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ABSTRACT

COMPARISON OF MEAN SITE-SPECIFIC RESPONSE SPECTRA IN
TURKEY WITH THE DESIGN SPECTRA OF AASHTO

Mestav Sar eéca, Gi zem
M.S., Department of CiviEngineering

Supervisor  Assoc. Prof. Dr. Aykeg¢l Aska

Decanber2014 129 pages

Seismic design of bridges is a significant problem for all seismiealiye countries
including Turkey which has gone through recent destructive earthqugxicges are
important elements of transportation and their robustness is important in the
aftermath of major earthquakeSurkish engineers currently emplay modified
version of AASHTO (American Association of State Highwand Transportation
Officials) LFD Design Specifications for bridge design. Within the scope of a
national projectT | B K TJIA®G093 a new bridge design code for Tuykis being
prepared by a largeam of civil and earthquake engineénsthis code proposal of a
new design spectrum is also planndthe main objective of this study is to compare
the meansite-specific respone spectra in Turkey based osata from past
earthquakes with thdesign spectra in AASHTO (2007) and AASHTO (20b9)

focusing on the descending part (long period rangég sitespecific response



spectra for different soil conditiorend magnitude rangese obtained from strong
ground motion data gathered on the Turkish National Stkdogon Observation
Network. To observe the effects of these sipecific spectra on the bridge response,
response spectrum analyses are performed with these empirical spectra and the results
are compared with those from AASHTQ@O007 and 2010 The case studies are
applied on three tferent models of bridges that are located in Bursa (a large city
located in Northwest Turkey) which are namely Balikianayir anrd Demirtas
bridges. Finally)inear time history analyseme performedvith ground motions that
match thesite-specific ail AASHTO LRFD spectrathe resultsare compared with
each otherLARSA 4D Structural and Earthquake Engineering Integrated Analysis
and Design Softwarés used ér the response spectrum ahdear time history

analyses on these bridges.

Keywords: Ground motion characteristicsite-specific hazard spectra, response

spectrum analysiginear time history analysiseismic analysis of bridges
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T!' RKKYEODEKK ZEMKNE ¥ZG! ORTALAMA TEP
SPEKTURUMLARI NIN AASHTO KLE KARKILAKTI

Mest av GBaar € c a ,
Y¢e¢ksek Lisans, Knkaat M¢ghendi sl ifji

Tez YO°rDeotDrc.i sAykege¢l Askan Gg¢gndoj an

A r a2084K29 sayfa

Kopre¢glerin sismik tasaréemé solanTd?® kde meer de
dahi | ol mak ¢zere si s¢giikkel celrathneprébleragictki f ol a
Kepr ¢l er ul akémén °neml . el emanl aréder
dayaneéemlkar®neQuilni¢gdmerz.d e Teéer k mé¢hendi sl er i I
AASHTO (American Association of State Highwand Transportation Officials)

LFDK°® pTgasaréem &arbndmegsktirikwmikammaktvaedean

Yetkin b i r i nKkaat vV e deprem m¢ he nbttipje topl u
( T, MK KAMAG 110G093 kapsaménda yeni bir k°pr ¢
hazérl anmaktadér . emBiu Ikiord tdaasharléaé madkes pekt r u
pl anl anBmé-katlérk.maneén aseéel amacé AASHTO L F
kartnamesi 6nin K farkl e versiyonu (200
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depremlere dayanél ar ak el de edilen zemine ¢

spektruml ar én uzun periyotl arda azal ma g
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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 recentdevasating earthquakesseismic design became more

of an issue for the bridge designexi#th the experience gained aftsignificant
damage and failuref bridges Engineers utilize earthquake codes for seismic design,
thus the revision of earthquake codes according to the recent studies plays an

important role irkeepingthe designstrategies updated

Currently an adapted version @merican Association of State Highway and
Transportation Officials Standard Specifications for Highway Bridges (AASHTO
LFD) is being used bRRepublic of TurkeyGeneral Diectorate of Highway§GDH in
English and KGM in Turkish, from here after will be named as §GMthough
thereare other supplementary togfgepared by KGMn previous yearsio follow in

the design of bridges, the main specificatinrregulation is AASHTO LFD Thus,
focusing @ the revisions madén AASHTO recently would be beneficialfor

presening effective solutiongo current design problems

Civil Engineering Department of the Middle East fieical University (METU) and
KGM havecollaborated to conduct a research proj@ayelopment of Design and
Construction Technologies for Bridge Engineering in Turkey, funded by the
Scientific and Technologité&esearch Council of Turkey (; B K T),Addupdate the

current practicen Turkey The results of thishesisare planned to be included in the



ALoadso section under the topic ofim AEarthqu

the final project report

Severalmethods are used for dynamic analysis of bridges which may be summarized
as theuniform load elastic metll) singlemode elastic method, multimode elastic
method and time history method according to AASHTO (200b)e of the most
commonlymethods is tb ResponsepgctrumAnalyss (RSA) which isdescribed in
singlemode and multimode spectral analyssectiors. According to several
researchersHudson, 1956; Tehranizadeh and Safi, 2004; Chopra,) 2014 method

is simple and practicafs a resultRSA is employed as the main method of analysis

in this thesisDesign spectrare generally affected by tmevisons aforementioned

as aresult, examining theevisions is also substantial. Furthermore, as the local
ground conditiongffect the seismic activitgnd the design spectra accordingiye
specificconsideration of response spectra at several locations in a region of interest is

important( Doj ang¢n, and Livaojlu, 2006)

Before going into detailst would be appropriate to define response spectra curves
briefly. Response spectra curves are grappsesenting the maximum response in
terms of displacement, velocity or acceleration of a single dexsreedom system
which is exposed to a specified exditat The solution of single degred-freedom
systems with a sequence of natural frequency anpute ratio values is required to
construct these plots. For each solutiome point on the sponse spectrum is
obtained. Br all interested frequencidbe sametask is applied repeatedhpfter
obtaining these curves for specified seismic excitatiatyral frequencies and mode

shapes of the structure are uid for response sgteumanalyss.

