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Time history analysis that requires a proper ground motion selection is becoming
popular as computational methods advance. It has been known that scaling any ground
motion will not be the best fit to be usedtive time history analysis. Over the years,
sdentists have studied recorded ground motion data by the help of a set of intensity
measures to characterize the movement. The aim of this study is to compare intensity
measures of ground motions with seismic demand parameters used in nonlinear time
history analyses of four flyover intersection highway bridges with various natural
periods varying between 0.84 s and 1.78 s. In this scope, nonlinear time history
analyses have been performed on a total offiovtyground motion records. TwenRty

three intensitymeasures grouped as acceleration, velocity, displacement based and
other categories have been researched to detect a correlation with column base seismic
demand parameters consisting of axial, shear and moment forces. Traditionally, the
peak ground accalation has been used as the main measure between seismic hazard
and structural analysis. However, the results showed that intensity measures such as
Velocity Spectrum Intensity (cm), Sa(T1) (g) and Housner intensity (cm) have better

correlations with seisio demand parameters compared to other intensity measures.



In general, the velocityelated intensity measures are the most appropriate intensity

measures for the highway bridges analyzed.

Keywords: Intensity measure, correlation, flyover intersection highway bridge,

seismic demand parameters, nonlinear time history anadysisnd motio
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uygun bir yer hareketi se-imi gerektiren
hesaplama y°ntemleri il erl edi Kerheangidim ha vy a
yer hareketinP | - ekl endi rmenin, zaman taném al ane
y°ntem ol madéejé bilinmektedir. Yél |l ar bo
et mek i -in bir di zi Ki ddet ° | - ¢se3im kul I
incelediler. Bu -al éeékmanén odaj e, 0.84 s
ol an, dojrusal ol mayan zaman taném al an

kavkak K°pr¢seéeneén si smik kriterl eri il
k arwtéedramakt ér . Bu kapsamda, topl am keérk
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deji ktirmejesasl make¢gzere toplamda yir mi
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keyasl atrdemzkbSpdlkt.i (cm), Sa (T1) (g) ve
ol - ¢l erinin sismik kriterlerle daha 1vyi

vii



ol ar ak, heza bajlée kiddet °1-¢l eri analiz e

ol -¢leridir.
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CHAPTER 1

INTRODUCTION

1.1.General

After fatal earthquakes in thpast century, the importance of seismic
vulnerability assessmenebome evident for highwalgridges. Specifications have
been developed based on experience gaindtesepast earthquaes. Thanks to
developments in earthqualkngineering, recent developnts in computing methods,
computer systems and programs, innovetim material technologseand knowledge
gained from earthquakes and a better understanding of earthquake behaoas, va
methods have been developed toimine the damages of the desttive effects of
the earthquake on engineering structures. Oriteeomost noticeable meth®ds the
bearing applicationmethods whichcan reduce the interaction between the
substructue and superstructure and minimize thgate effects of the earthcka
on highway bridges. Conventional methods are provided by inangathe load
bearing capaty, stiffness, ductility, stability, and elasticity of the structuBearing
applicationmethods; reducing the stiffness of theustiure, increasing the perieshd
the dampening of the structure provides the reduction of eemttleqforces. The
separatia process performed by the elastomeric bearing elements is intended to limit
the high valueghat will occur under the effect of amr¢ghquake by extending the
peiliod of the structureHighway bridges isolated with numerous kirdd$earings are
commonly peferred. Scientists had been facing many problems to satisfy the
minimum requirements in thgeismic design of highway bridges forany years.
Therefore, they neked to select accurate seismieasures order not to have a fas

judgment in the seismesign of bridges.



Current specifications such #ASHTO Guide Specifications for LRFD
Seismic Brdge Design, 2011and Eurocode 8 Design provisions for earthquake
resistance of structeg 1996 have referenced time history analysis as an alternative
to the other methods in senic analysis of highway bridges. The recorded time ground
motions needo be input into timénistory analysis to simulate seismic response of the
structure. Evalation is conducted through different intensity measures in ground
motion selection for seismianalysis of a flyover intersection highway bridges. The
flyover supestructure, substructay and connection details have also been determined
to change the satsc response. The connections are supplied with elastomeric
bearing. Effect of elastomericdaring layout and stiffness have also been included in

the seismic angsis.

