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ABSTRACT 

COMPARISON OF MEAN SITE-SPECIFIC RESPONSE SPECTRA IN 

TURKEY WITH THE DESIGN SPECTRA OF AASHTO  

 

 

 

 

Mestav Sarēca, Gizem 

M.S., Department of Civil Engineering 

Supervisor: Assoc. Prof. Dr. Ayĸeg¿l Askan G¿ndoĵan 

 

December 2014, 129 pages 

 

Seismic design of bridges is a significant problem for all seismically-active countries 

including Turkey which has gone through recent destructive earthquakes. Bridges are 

important elements of transportation and their robustness is important in the 

aftermath of major earthquakes. Turkish engineers currently employ a modified 

version of AASHTO (American Association of State Highway and Transportation 

Officials) LFD Design Specifications for bridge design. Within the scope of a 

national project (T¦BĶTAK 110G093) a new bridge design code for Turkey is being 

prepared by a large team of civil and earthquake engineers. In this code, proposal of a 

new design spectrum is also planned. The main objective of this study is to compare 

the mean site-specific response spectra in Turkey based on data from past 

earthquakes with the design spectra in AASHTO (2007) and AASHTO (2010) by 

focusing on the descending part (long period range). The site-specific response 
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spectra for different soil conditions and magnitude ranges are obtained from strong 

ground motion data gathered on the Turkish National Strong-Motion Observation 

Network. To observe the effects of these site-specific spectra on the bridge response, 

response spectrum analyses are performed with these empirical spectra and the results 

are compared with those from AASHTO (2007 and 2010). The case studies are 

applied on three different models of bridges that are located in Bursa (a large city 

located in Northwest Turkey) which are namely Balikli, Panayir and Demirtas 

bridges. Finally, linear time history analyses are performed with ground motions that 

match the site-specific and AASHTO LRFD spectra; the results are compared with 

each other. LARSA 4D Structural and Earthquake Engineering Integrated Analysis 

and Design Software is used for the response spectrum and linear time history 

analyses on these bridges. 

Keywords: Ground motion characteristics, site-specific hazard spectra, response 

spectrum analysis, linear time history analysis, seismic analysis of bridges 
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¥Z 

T¦RKĶYEôDEKĶ ZEMĶNE ¥ZG¦ ORTALAMA TEPKĶ 

SPEKTURUMLARININ AASHTO ĶLE KARķILAķTIRILMASI  

 

 

 

 

Mestav Sarēca, Gizem 

Y¿ksek Lisans, Ķnĸaat M¿hendisliĵi Bºl¿m¿ 

Tez Yºneticisi: Do­. Dr. Ayĸeg¿l Askan G¿ndoĵan 

 

 

Aralēk 2014, 129 sayfa 

 

Kºpr¿lerin sismik tasarēmē son dºnemlerde yēkēcē depremler ge­irmiĸ olan T¿rkiye de 

dahil olmak ¿zere sismik olarak aktif olan b¿t¿n ¿lkelerde b¿y¿k bir problemdir. 

Kºpr¿ler ulaĸēmēn ºnemli elemanlarēdēr ve b¿y¿k depremler sonrasēndaki 

dayanēmlarē ­ok ºnemlidir. G¿n¿m¿zde T¿rk m¿hendisleri kºpr¿ tasarēmē i­in 

AASHTO (American Association of State Highway and Transportation Officials) 

LFD Kºpr¿ Tasarēm ķartnamesiônin deĵiĸtirilmiĸ bir versiyonunu kullanmaktadērlar. 

Yetkin bir inĸaat ve deprem m¿hendisi topluluĵu tarafēndan ulusal bir proje 

(T¦BĶTAK KAMAG 110G093) kapsamēnda yeni bir kºpr¿ tasarēm kodu 

hazērlanmaktadēr. Bu kod dahilinde yeni bir tasarēm spektrumu ºnerisi de 

planlanmēĸtēr. Bu ­alēĸmanēn asēl amacē AASHTO LRFD Kºpr¿ Tasarēm 

ķartnamesiônin iki farklē versiyonu (2007 ve 2010) ile T¿rkiyeôdeki ge­miĸ 
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depremlere dayanēlarak elde edilen zemine ºzg¿ ortalama tepki spektrumlarēnē, 

spektrumlarēn uzun periyotlarda azalma gºsteren kēsmēna odaklanarak 

karĸēlaĸtērmaktēr. Farklē zemin tipleri ve deprem b¿y¿kl¿kleri i­in T¿rkiye Ulusal 

Kuvvetli Yer Hareketi Gºzlem Aĵēôndan toplanan veriler ile zemine ºzg¿ tepki 

spektrumlarē elde edilmiĸtir. Daha sonra Bursaôda bulunan Balikli , Panayir ve 

Demirtas kºpr¿leri modelleri ¿zerinde vaka ­alēĸmalarē yapēlmēĸtēr. Elde edilen 

spektrumlarēn kºpr¿ tepkisi ¿zerindeki etkilerini gºrmek ¿zere tepki spektrumu 

analizleri yapēlmēĸ ve sonu­lar AASSHTO (2007 ve 2010)ôdan elde edilen sonu­lar 

ile karĸēlaĸtērēlmēĸtēr. Son olarak, bahsedilen spektrumlara uyumlu yer hareketleri ile 

lineer zaman tanēm alanē analizleri yapēlmēĸ ve AASHTO LRFD spektrumlarē ile 

uyumlu kayētlardan elde edilen sonu­lar karĸēlaĸtērēlmēĸtēr. Bahsedilen kºpr¿ler 

¿zerindeki tepki spektrumu ve lineer zaman tanēm alanē analizleri i­in LARSA 4D 

yapēsal analiz ve tasarēm yazēlēmē kullanēlmēĸtēr. 

