nonlinear dampers can be transformed to equivalent linear dampers by matching the dissipated 

energy (M.D.Symans and M.C.Constantinou, 1998; Pekcan, Mander and Chen, 1999), the linear 

viscous damper (𝛼 = 1) is used in this study to retrofit the bridge structure. In this case, the viscous 

coefficient 𝐶𝛼  is the only parameter required to be optimized for fluid viscous dampers. The 

additional damping provided by all viscous dampers can be estimated using 𝜉 = 𝛴𝐶𝛼/2𝑚�̅� , 

according to all the dampers (Σ𝐶𝛼) implemented in the bridge, the mass (m) of the deck, and the 

𝐷
=
1
8
 
0

 

#11@115 

Unit: mm 
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natural frequency (�̅�) of the bridge (Xie and Zhang, 2018). Therefore, the design of experiment 

considers a uniform distribution of 𝜉 that ranges from 0.1 to 0.6, which further indicates that the 

𝐶𝛼 for dampers at one location (i.e., column top or end abutment) varies from 175 𝑘𝑁 ∙ 𝑠/𝑚 to 

1050 𝑘𝑁 ∙ 𝑠/𝑚. 

4.3 Selections of IM, seismic hazard model, and ground motion suite  

Reliable fragility outcomes depend on a proper selection of the seismic IM. Extensive efforts have 

been made previously to identify the optimal IM for seismic fragility models, where the selection 

criteria often include practicality, effectiveness, efficiency, sufficiency, etc. (Baker and Cornell, 

2005; Luco and Cornell, 2007; Porter, Kennedy and Bachman, 2007; Padgett, Nielson and 

DesRoches, 2008). Among various IMs, the peak ground acceleration and spectral acceleration at 

a given vibrational period have been commonly considered as viable IM candidates, while recent 

studies have also shown performance improvement when using more advanced IMs. One particular 

IM that stands out lies in the average spectral acceleration 𝐴𝑣𝑔𝑆𝐴(𝑇1), which can be calculated as 

the geometric mean of spectral accelerations at periods 𝑐1𝑇1, 𝑐2𝑇1, … , 𝑐𝑁𝑇1 (where 𝑇1 = 0.5 𝑠 is 

the first natural period of the benchmark bridge, and 𝑐1, 𝑐2, … , 𝑐𝑁 are coefficient constants), as 

shown in Eq. (4.1). 

𝐴𝑣𝑔𝑆𝐴(𝑇1) = (∏𝑆𝑎(𝑐𝑖𝑇𝑖)

𝑁

𝑖=1

)

1/𝑁

 (4.1) 

𝐴𝑣𝑔𝑆𝐴(𝑇1) has shown promise to be used in building response prediction (Kohrangi et al., 

2017; Kohrangi, Vamvatsikos and Bazzurro, 2017) and collapse risk analysis (Eads, Miranda and 

Lignos, 2015). This study computes 𝐴𝑣𝑔𝑆𝐴(𝑇1) as the geometric mean of spectral accelerations 

at the period interval [0.2 ∙ 𝑇1,  1.5 ∙ 𝑇1] with an incremental step of 0.1 ∙ 𝑇1. As such, the effect of 
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period change due to (1) the installation of new protective devices and (2) plasticity and 

accumulation of seismic damage can be well captured in the development of fragility models. 

The benchmark bridge in this study is assumed to be physically located in the city of Los 

Angeles [i.e., geographic coordinates: (34.04, -118.15)] in California, United States. The 

associated hazard data for spectra accelerations at 𝑇1 = 0.5 𝑠, Sa(0.5), can be found from the 

USGS website, whereas Eq. (3.2) is utilized to regress the hazard data against a continuous hazard 

curve. It is found that the equation with values of 𝛼 = 452.07, 𝛽 = 52.72, and 𝛾 = 49.65 could 

fit the data points well. For each Sa(0.5) value, the associated spectra acceleration values at periods 

from 0.2T1 to 1.5T1 are computed using the conditional mean spectrum (CMS) curve developed 

by Baker (2011). Subsequently, Eq. (4.1) is used to establish a relationship between 𝐴𝑣𝑔𝑆𝐴(𝑇1) 

and Sa(0.5), which is further utilized to develop the hazard curve for 𝐴𝑣𝑔𝑆𝐴(𝑇1). The seismic 

hazard model for 𝐴𝑣𝑔𝑆𝐴(𝑇1) is presented in Fig. 4.3, together with those represented by Sa(0.5) 

and Sa(1.0). 