The criteria ued to select strongroundmotion record in accordance with the
design acceleration spectrum in a given region should include geologiudl
seismological condities. The magnitude of the earthquake, type of faulting, distance
of the site to the fault, falt direction, the local ground conditions and the spectral
content otthe record constitute the most important of these conditions.

In seismic design specificatis, the seismic hazard in an area is generally
defined by the design eeleration spectrum.he acceleration records to be used in
the earthquake calculations te imade in the time domain can be obtained from three
sources: Desig acceleration spectrum ropatible with artificial records, simulated
recordings and the accel8om records recordeduring the earthquake. It is more
preferable to useecordedmotion reords due to their superiority to other types of
records. With increase instrongmotion daabasesappropriate recorded motion data
should be selected propetly meet the conditionspgcified in the regulations. The
recordeckarthquake recordings comtaiound information about the nature and major
characteristics ofrgund vibrationsuch asanplitude, duration, phase characteristics
and frequency content. It algeflects all factorssuch as the source, dispersion
environment and ground that affect tteeords. Therefore, taking into account the

seismologicabspectof the field, the use afecorded ground motion dagaovides a



great advantage over other altéiwes. Besides, the ¢athat the strong ground motion
data banks have been enriched witthgaassing day and the access to them is getting
easier with the agincing technology makekd use of acceleration records recorded

in earthquakes widespread.

1.2.Object and Scope

In this study, general methods and criteria related to the selection of
eartlquake records are evaluated in detaibund motiorrecords are uslly selected
based on éhner the design spectrum or the earthquake scenario with minimum
measuressuch as size, distae andsolil class to represent certain characteristics of
ground motbn. In seismic design regulations, the guidance on how to sekect th
appropriategecorded datis mostly focused on the suitability of the response spectrum
rather thanall theseismologcal measures used in literatuiiéhe recordings should be
selected tanatch a design response spectrum with the help of suitable groiimh
intensity measuresn this scope, nonlinear tirmeistory analyses ofour reinforced
concretdlyover highwaybridgesshall beperformed under a set fdrty-two ground
motion reords The bridgesare selected to represent featuresddferent ratural
periods.The record contained in the ground motion databstsal becompiled from
recorded ground motions witkhe intention to represent a wide range of seismic
demand parameterghus, by collecting the data, the main obje2ctive of this thesis i
to compare seismic dendrparameters with ground motion intensity measures
through coefficiats of correlation and dermination and consequently choosing
bestcorrelated ground motiomtensity measures to predict the severity of ground

motions on angked flyover highway brides.






CHAPTER 2

LITERATURE RE VIEW

With the increasén use d time history analysis while implementing seismic
design becoming more important and gaining reputation, obtaining ground motion
data and using correct data in numerous structural analyses have a very important role
for irregular structures. Hence, choaogi appropriate data is required to estimate
approximate relation between effects on structure and ground motion since there is

very limited information about this problem design codes.

Structural seismic responses are typicalljpated utilizing EquivalerStatic
Earthquake Load Method and Mode Superposition Method in the recent past. As a
result of rapid developments in the field of computational methods, calculation
methods in time history have been widely used in the seisralgsas and design of

strugures.