Anahtar Kelimeler : Yer hareketi karakteristiĵi, zemine ºzg¿ tehlike spektrumu, 

tepki spektrumu analizi, lineer zaman tanēm alanē, kºpr¿lerin sismik analizi 
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CHAPTER 1  

INTRODUCTION  

1.1 General 

Seismic design of bridges is a significant problem for seismically active countries 

including Turkey. After recent devastating earthquakes, seismic design became more 

of an issue for the bridge designers with the experience gained after significant 

damage and failure of bridges. Engineers utilize earthquake codes for seismic design, 

thus the revision of earthquake codes according to the recent studies plays an 

important role in keeping the design strategies updated.  

Currently an adapted version of American Association of State Highway and 

Transportation Officials Standard Specifications for Highway Bridges (AASHTO 

LFD) is being used by Republic of Turkey General Directorate of Highways (GDH in 

English and KGM in Turkish, from here after will be named as KGM). Although 

there are other supplementary tools (prepared by KGM in previous years) to follow in 

the design of bridges, the main specification in regulation is AASHTO LFD. Thus, 

focusing on the revisions made in AASHTO recently would be beneficial for 

presenting effective solutions to current design problems. 

Civil Engineering Department of the Middle East Technical University (METU) and 

KGM have collaborated to conduct a research project, Development of Design and 

Construction Technologies for Bridge Engineering in Turkey, funded by the 

Scientific and Technological Research Council of Turkey (T¦BĶTAK), to update the 

current practice in Turkey. The results of this thesis are planned to be included in the 
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ñLoadsò section under the topic of ñEarthquake Spectrum Coefficient Analysisò in 

the final project report. 

Several methods are used for dynamic analysis of bridges which may be summarized 

as the uniform load elastic method, single-mode elastic method, multimode elastic 

method and time history method according to AASHTO (2010). One of the most 

commonly methods is the Response Spectrum Analysis (RSA) which is described in 

single-mode and multimode spectral analyses sections. According to several 

researchers (Hudson, 1956; Tehranizadeh and Safi, 2004; Chopra, 2011), this method 

is simple and practical. As a result, RSA is employed as the main method of analysis 

in this thesis. Design spectra are generally affected by the revisions aforementioned; 

as a result, examining the revisions is also substantial. Furthermore, as the local 

ground conditions affect the seismic activity and the design spectra accordingly, site-

specific consideration of response spectra at several locations in a region of interest is 

important. (Doĵang¿n, and Livaoĵlu, 2006) 

Before going into details, it would be appropriate to define response spectra curves 

briefly. Response spectra curves are graphs representing the maximum response in 

terms of displacement, velocity or acceleration of a single degree-of-freedom system 

which is exposed to a specified excitation. The solution of single degree-of-freedom 

systems with a sequence of natural frequency and damping ratio values is required to 

construct these plots. For each solution, one point on the response spectrum is 

obtained. For all interested frequencies the same task is applied repeatedly. After 

obtaining these curves for specified seismic excitation, natural frequencies and mode 

shapes of the structure are utilized for response spectrum analyses. 

Although design spectra tend to be smooth curves, response spectra obtained at a site 

of interest generally show fluctuations with sharp spikes and vales. Methods for 

obtaining a smooth design spectrum are used in order to get rid of the sharp points 

and shape variations in the actual response spectra obtained from the time history 

records at a site. There are several ways to obtain design response spectrum which 
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represents an average spectrum by incorporating the spectra of several earthquakes. 

Mostly, the design response spectra statistically depend on the mean, median, mean-

plus-one-standard-deviation or median-plus-one-standard-deviation of the selected 

variables of the ground motion records (Tehranizadeh and Safi, 2004). Detailed 

information about the construction of a current design spectrum is given in the 

literature survey section of this thesis. A typical example of design spectrum is 

demonstrated in Figure 1.1. In the ordinate of the curve, spectral acceleration values 

(Sa) are specified while in the abscissa period values (T) are presented.  It should be 

noted that the values in the abscissa and ordinate of response spectrum curve must be 

positive or zero. The ordinates may be the original values or they may be normalized 

according to a specified value, e.g. Peak Ground Acceleration (PGA). 

 

 

Figure 1.1 Example of a Typical Design Spectrum 

 

In July 2007, major changes were made by AASHTO on the seismic design of 

highway bridge specifications. Through these changes, the methodology used for 

response spectrum construction has also changed with the contribution of new values 

of spectral acceleration. As a result, the response of bridges has been exposed to 

changes with this ñimproved seismic response spectrumò (Manceaux, 2008). The 
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consequences of these modifications on typical bridge responses will also be studied 

in this study. 

1.2  Literature Review 

Biot and Housner (1941) introduced the response spectrum concept for the first time 

with Response Spectrum Method (RSM). Later, strong motion records of El Centro 

(1934, 1940), Olympia (1949) and Kern County (1952) earthquakes with various 

damping values were used by Housner (1959) to develop average acceleration 

spectra. Improved developments were then made on the studies about the response 

spectra of nuclear reactor facilities by Mohraz et al. (1972), Blume et al. (1972) and 

Hall et al. (1975). With the increasing number of ground motion records, additional 

investigations are performed on these topics. Hayashi et al. (1971) divided the spectra 

into three groups after the studies on various ground motion records on different site 

conditions. Stiff soil, loose soil and intermediate soil are the classes assigned as the 

main soil types. With the studies of Mohraz et al. (1972), Hall et al. (1975), Hayashi 

et al. (1971) and Seed et al. (1976), it is pointed that the response spectra obtained on 

soils are different from the ones obtained on rock. After observing that the shape of 

the spectra is affected by soil conditions, alternative spectra for different geological 

conditions were proposed by Shannola and Wilson (1974). Lack of strong motion 

data on different soil conditions leaded the combination of data from different regions 

and geological conditions all over the world for the studies of Mohraz (1976), Seed 

and Idriss (1979), Singh (1985), Atkinson and Boore (1990), Crouse and McGuire 

(1996) and Sabetta and Pugliesse (1996). As the number and quality of strong motion 

instruments increased all over the world, increasingly more strong motion data were 

made ready to use. Later large destructive earthquakes in Turkey, Japan, Taiwan and 

California provided some near-source ground motion records. Especially Northridge 

(1999, Mw=6.7) and Chi-Chi (1999, Mw=7.6) earthquakes yielded over a thousand 

time history records. Influence of magnitude, local site effects and wave propagation 
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effects on response spectra utilizing the ground motion data from large earthquakes in 

Turkey, Taiwan and US were studied by Su et al. (2006) recently. 