 

Figure 4.3. Seismic hazard models considered for the benchmark bridge 

Uncertainties in earthquake loading are further captured by selecting a large number of 

ground motions. In this study, 615 ground motions from the NGA West 2 database (Ancheta et 

al., 2014) are selected using the CMS developed by Baker and his co-workers (Baker, 2011; Baker 
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and Lee, 2018). Fig. 4.4(a) shows the response spectra of the selected ground motion suite with 

the target CMS conditioned on 𝑆𝑎(𝑇1). Moreover, the selected 615 ground motions are further 

scaled such that the average response spectrum of these motions bears a matching 𝐴𝑣𝑔𝑆𝐴(𝑇1) 

over the periods from 0.2T1 to 1.5T1 to the target spectrum over the same period range. As a result, 

Fig. 4.4(b) shows the distribution of the 𝐴𝑣𝑔𝑆𝐴(𝑇1) from the selected ground motions, where a 

wide range of values can be observed. 

  

 

 
(a) (b) 

Figure 4.4. Selection of ground motions: (a) response spectra of the ground motion suite; and (b) 

the number distribution of AvgSA(𝑇1 ) 

4.4 EDPs and seismic capacity models  

As previously discussed, parameterized fragility models will be developed for multiple bridge 

components to capture their potentially conflicting damage probabilities. As shown in Table 4.3, 

seven bridge components are considered in the current study for seismic response monitoring 

through different EDPs. To bear a consistent risk assessment of the bridge at the system level, 

these seven components are classified into primary components, the failure of which would render 

an unstable structural system, and secondary components, which are less likely to cause a complete 

failure of the bridge (Mangalathu, 2017). As two primary components, pier columns and isolation 
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bearings are considered to have four damage states (i.e., slight, moderate, extensive, and collapse 

damage) defined by HAZUS (FEMA, 2021), whereas the remaining secondary components are 

deemed to have two or three damage states (Ghosh and Padgett, 2011; Mangalathu, 2017). Other 

than seismic response monitoring for demand modeling, capacity limit state thresholds are defined 

for all bridge components reaching different damage states. As listed in Table 4.3, the lognormally 

distributed median and dispersion values of the limit state models are determined by synthesizing 

results from previous studies (Padgett, 2007; Ghosh and Padgett, 2011; Ramanathan, 2012; 

Mangalathu, 2017; Xie and Zhang, 2018).  

Table 4.3. EDPs and capacity limit state models of different bridge components 

Component EDP (unit) 

Capacity Limit State Models 

Median Dispersion (all EDPs) 

S* M* E* C* S* M* E* C* 

Column Drift ductility 1.0 2.0 3.0 4.0 

0.25 0.25 0.47 0.47 

Unseating Displacement (mm) 12.7 76.2 - - 

Bearing Shear strain 1.0 1.5 2.0 2.5 

Abutment Displacement (mm) 18.0 108.0 218.0 - 

Foundation Rotation (rad) 0.002 0.005 - - 

Shear key Displacement (mm) 25.4 127.0 - - 

Joint seal Displacement (mm) 50.8 127.0 - - 

*S for slight, M for moderate, E for extensive, and C for collapse. 