Although design spectra tend to be smooth cymasgponse spectra obtainedhaite

of interestgenerally show fluctuations with sharp spikes and valésthods for
obtaininga smoothdesignspectum are usedn orderto get rid of the sharp points

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

records ata site. There are several ways to obtain design response speatnich



represent@n average spectrum by incorpting the spectra of several earthquakes.
Mostly, thedesign response spectra statisticabpehd on the mean, median, mean
plusonestandaredeviation or mediaiplus-onestandaredeviation of the selected
variabkes of the ground motion records (Tehranizadeh and Safi, 20@iled
information about the construction of a current design spectrum is givémein
literature surveysection of this thesis A typical example of designpsctrumis
demonstrated in Figure 1.Ih the ordinateof the curve spectral acceleration values
(S;) are specified whilén the abscissa period valugl) are presentedlt shouldbe
noted that the values in the absciasd ordinate of response spectrammvemust be
positive or zeroThe ordinates may be the original values or they may be normalized
accordng to a specified value, e.g. PeakoGndAcceleration(PGA).

%]
8

&

Spectral Response Acceleration S,

Period T

Figure 1.1 Exampleof a Typical Desigrspectrum

In July 2007, major changes were made by AASHGIO the seismic design of
highway bridge specificationsThroughthese changeshe 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 Ai mpr o{Matteas 8008 ifhec r espocC



consequences of tke modificationson typical bridgeresponsesvill also be studied
in this study.

1.2 Literature Review

Biot and Housne(1941) introduced the response spectrum concept for the first time
with Response Spectrum Method (RSNater, strong motion records of El Centro
(1934, 1940), Olympia (1949) and Kern Courify952) earthquakes with various
damping véues were used by Housnéi959 to develop average acceleration
spectra.lmproveddevelopments werthen made on the studies about the response
spectra of nuclear reacttacilities by Mohrazet al. (1972)Blumeet al. (1972 and

Hall et al.(1975) With the increasing number of ground motion recpetklitional
investigations arperformedon these topicdHayashi 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 asagtieel
main soil types. With the studies of dfirazet al. (1972)Hall et al. (1975) Hayashi

et al.(197]) and Seedtt al.(1976), it is pointed that the response spectra obtained on
soils are different from the ones obtained on rock. Adteserving that thehape of

the spectra is affected by saoibnditions,alternativespectra for different geological
conditions were proposed by Shannola and Wilgk8v4) Lack of strong motion
data on different soil conditions leaded the combination of data from different regions
and geological conditions all ew the world for the studies ®lohraz (1976)Seed

and Idriss(1979, Singh (1985) Atkinson and Boorg¢1990) Crouseand McGuire
(1996)and Sabettand Pugliesse (1996As the numbeand qualityof strong motion
instruments increased all over the woiltreasingly morestrong motion data were
made ready to uséaterlarge destructive earthquakes in Turkey, Japan, Taiwan and
California provided some neapurce ground motion recordsspeciallyNorthridge
(1999,M,,=6.7) and ChiChi (1999,M,=7.6) earthquakegielded over a thousand

time history records. Influence of magnitude, local site effectsaaave propagation



effectson response spectra utilizing the ground motion data from large earéisguak
Turkey, Taiwan and U®erestudiedby Su et al(2006) recently

Until the early 1970sthe 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 duringhe computation of response of structuireghat erato different

ground motios andlack of number of records. Before the late 1960s @audly 197Cs,

digital computation and the digitization of analog accelerograph records were time
consuming and the reds were unreliable. However, this situation started to ghan

in 1970s with the advances in the computdrs 1971, the modern era for RSM
started with San Fernando, California earthquake. 241 accelerographs were recorded
by this earthquake and it wasssible to perform the empirical scaling analyses of
response spectfar the first timewith this earthquakeTlfifunac 2012)

The necessity of handling respse spectra and dynamic anabyfas they are
regulated inmodernbuilding code} required the useand understandingy design
engineergSigmund 2007) The basis of the development ofirrentseismic building
codeswas startedby a joint committee of the Structural Engineers Association of
Northern California and San Francisco section Asherican Soeety of Civil
Engineers ASCE) (Andersonet al.,, 1952)A fA mo tealal |l & orce provi si
prepared by this committee proposing the design curve C=K/T where it descends in
proportion tol/T after the corner period-hen, theconcept of response specwas
introduced in the building codes of United States by Structural Engineers Association
of California (SEAOC) through the coefficient C with the lateforce equation
V=KCW in whereV is equal to the total lateral force, K is equal to structural systems
coefficient and W is the total dead load of structdieis new recommended curve