Static analysis methods are suitable for regular medium to short span bridges
where a higher degree of mode effects is not important. Advance dynamic analysis is
typically required for structures with torsional irregulari;égd nororthogonal
strucures. In the family of dynamic analysis methods, time history analysis is the most
trusted way to determine structural response due to the inclusion of recorded
earthquake effects on the structure per the characteristics of rtteturg and
earthquake mament where dynamic analyses in the time domain can be realized as

linear or nonlinear analys($lajali et al.,2018)



2.1.Time Series Selection in Current Codes
2.1.1.AASHTO Guide Specifications for LRFD Seismic Bridge Design

In Article 3.4.4 ofAASHTO Guide Specificationtor LRFD Seismic Bridge
Design 2011 it is desiredto choose time histories recorded under conditions that are
similar to site seismic conditions. However, because there are the limited tate of
history recordsand multiple seismic environmenproperties are neededground
motion intensity meases have a strong influence on response spectral content,
response spectral shape, duration of strong shaking, andgae ground motion
characteristics, within reasonable ranges, selection of time ibsstoith similar
parameters such as earthquakgmiaides and distances are very important. In order
to avoid using very large scaling factors with recorded motions and very large changes
in spectral content in the spectrumatching approach, it is desiregtorded motions
to be selected shalle somewhiasimilar in overall ground motion level and spectral

shape to the design spectrum

2.1.2.Eurocode 8 Pesign provisions for earthquake resistance of structurgs

Easily accessible waveform databases are avaitatnleevidence shows that
only a relatively limitel number of criteria has to be considered in selection and
scaling to get an unbiased estimation of seismic demand. Like many codes worldwide,
Eurocode 81996allows the use of grournahotion records for the seismic assessment
of structures. The maicondition to be satisfied by the chosen set & the average
elastic spectrum does not underestimate the code spectrum, with a 10% tolerance, in
a broad range of periods depending on the structure's dynamic properties. The
Eurocode 8 prescriptions seémfavor the use of spectrum matching recordtgiabd

either by simulation or manipulation of records.



2.2.Time Series Selection ifPrevious Studies

T

In order to minimize the approximate approach, several studies have been
conducted by comparing intensity measures of ground motions with effects on
strucures.Pej ovi | & Jcamparedvseval jnter®ity inBasures of
ground motions on reinforced concrete structures to estimate the most suitable
intensity measures for flexible and stiff reinfodceoncrete systems. They
concluded that widely used peak ground acceleration value may not b&esuitab
for most cases and other intensity measures must be checked in order to
estimate the most accurate effects.

The most commonly used strongption intendly measuren seismic design

is the acceleration response speckiawever,there is an increasingend
towards displacement artlkde use of energy spectrilot dealing withforce-

based seismic design is due to the acknowledgment that structural damage
camot be controlled by acceleration during earthquakes, and therefore by
controlling displacement ornergy distribution, the damage can be more
effectively limited. For spectrurhased design methods, the type of input is
limited to the analysis method, these new trends provide a better reflection

of the destructive capacity of the movement. In timgdny analysis, it is
important that the accelegram programs used have appropriate those
parameter values that are closely related to damage capg@otymer &
MartinezPereira, 2000)

In some cases, for example for hazard compatibility, acceleration parameters
shouldalso be considered as an effective PBadgett, Nielson & DesRoches,
2007 objected in their article to assess the theattaristics of optimal IMs

for portfolios. They concluded that for relatively high frequency s$tiggiway
bridges with first mode periods ranging between 0.17 s and 0.32 s, PGA (peak
ground acceleration) and spectral acceleration at the fundamental, @artb

for some cases with synthetic motidasm, is the optimal intensity measure

on the basis abn the basis of hazard computability



1 Another study published b$ong, Qan, Qian, Bao, & Lin, 201% about
performing canonical correlation analysis for the selection of optimal ground
motion intensity measures in the prolhabc seismic demand analysis of
bridges with simple reinforced girders. Instead of looking faretation
between intensity measures and demand parameters by individual intensity
measures, they concluded combining intensity measures by taking peak of
some of them orby combining root mean square of some intensity measures
give better results in termsf correlation. They also stated that, for the
individual intensity measures, the velocity type of intensity measures such as
PGV, SMV, HI, VSI, and &us, were more proficient than acceleration and
displacement types of intensity measures.