 

4.5 Parameterized seismic fragility models 

For each of the six design cases (i.e., three bearing cases and three bearing plus damper cases), 

615 stochastic samples are established by randomly pairing a ground motion with randomly 

designed bearings/dampers. NLTHAs are carried out on each bridge-motion-device model to 

obtain the seismic demands, which are further compared with the stochastic samples generated 

from the capacity models. As such, a binary survival-failure indicator can be developed for each 

bridge component reaching each damage state. To this end, Eq. (3.3) is utilized to develop the 
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associated parameterized fragility models. It is worth mentioning that the fragility models vary per 

bridge component, damage state, and bearing/damper design case. Due to the limited space, two 

sets of the models are provided herein – the fragilities of the column and bearing under the 

moderate damage state when the bridge is installed with the LRB, as shown in Eq. (4.2), and the 

fragilities of unseating and abutment reaching the slight damage state when the bridge is installed 

with the FPS and viscous dampers, as given in Eq. (4.3): 

𝑃𝑐𝑜𝑙−𝑚𝑜𝑑[𝐷 > 𝐶|𝑠, 𝑞, 𝑘] =
𝑒−4.06+3.97𝑞−5.10𝑘+1.56 𝑞

2−0.73𝑞𝑘−0.69𝑘2+4.80𝑠

1 + 𝑒−4.06+3.97𝑞−5.10𝑘+1.56 𝑞
2−0.73𝑞𝑘−0.69𝑘2+4.80𝑠

  (4.2𝑎) 

𝑃𝑏𝑒𝑎𝑟−𝑚𝑜𝑑[𝐷 > 𝐶|𝑠, 𝑞, 𝑘] =
𝑒−9.89−3.07𝑞−0.77𝑘+0.22 𝑞

2−0.50𝑞𝑘+0.23𝑘2+5.68𝑠

1 + 𝑒−9.89−3.07𝑞−0.77𝑘+0.22 𝑞
2−0.50𝑞𝑘+0.23𝑘2+5.68𝑠

  (4.2𝑏) 

𝑃𝑢𝑛𝑠−𝑠𝑙𝑡[𝐷 > 𝐶|𝑠, 𝑞, 𝑘, 𝜖] =

𝑒16.04+2.99𝑞+9.21𝑘−0.76𝜖+0.98𝑞
2+1.03𝑘2−0.98𝜖2+0.57𝑞𝑘+0.24𝑞𝜖+1.00𝑘𝜖+5.82𝑠

1 + 𝑒16.04+2.99𝑞+9.21𝑘−0.76𝜖+0.98𝑞
2+1.03𝑘2−0.98𝜖2+0.57𝑞𝑘+0.24𝑞𝜖+1.00𝑘𝜖+5.82𝑠

  (4. 𝑎)
 

𝑃𝑎𝑏𝑡−𝑠𝑙𝑡[𝐷 > 𝐶|𝑠, 𝑞, 𝑘, 𝜖] =

𝑒14.9+0.10𝑞+3.37𝑘+0.35𝜖−1.22 𝑞
2+0.67𝑘2+0.35𝜖2−0.24𝑞𝑘+0.55𝑞𝜖−0.71𝑘𝜖+5.87𝑠

1 + 𝑒14.9+0.10𝑞+3.37𝑘+0.35𝜖−1.22 𝑞
2+0.67𝑘2+0.35𝜖2−0.24𝑞𝑘+0.55𝑞𝜖−0.71𝑘𝜖+5.87𝑠

  (4. 𝑏)
 

 

where 𝑞 = ln(𝑄𝑟𝑎𝑡𝑖𝑜) , 𝑘 = ln(𝐾𝑟𝑎𝑡𝑖𝑜) , 𝜖 = ln (𝜉) , and 𝑠 = ln (𝐴𝑣𝑔𝑆𝐴(𝑇1)) , and 

subscripts col refers to column, bear means bearing, uns denotes unseating, abt means abutment, 

and mod and slt represent moderate and slight damage states, respectively.  