Until the early 1970s, the RSM was not accepted as an engineering tool but it stayed 

in the academic sphere mostly. The main reasons behind this are the difficulties 

confronted during the computation of response of structures in that era to different 

ground motions and lack of number of records. Before the late 1960s and early 1970s, 

digital computation and the digitization of analog accelerograph records were time 

consuming and the results were unreliable. However, this situation started to change 

in 1970s with the advances in the computers. In 1971, the modern era for RSM 

started with San Fernando, California earthquake. 241 accelerographs were recorded 

by this earthquake and it was possible to perform the empirical scaling analyses of 

response spectra for the first time with this earthquake (Trifunac, 2012). 

The necessity of handling response spectra and dynamic analyses (as they are 

regulated in modern building codes) required the use and understanding by design 

engineers (Sigmund, 2007). The basis of the development of current seismic building 

codes was started by a joint committee of the Structural Engineers Association of 

Northern California and San Francisco section of American Society of Civil 

Engineers (ASCE) (Anderson et al., 1952). A ñmodal lateral force provisionò was 

prepared by this committee proposing the design curve C=K/T where it descends in 

proportion to 1/T after the corner period. Then, the concept of response spectra was 

introduced in the building codes of United States by Structural Engineers Association 

of California (SEAOC) through the coefficient C with the lateral force equation 

V=KCW in where V is equal to the total lateral force, K is equal to structural systems 

coefficient and W is the total dead load of structure. This new recommended curve 

had a descending proportion of 1/T
1/3

 resulting in a larger load factor for the 

structures with high natural period values (Sigmund, 2007). Although several 

revisions were later applied on the coefficients and variables, two codes mentioned 

may be called as the pioneer regulations about design spectrum shapes. 
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When more recent methods of developing design spectra are examined, it would be 

appropriate to have a look at the California Department of Transportation 

(CALTRANS, 2013) seismic design criteria which is used worldwide and explained 

the process in detail at the end of the regulations. According to these criteria, the 

design response spectrum can be constructed with the help of the envelope of a 

deterministic and probabilistic spectrum. In the deterministic approach, arithmetic 

average of median response spectra is calculated by the ground motion prediction 

equations (GMPEôs) of Campbell-Bozorgnia and Chiou-Youngs (2008) to account 

for deterministic spectrum. These equations are employed to the faults which are 

considered to be active in the last 700,000 years in or near California and can produce 

earthquakes with a moment magnitude of 6.0 or greater. On the other hand, for 

probabilistic criteria, design spectrum is obtained from the United States Geological 

Survey (USGS) Seismic Hazard Map for 975 year return period with several 

adjustment factors (Peterson et al., 2008). 

Comparisons between design spectra of different codes and the response of reinforced 

concrete buildings to these codes were studied in previous studies (e.g. Doĵang¿n and 

Livaoĵlu, 2006). However, applications of design spectrum analysis on bridges and 

comparison of the results are not extensively investigated. Moreover, as investigated 

in other studies for different structures (Chai et al., 2004), mean site-specific response 

spectra should be taken into consideration for purposes of structural response 

comparison against the design spectra. This thesis aims to fill such a gap in the 

literature.  

 

1.3 Aim and Scope 

The main objective of this study is to compare the mean site-specific response spectra 

in Turkey with the design spectra in AASHTO (2007) and AASHTO (2010) by 

focusing on the descending part (long period range). Selection of the stations used for 
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constructing mean response spectra, is made according to a recent study in Turkey 

(Akkar et al., 2010). Strong motion data recorded at stations that constitute Turkish 

National Strong-Motion Observation Network is used in this thesis as the primary 

database.  

After comparing the mean site-specific spectra with the corresponding design spectra 

in the form of PGA-normalized curves, the differences in bridge response due to 

these different spectra is studied. For this purpose, three bridges in Bursa region 

(Demirtas, Panayir and Balikli bridges) are compared in terms of the maximum 

moment values on the columns. According to Yēlmaz (2008), damage is allowed to 

occur at the plastic hinge zones of columns in seismic design of multi-span bridges 

(Figure 1.2). Thus, maximum column moments are selected for response comparison 

purposes.  

 

 

Figure 1.2 Potential Plastic Hinge Regions on Columns (a) in Longitudinal Direction 

(b) in Transverse Direction (Adopted from Yēlmaz, 2008) 
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In this thesis, initially regular response spectrum analyses are performed on the 

selected bridges. Then as a further application, linear time history analyses are 

presented using records that match the spectra of interest. These particular bridges are 

selected in coordination with the other work packages in T¦BĶTAK 110G093 Project 

(2014), as they supply necessary (seismic hazard and site conditions-related) 

information as input to the analyses on bridges. 

In Chapter 2, seismic design spectra in AASHTO (2007 and 2010) are investigated in 

detail. Site classification criteria and the evaluation of necessary seismic coefficients 

are mentioned as they compose the main steps to construct the design spectra. 

In Chapter 3, after the classification and compilation of Turkish strong ground motion 

data; mean site-specific response spectra are presented. Dif ferent site class and 

Moment Magnitude (Mw) values are used to classify the response spectra. Then, 

comparisons are made between mean site-specific response spectra and AASHTO 

(2007 and 2010) design spectra. 

In Chapter 4, detailed information is given about the three bridges used in the 

analyses. Then, computer modelling is presented and response spectrum analysis is 

described. Next, maximum column moment values obtained from RSA are discussed 

in detail and compared with each other. 

In Chapter 5, linear time history analysis is introduced along with the spectral 

matching procedure applied to the selected ground motions. Results obtained from 

LTHA on bridges are discussed and compared with each other for all cases. They are 

also compared with the results from RSA. 

