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One of the most widely utilized methods for determining seismic performance and 

allowing additional study is fragility analysis. The fragility curve, which is typically 

characterized by two-parameter log-normal distribution functions, depicts the 

probability of bridge components exceeding a certain damage limit. This study 

examines the fragility analysis of a multi-span continuous (MSC) steel roadway 

bridge in Türkiye. The probabilistic seismic demand model (PSDMs) is illustrated 

by conducting many time history analyses (THA). The nonlinear analyses are 

conducted for sixty earthquakes. Logarithmic regression analyses and fragility 

curves were derived for varying intensity measures (IM) in terms of efficiency. 

Monte Carlo analysis was used to derive the system fragility curve of the bridge. 

The PGA and ASI are the most proper intensity measure for the fragility curve of 

the bridge. Moreover, the slight damage can be visualized with a higher probability 

for the small intensity measure that even mild earthquake motion can cause some 

slight damage on the bridge but after slight damage bridge has further capacity until 

the collapse damage is visualized. 
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1. Introduction 

Türkiye is situated in a seismically very active region and has experienced many devastating seismic 

events[1–6]. There has been significant damage to both bridges and buildings. Damage to the bridge not only 

causes huge retrofitting costs but also affects the ability to reach hazard areas, prevents vehicular access to 

hospitals, and causes important economic losses. As a result, numerous studies have concentrated on the 

earthquake performance of bridges. Earthquake loads on bridges were first taken into account in Japan in 

1926 after the 1923 Kanto earthquake with a very simple approach. However, it was only possible after the 

1970s for earthquake loads to be included in regulations in America and Europe. In Türkiye, there isn’t 

private specification for the seismic design of the bridge so the American and European specifications are 

used. Therefore, road and railway bridges built before the 1970s have been designed without considering 

seismic loads and are under high seismic risk. Fragility analysis is a famous analyses tools that quickly and 

reliably estimated the earthquake performance of a single bridge or bridge network. Fragility is described as 

the likelihood of exceeding a certain limit under seismic occasions of structural or non-structural 
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components. There are traditionally three different methods used for deriving fragility curves: empirical, 

experimental, and analytical [7–9]. Empirical and experimental fragility curves are derived using past 

earthquake damage reports determined by experts and experimental study. For many structures, deriving 

empirical and experimental fragility curves is not possible for economic reasons and a lack of seismic damage 

reports. An analytical fragility curve can be derived using linear or nonlinear analyses. The most frequent 

analysis methods used to produce fragility curves are nonlinear time history analysis, incremental dynamic 

analysis, and capacity spectrum analysis [10–17]. A fragility curve is commonly expressed as a two-

parameter (mean values and dispersion) log-normal distribution function[17]. These two parameters are both 

calculated depending on analytical results and experimental and empirical data.  

 A fragility curve allows the engineer to ascertain the damage probability of the structure under a seismic 

event. This very important knowledge is used in the different risk analyses and cost calculations and helps 

inform maintenance and repair decisions and many other studies. Damage to the bridge after a seismic event 

is calculated using a fragility curve. Also, it is studied whether or not road transportation to all hospitals in 

İstanbul can be sustained. Traffic intensity after the seismic event and the economical maintenance and repair 

period is calculated [18]. The fragility curve of the bridge might be derived for a specific bridge or for a 

bridge group that has similar seismic behavior [19–21].  Deriving the fragility curve for groups of bridges 

allows engineers to make a quick assessment of a particular group of bridges. However, grouping bridges is 

a very complicated activity because all specific bridges have important differences between them. Analyzing 

covariance of probabilistic seismic demand of bridges is used to classify bridges and identify a proper sample 

for fragility analysis and reduce the number of sampled bridges required to give reliable results [22]. 