1 In the report Selecty and Scaling Earthquake Ground Motions for
Performing Responsidistory by NEHRP 2011 choosing different intensity
measure creates different question on scaling and selecting ground motions
acknowledging that there is no intensity measure with peeféictency and

sufficiency. For example, scale may be 2 for PGA (g) while 4 for Al (m/s).
2.3.Time History Record Definitions
2.3.1.Time History Record Types
1 Atrtificially Produced Earthquake Records

In a wide range of intervals, artificial records can be producEdatie exactly
the same as the spectrum of behavioral elastic design acceleration spectrum. These
records can be generated by collecting sinusoidal signals with random phase angles
and amptudes obtained from the power spectral density function of thpliieal
behavior spectrum design acceleration spectfRafooei, Mobarake, & Ahmadi,
2001) Inthis method, the scaling coefficient betweenrdemrdedesponse spectrum
and the target design acceleration spectrum ordinatesldslated in the selected
frequency range, and the power specteaigity function is adjusted with the square

of this scaling coefficient and the recording is corrected. As a result of this pracess



new movement is obtainedhe biggest challenge in ung artificial records is to try

to obtain a single record that cesponds to the design acceleration spectrum that
symbolizes the range of many recorded actions. Since the design acceleration
spectrum is the result of a statistical analysis that takesatount the effect of many
seismic sources simultaneously, the&pm acceleration values corresponding to
different periods may also be derived from earthquakes in different sources. In
addition, the main problem in artificial records is that a lang@unt ofunrecorded
amount ofenergy is expad as a result of thecrease in the number of cycles in

strong motion.
1 Simulated Earthquake Records

Such records are obtained from seismological source models that take into
account the dispersion environmesmd soil characteristics that are the biggest
challenges to acquér In the analyzes used to obtain physically simulated records of
the source and wave dispersion characteristics, the scenario earthquake must be
defined depending on the size and distarioeparticular, where seismic design
regulations are used, mosttbfs information is usually not availablgofooei et al.,

2001)

1 Recorded Eartjuakes

The recordedearthquake contain sound information about the nature and
major characteristics of the eabtlsvibration (amplitude, duration, phase
characteristicsand frequency coant). It also reflects all factors such as the source,
propagationenvironmentand ground that affect the records. Therefore, taking into
account the seismological parameters of the field, the use@fded ground motions
gives a great advantage ovehat alternatives. In addition, the fact that the strong
ground motbn data banks have been enriched with each passing day and the access to
themis getting easier with the advancing technology makes the use of acceleration

datarecorded in earthquakes wgjread.



2.3.2.Ground Motion Records- Intensity Measures

Parameters comped from the ground motion records and parameters
calculated from the response spectra are the two groups of ground motion intensity
parameters. While some of these intensity parameters are based on a single value and
can be obtained dirdgtfrom the gromd motion record or the response spectra, other
parameters can be computed through equations, and thus, involve some calculations
(Yakut & Y éDefinetians an@ éal@uwdadions of some intensity measure

parameters can be seen as follows;

Max. Acceleration (g) Peak Groud AccelerationPGA
Max. Velocity (cm/sec) Peak Ground Velocity, PGV
Max. Displacement (cm) Peak Ground Displacement, PGD

The parameters PGA, PGV, and PGD represent the maximum
amplitudes of acceleration, velocity, and displacement of the records.
Vmax / Amax: (sec)} Peak Velocity and Acceleration Ratio
Acceleration RMS: (g} Root Mean Square of acceleratiopya

The root mean square acceleration arms, is defined as in Equation 1.

ams = 5 “la@r de
' )

The DS is determined from the Husid plot (Husid, 1969), based
on the intervaduring which the 5 to 95% of the total Arias Intensity
IA is accumulated.

Velocity RMS: (cm/sec) Root Mean Square of velocityriMs
Displacement RMS: (cm) Root Mean Square of displacemernyél
Arias Intensity: (m/sec), 1A

The IA iscomputed as in Equan 2.

