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Abstract 

Given numerous prestressed bridges with a wide range of radius of curvatures in use across all seismic zones, regional-

scale seismic vulnerability and the risk of such bridges should be examined. This paper is intended to use surrogate 

models to efficiently quantify seismic vulnerability characteristics of single-span prestressed curved girder bridge 

portfolios in the United States. To create a broad spectrum of single-span prestressed curved bridges with variation in 

structural and geometrical characteristics, an experimental design technique (i.e., Central Composite Design) is 

employed. Based on the central composite design-based bridge portfolios, details for each bridge are designed 

according to the American Association of State Highway and Transportation Officials (AASHTO) LRFD Bridge 

Design Specifications, and analytical models are constructed using finite element analysis software. Then, synthetic 

ground motions are applied to each model and non-linear time history analyses are completed per model to extract 

seismic response to the ground motions. Maximum seismic response of key bridge elements, such as bearing and 

abutment, was captured and used to generate surrogate models using statistical principals. Then, the surrogate models 

are integrated into Monte Carlo Simulation to treat uncertainty in structural and geometrical parameters and end up the 

quantification of regional-scale seismic vulnerability for the bridges. Resulting data are analyzed not only to examine 

seismic susceptibility of the bridges, but also to look into the effects of the various parameters on their seismic 

vulnerability. Major findings are that the surrogate models are able to rapidly determine the seismic vulnerability of the 

bridges and that the ratio of span length to radius of curvature (s/r) has an influence on the bridges’ vulnerability. 
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1. Introduction 

A bridge has been regarded to be one of the most vulnerable transportation infrastructures during an 

earthquake in the United States (US) because of its inherent uncertainty in geometry and seismic loads [1]. A 

bridge with insufficient seismic design details may induce significant damage on individual bridge 

components, and eventually structural failure of the entire system. In particular, a number of curved bridges 

with different radii of curvature have been built and in use across all seismic zones in the US [2]. The radii of 

curvature in a curved bridge can often induce combined torsional and flexure behavior and complex weight 

distribution, resulting in higher deformation at critical sections of the bridge during seismic excitations [3-5]. 

Therefore, examining seismic response of such bridges should be prioritized to estimate their seismic 

vulnerability. 

To estimate the seismic vulnerability of bridges (including curved bridges), the probabilities of exceeding a 

predefined seismic performance threshold for a bridge component or system have been calculated over the 

past decades [6-9]. Seismic fragility curves in terms of the exceedance probabilities can be created using 

associated damage functions with the seismic responses from a large number of computational nonlinear 

time history analyses with a broad range of ground motions [10-11]. The seismic fragility curve-based 

approach has been deemed as a common methodology for seismic vulnerability assessment of the curved 

bridges [3-4] and other bridges [10]. Advancements in generating the seismic fragility curves at low 

computational costs have been achieved by integrating surrogate models such as Response Surface 

Metamodel (RSM) with Monte Carlo Simulation (MCS) [12-15]. The RSM-MCS approach has been used 

for the seismic risk and fragility analysis of curved bridges, leading to less seismic simulations while 

yielding adequate accuracy of results [3-4, 14].  

Although there are past studies with the applications of RSM-MCS approach to the seismic fragility curves 

of curved bridges, this approach is only limited to the curved steel I-girder bridge portfolios. Given a number 

of prestressed concrete bridges (PSC) with a wide range of radius of curvatures in use across all seismic 

zones, regional-scale seismic fragility analysis and the risk of such bridges need to be examined. This study 

aims to use RSMs to efficiently quantify seismic vulnerability characteristics of prestressed curved girder 

bridge portfolios in the US. This paper is structured into the following sections: Section 2 presents a portfolio 

of curved PSC bridges that was studied, an overview of the modeling approach used for the fragility curve 

generation, while Section 3 deals with the RSM approach used in developing RSM functions at critical 

bridge components. Section 4 provides component- and system-level fragility curves of single-span curved 

PSC bridges. Finally, Section 5 provides a summary and conclusions on the seismic vulnerability application 

of RSMs to the PSC bridges. 