 Sustainability of the bridges system has essential importance for the transportation system. Any reduction 

of traffic flow because of maintenance activities and repairmen of bridges affect a growing economy in many 

direct and indirect ways [23]. Therefore, deriving a fragility curve becomes very important to reduce the 

seismic risk so as to allow the country to continue its development. The cost of retrofitting a damaged bridge 

after the seismic event can be determined using a cost-effective fragility curve [24]. The economic losses 

caused by a seismic event can be calculated easily. On the other hand, the amount of traffic is changes day 

by day, and overloaded trucks using the bridge call into question the old bridge’s capacity to withstand these 

loads. The effects of the truck-bridge interaction on the fragility curve are investigated by conducting a finite 

element analysis, assuming the truck only as a mass and assuming the truck with mass and spring [22]. 

Moreover, natural hazards such as floods, hurricanes, and tsunamis also cause significant damage to the 

bridge. To predict this damage, some effort has been expended to derive a multi-hazard fragility curve 

considering both seismic and flood hazards [25, 26]. 

 Fragility analysis of a multi span continuous steel roadway bridge in Türkiye is carried out. Real 

earthquake records used in the past studies are selected [9]. Nonlinear time-history analyses are conducted. 

A probabilistic seismic demand model of the bridge components is obtained using IM and demands. The 

efficiency of IM parameters is evaluated. The bridge components’ fragility curves are derived. A Monte 

Carlo simulation with a   sample was conducted to figure out the system fragility curve. 

 

2. Analytical method and simulation 

Fragility analyses are used accurately predict the earthquake performance of structural and non-structural 

components. The conditional probability of demand (𝐸𝐷𝑃) corresponding to capacity (𝐶) for a particular 

intensity measure (𝐼𝑀) value is defined as a fragility curve [27], 

𝐹𝑟𝑎𝑔𝑖𝑙𝑖𝑡𝑦 = 𝑃[𝐸𝐷𝑃 ≥ 𝐶|𝐼𝑀] (1) 

where 𝑃[… ] shows the probability of exceedance, 𝐸𝐷𝑃 shows the engineering demand parameter, 𝐶 shows 

the capacity of structure of structural components and IM shows the ground motion intensity measure. The 
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structural demand and capacity are determined using Non-linear Time History Analysis (NTHA), and 

PSDMs are developed. 

2.1. Design stages for flexural strengthening 

PSDM identifies the seismic demand of a structure or non-structural component in approximately one IM 

[28] 

𝑃[𝐸𝐷𝑃 ≥ 𝑑|𝐼𝑀] = 1 − 𝛷 (
ln(𝑑) − ln⁡(𝐸𝐷̂𝑃)

𝛽𝐸𝐷𝑃|𝐼𝑀
) (2) 

 A power model is used to calculate the median EDP 

𝐸𝐷̂𝑃 = 𝑎𝐼𝑀𝑏 (3) 

or the logarithm model 

ln(𝐸𝐷𝑃) = ln(𝑎) + 𝑏 × 𝑙𝑛(𝐼𝑀) (4) 

where 𝑎 and 𝑏 are two-parameter of regression analysis, 𝛷 is the standard cumulative normal distribution 

function, 𝐸𝐷̂𝑃 is the median engineering demand, 𝑑 is damage limit state and 𝛽𝐸𝐷𝑃|𝐼𝑀 (dispersion) is the 

standard deviation of regression analysis [29], 

𝛽𝐸𝐷𝑃|𝐼𝑀 ≅ √
∑(ln(𝑑𝑖) − ln(𝑎𝐼𝑀𝑏)2

𝑁 − 2
 (5) 

2.2. Component and system fragility  

Fragility curves are derived for each bridge components to determine the seismic behavior separately. With 

the help of the component fragility curve, the weakest bridge component can be determined easily, and any 

maintenance or additional investigation activity can be planned with the help of this valuable information. 

Nonlinear time-history analyses are utilized to calculate the structural demand relating to the ground motion 

IM, and component damage limits are computed individually to create the fragility curve.  

 Four damage states are determined for each bridge component. However, the system fragility curve of 

the bridge should be expressed with one curve that represents all the probability of exceeding of bridge 

component fragility curve. The unions of probabilities of each bridge component are defined as the bridge 

fragility curve for the damage state [30]. 