The parameterized fragility models of each bridge component are further visualized by 

assigning specific values to the design parameters of seismic protective devices. Fig. 4.5 presents 

the component-level fragility curves of the benchmark bridge when subjected to the moderate 

damage state. The bridge is installed with LRBs that consider four cases of design parameters – 

Case 1 with 𝑄𝑟 =  0.1 and 𝐾𝑟 =  0.01, Case 2 with 𝑄𝑟 =  0.5 and 𝐾𝑟 =  0.01, Case 3 with 𝑄𝑟 =
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 0.1  and 𝐾𝑟 =  0.05 , and Case 4 with 𝑄𝑟 =  0.5  and 𝐾𝑟 =  0.05 . Namely, both strength and 

stiffness values of the LRBs are increased from Case 1 to Case 4, which would cause a 

redistribution of the seismic fragilities across multiple bridge components. For instance, 

components that show increased fragilities from Case 1 to Case 4 include column, abutment, and 

   
(a) (b) (c) 

   
(d) (e) (f) 

 

 

(g)   

Figure 4.5. Parameterized fragility models for the LRB case under moderate damage state: (a) 

column; (b) unseating; (c) bearing; (d) abutment; (e) foundation; (f) shear key; and (g) joint 

seal 
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foundation, while bridge unseating, bearing, shear key, and joint seal exhibit a reversed trend with 

decreased seismic fragilities. It is evident that increasing the stiffness and strength of the LRBs 

would strengthen the connectivity between the bridge superstructure and substructure. As such, 

seismic fragilities of the substructure components (i.e., column, abutment, and foundation) are 

   
(a) (b) (c) 

   
(d) (e) (f) 

 

 

(g)   

Figure 4.6. Parameterized fragility models for the FPS plus damper case under slight damage 

state: (a) column; (b) unseating; (c) bearing; (d) abutment; (e) foundation; (f) shear key; and 

(g) joint seal 
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increased because of the larger transmitted inertia forces. Conversely, stronger LRBs can reduce 

the seismic vulnerability of deck unseating and joint seal, as well as the connectivity components 

such as bearing and shear key. Fig. 4.5 proves the effectiveness of the parameterized fragility 

models in capturing a reliable and stable seismic fragility for each bridge component, while the 

associated fragility redistribution across bridge components further calls for risk-based 

optimization of LRBs at the system level.  

Moreover, Fig. 4.6 presents another set of parameterized fragility models for the bridge 

installed with FPS and viscous dampers and subjected to the slight damage state. Five different 

design cases are considered by changing not only the stiffness and strength parameters of the 

bearings, but also the damping ratio provided by the viscous dampers. A consistent conflicting 

trend of the component fragilities can be observed under these five cases. Namely, the seismic 

fragilities of substructure components, such as column, abutment, and foundation, would increase 

when stiffer bearings and larger damper forces are applied to connect them to the superstructure. 

In contrast, the stronger connectivity would decrease the seismic fragilities of the remaining 

components, including bridge unseating, bearing, shear key, and joint seal. To this end, the optimal 

design parameters of isolation bearings and viscous dampers need to be identified to bear a proper 

trade-off in the seismic fragilities of all bridge components, and one viable strategy is to examine 

and minimize the seismic risk of the bridge at the system level.  

4.6 Damage ratios and replacement costs 

As indicated in Eqs. (3.5) and (3.6), the component-level parameterized fragility models are further 

combined with the seismic hazard model and bridge exposure information to derive the system-

level ARCR. The seismic hazard at the bridge site is shown in Fig. 4.3, while the exposure 

information of the benchmark bridge is tabulated in Table 4.4. In particular, the damage ratio 
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defines the fraction of repair cost at each damage state versus the total replacement cost of one 

bridge component, while the replacement costs of different components are provided in terms of 

the percentages of the total bridge construction cost. In this study, possible repair actions at each 

damage state and their associated material expenditures and unit costs of materials are utilized to 

compute damage ratios and replacement costs (Sobanjo et al., 2001; Padgett, 2007; Ghosh and 

Padgett, 2011; Xie and Zhang, 2017). For example, the replacement cost of the bridge column is 

comprised of the costs from concrete and steel reinforcement, formwork, and paint and coat, etc. 