2. Studied Curved PSC Bridges 

To populate a vast diversity of curved PSC bridges with different configurations at low computational cost, 

the Central Composite Design (CCD) [3], which is a critical experimental design technique, was used 

through the program JMP [16]. Note, the bridges that were studied were restrained to a single span PSC 

bridge portfolio so as to increase its fragility analysis efficiency and recognize distinctly the effects of curved 

bridge parameters within the portfolio. The parameters considered for this study were span length, deck 

width, and offset. The CCD technique comprises a 2k factorial design, where each of the parameters contains 

a lower level, a middle level, and an upper level from the bridge portfolio. Table 1 lists the considered 

parameters that were included in the CCD design. Following the single-span PSC bridge design 

recommendation from the Precast/Prestressed Concrete Institute (PCI) manual [17], a range of the span 

length from 21.3m to 33.5m was determined, resulting in a variety of possible bridge configurations at a 

regional level. The deck width consisting of 9.1m, 12.2m, and 18.3m was chosen to take into account various 

numbers of traffic lanes according to the American Association of State Highway and Transportation 

Officials (AASHTO) Load and Resistance Factor Design (LRFD) Bridge Design Specifications [18]. 

Finally, the offset having three levels of 0.15m, 0.30m and 0.45m was used to establish a variety of the 
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horizontal curvatures based on the recommendation from the PCI manual [17]. As a result of the completion 

of the CCD-based bridge portfolio, the total number of the PSC bridges with different radii of curvature was 

15. To facilitate comparison in seismic fragilities between the 15 bridges, the ratio of span length to radius of 

curvature (s/r) was taken as an primary RSM input variable, and the ratio was used to break down the bridges 

into three classes: (1) less than s/r of 0.05 considered as bridge class 1; (2) s/r between 0.05 and 0.10 

considered as bridge class 2; and (3) greater than s/r of 0.10 as bridge class 3. Peak Ground Acceleration 

(PGA) was employed as the controlling RSM parameter for seismic fragility curve generation. Table 2 

shows the single span 15 curved PSC bridges created from the CCD. With the design recommendations from 

the AASHTO LRFD Specifications [18], each of the bridges was designed at Strength I, Strength III, and 

Service I limit states. The characteristics for each bridge and its design details can be found elsewhere [19]. 

 

Table 1. Three levels of curved PSC bridge characteristics parameters used for CCD. 

 Parameters  Lower Level Meddle Level Upper Level 

Span Length (m) 21.3 33.5 48.7 

Offset (m) 0.15 0.30 0.45 

Deck Width (m) 9.1 12.2 18.3 

 

Table 2. CCD-based 15 curved PSC bridges for RSMs 

Bridge No. Span-to-curvature ratio   Deck width (m) PGA (g) 

1 0.057 9.1 0.1 

2 0.057 18.3 0.1 

3 0.114 12.2 0.5 

4 0.171 9.1 1 

5 0.171 18.3 1 

6 0.036 12.2 0.1 

7 0.073 9.1 0.5 

8 0.073 12.2 0.5 

9 0.073 18.3 0.5 

10 0.109 12.2 1 

11 0.025 9.1 0.1 

12 0.025 18.3 0.1 

13 0.050 12.2 0.5 

14 0.075 9.1 1 

15 0.075 18.3 1 

3. Surrogate Modeling for Seismic Fragility Generation  

3.1 3D Finite Element Model  

A three-dimensional (3D) finite element (FE) modeling approach developed by Seo and Rogers [20] in 

CSiBridge v16 [21] was used to determine the seismic response of the CCD-based curved PSC bridges. The 

approach considered the nonlinearities in the material and structural properties of the PSC bridges using 

multi-non-linear frame elements with discrete springs. In detail, the approach followed the single beam-

column frame elements representing the superstructure, while the substructure was idealized using the 

nonlinear frame and spring elements. The abutments were modeled using beam-column frame elements with 
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appropriate cross-sections and material properties, and the bearings were modeled using bilinear plastic 

springs. A total of 30 synthetic ground motions with PGA values ranging from 0.10 to 1.0g were obtained 

from the University of New York at Buffalo [22], and the ground motions were applied to the base of the 

abutment and pier column foundation components in each model. During the analysis, seismic responses at 

the bearings and abutments were monitored in terms of longitudinal and transverse deformation. More details 

on the 3D FE modeling approach can be found in the existing publication [20].  

3.2 RSM Development  

The RSM functions were developed using the three parameters for the curved PSC bridge characteristics 

with the given PGAs to compute seismic responses at the bearings and abutments in the longitudinal and 

transverse directions of each bridge. As stated formerly, the 15 curved PSC bridges with varying span length 

to radius of curvature were used for the 3D FE modelling, and seismic responses of each were extracted 

through the nonlinear time history analyses of the models. Individual seismic responses, including the 

maximum longitudinal bearing response, maximum transverse bearing response, maximum longitudinal 

abutment response, and maximum transverse abutment response, were used as the output parameters in the 

CCD table for the development of each RSM. Through the least-square analysis of the CCD table with each 

of the seismic response sets, all RSM models to estimate each response were derived. The RSMs for the 

mean and the standard deviation of the bearings in the longitudinal and transverse directions are represented 

in Equations 1, 2, 3, and 4, respectively. To account for uncertainties in seismic response and randomness in 

bridge structural characteristics associated with ground motions, the final RSM functions are assumed to 

have standard normal distribution.  