𝑃[𝐹𝑎𝑖𝑙𝑠𝑦𝑠𝑡𝑒𝑚] =⋃𝑃[𝐹𝑎𝑖𝑙𝑐𝑜𝑚𝑝𝑜𝑛𝑒𝑛𝑡−𝑖]

𝑛

𝑖=1

 (6) 

 To obtain the union probabilities of the component fragility curve a joint probability density function is 

derived with the help of Monte-Carlo simulation. One million samples are simulated considering the 

correlation between the component fragility curve and bridge probability is determined using the Eq. (6). 

 

3. Case study 

The Mahmutçavuş bridge is located 400 kilometers from the Pasinler, Oltu, Narman National Roadway on 

the Kışla Village Roadway. The bridge is a typical example of a multi-span continuous composite highway 

bridge. The bridge has two 10 m long spans at the initial and last and three 12 m long spans in the middle. 

The bridge's overall length is 56 meters, and its overall width is 5.4 meters. The bridge was built in 1961 and 

is still in use today. Abutments support the superstructure at the beginning and end, and steel piers in the 
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middle. The bridge's superstructure is made of steel and concrete composite sections, with elastomeric 

bearings on the middle piers and the abutments. Each pier includes four columns formed by welding two 

IPN 240 sections together. The bent beam has a width of 52 cm and a height of 58 cm. The slap measures 25 

centimeters thick. Fig. 1 illustrates a general view of the bridge, while Fig. 2 displays a section view of the 

bridge. The bridge's superstructure consists of a 5 IPN360 steel beam and a concrete slab. The superstructure 

is continuous across the pier, with a moment release and expansion in the third span. The bridge crosses the 

Norman Stream, and the river's level is fluctuating. In the winter, only one bridge's pier is submerged, but all 

the bridge's piers are submerged in the spring and summer. The total height of the piers is 4 m. However, 

due to dirt deposition in the river, it is assumed that almost half of the piers are buried. This study does not 

take into account soil-structure interactions. 

 

4. Mathematical modeling and simulation  

4.1. Ground motion 

With the help of the developing technology, the assumptions used in determining the earthquake loads have 

started to be determined in more realistic ways. In the specification before 2018, 4 different earthquake zones 

were defined and earthquake spectra were determined according to these 4 zones and site conditions.  

 After [31]Türkiye building seismic code was published, earthquake hazard maps become available and 

seismic load and spectra start to be determined in a site-specific way considering the coordinate of the 

building. Besides, non-linear analysis approaches were included in the design, and performance-based design 

methods were developed. These developments are desired to be included in the new specification prepared 

for Turkish seismic bridge design [32].  

 Three methods are encountered in the literature in deriving fragility curve with the help of NTHA. These 

are cloud, stripe and incremental dynamic analysis (IDA) [33, 34] Cloud method includes selecting different 

real earthquake data and using these data without scaling. 
 

 

Fig. 1. MSC composite bridge from the side 

 

 

Fig. 2. MSC composite bridge in section 
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 Although there is no accepted approach in selecting earthquake records in obtaining fragility curves, the 

main purpose of selecting records is to obtain many different earthquake forces in which different damage 

situations can be observed in bridges. If the selected earthquakes records consist of records with similar 

characteristics, the damage occurring in the bridges will be similar, so a limited number of similar properties 

will be observed and the desired data will not be obtained in the analysis results. 

 Random selection of earthquake data is applied considering the difference in terms of soil types, moment 

magnitude, PGAs, and central distances. The distribution of moment magnitude with a center distance is 

displayed in Fig. 3. The unscaled earthquake data were used for the time history analysis. 

 Fragility curve derived considering the different uncertainties on the structure as: capacities and loads. 

The most devastating of them is seismic loads. In these studies clouds approach is used to simulate the 

uncertainties of the seismic loads which is randomly select the real earthquake records and include the 

important uncertainties about the seismic loads. These are the strongest part of the cloud approach comparing 

with the static pushover and IDA. Because scaling the real earthquake data changes the characteristic 

properties of the earthquake records and sometimes create an earthquake record which is not possible to 

visualized in the real time. On the other hand static pushover analysis include many assumption to simplify 

the nonlinear analysis. Therefore cloud analysis has important advantages on simulating the uncertainties of 

the earthquake loads. 