had a descending proportion of ¥PTresulting ina larger load factor for the
structures with high natural period valuéSigmund, 2007) Although several
revisions werdater applied onthe coefficients andariables,two codesmentioned

may be called as the pioneer regulations atdlesign spectrum shapes



When more recent method$ developing design spectra a®amined it would be
appropriate to have a look dahe California Department of Transportation
(CALTRANS, 2013 seismic desigmriteria which is used worldwide and explained

the process in detail at the end of the regulatidwsording tothese criteriathe

design response spectrutan beconstructed withhe help of the envelope of a
deterministic and probabilistic spectruim. the deterministic approagclarithmetic
average of median response spectra is calculated by the ground motion prediction
equations( G MP Eod €ampbeHlBozorgniaand ChiodYoungs (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 amoment magnitudef 6.0 or greaterOn the other &nd, for
probabilistic criteria, design spectrum is obtained from the driftates Geological
Survey (USGS) Seismitdazard Mapfor 975 year return period with several
adjustmentactors(Petersoret al., 2008)

Comparisons between design spectra of diffieccodes and the response of reinforced
concrete buildings to these codes waralied in previoustudiese.g.Doj ang¢n and
Li vao] |I.Howevarafpbcations of design spectrum analysis on briciyes
comparison of the results anet extensively investigated. Moreover, as investigated

in other studes for different structures (Chai et al., 200%pan sitespecific response

spectra should be taken into consideration for purposestrattural response
comparison against the desigpectra. 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 ns#arspecificresponse spectra
in Turkey with thedesign spectra in AASHTO (200@nd AASHTO (2010) by

focusing on thelescending part (long period rang8glection of the stations used for



constructingmean response spectia,made accordingp a recent study in Turkey
(Akkar et al., 201Q)Strong motion data recorded at stations that constitute Turkish
National Strorg-Motion Observation Networks used in this thesias the primary

database.

After comparing theneansite-specificspectra with the corresponding design spectra

in the form of PGAnormalizedcurves the differences inbridge responsedue to

these different spectra is studied. For tpigpose, thredoridges in Bursa region
(Demirtas, Panayirand Balikli bridgeg are compared in terms of the maximum
moment values on the coummsccor ding to Yélmaz (2008),
occur at the plastic hinge zones of columns in seismic design ofspati bridges

(Figure 1.2) Thus maximum column moments are selectedresponseomparison

purposes

I I - J.I I
[T masme |
) HLIGE
| . n ] Ll-
(a) In Longimulual Direction
- .,l,, J .‘].
| ¥ J I - i
[} =
Y
FLASTIC
HDOGE
H B

i) In Tramsverse Direction

Figure 1.2 PotentialPlastic Hinge Regions on Columra in Longitudinal Direction
(b) in Transverse Direction (Adopted frome | n2808)



In this thesis, initially regular response spectrum analyses are performed on the
selected bdges. 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 packagés jnB K TIA®G093 Project

(2014), as theysupply necessary (seismic hazard and site conditelated)
information as input to the analyses on bridges.

In Chapter 2seismic design spectra in AASHT@007 and2010 areinvestigatedn
detail Site classificatioreriteriaand the evaluation afecessary seismic coefficients

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

In Chapter 3after the classification and compilationTairkish strong ground motion
data; mean site-specific response spectrare presented.Different site class and
Moment Magnitude N1,,) values are used tdassify the response spectrahen,
comparisons are made between msaespecific response speetrand AASHTO
(2007 and 2010) design spectra.

In Chapter 4,detailed informationis given about the three bridges used in the
analysesThen computer modelling is presented and response spectnalysisis
describedNext, maximum column moment values obtained from RSA are discussed

in detail and comparedith each other

In Chapter 5 linear time history analysis is introducedong with thespectral
matching procedure appligd the selected grounanotions. Results obtained from
LTHA on bridges are discussed and compavétl each othefor all casesThey are

also compared with the ndts from RSA.

Finally, summaryconclusionsand future worlarepresented in Chapter 6



CHAPTER 2

SEISMIC DESIGN SPECTRAIN AASHTO (2007 AND 2010)

2.1 Design Spectra o AASHTO LRFD (2007

Design spectrurfor bridgesis addressednder thechaptemamed Earthquakefiects

in AASHTO LRFD Bridge Design Specification2@07) in detail Elastic response
coefficient, Gm, and equivalent weight of the superstructure are multiplied to get
earthquake loads horizontal direction whileesponse modification factor, R, is dse
for the adjustment subsequentijhe equivalent weight is calculated with the help of
the actual weight and the miguration of the structure wheffer sngle-mode and

multimode analyseit is automatically included.

The provisions of thesspecifications offers that the bridges designed and detailed
accordindy may suffer damage, bahould not collapse due to ground shakirigch

is seismically induced.

According to the specificationghe provisions in that chapter shall be usedtddal
multiple span lengthsot exceedindl.5 km on conventional slab, beam girder, box
girder bridges, and truss superstructure construstiear other construction types
and bridgesvith spans larger tmal.5 km the owner shall indicat@rovisions that are

appropriate to use.

Design and detailing prosions are established in thegeedfications to minimize
the susceptibility obridgesagainst earthquake damages. In additofiow chart that
summarizes the design provisions fmarthquakes is supplied the Appendix of
Loads and Load F#ors section of AASHTO (2007).



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 structurabmponents.

- Forces andasmic groumd motion intensitiesised in the design procedures
should be realistic.