(Ghosh and Padgett, 2011). In addition, the replacement cost of the abutment also includes the 

underneath pile foundation.  

Table 4.4. Damage ratios and replacement costs of different bridge components 

Component EDP (unit) 
Damage ratio 

Replacement cost 
S M E C 

Column Drift ductility 0.03 0.08 0.25 1.00 42.0% 

Unseating Displacement (mm) 0.25 1.00 - - 24.6% 

Bearing Shear strain 0.06 0.15 0.60 1.00 7.9% 

Abutment Displacement (mm) 0.08 0.25 1.00 - 16.5% 

Foundation Rotation (rad) 0.13 1.00 - - 7.2% 

Shear key Displacement (mm) 0.50 1.00 - - 0.5% 

Joint seal Displacement (mm) 0.50 1.00 - - 1.3% 

 

For the three design cases that involve fluid viscous dampers, the extra costs of installing 

the dampers need to be included in the computation of ARCR. Gidaris and Taflanidis ( 2015) 

investigated the price of commercially-available dampers and approximated a cost equation 

through curve fitting. As shown in Eq. (4.5), the damper cost is considered to be dependent on its 

maximum force capacity: 

𝑐𝑑,𝑖($) = 96.88 ∙ (𝐹𝑑,𝑚𝑎𝑥(𝑘𝑁))
0.607

 (4.4) 
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where 𝑐𝑑,𝑖 is the cost of the ith damper, and 𝐹𝑑,𝑚𝑎𝑥 is the damper force capacity that is estimated 

based on Eq. (2.2) by (1) observing that the maximum damper velocity in the NLTHAs is around 

0.74 m/s, and (2) assuming a safety factor of two. By further using 𝛴𝐶𝛼 = 2𝑚�̅�𝜉 and combining 

Eqs. (2.2) and (4.4), the total damper cost can be related to the damping ratio it provides to the 

bridge system: 

𝑐𝑑,𝑡($) = 22 15.9 ∙ 𝜉0.607 (4.5) 

where 𝑐𝑑,𝑡 is the total damper cost. It is worth noting that Eq. (4.5) is dependent on the mass and 

natural period of the bridge structure. In this respect, an extra cost ratio is defined to update the 

ARCR such that the additional upfront cost of installing viscous dampers can be incorporated into 

the overall optimization process: 

𝐴𝑅𝐶𝑅𝑑𝑎𝑚𝑝(𝑋) = 𝐴𝑅𝐶𝑅(𝑋) ∙ (1 +
𝑐𝑑,𝑡

∑ 𝑐𝑚𝑚
) (4.6) 

The 𝐴𝑅𝐶𝑅𝑑𝑎𝑚𝑝(𝑋) in Eq. (4.6) turns out to be an equivalent ARCR for retrofitting the 

benchmark bridge when engaging viscous dampers. In essence, it adds a constraint to prevent 

unrealistic design scenarios of installing too many dampers (i.e., keep increasing 𝜉 ) without 

recognizing the induced extra cost.  

4.7 Parameterized ARCR and optimal designs 

The computational cost of the overall analysis process took about 36 hours, where the majority of 

the time has been spent on the nonlinear time history analyses of the bridge when installed with 

different sets of seismic protective devices. Fig. 4.7 presents the parameterized ARCR surfaces 

and the associated design contours for the benchmark bridge installed with three types of bearings, 

respectively. A general observation of Fig. 4.7 concludes that ARCR becomes a convex function 

that is contingent on 𝑄𝑟 and 𝐾𝑟, which provides a convenient way to visually identify the global  
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minimum and its associated optimal values for 𝑄𝑟 and 𝐾𝑟. In particular, the ARCR of the bridge 

installed with ERBs (Fig. 4.7(a)) stays in the range between 8 × 10−4 and 1.2 × 10−3, while the  

minimal ARCR occurs when 𝑄𝑟 is around 0.25. In this case, the ARCR decreases monotonically 

when 𝐾𝑟  is increasing, which pushes the ‘optimal’ design value of 𝐾𝑟  to be close to its upper 