4.2. Analytical bridge models 

SAP2000 finite element software is used to create a FE model of the bridge based on site inspection and 

measurement. Because of the bridge's construction date, there is no known architectural drawing or design 

project. As a result, all sections and lengths are measured on the site, and the bridge's FE model is constructed. 

The piers are represented by two-node beam elements, while four-node shell components represent the 

concrete slabs. Bridge abutments are not modeled and are considered to be fixed in these studies. Nonlinear 

link elements are used to model supports. The friction coefficient between the bearing and the support is 

computed and modeled using a friction link in the same way as it is for the elastomer pad. For small, 

moderate, large, and collapse damage states, the bearing's damage limit states are indicated by fractures in 

the pier, prying of the bearing and severe deformation in the anchor bolt, toppling or sliding of the bearing, 

and falling from the seat [35]. Fig. 4 depicts a 3D FE model of the bridge, whereas Fig. 5 depicts an actual 

photograph of the bridge. 

 Hysteresis behavior of elastomer bearings is determined considered by [35]. Nielson (2005) used testing 

data conducted by Mander et all, (1996) [36] and updated the information with the help of the expert report 

prepared after the earthquake and visualized damaged on bridge bearing in the US. 
 

 

Fig. 3. Earthquake data distribution 
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Fig. 4. Finite model view of MSC steel road bridge 

 

 

Fig. 5. Picture of bridge 

 

 Material parameters are gathered from prior related literature because there is no specimen testing for 

this MSC bridge. Larsson and Lagerqvist [37] demonstrate that the material properties of existing steel 

bridges can be determined based on the years of construction by conducting experimental material tests on 

steel bridges in Europe. Yield and ultimate strengths for European railway and road bridges are 𝑓y =

220⁡𝑀𝑃𝑎 MPa and 𝑓u = 220⁡𝑀𝑃𝑎 , respectively [37]. This study evaluates both the material and P-Δ large 

displacement behavior of bridges. Material nonlinearity is defined by PMM plastic hinges concentrated at 

the end of the piers and M2-M3 hinges concentrated at the ends and middle of the steel superstructure beam. 

 

5. Discussion on intensity measures and demand models 

5.1. Discussion on intensity measures 

Fragility curves are traditionally derived considering only one IM parameter and the uncertainties mostly 

depend on the IMs. The optimum selection of the IM parameter helps to reduce the uncertainties of the 

fragility curve and determining damage probability more accurately. There are many different IM parameters 

are existed in the literature, and 9 of the most used are selected for this study as shown in Table 1. The 

selected IM parameters are compared in terms of practicality, efficiency, and proficiency. 

 The PGA, PGV, 𝑆a-0.2s, and 𝑆a-0.1s⁡IMs are parameters related to the vector characteristics of ground 

motion, such as spectral acceleration and displacement. IA, 𝐼V, CAV, CAD, and ASI. IMs are related to ground 

motion energy [38–42]. 

 Practically express the correlation between IM and structural demand. Enlarging the correlation as well 

increases the practicalities and decreases the dispersion and uncertainties. b parameter determined by 

regression analysis of PSDM besides declares the correlation between IM and structural demand, and 
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practicality is expressed by b parameter. The higher values of b point to the more practical IM 

parameter.Dispersion expresses the demand alteration for the selected IM and describes the efficiency of the 

IM parameter. the smaller dispersion decreases the uncertainties and implies the more efficient IM parameter. 

Proficiency is determined as a parameter both include the effect of practicality and efficiency. To decrease 

the uncertainties the engineer looking for small dispersion and higher practicalities. Proficiency is expressed 

as the ratio of these parameters and the smaller examined for more accurate IM parameters [27]. 