 

(1) 

 

   (2) 

 

(3) 

 

(4) 

 

where  is the mean value of maximum longitudinal deformation at the bearings;  is 

the standard deviation for the maximum longitudinal  deformation at the bearings; , , and  are the s/r 

ratio, seismic intensity level parameters, and deck width, respectively. Similarly,  and 

 are mean and standard deviation value of maximum transverse deformation at the bearings, 

correspondingly.  

As in the bearing-response RSMs development, the identical procedure was followed to develop RSMs for 

seismic response at the abutments along both the longitudinal and transverse directions. The RSMs for the 

mean and the standard deviation for determining the maximum abutment seismic deformation in the 

longitudinal and transverse directions are shown in Equations 5, 6, 7, and 8, respectively. 

 

(5) 

 

(6) 
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(7) 

 

(8) 

 

where  is the mean value of maximum longitudinal deformation at the abutments;  

is the standard deviation for the maximum longitudinal deformation at the abutments.  and 

 are the respective mean and standard deviation value of maximum transverse deformation at 

the abutments.  

3.3 RSM-Aided Fragility Curve Generation 

To generate seismic fragility curves utilizing the developed RSMs, it is necessary to integrate the RSMs into 

Monte Carlo Simulations (MCS) with Probability Density Functions (PDFs) for each of the RSM parameters 

that needs to be determined. The RSM parameters, including s/r ratio and bridge width, were considered to 

be random variables associated with their generated PDFs. The s/r ratio and bridge width were taken as 

random uniform variables within the range of 0 to 0.171 and 9.1m to 18.3m, respectively. Through 

MATLAB, the MCS was run to generate insights of the seismic response that is quickly estimated from the 

RSM for each damage limit state. The damage limit states for the considered bridge components 

encompassed slight, moderate, extensive, and complete damage [23]. Based on past studies for the limit 

states, Nielson and DesRoches [10] was adopted for this study with their combined limit states using 

Bayesian theory (see Table 3). 

The joint RSM-MCS was first used to calculate the exceedance probability of individual bridge components, 

including the bearings and abutments, for component-level fragility construction. In detail, the MCS was 

performed with 10,000 trial runs for each PGA value, according to the suggestion on the exceedance 

probability estimation in the past studies [3-4]. Repetition of the process over different PGAs provided 

exceedance probability values at all the damage states, and the component-level fragility curves were 

constructed by fitting a lognormal cumulative density function to the simulation results. Then, the generated 

component-level fragility curves were combined into a system-level fragility curve that represents the overall 

seismic vulnerability of the bridges. The detailed information on the system-level fragility curve generation 

is included in the next section.  

Table 3. Damage limit states used for fragility curve generation 

Component 
Damage States 

Slight Moderate Extensive Complete 

Bearing, longitudinal (mm) 28.9 104.2 136.1 186.6 

Bearing, transverse (mm) 28.8 90.9 142.2 195 

Abutment transverse/longitudinal (mm) 9.8 37.9 77.2 NA 

Note: NA means not available.   

4. Seismic Vulnerability Results and Discussion  

4.1 Component-Level Fragility 

Through the joint RSM-MCS, component-level fragility curves were created for the considered curved PSC 

bridges to observe the effect of variation in s/r ratio on its regional seismic fragilities. The focus of this 
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section is on the discussion of the fragility curves for bridge classes 1 and 2 because the exceedance 

probabilities at all damage states were zero for bridge class 3, except the slight damage state with its 

exceedance probability of 0.25 at PGA of 1g. The fragility curves for bridge classes 1 and 2 at the bearings 

in the longitudinal direction for all damage states are shown in Figures 1a and 1b, respectively. Figures 2a 

and 2b display the fragility curves for bridge classes 1 and 2 in the transverse direction. The median PGA for 

the bearings in the longitudinal direction at slight damage state is 0.57g and 0.88g for bridge class 1 and 

bridge class 2, correspondingly. The difference in the fragility curves for bridge classes 1 and 2 at slight 

damage state is 35%. Similarly, the median PGA for the bearings in the transverse direction for slight 

damage state is 0.55g and 0.92g for bridge classes 1 and 2, respectively. The difference for the bridge class 

fragilities is approximately 40% at slight damage state. These curves demonstrate that the effect of s/r ratio 

on the bearings within the curved PSC bridges in both the longitudinal and transverse directions. Strictly 

speaking, the larger the s/r ratio is, the lower the fragility is. There is an interesting finding on these curves at 

moderate damage state, which is that the exceedance probabilities for moderate damage state for bridge class 

1 showed a significant increment with PGA values, while it remained unaffected for the other bridge classes. 