I Ac—¢ wo 0Qo 2
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Characteristic Intensity (g¥%seé’?), IC
The Characteristic Intensity IC is determined using the relation in

Equation 3.
IC = aRMS3/2 v Lot
©)
Specific Energy Density (cm2/se¢BSED
The Specific Energy Density SED @efined in Equation 4.
_  [ttot 2
SED = t)]° dt
INSEO) "

Cumulative Absolute Velocity (cm/seg)CAV
The Cumulative Absolute Velocity CAV is computed as in Equation 5.
CAV = [[**a(t)dt

©)
Acceleration Spectrum Intensity (g*sec)ASI
The area under thecceleration response spectrum betwaeriods of
0.1 and 0.5 s is defined as the Acceleration Spectrum Intensity and
computed as in Equation 6.
ASI = [7Sa(¢ = 0.05,T) dT

(6)
Housner Intensity (cm), HI
It is defined as the area under the pseuglocity response spectrum
between periods of 0.1 and 2.5 s and cated as in Equation 7.

HI = [/'PSV(& = 0.05,T) dT
@

Velocity Spectrum Intensity (cm) VSI

The Velocity Spectrum Intensity is obtained from the absolute velocity
spectrum, for the same period range as Housner Intensity.
SustainedMaximum Acceleration (g), SMA

The Sustained Mamum Acceleration SMA is the thirdor fifth

highestabsolute value of accelerationthre timehistory.
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1 Sustained Maximum Velocity (cm/seg)SMV
The Sustained Maximundelocity, SMV is the third or fifth highest
absolute value ofelocity in the timehistory

1 Effective Design Acceleration (g)EDA
Effective Design Acceleration, EDA is defined as the peak acceleration
value found after low pass filtering the input time history withuta ¢
off frequency of 9 Hz.

1 A95 parameter (g)
The acceleration parameteP?\is based on the Arias Intensity which
is related to seismidestructiveness. This appears to be a predictable
parameter and therefore can serve many engine@gugements. The
parameter A5 is chosen to be as close to the peak as possible.
However, ag other level caserve as a desigrtceleration(Sarma &
Yang, 1987)

1 Predominant Period (sec),Tp
It is the period at which the maximum spectral acceleration occurs in
an acceleration respsa spectrum calculated at 5% dampifige
predominant period is defined as the period vibration corresponding to
the maximum value of the Fourier amplitude speutru

1 Mean Period (sec)Tm

The mean period (Tm) utilizes the Fourier Amplitude Spectrum,
averagng periods (over a specified frequency range) weighted by the

Fourier amplitudeqEllen, Norman, & Bray, 1998)

1 Max Incremental Velocity (cm/sec)

Bertero et al. (1976fomputedarea undevelocity vs time graprand
called maximum incremental velocity. As a result, the differdreteveen
net increase irground velocity over a uniform segment of time and
maximum ground velocity that may be the resultuaicessive increases in

high-frequency unilateral acceleration increases.

12



1 Sa (T1) (g)- Spectral acceleration at the fundamental period of the
structure

1 Sa(T2) (g) - Spectral acceleration at the period of the structoure
second mode

2.4.Correlation Methods

The twomethodsare used to determine whether there is a relagbween two
series and if so, the direction and severity of that relationdhip. a r Tarrelaiian
coefficient and Rsquared methods have been used in previous studies conducted in

finding correlation between intensity measures and seismic demand parameters.
241Pearsonds Correlation Coefficient (r)

Pearson correlation coefficient is preferriédthe datasetshave a linear
relation If the correlation coefficient is negative, there is anerge relationship
between the two variablékin, 1989) If the correlation coefficient is positive, one of
the variables increasess the otherone increases. Pearson correlation coefficient
varies between 1 and. If it is 1, there is an excellent positive relationship, and if it
is -1 there is an excellent negativelationshiplllustrations of relationships between

two different types of variables are showrigure2-1 to Figure2-3.

r=1

Data Set 2
F=N (=)} [#s]

(3]

0 2 4 6 8
Data Set 1

Figure 2-1: Graph showing perfectly positive correlatio ( Pear sonés correl ation coe
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r=~)

Data Set 2

Data Set 1

Figure 2-2: Graph showing no correlation (Pearsonb6s correl

Data Set 2

Data Set 1

Figure2-3:Gr aph showing perfectly negative c¢clgrrelation (Pear

The Pearsonds correlation coefficient f ol
Equation8.