- All or part of the bidge should not failexposing 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 bridgs and other bridges. Essential bridgesa minimumshouldsatisfy
security/defense requiremsenandbe opento emergency vehicles after the design
earthquake which has a 4yBar return period. On the other hand, after the design
earthquakesome bridgs which are regarded astical structuresnust be open to all
traffic, satisfy security/defense requiremenisd be usableby emergency vehicles

after a destructive earthquake that has a 3&@0 return period.

The elastic seismic response coefficieddy, for the m™" mode of vibration can be

calculated with the help of tHellowing formula:

8 & @b (2-1)

where T, is the period of vibration of the Thmode (sec.), A is thacceleration
coefficient and S is the site coefficient.

This valueshall becomputed foreach relevant mode in a bridge as an earthquake can
excite different modes of vibratiotdowever, thereare several exceptions to the
general formula of ¢, stated belowCsy, should not exceed 2.0A for the bridges in
areas where A is not less than 0.30 and on soil profiles Il or IV. For modes that have
period values less than 0.3s except the fundamental mode and for soil profile Il and

IV, Csmshall be calculated as

10



Cem=A(0.8 + 4.0F) (2-2)

For the modes that the period of vibration exceeds €Qshall be calculated as;

6 ; (2-3)

Necessaryletailedexplanations related tihe variablesised during calculationsan

be found in thesulchapternamed site effectsmm AASHTO (2007). The acceleration
coefficient, A,basicallydepends on seismic zon&n the other handjte coefficient,

S, depends on site classed reflects the effect of site classes on the elastic seismic
response coefficienin Table 21 relation between S and differesttil profile types is
provided If there is not sufficient detail about the soil properties to define site classes
or the sd does not fit to the four classes supplied, Soil Profile Type Il should be used

to determine the site coefficient.

Table 2.1 Site Coefficientsn AASHTO (2007)

Site Soil Profile Type
Coefficient I I 11 13
S 1.0 1.2 1.5 2.0

Also sveralcontourmapsreflecting seismic zones for the selection of acceleration
coeficient, A, can be found andsed for United Statesvhile for other regions in
world they ae not providedin AASHTO LRFD Bridge Design Specifications
Special studies by professionals agggestedor the determination of siteand

structure specific acceleration cfecients if one of the cases below occurs;

O The | ocation of site is c¢close to an

0 | n t hearthquakegsiofdomduration are expected,

11
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0 Importance obridge is so high that a loagreturn period should beed

The site classification iIAASHTO (2007 is tabulatedandpresented ifTable 22. To
classify soil profiles of different subsurface conditiortse tesults of a statistical

study of spectral shapéebtained with the help of past earthquakes from the soils

which are close to seismic sourtase used

Table 2.2 Soil Profile Classification in AASHT@2007)

Soil Profile
Type

Description

*

0 Rock of any de-Bke oricrgstaliine in
nature, or

0 Stiff soils where the s
the soil types overlying the rock are stable deposits of s;
gravels ostiff clays.

A profile with stiff cohesive or deep cohesionless s
where the soil depth exceeds 60 000 mm and the soil |
overlying the rock are stable deposits of sands, gravel

stiff clays

A profile with soft to mediunstiff clays and sands,
characterized by 9000 mm or more of soft to medstif
clays with or without intervening layers of sand or of

cohesionless soils

IV**

A profile with soft clays or silts greater than 12 000 mn
depth

* may be characterized by a shear waghocity greater than 765 m/sec
** may be characterized by a shear wave velocity greater than 152

and might include natural deposits or manmade, nonengineered fill

12



For thecalculations in this stugyAASHTO (2010) site classification is employet

is different from the one in AASHTO (200#hus thecorresponding site classes for
site dass C (Soil Profe Type Il in AASHTO 2007) and sitdass D (Soil Profile
Type Il in AASHTO 2007) are uskin response specti@lculations General trend
of the normalized(with respecto A) response spectrum curveased on five percent
dampingfor different soil profilean AASHTO (2007)is shownin Figure 21. On the
other hand, a@rrespondinghormalizedresponse spectrum curvést will be used in

analygs for site classes C and &e presentenh Figure 22.

Eil NOfE; DOTTED Ut SHows FORM OF COEFRCEENT FOR,
5 SO TYPE I WHER A B LESS THAN LY
E WD SOL PROFILE TYPE IV
¥ SOL PROFILE TYPE I
Vi SON, PROFILE TYPE I
Eg SO PROFILE TYPE |
)
0y
] S
g 1.2 A5
E = 2.5 4
'
u L ' 1 F 1
04 0.4 14 1.5 ib 2% 3
PERIMD - SECONDS

Figure 2.1 DesignSpectra Trenfior AASHTO (2007)
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Figure 2.2 AASHTO (2007 Design Spectra for Site Cla€sand Site ClasB

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

directions, two load cases are formed as follows:

0 A combination is formed using the absolute value of the force eifecise of the
perpendicular directions in 100 percent with the absolute value of the force effects in

the second perpendicular direction in 30 percent, and

0 A combination is formed using the absolute value of the force effects in the second
perpendiculadirection 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 shaudtl be considere Necessary
further information about handlinhose case can be found in the chapter named
Calculationof Design Forces in AASHTO (2007

14



2.2 Design spectra oAASHTO LRFD (2010)

Severakevisions were aped to AASHTO (2007) Earthquake Effeatkapter for the
newer versionrAASHTO (2010)some ofwhich arealsotaken into accounin this
study Basic changes and explanations involvaadd related to this studwgre

summarized next.