Finally, summary, conclusions and future work are presented in Chapter 6.  
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CHAPTER 2  

 SEISMIC DESIGN SPECTRA IN AASHTO  (2007 AND 2010) 

2.1 Design Spectra of AASHTO LRFD (2007) 

Design spectrum for bridges is addressed under the chapter named Earthquake Effects 

in AASHTO LRFD Bridge Design Specifications (2007) in detail. Elastic response 

coefficient, Csm, and equivalent weight of the superstructure are multiplied to get 

earthquake loads in horizontal direction while response modification factor, R, is used 

for the adjustment subsequently. The equivalent weight is calculated with the help of 

the actual weight and the configuration of the structure where for single-mode and 

multimode analyses it is automatically included. 

The provisions of these specifications offers that the bridges designed and detailed 

accordingly may suffer damage, but should not collapse due to ground shaking which 

is seismically induced. 

According to the specifications, the provisions in that chapter shall be used for total 

multiple span lengths not exceeding 1.5 km on conventional slab, beam girder, box 

girder bridges, and truss superstructure constructions. For other construction types 

and bridges with spans larger than 1.5 km, the owner shall indicate provisions that are 

appropriate to use.  

Design and detailing provisions are established in these specifications to minimize 

the susceptibility of bridges against earthquake damages. In addition, a flow chart that 

summarizes the design provisions for earthquakes is supplied in the Appendix of 

Loads and Load Factors section of AASHTO (2007).  
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Development of these specifications is made according to the following principles: 

- Bridges should resist to the small to moderate earthquakes within the elastic 

ranges of their structural components. 

- Forces and seismic ground motion intensities used in the design procedures 

should be realistic. 

- All or part of the bridge should not fail exposing to shaking from large 

earthquakes. Damage that has a possibility of occurrence should be both 

detectable and accessible to be inspected and repaired. 

Bridges are categorized according to their importance level as critical bridges, 

essential bridges and other bridges. Essential bridges, as a minimum, should satisfy 

security/defense requirements and be open to emergency vehicles after the design 

earthquake which has a 475-year return period. On the other hand, after the design 

earthquake, some bridges which are regarded as critical structures must be open to all 

traffic, satisfy security/defense requirements and be usable by emergency vehicles 

after a destructive earthquake that has a 2500-year return period. 

The elastic seismic response coefficient, Csm, for the m
th
 mode of vibration can be 

calculated with the help of the following formula:   

ὅ
Ȣ
Ⱦ ςȢυὃ                                            (2-1) 

where Tm is the period of vibration of the m
th
 mode (sec.), A is the acceleration 

coefficient and S is the site coefficient. 

This value shall be computed for each relevant mode in a bridge as an earthquake can 

excite different modes of vibration. However, there are several exceptions to the 

general formula of Csm stated below. Csm should not exceed 2.0A for the bridges in 

areas where A is not less than 0.30 and on soil profiles III or IV. For modes that have 

period values less than 0.3s except the fundamental mode and for soil profile III and 

IV, Csm shall be calculated as; 
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Csm = A(0.8 + 4.0Tm)                                (2-2) 

For the modes that the period of vibration exceeds 4.0s, Csm shall be calculated as; 

ὅ Ⱦ           (2-3) 

Necessary detailed explanations related to the variables used during calculations can 

be found in the subchapter named site effects in AASHTO (2007). The acceleration 

coefficient, A, basically depends on seismic zones. On the other hand, site coefficient, 

S, depends on site classes and reflects the effect of site classes on the elastic seismic 

response coefficient. In Table 2.1 relation between S and different soil profile types is 

provided. If there is not sufficient detail about the soil properties to define site classes 

or the soil does not fit to the four classes supplied, Soil Profile Type II should be used 

to determine the site coefficient.  

 

Table 2.1 Site Coefficients in AASHTO (2007) 

 

 

Also several contour maps reflecting seismic zones for the selection of acceleration 

coefficient, A, can be found and used for United States, while for other regions in 

world they are not provided in AASHTO LRFD Bridge Design Specifications. 

Special studies by professionals are suggested for the determination of site -and 

structure- specific acceleration coefficients if one of the cases below occurs; 

ǒ The location of site is close to an active fault, 

ǒ In the region, earthquakes of long-duration are expected, 
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ǒ Importance of bridge is so high that a longer return period should be used. 

The site classification in AASHTO (2007) is tabulated and presented in Table 2.2. To 

classify soil profiles of different subsurface conditions, the results of a statistical 

study of spectral shapes (obtained with the help of past earthquakes from the soils 

which are close to seismic sources) are used. 

 

Table 2.2 Soil Profile Classification in AASHTO (2007) 

Soil Profile 

Type Description 

I*  

ǒ Rock of any description, either shale-like or crystalline in 

nature, or 

ǒ Stiff soils where the soil depth is less than 60 000 mm, and 

the soil types overlying the rock are stable deposits of sands, 

gravels or stiff clays. 

II  

A profile with stiff cohesive or deep cohesionless soils 

where the soil depth exceeds 60 000 mm and the soil types 

overlying the rock are stable deposits of sands, gravels, or 

stiff clays 

III  

A profile with soft to medium-stiff clays and sands, 

characterized by 9000 mm or more of soft to medium-stiff 

clays with or without intervening layers of sand or other 

cohesionless soils 

IV**  
A profile with soft clays or silts greater than 12 000 mm in 

depth 

* may be characterized by a shear wave velocity greater than 765 m/sec 

** may be characterized by a shear wave velocity greater than 152 m/sec 

and might include natural deposits or manmade, nonengineered fill 
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For the calculations in this study, AASHTO (2010) site classification is employed. It 

is different from the one in AASHTO (2007), thus the corresponding site classes for 

site class C (Soil Profile Type II in AASHTO 2007) and site class D (Soil Profile 

Type III in AASHTO 2007) are used in response spectra calculations. General trend 

of the normalized (with respect to A) response spectrum curves based on five percent 

damping for different soil profiles in AASHTO (2007) is shown in Figure 2.1. On the 

other hand, corresponding normalized response spectrum curves that will be used in 

analyses for site classes C and D are presented in Figure 2.2. 