= nxxy(xx) (xy)

- xx@] [ yPxxy? ] } (8)
wher e; n= number of the pairs of data sets,
set s; xx = sum of the x data sets; Xy= sum o
X datasetsx y | = tlewsqnarexfy data sets
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242Rsquared met hod (R])

Another way to find the correlation is®uared method which can be defined
basically as the square ®fsquatesianetsodwa8s cor
frequently used in presus studies in correlan between intensity measures and
seismic demand parametehs.order to measure the success level of the regression
equationthe statisticatoefficient of determinatio(R]) is usedlt is a statistic that
reflects the predictiveower of the equatioas well as measuring the success of the
regression equatioft.is theaccuracy coefficient used to measure the accuracy of the
model. It is a measure of the suitability of the maated can be computed by using
Equation Cameron & Windmeijer, 1997)

pi Ym)z
B ET(YJ - Ym)z

, SNy
Rh

(9)

where;Ymis observationsyy is observation mean, dy; is prediction.
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CHAPTER 3

DYNAMIC ANALYSIS OF HIGHWAY BRIDGES IN TIME DOMAIN

3.1.Description of Bridges

Flyover typehighway bridges shall be analyzed and discussed in this thesis
since these types of bridges are commonly in use in intensectiaod reflect
nonlinearity in geometryFor superstructure, mle one pietin P2 axisis under equal
loading on both sides with2 prestressesiglers, the other pien P1 axisis loaded
with one complete span witlt? prestressed girders and two sepasgi@ns that have
6 prestressed girders each. Each dpagth is varying between 24.5 m and 26.5 m
among four bridgebetweenthe center of bearnigs. There are 5 ax and they are
namedAl-R, Al-L, P1, P2and A2 respectivelgs seen ifrigure3-1 to Figure3-3.

Al-R, Al-L, A2 represents abutments while P1, P2 represents piers. Dimensions of
thebridges are listedn Table3-1 andTable3-2.

As well as geometrical effectdhe layoutof elastomeric bearingsan also be
arrangedElastomer bearings atgpically usedundereach girderFor economical,
construction and feasibiitissues, less number of elastomeric bearings can be placed
under transverse beams with construction joint connectivity at the ends of girders to
each other~our models are analyzed in this scope with same geometrically nonlinear
superstructures, and déffent connectivity and substructure detaitereafter, FBM1
represents flyover bridge model with total of 8 elastomeric bearings on cap beams
with pierhe ght s of 10 m, and with girdersdé cl
flyover bridge model with t@ll of 24 elastomeric bearings on cap beams with pier
heights of 10 m, and with girdersodo clear
bridge model withtotal of 8 elastomeric bearings on cap beams with pier heights of
20 m, and with @b5%ndand §BM4 epresents flysvprebmdgeo f

17



model with total of 8 elastomeric bearings on cap beams with pier heights cidid m
wi th gir deof245 mdDimersion défeyemaes between four bridges are
shown inTable3-3. Plan view, profile view and cross section of pier axes region can

be seen irFigure3-6 to Figure3-15.

Table3-1: Dimensions in Axes of Bridges to be Analyzed

Axes
Al1-R| Al-L P1 P2 A2
Skew angl | 15 15 0 0 0
Number of columns 0 0 2 2 0
Distances betweenenter
of RC columns(m) ) ) ° ° -
RC Cap beam length (m)| - - 11.9 11.9 -
RC Cap beam width (m) | - - 15 15 -
Expansion joint on RC
deck Yes| Yes No No Yes
Table3-2: Dimensions Betweethe Axes of Bridges be Analyzed
Between Axes Of
Al1-R/P1 | Al-L/P1 | P1/P2 | P2/A2
RC Deck Width (m) 6.1 6.1 12.2 | 12.2
RC Deck Height (cm) 25 25 25 25
PSC Girder height (cm) 100 100 100 100
PSC girder cross section
area (m| ] 0.4491 0.4491 | 0.4491| 0.4491
Number of PSCgirders 6 6 12 12
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Table3-3: Dimension Differences Between Bridge Models