Design of bridge shoull beperformedaccording to thgotentialdamage levalthat
would resultfrom earthquake @und motions which have apércent probability of
exceedance in 75ews (return period ofabout 1000 years) Complete or partial
replacement may be necessandhigher performanckevels can be used with bridge

ow n e mandatevherever required

Bridges withsingle or multi-column piers, waltype piers, pile bent substructures
and slab, beam, box girder, or truss superstructures are called conventional bridges.
On the other hand, arch bridges, cadti®yed/cablsuspended bridges and bridges

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

Two kinds ofmeasures areonsiderednostlyin the specifications which are namely
force-based and displacemdmasedproceduresAASHTO (2010)specificationsare
regar ded-b as dabalise bridges designed acoogdio themmust have
adequatestrength, whictcan be calleadtapacity to resist earthquaki®rces, inother

words demandsDisplacement capacity of bridges that are designed with the help of
these spafications should beonfirmedalso using a displacemebased procedure.
AASHTO (2009) specificationfor LRFD seismic desigare displacemertiased in

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

designed to have a sufficietisplacement capacity.

A subchapter called Seismic Hazard was adaeddrthquake Effects chapter in
AASHTO (2010).Detailed nformation about determiningpefficients PGA, Sand
S; can be found in this subchapter where similar to AASHZAD7) maps of Uited

States can batilized. Furthermoreijt is noted that instead of using national ground

15



motion maps, state ground motion mapsforming several conditions mentioned in
this chaptercan be used to derive the coefficierfter obtaining a undrmi hazard
acceleratiorspectrum, detailed explanations are also involved in another subchapter

about sitespecific probabilistic groundhotion analysis.

In the chapter named Site Effects RASHTO (2010) Site Class Definibns are
defined They are listed iMrable 2.3 This classification isselected for use ithe
calculationsand comparisongcludedin the next chaptersnce it is up to date and

comprehensive

Table 2.3 Site Class Definitiongn AASHTO (2010)

Site . .
Soil Type and Profile
Class
A Hard rock with measured shear wave velocify; 5000 ft/s

(1525 m/s)

B Rock with 2500 ft/sec (762.5 m/s)uf < 5000 ft/s (1525 m/s)
Very dense soil and soil rock with 1200 ft/sec (366 mf3) <
2500 ft/s (762.5 m/s),

or with eitherh > 50 blows/ft (164 blows/m), aif > 2.0 ksf
(0.096 MPa)

Stiff soil with 600 ft/s (183 m/s) €[ < 1200 ft/s (366 m/s), or
D with either 15 <0 < 50blows/ft (500 <164 blows/m),

or 1.0 <i [ < 2.0 ksf (0.048 MPa%[ < 0.096 MPa)

Soil profile withul['< 600 ft/s (183 m/s) or with eithér< 15
blows/ft (50 blows/m) ot [ < 1.0 ksf (0.048 MPa), or any
profile with more than 10 ft of soft clay defined as soil viRih>
20,w > 40 percenandi [ < 0.5ksf (0.024 MPa)

16



Site _ .
Soil Type and Profile
Class

Soils requiring sitespecific evaluations, such as:

0 Peats or hi dh10yt (3®5 ng) afpeatcor c
F highly organic clay wherkl = thickness of soil)

0 Very hi gh H>2a&fs(T.62%m) wifPl x75)a y
0 Very thick sofHHtL120#@6.6u)) st

Explanations on Tabl2.3:

Exceptions: At sites wherie soil properties are not known in sufficient detail to
determine the site class, a site investigation shall be undeffiakdefiningthe 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 eihbt by geotechnical data.

where:

u[ = average shear wave velocity for the upper 1@8dt5m)of the soil profile

0 = average Standard Penetration Test (SPT) blow count (btpfes/the upper 100
ft of the soil profile

i [ = average undraineshear strength in kébr theupper 100 ft of the soil profile

Pl = plasticity index

W = moisture content

Foga Fa @and K 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 (201@)formation related to these
coefficierts isprovided below in Table.2, Table 25 and Table & for Fygs Fa @and

F, respectively.

17



Table 2.4 F,ga Values Corresponding to DiffereRIGA (Zero-Period RangeValues
in (AASHTO 2010)

Peak Ground Acceleration Coefficient (PGA)!
Site PGA< | PGA= | PGA= | PGA= | PGA >
Class 0.10 0.20 030 0.40 0.50
A 08 0.8 0.8 0.8 0.8
B 1.0 1.0 1.0 1.0 1.0
C 12 1.2 1.1 1.0 1.0
D 1.6 1.4 1.2 11 1.0
E 2.5 1.7 1.2 0.9 0.9
1:2 * * ® » *
Notes:

"Use straight-line interpolation for intermediate values of PGA.

*Site-specific geotechnical investigation and dynamic site
response analysis should be performed for all sites in Site
Class F.