 System-level ARCR Surface System-level ARCR Design Contour 

(a) 

 
 

(b) 

 
 

(c) 

 
 

 

Figure 4.7. Parameterized ARCR surfaces and design contours for the three bearing cases: (a) 

ERB; (b) LRB; and (c) FPS 
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bound. However, this is not the case for the bridge installed with LRBs and FPSs. The ARCR for 

the LRB case (Fig. 4.7(b)) is well constrained in the range between 6 × 10−4  and 8 × 10−4 , 

whereas its global minimum can be pinpointed when 𝑄𝑟 = 0.25 , and 𝐾𝑟 = 0.056 . The FPS 

exhibits superior effectiveness in mitigating the seismic risk of the benchmark bridge, where the 

  

 

 
 

   
(b) 

   
(c) 

Figure 4.8. Parameterized ARCR surfaces and design contours for the three bearing plus damper cases: 

(a) ERB + damper; (b) LRB + damper; and (c) FPS + damper 
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ARCR in Fig. 4.7(c) is further reduced to the range of 5 × 10−4 − 7 × 10−4. In this case, the 

minimal ARCR of 5 × 10−4 appears when 𝑄𝑟 = 0.2 , and 𝐾𝑟 = 0.026.  

In addition, Fig. 4.8 presents the parameterized ARCR surfaces and the corresponding 

design contours for the bridge installed with both bearings and viscous dampers. As shown in the 

figure, the ARCR can be further reduced by equipping the bridge with viscous dampers. Fig. 4.8(a) 

first indicates that by installing ERBs and viscous dampers, the system ARCR ranges from 

7 × 10−4 and 10 × 10−4, and the associated minimal ARCR happens when 𝑄𝑟 = 0.20, and 𝜉 =

0.12. Similar to the ERB only case shown in Fig. 4.8(a), the ARCR in Fig. 9(a) also exhibits a 

monotonically decreasing trend when 𝐾𝑟 is increasing. As such, the identified ‘optimal’ value for 

𝐾𝑟 is around 0.06. Fig. 4.8(b) presents the ARCR results for the bridge installed with LRBs and 

viscous dampers. As shown in the figure, the ARCR is further reduced to be around 5.4 × 10−4 −

7 × 10−4 . Moreover, the ARCR has its global minimum of 5.4 × 10−4  when the protective 

devices are designed to have 𝑄𝑟 = 0.17, 𝐾𝑟 = 0.054, and 𝜉 = 0.10. Likewise, the coupling of 

FPSs and viscous dampers shows the best protection strategy among the six design cases. As 

shown in Fig. 4.8(c), the associated ARCR is generally constrained in the range between 

 .6 × 10−4 and 7 × 10−4, whereas the minimal ARCR of  .6 × 10−4 appears when 𝑄𝑟 = 0.18, 

𝐾𝑟 = 0.0 7, and 𝜉 = 0.08. 

Finally, the optimal design parameters of seismic protective devices and the corresponding 

minimal ARCRs of the benchmark bridge are summarized in Table 4.5. Some general trends can 

be observed by checking the listed values in the table. First, the optimal design value for the 

bearing strength stays stable – no matter which bearing type is considered, the optimal 𝑄𝑟 stays 

around 0.23-0.25 for the bearing only cases, and 0.17-0.20 for the bearing plus damper cases. 