 

(a)                                                                                (b) 

Figure 1. Component-level seismic fragility curves for curved PSC bridges in the longitudinal direction at 

bearings: (a) bridge class 1 and (b) bridge class 2. 

  

          (a)       (b) 

Figure 2. Component-level seismic fragility curves for curved PSC bridges in the transverse direction at 

bearings: (a) bridge class 1 and (b) bridge class 2. 
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To investigate the effect of s/r ratio on the component-level fragility curves of the curved PSC bridges at the 

abutments, the associated fragility curves were created and analyzed. Note, bridge classes 2 and 3 have zero 

exceeding probabilities in the component-level fragility curves in both the transverse and longitudinal 

directions in the range of PGA values; thus, these curves are not included herein. Figure 3 shows the 

component-level fragility curves at the abutments for bridge class 1 in the longitudinal and transverse 

directions, respectively. It appears that the bridge class 1’s fragility curves in the longitudinal direction has 

the exceedance probability of 0.40 at PGA of 1g (slight damage state), while the corresponding value in the 

transverse direction was 0.77. It turns out that the transverse direction has more significant effects on the 

abutments’ fragilities than the longitudinal direction. As interpreted from the abutments’ fragilities for class 

1 and the zero fragilities for the other classes, as the s/r ratio decreases, the considered bridges become 

fragile for the applied ground motion. This trend is somewhat in agreement with the findings derived from 

the bearing fragility-analysis. 

 

(a)                                                                             (b) 

Figure 3. Representative component-level seismic fragility curves at the abutments for bridge class: (a) 

longitudinal direction and (b) transverse direction. 

 

4.2 System-Level Fragility 

To investigate the overall seismic vulnerability of the curved PSC bridges, relevant system-level fragility 

curves were required for the considered range of s/r ratios. To that end, the exceedance probabilities to each 

of the bridge components were integrated according to the following equation, resulting in system-level 

fragility curves for the bridges.  

 

(9)               

 

where  = cumulative probability; and  = component level probabilities.  

Further information on the generation of system-level fragility curves for curved bridges [20] and other types 

of bridges [7, 11] using the above equation can be found in past studies. Through the integration of all the 

component-level fragility curves, the system-level fragility curves for the curved PSC bridges were created 

for all damage states as illustrated in Figure 4 for bridge classes 1, 2, and 3. It is obvious that the median 

exceedance probabilities for bridge class 1 are 0.38g and 0.83g for slight and moderate damage states. For 

the extensive damage, the maximum exceedance probability is 0.3 at PGA of 1g. In a similar way, for bridge 
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class 2, the median exceedance probability for slight damage state is 0.65g, while the other damage states 

have a modicum of effect on the fragilities. The median exceedance probability for bridge class 3 at slight 

damage state is 0.79g, whereas the remaining damage states have negligible effects on the fragilities. 

Therefore, it can be concluded that there is an increase in the system-level fragility curves at slight damage 

state by 41% between bridge classes 1 and 2, and by 17% between bridge classes 2 and 3. Based on all the 

fragilities at the component and system levels, it is apparent that the curved PSC bridges at the system level 

is more fragile than its associated components in general.  

 

  

(a) (b) 

 

             (c) 

Figure 4: System-level seismic fragility curves for curved PSC bridges: (a) class 1; (b) class 2; and (c) class 

3. 

5. Conclusions 

In this study, Response Surface Metamodels (RSMs) for the single-span curved PSC bridges were developed 

to efficiently estimate their seismic vulnerability at the component and system levels. To accomplish this, the 
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experimental Central Composite Design (CCD) design technique was employed to create a wide variety of 

hypothetical curved PSC bridge configurations with respect to ratio of span length to radius of curvature (s/r) 

and deck with. Then, the 3D finite element modeling approach was used to model the bridges, and its 

nonlinear time history analyses were performed using synthetic ground motions in an attempt to capture 

critical seismic responses on the bearings and abutments of the bridges. Through RSM integrated with Monte 

Carlo Simulation (MCS) and predefined four damage states, component- and system-level seismic fragility 

curves were generated. Upon the application of the ground motions to the curved bridges, the seismic 

vulnerability of the larger s/r ratio decreased. Specifically, the bridges with smaller s/r ratio had lower 

median PGA values, and the s/r ratio played a significant role in the seismic fragility assessment of the 

studied curved PSC bridges subjected to the ground motions. 
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