 

 

Figure 2.1 Design Spectra Trend for AASHTO (2007) 



 
14 

 

 

Figure 2.2 AASHTO (2007) Design Spectra for Site Class C and Site Class D 

 

Combining the elastic seismic force effects on principal axes in two perpendicular 

directions, two load cases are formed as follows: 

ǒ A combination is formed using the absolute value of the force effects in one of the 

perpendicular directions in 100 percent with the absolute value of the force effects in 

the second perpendicular direction in 30 percent, and 

ǒ A combination is formed using the absolute value of the force effects in the second 

perpendicular direction in 100 percent with the absolute value of the force effects in 

the first perpendicular direction in 30 percent. 

For the cases where plastic hinging of the columns are used to determine foundation 

or column forces, the combinations provided should not be considered. Necessary 

further information about handling those cases can be found in the chapter named 

Calculation of Design Forces in AASHTO (2007). 
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2.2 Design spectra of AASHTO LRFD (2010)  

Several revisions were applied to AASHTO (2007) Earthquake Effects chapter for the 

newer version AASHTO (2010) some of which are also taken into account in this 

study. Basic changes and explanations involved and related to this study are 

summarized next. 

Design of bridges should be performed according to the potential damage levels that 

would result from earthquake ground motions which have a 7 percent probability of 

exceedance in 75 years (return period of about 1000 years). Complete or partial 

replacement may be necessary and higher performance levels can be used with bridge 

ownerôs mandate whenever required. 

Bridges with single- or multi-column piers, wall-type piers, pile bent substructures 

and slab, beam, box girder, or truss superstructures are called conventional bridges. 

On the other hand, arch bridges, cable-stayed/cable-suspended bridges and bridges 

with truss towers or hollow pier substructures are called nonconventional bridges. 

Two kinds of measures are considered mostly in the specifications which are namely 

force-based and displacement-based procedures. AASHTO (2010) specifications are 

regarded as ñforce-basedò because bridges designed according to them must have 

adequate strength, which can be called capacity, to resist earthquake forces, in other 

words, demands. Displacement capacity of bridges that are designed with the help of 

these specifications should be confirmed also using a displacement-based procedure. 

AASHTO (2009) specifications for LRFD seismic design are displacement-based in 

which the limit states resulting in collapse after damage are identified and bridges are 

designed to have a sufficient displacement capacity. 

A subchapter called Seismic Hazard was added to Earthquake Effects chapter in 

AASHTO (2010). Detailed information about determining coefficients PGA, SS and 

S1 can be found in this subchapter where similar to AASHTO (2007) maps of United 

States can be utilized. Furthermore, it is noted that instead of using national ground 
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motion maps, state ground motion maps conforming several conditions mentioned in 

this chapter can be used to derive the coefficients. For obtaining a uniformïhazard 

acceleration spectrum, detailed explanations are also involved in another subchapter 

about site-specific probabilistic ground-motion analysis. 

In the chapter named Site Effects in AASHTO (2010), Site Class Definitions are 

defined. They are listed in Table 2.3. This classification is selected for use in the 

calculations and comparisons included in the next chapters since it is up to date and 

comprehensive. 

 

Table 2.3 Site Class Definitions in AASHTO (2010) 

Site 

Class 
Soil Type and Profile 

A 
Hard rock with measured shear wave velocity, ὺӶ > 5000 ft/s 

(1525 m/s) 

B Rock with 2500 ft/sec (762.5 m/s) < ὺӶ < 5000 ft/s (1525 m/s) 

C 

Very dense soil and soil rock with 1200 ft/sec (366  m/s) < ὺӶ < 

2500 ft/s (762.5 m/s),  

or with either ὔ > 50 blows/ft (164 blows/m), or ίӶ > 2.0 ksf 

(0.096 MPa) 

D 

Stiff soil with 600 ft/s (183  m/s) < ὺӶ < 1200 ft/s (366  m/s), or 

with either 15 < ὔ < 50blows/ft (50< ὔ <164 blows/m),  

or 1.0 < ίӶ < 2.0 ksf (0.048 MPa< ίӶ < 0.096 MPa) 

E 

Soil profile with ὺӶ < 600 ft/s (183  m/s) or with either ὔ< 15 

blows/ft (50 blows/m) or ίӶ < 1.0 ksf (0.048 MPa), or any 

profile with more than 10 ft of soft clay defined as soil with PI > 

20, w > 40 percent and ίӶ < 0.5ksf (0.024 MPa) 
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Site 

Class 
Soil Type and Profile 

F 

Soils requiring site-specific evaluations, such as: 

ǒ Peats or highly organic clays (H > 10 ft (3.05 m) of peat or 

highly organic clay where H = thickness of soil) 

ǒ Very high plasticity clays (H > 25ft (7.625 m) with PI > 75) 

ǒ Very thick soft/medium stiff clays (H > 120 ft (36.6 m)) 

 

Explanations on Table 2.3: 

Exceptions: At sites where the soil properties are not known in sufficient detail to 

determine the site class, a site investigation shall be undertaken for defining the site 

class. Site classes E or F should not be assumed unless the authority having 

jurisdiction determines that site classes E or F could be present at the site or in the 

event that site classes E or F are established by geotechnical data.  

 

where: 

ὺӶ = average shear wave velocity for the upper 100 ft (30.5m) of the soil profile 

ὔ = average Standard Penetration Test (SPT) blow count (blows/ft) for the upper 100 

ft of the soil profile 

ίӶ = average undrained shear strength in ksf for the upper 100 ft of the soil profile 

PI = plasticity index 

w = moisture content 

 

Fpga, Fa and Fv are the site factors that are used in the design response spectrum 

calculations. Site classes can be used to determine these factors from the tables 

provided in Site Factors chapter of AASHTO (2010). Information related to these 

coefficients is provided below in Table 2.4, Table 2.5 and Table 2.6 for Fpga, Fa and 

Fv respectively. 
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Table 2.4 Fpga Values Corresponding to Different PGA (Zero-Period Range) Values 

in (AASHTO 2010) 

 

 

Table 2.5 Fa Values Corresponding to Short Period Range Values in (AASHTO 

2010) 
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Table 2.6 Fv Values Corresponding to Long Period Range Values in (AASHTO 

2010) 

 

General trend for five-percent-damped-design response spectrum curves in AASHTO 

(2010) is presented in Figure 2.3. Since for the regions except United States, site 

factors Ss, S1 and PGA are not provided in AASHTO (2010), they are obtained for 

the sites of interest herein within the T¦BĶTAK 110G093 project as summarized in 

Table 2.7. In Figure 2.4, the design response spectrum curves that are obtained for the 

selected sites and used in analyses are presented. 