Table 2.5 F, Values Corresponding to Short Period Range ValuésASHTO
2010)

Spectral Acceleration Coefficient
at Period 0.2 sec (S5)!
Site Ss< Ss = Ss= Ss= Ss>
Class 0.25 0.50 0.75 1.00 1.25
A 038 0.8 08 0.8 0.8
B 1.0 10 1.0 1.0 1.0
C 12 12 1.1 1.0 1.0
D 1.6 14 1.2 11 1.0
E 2.5 1.7 1.2 0.9 0.9
P * * * * *
Notes:
YWUse straight-line interpolation for intermediate values of 5.
*Site-specific geotechnical investigation and dynamic site
response analysis should be performed for all sites in Site
Class F.
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Table 2.6 F, Values Corresponding to Long Period Range Valn¢8ASHTO
2010)

Spectral Acceleration Coefficient
at Period 1.0 sec (S,

Site Sl < S] = S] = Sl = Sl >
Class 0.1 02 03 04 0.5

A 0.8 038 038 0.8 0.8

B 1.0 1.0 1.0 1.0 1.0

C 1.7 1.6 1.5 1.4 1.3

D 24 20 18 1.6 1.5

E 35 32 28 24 24

1:3 * * * * *

Notes:

1Use straight-line interpolation for intermediate values of S;.

Site-specific geotechnical investigation and dynamic site
response analysis should be performed for all sites in Site
Class F.

General trend fofive-percemtdampeddesignresponse sp&wm curves in AASHTO
(2010) is presentedn Figure 23. Sincefor the regions except UniteSitates site
factorsSs, S and PGA are noprovidedin AASHTO (2010) they are obtaineébr
the stes of interest hereirwithin the T | B K TIA®G093projectas summarized in

Table2.7. In Figure 24, thedesignresponse spectrum curvibst areobtained for the
selectedsites and usedn analysesre presented

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

Namg of the Latitude (o) | Longitude (0)| PGA (g) | Ss (9)| S1(9)
Bridge
Demirtas 4028 N 2910 E 0.601 | 1441 0.792
Panayir 4024 N 2906 E 0553 | 1.333| 0.727
Balikli 4022 N 2906 E 0527 | 1.275| 0.702
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For perioddess than or equal to,ICsm shall be calculateds:

Csm=As + (Sps- As) (T/To) (2-4)

in which:
As = FpgaPGA (2-5)
Sps= FaSs (2-6)

wherePGA isthe peak ground acceleration coefficient on rock (Site Class 8 S
the horizontal response spectral acceleration coefficient asdé-period on rock
(Site Class B)Tn, is the period of vibration of theth mode (s), Tis the periodused
to define spectral shap®.2 Ts) and Ts is the corner period at which spectrum

changes from being independent of period to beingrgalyproportional to period
(Sp1/Sps)-

For periods greater than or equal tp ahd less than or equal tg;, TCy, shall be
calculatedas:

Csm= Sps (2-7)
For periods greatehanTs, Csm shall be calculateds:

Csm= So1/Tm (2-8)
where

So1=R S (2-9)

AASHTO LRFD Bridge Design Specifications (20)2Design Spectra:For the
Earthquake Effects Chapter in AASHTO (201tkhere are only slight changes,
however, they will not be mentiondereinsince they do not affethe 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-specific response spectra calculations is
obtained from theTurkish National Strog-Motion Observation Network This
network is constructed and maintainedtbg Earthquake Department Républic of
Turkey Prime Ministry, Disaster and Emergency Management Presid@RAD in
Turkish) after setting up several accelerographsAnatolian Peninsula near seismic
sources since 1973 to mitor destructive earthquak€Sandikaya et al., 2010 In

this database, raw records of the events that occurred since 1976 can be found.
Currently there are 1594 records available fopublic use. For each record,
necessary reliable information on the source parameters of the earthquake is also

availablein the mentioned network

The selection of the stations is made according to the results of a previous study held
within the scope o& national project calleGompilation of National Strong Ground
Motion Database in Accordance with International Standé&@mdilkaya, 2008
Obtaining theaverageshear wave velocity values of the upper 30 m of soil layers
(Vs39 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 StrongMotion Observation Network. The data recorded at these 153
stations are usead deriving the measite-specificresponse spectrd. must benoted

that for consistency in terms of tectonic settingsgjority of the earthquake records

are dtained from events with strikaip sourcemechanism

23



For the classification of stations according to the site class definitions, AASHTO
LRFD BridgeDesign Specifications (201® used Seven different site classes (from
class A to clas F) given in AASHTO (201(jre described i€hapter 2 inTable 2.3

The® classes are mainly defined according tepWalues. However, Standard
Penetration Test (SPT), undrained shear strength of the soil sample from soil borings

and blow counts caalsobe used for classification.

In Table 3.1the site classification dhe selectedtationss shown. Since the number
of records inclass B is very limited (only 3 statis)) this class is omitted ithe
classification. Foderiving thesite-specific meanresponse spectré2 stationswith

class C and 88 statiomsth classD arechosen to besed consequently.

After the compilation of strong motion data and classification of sites, reapeds
further grouped according tM,, valuesof the earthquake®\ total of 4 groups are
obtained for 3.5<M<4.5, 4.5M,<5.5, 5.5M,<6.5 and 6.5M,<7.5 birs. Then
recordswith epicentral distance ¢5) values smaller than 15 km are eliminated to
remove potential nedreld effects. In addition, records with PGA values smaller than
0,981cm/< (0,001g) and records obtained at epicerttisances greater than 100 km
are also eliminated to account for mosthoderate to large seismic sources and

intermediatefield effects.