Conversely, the bearing type would influence the identified optimal values for 𝐾𝑟. A significantly 
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reduced 𝐾𝑟  can be identified when FPS is adopted to fully isolated the bridge. The relatively 

invariant trend occurs regarding the optimal damper design, where the overall optimal damping 

ratio stays around 0.08-0.12, indicating an optimal damping coefficient 𝐶𝛼 = 140.5-210.7 kN (s/m) 

for dampers at each location (i.e., column top or end abutment). It is worth mentioning that this 

study recommends using a relatively smaller size of viscous dampers when compared with 

previous studies (Xie and Zhang, 2017; Xie and Zhang, 2018). Such a difference results from the 

integration of damper costs in the overall optimization process (i.e., through Eq(15)), which 

prevents constantly increasing the damper size without taking into account the associated extra 

cost. The last column in Table 4.5 compares the computed ARCR for the six design cases. It should 

be noted that the as-built bridge yields an ARCR of around 8.72%, which is due to the fact that 

many existing bridge components would experience substantial damage when subjected to 

medium-level earthquake loading. However, such a large ARCR can be significantly reduced 

when the bridge is fully isolated and installed with supplemental viscous dampers. The optimal 

ARCR values for the retrofitted bridge stay in the range between 8 × 10−4  and .62 × 10−4 . 

Among the three types of bearings, the FPS shows the most outstanding performance in 

minimizing the ARCR. More importantly, despite the extra cost of installing viscous dampers, 

combing bearings with viscous dampers can further reduce the ARCR of the bridge, which indeed 

proves the economic benefits of considering the combined use of isolation bearings and viscous 

dampers to mitigate the seismic risk of bridge structures. By further comparing the computed 

ARCR values among these six different design scenarios, one can identify that the optimal design 

of FPS is the second-best solution in terms of minimizing the seismic risk of the bridge. Therefore, 

using optimized FPS alone can be a promising strategy in practice, given that the construction 

complexity of installing the additional viscous dampers can be completely avoided. 
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Table 4.5. Optimal Designs of Seismic Protective Devices and their associated ARCR 

Design Cases 𝑄𝑟 = 𝑄/𝑄𝑐 𝐾𝑟 = 𝐾2/𝐾1.𝑐 𝐶𝛼 [𝑘𝑁(𝑠/𝑚)] 𝜉 =
𝛴𝐶𝛼
2𝑚𝜔𝑛

 
ARCR (×
10−4) 

ERB 0.25 0.060 - - 8.00 

LRB 0.25 0.056 - - 6.04 

FPS 0.23 0.026 - - 4.91 

ERB + damper 0.20 0.060 210.7 0.12 6.90 

LRB + damper 0.17 0.054 175.6 0.10 5.38 

FPS + damper 0.18 0.037 140.5 0.08 3.62 

 

4.8 Sensitivity analysis 

The parameterized ARCR model is developed under a given set of numerical values that define 

bridge components’ capacity models in Table 4.3, as well as their damage ratios and replacement 

costs in Table 4.4. A sensitivity analysis is further carried out in this study to examine how these 

values would change the ARCR surface and the associated optimal device design. Due to limited 

space, this section only discusses the results for the case when LRBs are installed on the bridge, 

while similar trends can be observed for other design case scenarios. The sensitivity analysis is 

conducted through the one-at-a-time method (Daniel, 1973), which varies one parameter at a time 

and keeps the other parameters at their baseline values. In particular, each parameter in Tables 4.3 

and 4.4 is changed by plus/minus one dispersion from its median value. The dispersions for the 

capacity models are listed in Table 4.3, while 0.25 is assumed as the dispersion for damage ratios 

and replacement costs shown in Table 4.4. 

The normalized tornado diagrams are provided in Fig. 4.9 to show the sensitivity of the 

optimal Kr and Qr, as well as the minimum ARCR, to each changing parameter. Fig. 4.9(a) indicates 

that the optimal stiffness parameter Kr remains relatively insensitive: its largest variation occurs at 

1 .0% when a different capacity model is used for bridge abutments. The column’s capacity model 

is the other influential parameter that changes Kr by 10.9%. By contrast, larger sensitivity is 
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observed with respect to the optimal Qr, which varies between 15% to 25% when a different 

capacity model is used for bridge column or deck unseating. The capacity models of these two 

components also bear substantial influences on the minimum ARCR, where a value change of 15-

30% is noticed. On the other hand, Figs. 4.9(b) and 4.9(c) indicate that the optimization results are 

stable when different values are considered for damage ratios and replacement costs. These two 

figures indicate that the variations in the optimal Kr, Qr and the minimum ARCR stay within 12%. 