𝜁 =
𝛽𝐸𝐷𝑃|𝐼𝑀

𝑏
 (7) 

 

Table 1. Intensity measures (IMs) 

IM Description Units Definition 

𝑃𝐺𝐴 Peak ground acceleration g 𝑃𝐺𝐴 = 𝑚𝑎𝑥|𝑢̈𝑔(𝑡)| 

𝑃𝐺𝑉 Peak ground velocity cm/s 𝑃𝐺𝑉 = 𝑚𝑎𝑥|𝑢̇𝑔(𝑡)| 

𝑆a-0.2s Spectral acceleration at 0.2s g 𝑆𝑎(𝑇𝑖) = 𝑤𝑖
2𝑆𝑑(𝑇𝑖) 

𝑆a-0.1s Spectral acceleration at 1s g 𝑆𝑎(𝑇𝑖) = 𝑤𝑖
2𝑆𝑑(𝑇𝑖) 

IA 
Area intensity cm/s 𝐼𝐴 =

𝜋

2𝑔
∫ [𝑢̈𝑔(𝑡)]𝑑𝑡
𝑇𝑑

0

 

𝐼V 
Velocity intensity cm 𝐼𝑣 =

1

𝑃𝐺𝑉
∫ [𝑢̇𝑔(𝑡)]𝑑𝑡
𝑇𝑑

0

 

𝐶𝐴𝑉 
Cumulative absolute velocity cm/s 𝐶𝐴𝑉 = ∫ [𝑢̈𝑔(𝑡)]𝑑𝑡

𝑇𝑑

0

 

𝐶𝐴𝐷 
Cumulative absolute displacement cm 𝐶𝐴𝐷 = ∫ [𝑢̇𝑔(𝑡)]𝑑𝑡

𝑇𝑑

0

 

𝐴𝑆𝐼 
Acceleration spectrum intensity cm/s 𝐴𝑆𝐼 = ∫ 𝑆𝐴(𝑇, )𝑑𝑇

𝑇𝑓

𝑇𝑖

 

 

Table 2. Comparisons between demand models and intensity measures 

 
Column Rotation Pinned Bearing Longitudinal Sliding Bearing Longitudinal 

𝑏 𝛽𝐸𝐷𝑃|𝐼𝑀  𝜁 𝑏 𝛽𝐸𝐷𝑃|𝐼𝑀 𝜁 𝑏 𝛽𝐸𝐷𝑃|𝐼𝑀  𝜁 

IM 2.06 2.49 1.21 1.39 3.33 2.39 1.84 2.47 1.34 

𝑃𝐺𝐴 2.08 2.45 1.18 1.53 3.26 2.14 2.24 2.05 0.92 

𝑃𝐺𝑉 1.78 2.62 1.47 1.18 3.39 2.87 1.59 2.56 1.61 

𝑆a-0.2s 1.70 2.52 1.48 1.34 3.24 2.42 1.81 2.18 1.21 

𝑆a-0.1s 1.22 2.37 1.95 0.89 3.23 3.61 1.21 2.16 1.79 

IA 0.93 2.94 3.16 0.70 3.47 4.95 1.32 2.40 1.81 

𝐼V 0.71 2.97 4.21 0.51 3.49 6.88 0.74 2.77 3.74 

𝐶𝐴𝑉 0.79 2.85 3.59 0.57 3.44 6.00 0.87 2.57 2.95 

𝐶𝐴𝐷 2.17 2.34 1.08 1.64 3.20 1.95 2.16 2.12 0.98 

𝐴𝑆𝐼 2.06 2.49 1.21 1.39 3.33 2.39 1.84 2.47 1.34 
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 Table 2 has been developed according to the probabilistic seismic demand model. The parameter 𝑏 and 

𝛽𝐸𝐷𝑃|𝐼𝑀 are determined by regression analysis and 𝜁 calculated using these two-parameter. Column Rotation, 

Pinned bearing longitudinal, and sliding bearing longitudinal direction are the most fragile component of 

bridge therefore in the selec-tion of proper IM these three components are considered. Maximum 𝑏 = 2.17, 

1.64, and 2.24 for the column rotation, pinned bearing longitudinal and sliding bearing longitudinal, 

respectively. Greater correlation IMs are more practical because higher correlation PSDMs produce more 

accurate outcomes. Thus, ASI, ASI, and PGV are more practical for column rotation, pinned bearing 

longitudinal, and sliding bearing longitudinal displacement, respectively. 