 

Table 2.7 PGA, Ss and S1 Values for Selected Sites for 1000 Years 

Name of the 

Bridge 
Latitude (o) Longitude (o) PGA (g) Ss (g) S1 (g) 

Demirtas 40.28 N 29.10 E 0.601 1.441 0.792 

Panayir 40.24 N 29.06 E 0.553 1.333 0.727 

Balikli  40.22 N 29.06 E 0.527 1.275 0.702 
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Figure 2.3 Design Spectra Trend for AASHTO (2010)  

 

 

Figure 2.4 AASHTO (2010) Design Spectra for Site Class C and Site Class D 
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For periods less than or equal to T0, Csm shall be calculated as: 

Csm = AS + (SDS - AS) (Tm/T0)            (2-4) 

in which: 

       AS = Fpga PGA             (2-5) 

          SDS= Fa SS                                                       (2-6) 

 

where PGA is the peak ground acceleration coefficient on rock (Site Class B), SS is 

the horizontal response spectral acceleration coefficient at 0.2-sec period on rock 

(Site Class B), Tm is the period of vibration of the mth mode (s), T0 is the period used 

to define spectral shape (0.2 TS) and TS is the corner period at which spectrum 

changes from being independent of period to being inversely proportional to period 

(SD1/SDS). 

For periods greater than or equal to T0 and less than or equal to TS, Csm shall be 

calculated as: 

Csm = SDS             (2-7) 

For periods greater than TS, Csm shall be calculated as: 

Csm = SD1/Tm             (2-8) 

where: 

SD1 = Fv S1              (2-9) 

 

AASHTO LRFD Br idge Design Specifications (2012) Design Spectra: For the 

Earthquake Effects Chapter in AASHTO (2012) there are only slight changes, 

however, they will not be mentioned herein since they do not affect the results of this 

thesis. 
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CHAPTER 3  

MEAN SITE-SPECIFIC RESPONSE SPECTRA IN TURKEY 

3.1 Compilation and Classification of Strong Ground Motion Data 

The strong motion data used in mean site-specific response spectra calculations is 

obtained from the Turkish National Strong-Motion Observation Network. This 

network is constructed and maintained by the Earthquake Department of Republic of 

Turkey Prime Ministry, Disaster and Emergency Management Presidency (AFAD in 

Turkish) after setting up several accelerographs on Anatolian Peninsula near seismic 

sources since 1973 to monitor destructive earthquakes (Sandikkaya et al., 2010). In 

this database, raw records of the events that occurred since 1976 can be found. 

Currently, there are 12,594 records available for public use. For each record, 

necessary reliable information on the source parameters of the earthquake is also 

available in the mentioned network.  

The selection of the stations is made according to the results of a previous study held 

within the scope of a national project called Compilation of National Strong Ground 

Motion Database in Accordance with International Standards (Sandikkaya, 2008). 

Obtaining the average shear wave velocity values of the upper 30 m of soil layers 

(VS30) from the mentioned study, 153 stations which had available geophysical and 

geotechnical information are selected among a total of 479 stations within the Turkish 

National Strong-Motion Observation Network. The data recorded at these 153 

stations are used in deriving the mean site-specific response spectra. It must be noted 

that for consistency in terms of tectonic settings, majority of the earthquake records 

are obtained from events with strike-slip source mechanisms. 
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For the classification of stations according to the site class definitions, AASHTO 

LRFD Bridge Design Specifications (2010) is used. Seven different site classes (from 

class A to class F) given in AASHTO (2010) are described in Chapter 2 in Table 2.3. 

These classes are mainly defined according to VS30 values. However, Standard 

Penetration Test (SPT), undrained shear strength of the soil sample from soil borings 

and blow counts can also be used for classification.  

In Table 3.1, the site classification of the selected stations is shown. Since the number 

of records in class B is very limited (only 3 stations), this class is omitted in the 

classification. For deriving the site-specific mean response spectra, 62 stations with 

class C and 88 stations with class D are chosen to be used consequently.  

After the compilation of strong motion data and classification of sites, records are 

further grouped according to Mw values of the earthquakes. A total of 4 groups are 

obtained for 3.5<Mw<4.5, 4.5<Mw<5.5, 5.5<Mw<6.5 and 6.5<Mw<7.5 bins. Then, 

records with epicentral distance (Repi) values smaller than 15 km are eliminated to 

remove potential near-field effects. In addition, records with PGA values smaller than 

0,981 cm/s
2
 (0,001g) and records obtained at epicentral distances greater than 100 km 

are also eliminated to account for mostly moderate to large seismic sources and 

intermediate-field effects. 

Furthermore, an outlier analysis is performed to remove records that remain 

significantly outside the main trend. 