This is understandable since damage ratio and replacement cost are merely involved in the ARCR 

model but not the fragility model, which is not the case where capacity models also affect bridge 

fragility curves. To this end, it is essential to ensure accurate capacity models for bridge column, 

deck unseating, and end abutments, as these models would substantially influence the final 

optimization results.  
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(a) 

 
(b) 

 
(c) 

Figure 4.9. Sensitivity of the optimal Kr, Qr, and minimum ARCR for the LRB case when 

subjected to changing (a) capacity limit state models; (b) damage ratios; and (c) replacement 

costs 
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Chapter 5 - Conclusions 

The PBEE methodology has been extended in this study to develop a complete risk-based 

optimization framework that directly links the expected ARCR of the bridge system to the design 

parameters of seismic protective devices. The framework features the integration of (1) a design 

of experiment to cover a wide selection of design case scenarios; (2) the logistic regression to 

develop parameterized fragility models for multiple bridge components; and (3) the derivation of 

the expected ARCR by convolving the seismic hazard model, fragility model, and bridge exposure 

information. The IM-independent ARCR turns out to be a convex function that can be directly 

visualized to pinpoint its global minimum and the associated optimal designs for isolation bearings 

and viscous dampers. Moreover, a case study is conducted to retrofit a benchmark highway bridge 

in California by considering six different design cases (i.e., three bearing cases, and three bearing 

plus damper cases). Optimization results from the case study validate the soundness of the 

proposed framework, whereas the following conclusions can be further drawn from this research: 

1. The developed parameterized fragility models capture the redistribution of damage 

probabilities across multiple bridge components. Namely, increasing the stiffness and 

strength of seismic protective devices would increase the seismic fragilities of substructure 

components (i.e., column, abutment, and foundation). Yet, it would simultaneously reduce 

the seismic vulnerabilities of bearing, span unseating, shear key, and joint seal.  

2. The installation of optimally designed isolation bearings and dampers can significantly 

reduce the seismic risk of the benchmark bridge. Among the three types of bearings, the 

FPS shows the best effectiveness in minimizing the ARCR. Despite the extra cost of 
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installing viscous dampers, combing bearings with dampers can further reduce the ARCR 

of the bridge. 

3. Some optimal design parameters of protective devices remain insensitive to the choice of 

bearing type. The optimal yielding strength 𝑄 of the bearing is found to be around 0.25𝑄𝑐 

when bearings are solely used. If viscous dampers are installed in conjunction with bearings, 

the bearings’ yielding strength can be chosen as 0.18𝑄𝑐, while a 10% additional damping 

ratio needs to be provided by the viscous dampers to reach the minimum ARCR.  

In summary, this study proposes a first-of-its-kind analysis framework to directly engage 

the seismic risk of the bridge system into the optimization of seismic protective devices. As a step 

forward versus the performance-based design methodology, the developed framework can be 

congruously applied to the design and optimization of any other types of structures and devices. It 

is worth mentioning that the convexity of the developed ARCR model is essential for generating 

the unique optimal design of the seismic protective device. Nevertheless, the convexity status of 

the ARCR is generalizable so long as conflicting seismic responses exist among major components 

in a structure. For instance, installing damper devices in a building frame will reduce the column 

damage, but it might increase the floor acceleration at the same time. As such, the resultant ARCR 

model would most likely turn out to be a convex surface where its minimum value occurs when 

seismic damage of structural and non-structural components achieve a proper balance. 

Furthermore, the authors have made ongoing efforts to explore more advanced statistical and 

machine learning techniques, such as the artificial neural network, that can replace the logistic 

regression in developing the parameterized seismic fragility models.  
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