 Minimum 𝛽𝐸𝐷𝑃|𝐼𝑀 = 2.34, 3.20, and 2.05 for the column rotation pinned bearing longitudinal and sliding 

bearing longitudinal displacement, respectively. Smaller dispersion IMs are more efficient because smaller 

dispersion PSDM produces more appropriate results. As a consequence, ASI and PGV are more effective 

than other IM alternatives. 

 Minimum 𝜁= 1.08, 1.95, and 0.92 for the column rotation, pinned bearing longitudinal and sliding bearing 

longitudinal displacement, respectively. Modified dispersion shows the practicality and efficiency of IMs, 

with smaller values indicating a more robust correlation and less dispersion between IMs and EDPs. Thus, 

ASI, and PGV are more proficient than other alternatives for column rotation, pinned bearing longitudinal 

displacement, and sliding bearing longitudinal displacement, respectively. The results show that seismic 

acceleration mostly affects column rotation and seismic velocity mostly affects bearing displacement. 

5.2. Probabilistic seismic demand models 

PSDMs were constructed from the column rotation and pinned and sliding bearing longitudinal displacement. 

Seismic demands received from sixty nonlinear time history analyses are used to derive PSDMs. ASI is the 

proper IM for column rotation and PGV is the proper IM for sliding bearing displacements. PSDMs are 

obtained considering the proper IM. Fig. 6 shows PSDMs for column rotation. Bridge collapse appears for 

six of the sixty analyses, so extensive plastic rotation is received and presented in PSDMs. Extensive 

longitudinal displacements are obtained for the same seismic record for pinned bearing longitudinal 

displacement but in the sliding bearing longitudinal direction. Fig. 7 shows PSDMs for pinned bearing and 

sliding bearing. 

5.3. Determining bridge damage and limit states 

Classification of damage is also an essential step in determining the earthquake performance of the bridge. 

Many damage states depend on plastic rotation, plastic curvature, ductility, and lateral displacement, and in 

the classification of bridge damage, retrofitting time is considered. Retrofitting of similar damage is expected 

to consume a similar amount of time. Damage happens due to extreme events documented in the literature, 

with bridge elements being classified into four separate damage classifications, which are slight, moderate, 

large, and collapse. There are several bridges without taking seismic loads into account. As a result, several 

types of damage to the bridge have been seen during earthquake occurrences. 

 The 1978 Miyagi-ken-Oki and 2011 Great East Japan earthquakes revealed a lack of column rotation and 

shear capacity, as well as damage to bridge bearings and steel bracing [43].  

 Different earthquake disasters have also resulted in damage to steel columns, lateral bracing, and bearings 

[35, 44]. Engineers may observe bridge performance under real-world settings by exposing them to 

earthquakes. Based on data from prior earthquakes and experimental study, a variety of possible damage 

limit states for assessing bridge performance have been established in the literature. Considering the yield 

rotation ratios of bridge column damage indicated by Choi et al. (2004), rotation limits were used to calculate 

the four types of damage in the columns. (see Tab. 3) and the four bearing displacement limitations are shown 

in Tab. 4. 
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 The yielding rotation of the beam and column are calculated using Eq 8. Yield rotation for the beam is 

∅𝑦 = 0.01512  for the first and last span and ∅𝑦 = 0.01827 for the middle spans, and yield rotation for the 

column is ∅𝑦 = 0.00414. 

𝜃𝑦 =
𝑊𝑝𝐹𝑦𝑙𝑏

6𝐸𝐼𝑏
 (8) 

where 𝑊𝑝 plastic moment strength, 𝐹𝑦 yielding strength, 𝑙𝑏 length of the beam, 𝐸 elastic modules of the 

beam, and 𝐼𝑏  moment of inertia of the beam. 