Furthermoe, an outlier analysis is performetb remove records that remain

significantly outside the main trend

Table 3.1 Site Classification of the Selected Statiodg¢ordingto 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 resmigl SeismoSignal software
(version5.0.0 after arranging the earthquake record data sets for Site classes C and D
and differentM,, intervals Raw data idaselinecorrected andiltered with 4" order
Butterworth filters between 0.1 and 25 Hdatching time step values are chosen
accordingly to get elastic response spewfth 5% dampindor the recordsE-W and

N-S components of each record are used to obtain the geometric mean of these
componats. Normalized mean response spectra bhtaireed for differensite classes

and magnitude rangeafter normalimg the amplitudes okach response spectrum
according to its own PGA value and caltirlg the average of all normalized spectra

for eachgroup Calcuhting standard deviation values, normalized mphs-one
standaredeviation(mean + stdyesponse spectra are also derivedrmalizedmean
response spectrum curvas well as normalized megtus-onestandaredeviation
response spectrum c@yfor site class C and site class dnd for differentM,,
intervalsare presented in Figel 31. As expectedthe curves for Class D liesbove

the curves for Class C in the lopgriod rangewhile in the short period range the
curves for Class D liebelow the curves for Class Qhis difference between
different site classes gets more significant asMievalues increase. In addition, for

the largest magnitude range, the area under the response spectra increadasg indic
enriched longer period (lofrequency content of thedrge earthquakes
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Response Spectrum Curves for Site Classes C and D for Diffdyeimtervals (Site
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A similar study(Sandikayaet al., 201) was conducted previously at Middle East
Technical University that utilizedhe same 153 siahs used in this study to get
normalized mean site spectra for Turkey. However, the total number of recasds
limited compared tothe number of records used this study. The aim of the
mentioned study was to investigate the dependency of spectrum shape on site classes
and M,,. The site classification was made accordingtite National Earthquake
Hazards Reduction Program (NEHRBjovisions When the normalized nean
response spectrum curviesthat studyfor two site classeand fourM,, intervalsin

Figure 3.2 areconsideredit is observedthat they are congent with the curves
obtained in this thesis as showrFigure 31.

—0C (350)
—D (180)

—C (317}
—D (244}

BA/EPA

(]

‘‘‘‘‘‘‘
mma

BA/EPA

Figure 3.2 Comparisorof Mean (Continuous Lines) and Me&tusOne Standard
Deviation (Dashed Lines) Normalized Acceleration Spectra for RecoidEldRP
Site Classe€ andD for Magnitude Ranges (a) 3.8k,<4.5, (b) 4.5#,<5.5, (9
5.5<M<6.5, (9 6.5<M,<7.5.TheNumber in Parenthesis Gives the Number of
Records Used for Calculation of Mean Spectr@andilkayaet d., 2010)
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Through standard curve fitting to the normalized mean spectrum curfég.3.1
formulae for amplitude decayat the longperiod bandand corresponding R
(coefficient of determination) values of the fits are obtaiasdgshown on graphs in
Figure 33. The long period powenf T (P value where thepectral amplitudelecay
is modelled asT") computed for each groupnd corresponding Rvalues are
summarized in @ble 3.2
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Table 3.2 Pand R Values for Different Groups

Site class C Site class D

p* R? p* R?
3.5dM,<4.5 -1.55 | 0.98 | -1.52 | 0.99
4.5<4M,,<5.5 -1.64 | 098 | -1.64 | 0.98
5.5<dM<6.5 -1.25 | 0.98 | -1.10 | 0.91
6.5<dM,<7.5 -0.79 | 091 | -0.61 | 0.94

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

According to the Rvalues which are close to a hundred perdentmost of the
groups the proposed relationslsipare observed to be promisinglext, the
normalized response spectra obtained from mearspéeific load case and two
different AASHTO load cases (2007 and 2010) are compardeégire 3.4 It is
observed that for both site classes in thagnitude binsof 3.5<M,<4.5 and
4.5<M,,<5.5, the long period decay is observed tofhster than those defined in
AASHTO (2007 and @10) for the corresponding site class This observation is
consistent with several discussions by researchers that mention the overdesgn due
the slower decays obhg periods as given in seismic codes (Chopra and Choudhury,
2011; Bommer, 2000)-or smaller periods however, the mean-sjiecific spectra

and the design spectra are relatively closer to each other for these magnitude bins. On
the other hand, mean s#pecific spectra is observed to match closely the spectral
amplitudes obtained from AASHTO specifications especially for Class D curves for
the interval of 5.58,<6.5 (Figure 3.4d) and 3.4 f)). Finally, it can be observed
from Figure 3.4 (g) an#igure 3.4(h) that the mean sigpecific response spectra for
magnitude interval 6.99,,<7.5 yield slightly higher spectral amplitudes than those
of design spectrdahis point is indeed interesting since it states that the design spectra
can actually undestimate the spectral amplitudes of the longer period range for large
earthquakes. It can also nme#hat the number of records frolarge events is
naturally smallerthan those fromother magnitude ranges which could alsave

causd some bias.
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Finally, since AASHTO does not directly provide design spectra as a furafion
moment magnitudes, a combined mean <specific spectra independent of
earthquake magnitude is provided in Fig@r&with the corrgponding fits in Figure

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

35
3 === Normalized Mean (D)
\ ------ Normalized Mean + Std (D)
2,5 .'. \ Normalized Mean (C)
5 !\ Normalized Mean + Std (C)
o W
n \
\
\