 

Table 3.1 Site Classification of the Selected Stations (According to AASHTO (2010) 

Site Class Definitions) 

Class # of stations selected 

B 3 

C 62 

D 88 

Total 153 
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3.2 Normalized Mean Site-Specific Response Spectra 

Response spectrum curves are obtained for each record using SeismoSignal software 

(version 5.0.0) after arranging the earthquake record data sets for Site classes C and D 

and different Mw intervals. Raw data is baseline-corrected and filtered with 4
th
 order 

Butterworth filters between 0.1 and 25 Hz. Matching time step values are chosen 

accordingly to get elastic response spectra with 5% damping for the records. E-W and 

N-S components of each record are used to obtain the geometric mean of these 

components. Normalized mean response spectra are obtained for different site classes 

and magnitude ranges after normalizing the amplitudes of each response spectrum 

according to its own PGA value and calculating the average of all normalized spectra 

for each group. Calculating standard deviation values, normalized mean-plus-one-

standard-deviation (mean + std) response spectra are also derived. Normalized mean 

response spectrum curves as well as normalized mean-plus-one-standard-deviation 

response spectrum curves for site class C and site class D and for different Mw 

intervals are presented in Figure 3.1. As expected, the curves for Class D lies above 

the curves for Class C in the long-period range, while in the short period range the 

curves for Class D lies below the curves for Class C. This difference between 

different site classes gets more significant as the Mw values increase. In addition, for 

the largest magnitude range, the area under the response spectra increases indicating 

enriched longer period (low frequency) content of the large earthquakes. 
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(a) 3.5<Mw<4.5 

 

(b) 4.5<Mw<5.5 
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(c) 5.5<Mw<6.5 

 

(d) 6.5<Mw<7.5 

Figure 3.1 Normalized Mean and Mean + Std (Mean-Plus-One-Standard-Deviation) 

Response Spectrum Curves for Site Classes C and D for Different Mw Intervals (Site 

Classes are Shown in Parenthesis) 
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A similar study (Sandikkaya et al., 2010) was conducted previously at Middle East 

Technical University that utilized the same 153 stations used in this study to get 

normalized mean site spectra for Turkey. However, the total number of records was 

limited compared to the number of records used in this study. The aim of the 

mentioned study was to investigate the dependency of spectrum shape on site classes 

and Mw. The site classification was made according to the National Earthquake 

Hazards Reduction Program (NEHRP) provisions. When the normalized mean 

response spectrum curves in that study for two site classes and four Mw intervals in 

Figure 3.2 are considered, it is observed that they are consistent with the curves 

obtained in this thesis as shown in Figure 3.1.   

 

 

Figure 3.2 Comparison of Mean (Continuous Lines) and Mean-Plus-One-Standard-

Deviation (Dashed Lines) Normalized Acceleration Spectra for Records of NEHRP 

Site Classes C and D for Magnitude Ranges (a) 3.5<Mw<4.5, (b) 4.5<Mw<5.5, (c) 

5.5<Mw<6.5, (d) 6.5<Mw<7.5. The Number in Parenthesis Gives the Number of 

Records Used for Calculation of Mean Spectrum (Sandikkaya et al., 2010) 
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Through standard curve fitting to the normalized mean spectrum curves in Fig.3.1, 

formulae for amplitude decay at the long-period band and corresponding R
2
 

(coefficient of determination) values of the fits are obtained as shown on graphs in 

Figure 3.3. The long period power of T (P value where the spectral amplitude decay 

is modelled as T
P
) computed for each group and corresponding R

2
 values are 

summarized in Table 3.2. 

 

(a) Site Class C, 3.5<Mw<4.5 

 

 

(b) Site Class D, 3.5<Mw<4.5 
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(c) Site Class C, 4.5<Mw<5.5 

 

 

(d) Site Class D, 4.5<Mw<5.5 
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(e) Site Class C, 5.5<Mw<6.5 

 

 

(f) Site Class D, 5.5<Mw<6.5 
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(g) Site Class C, 6.5<Mw<7.5 

 

 

(h) Site Class D, 6.5<Mw<7.5 

Figure 3.3 Formulae and Corresponding R
2
 Values of the Fits on Long-Period 

Portions of Normalized Mean Response Spectra for Site Classes C and D and for 

Different Mw Intervals 
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Table 3.2 P and R
2
 Values for Different Groups  

 
Site class C Site class D 

 
P* R

2
 P* R

2 

3.5<Mw<4.5 -1.55 0.98 -1.52 0.99 

4.5<Mw<5.5 -1.64 0.98 -1.64 0.98 

5.5<Mw<6.5 -1.25 0.98 -1.10 0.91 

6.5<Mw<7.5 -0.79 0.91 -0.61 0.94 
 

(*: P values represent the decay rate of long period spectral amplitudes in the form of T
P
) 

According to the R
2
 values which are close to a hundred percent for most of the 

groups, the proposed relationships are observed to be promising. Next, the 

normalized response spectra obtained from mean site-specific load case and two 

different AASHTO load cases (2007 and 2010) are compared in Figure 3.4. It is 

observed that for both site classes in the magnitude bins of 3.5<Mw<4.5 and 

4.5<Mw<5.5, the long period decay is observed to be faster than those defined in 

AASHTO (2007 and 2010) for the corresponding site classes. This observation is 

consistent with several discussions by researchers that mention the overdesign due to 

the slower decays of long periods as given in seismic codes (Chopra and Choudhury, 

2011; Bommer, 2000). For smaller periods however, the mean site-specific spectra 

and the design spectra are relatively closer to each other for these magnitude bins. On 

the other hand, mean site-specific spectra is observed to match closely the spectral 

amplitudes obtained from AASHTO specifications especially for Class D curves for 

the interval of 5.5<Mw<6.5 (Figure 3.4 (e) and 3.4 (f)). Finally, it can be observed 

from Figure 3.4 (g) and Figure 3.4 (h) that the mean site-specific response spectra for 

magnitude interval 6.5<Mw<7.5 yield slightly higher spectral amplitudes than those 

of design spectra. This point is indeed interesting since it states that the design spectra 

can actually underestimate the spectral amplitudes of the longer period range for large 

earthquakes. It can also mean that the number of records from large events is 

naturally smaller than those from other magnitude ranges which could also have 

caused some bias. 
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(a) Site Class C, 3.5<Mw<4.5 

 

(b) Site Class D, 3.5<Mw<4.5 
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(c) Site Class C, 4.5<Mw<5.5 

 

(d) Site Class D, 4.5<Mw<5.5 
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(e) Site Class C, 5.5<Mw<6.5 

 

(f) Site Class D, 5.5<Mw<6.5 
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(g) Site Class C, 6.5<Mw<7.5 

 

(h) Site Class D, 6.5<Mw<7.5 

Figure 3.4 Comparison of Normalized Mean Site-Specific Spectra With Design 

Spectra For Different Cases 
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Finally, since AASHTO does not directly provide design spectra as a function of 

moment magnitudes, a combined mean site-specific spectra independent of 

earthquake magnitude is provided in Figure 3.5 with the corresponding fits in Figure 

3.6. It is once again observed that the decay of longer periods is faster with a larger 

power than those defined in AASHTO. 