 

6. Fragility curve of the bridge 

6.1. Fragility curve of bridge components 

Bridge component damage limits for four damage states are illustrated in section 5.3. PSDMs of the bridge 

are derived using 60 real ground motion and NTHA. The cloud method is used in the selection of earthquake 

records. The fragility curve of bridge components is derived using PSDMs and damage limit states and is 

expressed as a two-parameter log-normal cumulative distribution function. PGA is used as an IM parameter 

because to be the most used IM in deriving bridge fragility curve and PGV is used in bivariate fragility 

analysis both for comparing and increasing the efficiency of the fragility curve. Fig. 8 show the flowchart of 

generating fragility curve and Fig. 9, Fig. 10, and Fig. 11 show the bridge components’ fragility curves. 
 

 

Fig. 6. PSDMs for column rotation 

 

    

Fig. 7. PSDMs for column rotation 

 

-12

-10

-8

-6

-4

-2

0

2

4

3,5 4,5 5,5 6,5 7,5 8,5

ln
(δ

)

ln(ASI)

Seismic Demand

Regression



Journal of Structural Engineering & Applied Mechanics 314 

 

Table 3. Limitation of column damage 

 
Damage State 

Slight Moderate Large Complete 

Column Rotation ∅ ∅𝑦 2∅𝑦 4∅𝑦 8∅𝑦 

 

Table 4. Bearing damage limit state [35] 

 
Damage State 

Slight Moderate Large Complete 

Pinned Bearing Longitudinal (mm) 28.9 104.2 136.1 186.6 

Pinned Bearing Transverse (mm) 28.8 90.9 142.2 195 

Sliding Bearing Longitudinal (mm) 28.9 104.2 136.1 186.6 

Sliding Bearing Transverse (mm) 28.8 90.9 142.2 195 

 

 

Fig. 8. Flowchart of generating fragility curve 

 

 

(a)  (b) 

Fig. 9. Bridge component fragility curve (a) Column, (b) Beam 
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(a)  (b) 

Fig. 10. Beam Bridge component fragility curve (a) Fixed bearing longitudinal direction (b) Fixed bearing transverse 

direction. 

 

 

(a)  (b) 

Fig. 11. Bridge component fragility curve (a) Sliding bearing longitudinal direction (b) Sliding bearing transverse 

direction 
 

 Component fragility curve shows that sliding bearing is the weakest component of the bridge and any 

retrofitting activities increase the capacities of sliding bearing have an important positive impact on the whole 

bridge systems earthquake performance. Because the dispersion of the fragility curve is high, there is some 

probability of damage visualized under lower IM. 

6.2. Fragility curve of bridge components 

Bridge system fragility curves are estimated with a joint probabilistic seismic demand model (JPSDM) 

considering each damage limit. Demands for each component are simulated using Monte Carlo simulation 

(one million samples) and system fragility curves are derived from Eq. (6). 

 To verify the system fragility curve upper and lower bounds are calculated with Eq. (9). 
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max
n

⁡⁡
𝑖=1

[𝑃(𝐹𝑖)] ≤ 𝑃(𝐹𝑠𝑦𝑠𝑡𝑒𝑚) ≤ 1 −∏[1 − 𝑃(𝐹𝑖)]

𝑚

𝑖=1

 (9) 

where 𝑃(𝐹𝑖) is the probability of exceedance for component i, and 𝑃(𝐹𝑠𝑦𝑠𝑡𝑒𝑚) is the failure probabil-ity of 

exceedance of the bridge system. The lower bound is calculated by taking maximum values of the probability 

of exceedance of each component and assume there is an exact correlation between this probability and 

provides a non-conservative result [30]. On the other hand, the upper bound theorem supposes no correlation 

between the probability of exceedance of component and gives the conserva-tive result. The system fragility 

curves are expected to be placed between these two bounds [30]. Fig. 12 shows the slight damage system 

fragility curve of the Mahmutçavuş bridge. The system fragility curve is significantly close to the lower 

bound. That indicates a strong relationship between the bridge system and the bridge component fragility 

curve. Fig. 13 shows the system fragility curve for four different damage states. 
 