15 N
| \\
1 AN
\\'
\
0,5 >

Figure 3.5 CombinedMean SiteSpecific Spectra

38



4,5

3,5

2,5

Sa= 022437464
\ WU 99 A

0,5 K—
0

T (sec)

15

(a) Site Class C

Sa

S P N W b~ 01 o N

|

|

\

\

Sa= 0,3308761
x wy 97 n
\

0 1

T (sec)

(b) Site Class D

Figure 3.6 Fitsand CorrespondinB andR? Values for the Combined Specf
Different Site Classes

39



40



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 Demirfaanayirand Baliklibridgesare selected in
Bursa for response spectruranalyss to see the structural response of different
spectrum curves. Bursa is especially preferred for this study because of several
reasons. Firstly, it is @opulated city with industrial facilities that includesany

small and largecaled bridges. Secondly, it is an earthquake prone city, in the first
earthquake zone and close to North Anatolian Fautlh several measurements
availableconsidering soil and earthquake characteristics. Finally, in the scope of the
project mentioned befe (T | B K T, 20€4)a couple of bridge models are ready to
use and necessasgismiccoefficients (Ss, Setc.), peak ground acceleration (PGA)
and shear velocity values £ which are used during site shification and

response spectruamalysis are mvided by other researchégs/en in Table 2.7)

According to arecentstudy (Sevgili, 2007) for short span bridgesdgirder is the
girder type which is used mostly. As span lengthBaifkli andPanayirbridges are
smaller than 30m, they can be called as short span bridgea resultit can be
stated that they reflect the common short span bridge girder type in Turkey well. On
the other handPemirtasbridge is a long spandirder prestressed bridgehich
reflects the common long span bridges in Turkey sielteprestressing against their

own weight and post tensioning against additional weight are used commonly.
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When a statistical studgbout the bridges in Turkey is conside(&evgili, 2007)
seveal statements can be made about the selectedelsridrirstly, according to
Figure 4.1it can be seen thamhost of the bridges in Turkey amot skewed, where
Demirtasbridge is in this class. Skew anglesBalikli andPanayirb r i dges are 15A

and 2 ®Gdively, ¢ghsypare in the secomdost commongroup which has a
frequency of occurrence of 20%.

Skew Angle

15 -
. I I N
O_ T T T T T T

0 10 20 30 40 50 60

Skew Angle (deg)

Frequency %
)

Figure 4.1 Distributionof Bridges inTurkeyAccording to Skew Angle (Adopted
from Sevgili, 2007)

Secondly, maximum span lengths can be considered for companmoposes
Demirtas Balikli and Panayirbridges have 39, 23 and 28.25 meters maximum span
lengths respectively. According to these values, frequency of occurrence of
maximum span length fddemirtasbridge is below 10% which is an exception for
Turkey (Figure 4.2) On the other handBalikli bridge is in the mostommongroup

with a 30% frequency of occurrence whé&anayirbridge has a frequency value of
nearly 15%.
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Figure 4.2 Distributionof Bridges inTurkeyAccording to Maximum Span Length
(Adopted fromSevgili, 2007)

Finally when number of spans is taken into accoitiig seen thaDemirtas-with 28
spans is uncommon in TurkeyFigure 4.3) However,Balikli and Panayirbridges

with 2 and 3 spans are in the first and secomabt frequently encounterespan
number groups.
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Figure 4.3 Distributionof Bridges inTurkeyAccording to Number of Spans
(Adopted fromSevgili, 2007)
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4.1.1 Panayir Bridge
Panayir Bridge is located on the Bursa Yalova State Highway between Km:

4+743.78 and Km: 4+829.3Blan view of the bridge is given in Figure 4.4
\_3 %= I7 2 3 4
, 7 3
“=BURSA o oo i E
— 1e IS
v : N il
; ; 2 :.FN :..t 5 /w YALOVA =~
5 '8
*
Figure 4.4 PlanView (PanayirBridge) (in cm)
985

It is designed as a threspan bridge where spans have 27.50, 28.25 and 27.50 m
14.

lengths, respectively. Total length of the bridge is 85.57 meters and the platform
s k ew ilmsFiggre 4/5designa s

width is 12.00 meters.lieangl e of
level scheme is given where in Figur® elevation view is presented.

]
2808 - 2941 =/ 2gps 4
| 93292 93.241 YALOVA

= BURSA

EYS55 86470

EASS5 85280 i

Figure 4.5Scheme of Design Levé@Panayir Bridgejelevations in m, lengths in cm)
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Figure 4.7 Cross Section of thBeam(Panayir Bridge]in cm)

There are 13 pretressed préensioned | girders with a height of 120 ¢Rigure 4.7)
supporting a 25 cm thick slaBpacing between two adjacent girders is designed to be
1.22 metersin Figure 4.8, vertical cross section of the girders is shown.

Totally, there are 9 diaphragm wall8 for each spanto consider live load
distribution properly. Expansion joints leaving a gap of 6.9 cm are used in abutments
for movements in longitudinadxes 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 KefPanayir Bridge)in cm)
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Figure 4.10Superstructur®etails onAbutment(Panayir Bridge]in cm)
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Figure 4.11 Superstructur®etailson Pier(Panayir BridgeJin cm)

Figure 4.12 PierDetail (Panayir Bridge)in cm)
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