Next, in order to see the differences in the seismic response of bridges due to 

different spectra obtained in this chapter, response spectrum analyses are presented in 

Chapter 4 following the description of the modelled bridges. 

 

 

Figure 3.5 Combined Mean Site-Specific Spectra 
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(a) Site Class C 

 

(b) Site Class D 

Figure 3.6 Fits and Corresponding P and R
2
 Values for the Combined Spectra for 

Different Site Classes 
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CHAPTER 4  

 COMPARISON OF THE MEAN SITE-SPECIFIC SPECTRA AND AASHTO 

DESIGN SPECTRUM IN TERMS OF RSA 

4.1 Information on the Selected Bridges 

Three bridges, which are namely Demirtas, Panayir and Balikli bridges are selected in 

Bursa for response spectrum analyses to see the structural response of different 

spectrum curves. Bursa is especially preferred for this study because of several 

reasons. Firstly, it is a populated city with industrial facilities that includes many 

small and large scaled bridges. Secondly, it is an earthquake prone city, in the first 

earthquake zone and close to North Anatolian Fault with several measurements 

available considering soil and earthquake characteristics. Finally, in the scope of the 

project mentioned before (T¦BĶTAK, 2014) a couple of bridge models are ready to 

use and necessary seismic coefficients (Ss, S1 etc.), peak ground acceleration (PGA) 

and shear velocity values (VS30) which are used during site classification and 

response spectrum analysis are provided by other researchers(given in Table 2.7). 

According to a recent study (Sevgili, 2007), for short span bridges I-girder is the 

girder type which is used mostly. As span lengths of Balikli  and Panayir bridges are 

smaller than 30m, they can be called as short span bridges. As a result, it can be 

stated that they reflect the common short span bridge girder type in Turkey well. On 

the other hand, Demirtas bridge is a long span I-girder prestressed bridge which 

reflects the common long span bridges in Turkey well since prestressing against their 

own weight and post tensioning against additional weight are used commonly. 
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When a statistical study about the bridges in Turkey is considered (Sevgili, 2007) 

several statements can be made about the selected bridges. Firstly, according to 

Figure 4.1 it can be seen that most of the bridges in Turkey are not skewed, where 

Demirtas bridge is in this class. Skew angles of Balikli  and Panayir bridges are 15Á 

and 20Á respectively, they are in the second most common group which has a 

frequency of occurrence of 20%. 

 

 

Figure 4.1 Distribution of Bridges in Turkey According to Skew Angle (Adopted 

from Sevgili, 2007) 

 

Secondly, maximum span lengths can be considered for comparison purposes. 

Demirtas, Balikli  and Panayir bridges have 39, 23 and 28.25 meters maximum span 

lengths, respectively. According to these values, frequency of occurrence of 

maximum span length for Demirtas bridge is below 10% which is an exception for 

Turkey (Figure 4.2). On the other hand, Balikli  bridge is in the most common group 

with a 30% frequency of occurrence where Panayir bridge has a frequency value of 

nearly 15%. 
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Figure 4.2  Distribution of Bridges in Turkey According to Maximum Span Length 

(Adopted from Sevgili, 2007) 

 

Finally when number of spans is taken into account, it is seen that Demirtas -with 28 

spans- is uncommon in Turkey (Figure 4.3). However, Balikli  and Panayir bridges 

with 2 and 3 spans are in the first and second most frequently encountered span 

number groups.  

 

 

Figure 4.3 Distribution of Bridges in Turkey According to Number of Spans 

(Adopted from Sevgili, 2007) 
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4.1.1 Panayir Bridge 

Panayir Bridge is located on the Bursa ï Yalova State Highway between Km: 

4+743.78 and Km: 4+829.35. Plan view of the bridge is given in Figure 4.4. 

 

Figure 4.4 Plan View (Panayir Bridge) (in cm) 

It is designed as a three-span bridge where spans have 27.50, 28.25 and 27.50 m 

lengths, respectively. Total length of the bridge is 85.57 meters and the platform 

width is 12.00 meters. The angle of skew is given as 14.985Á. In Figure 4.5 design 

level scheme is given where in Figure 4.6 elevation view is presented. 

 

Figure 4.5 Scheme of Design Level (Panayir Bridge) (elevations in m, lengths in cm)  
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Figure 4.7 Cross Section of the Beam (Panayir Bridge) (in cm) 

 

There are 13 pre-stressed pre-tensioned I girders with a height of 120 cm (Figure 4.7), 

supporting a 25 cm thick slab. Spacing between two adjacent girders is designed to be 

1.22 meters. In Figure 4.8, vertical cross section of the girders is shown.  

Totally, there are 9 diaphragm walls -3 for each span- to consider live load 

distribution properly. Expansion joints leaving a gap of 6.9 cm are used in abutments 

for movements in longitudinal axes caused by earthquake, shrinkage and thermal 

effects to satisfy slab level continuity. Also shear keys are used to prevent collision 

between two adjacent girders. 

Detail of the shear key is shown in Figure 4.9 where details of diaphragm walls and 

expansion joints are demonstrated in Figure 4.10 and Figure 4.11. 
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Figure 4.9 Detail of the Shear Key (Panayir Bridge) (in cm) 

 

 

Figure 4.10 Superstructure Details on Abutment (Panayir Bridge) (in cm) 
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Figure 4.11 Superstructure Details on Pier (Panayir Bridge) (in cm) 

 

 

Figure 4.12  Pier Detail (Panayir Bridge) (in cm) 




































































































