 

Fig. 12. Slight damage limits system fragility curve 

 

 

Fig. 13. System fragility curve 
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7. Bivariate fragility curve 

Section 5 discusses the IM parameters and ascertains that the acceleration components of the earth-quake 

record are more effective for describing column and beam damage and the velocity components of the 

earthquake records are more effective for describing bearing damage. The classical definition of the fragility 

curve only allows the use of only a single IM parameter but using two IM parameters has increased the 

efficiency of the fragility curve and decreased dispersion [46]. Therefore, the surface fragility curve of the 

bridge was evaluated using PGA and PGV IM parameters together. A multi-variant cumulative log-normal 

distribution function is used to derive the surface fragility curve of the bridge and the correlation of two 

fragility curves is included in the analysis. Fig. 14 display the surface fragility curve of the bridge for four 

different damage states. 

 System fragility curves for both IMs are derived using a Monte Carlo simulation and two parameters 

(mean, dispersion) of the fragility curve are determined. Using these fragility curves and parameters, the 

cumulative joint probability matrix was derived using MATLAB. The new likelihood of transcending the 

damage limits now includes both the PGA and PGV effects. Therefore, this gives a more accurate result and 

allows these two parameters to be considered together while assessing this bridge. 

 

8. Conclusions and comments 

Earthquake assessment of a MSC steel, concrete road bridge is shown and explained. Sixty real earthquake 

records are selected and NTHA considering the Δ-δ effect and material nonlinearity is conducted. IM and 

the corresponding demand on bridge components are saved and PSDMs are derived.  The fragility curve of 

bridge components is derived. The fragility curve of bridge components shows that sliding bearings are the 

weakest component of the bridge and are more fragile to damage than other components. Bridge columns 

are also fragile to seismic damage 
 

 

Fig. 14. Surface fragility curve of the bridge (a) Slight, (b) Moderate, (c) Extensive, (d) Collapse, damage state 
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 Nine IM parameters used to derive fragility curves are selected and investigated in terms of efficiency. 

Because of the complexity of seismic events and nonlinear structural behavior and damage, expressing 

seismic demand with a single IM parameter is not easy. Therefore, further investigation is required to 

determine the most efficient IM parameters to derive more reliable PSDMs. IM parameters are investigated 

for three bridge components: column, pinned bearing, and sliding bearing. Acceleration parameters of the 

earthquake such as PGA and ASI give more efficient results for plastic rotation of the column but velocity 

parameters of the earthquake such as PGV give more efficient results for lateral displacement of bearings. 

The results show that the varying parameters for the earthquake behavior, cause different effects on the 

bridge components. 

 The system fragility curve of the bridge is estimated using a Monte Carlo simulation with 106 sampling. 

Upper and lower bounds are derived to determine the system fragility curve. The system fragility curve gives 

a closer result to the lower bound, which means there is a reasonable correlation between the bridge systems 

and the bridge components’ fragility curve. The 50% probability of exceeding damage limits is derived as 

0.13g, 0.22g, 0.29g, and 0.34g for slight, moderate, large, and collapse damage states, respectively. The 

component fragility curves show that any retrofitting activities on the bridge components and sliding bearings 

result in significant improvements in the bridge system’s fragility curve. 

 The surface fragility curve of the bridge system is derived from dealing with both the PGA and the PGV 

elements of the earthquake record. The PGA component is effective in determining column and beam 

damage and the PGV component is effective in determining bearing damage. The surface fragility curve 

includes elements of both PGA and PGV components, thus has less dispersion compared with the single 

component fragility curve and allows engineers to consider both IMs in seismic assessment of the bridge. 

 These studies express specific fragility curves of a case roadway bridge that was built-in 1961 and 

continue to give services. Although there are numerous studies derive fragility curves for brides, every bridge 

has their specific characteristics properties and generalization of the fragility curve are only a simplified 

methodology to allow bridge owners to determine bridge's performances with a fast and safe way. The 

obtained information is important for bridge owners in planning the maintenance and replacement activities 

for the bridge. According to the Türkiye Seismic Risk map's design earthquakes, PGA values are determined 

as 0.29g which is greater than slight and moderate damage to the bridge and equal to large damage's %50 

probability of occurrence. The obtained fragility curves show that the bridge will suffer significant damage 

under a possible design earthquake. 
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Annex 1. Selected Earthquake Record 

 