FBM1 FBM2 FBM3 FBM4
Column Heights (m) 10 10 20 40
Column Type Oval Oval Circular Box
. . . 2.5x2.5
Column Dimensions (n) | 1.2x2.5| 1.2x2.5 | 2.1
(t=0.6 m)
Number of Bearings on
8 24 8 8
Cap Beams
Clear Span of Girders (m) | 24.5 24.5 25.5 26.5
Cap Beam Dimensions (m) 1.5x1.2| 1.5x1.2 2.5x1.2 3x1.2
2450 @
:i;ws Be ;%MS X
‘‘‘‘‘‘ =5
= —C _-/—:::// T:w“"
,,,,,,, 2450 Be m 2450

Figure 3-1: Plan View of FBM1 and FBM2
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Figure 3-2: Plan View of FBM3
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Figure 3-3: Plan View of FBM4
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Figure 3-4: Superstructure Details betwedd-P1 axis(Section AA) (Units cm)
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Figure 3-5: Superstructure Details between-R2 axis(Section BB) (Units cm)
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Figure 3-6: Profile view of pier axes region of FBM1
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Figure 3-8: Profile view of pier axes region of FBM3
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22



1190

120 100

cf TRANSVERSE BEAM _
A
_ ]
250 175 | 175 250 170
!
|
774/1/7,7,7 ,7,4%77

Figure 3-10: Cross sectiomf pier axes regionf FBM1
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Figure 3-13: Cross sectiomf pier axes regionf FBM4
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Figure 3-14: Plan view of P2 axis with girders and bearings with 24 elastomeric bearings
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Figure 3-15: Plan view é P2 axis with girdes and bearings witB elastomeric bearings
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3.2.Bridge Analysis Models

Bridges including bearinganalysis models ought to be establistuechiculate
the seismic response of bearings underneatemsei effects. Global structural
displacemats, and member force of bridge are analytically determindidrough
mathematical models. Analytical bridge madehre typically developedusing
acceptableassumptions and simplificationgpresenting the entirgystem and its
parts.Approximations sometigs result in enormougsults. Analysis results can be
checked by simple hand computations for verification psgpdhe computer run
time can be set to short run times so that errors can be detected easilyrectéd.o

Usually, sinple models of bridgesan be used to estate the seismic response.

3.2.1.Analysis Model

Since it is impossible to perform 3D bridge as&ymanually in théime, a
tool is needed for all the calculations and analyzes requi@dthis eason four
separatdridge modelsvith geometric nonlinearitis, whoseggeometiesand features
are mentionedin 3.1, are modeled as ifrigure 3-16 to Figure 3-23 by usng
commercial software SAP2000 v14.ZQomputers & Strucres Inc., 2016y CSI.
Complex models may be generated and meshed in the program. There are no

norlinearities in matedls in the system.
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Figure 3-16: Extrude View of 3D Analysis Model of FBM1

Figure 3-17: Standard View of 3D Analysis Model of FBM1
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Figure 3-18: Extrude View of 3D AnalysModel of FBM2

Figure 3-19: Standard View of 3D Analysis Model of FBM2
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Figure 3-20: Extrude View of 3DAnalysis Model of FBM3

Figure 3-21: Standard View of 3D Analysis Model of FBM3



Figure 3-22: Extrude View of 3D Analysis Model of FBM4

Figure 3-23: Standard View of 3D Angsis Model of FBM4
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Analysis models of highway bridges can be constructed with mainly two
structural components which asaperstructure and substructure. Superstructure and
substructure themselves and their canioas play very impdant role on seismic
effects so they musie modeled accurately. Modelling detaite given irFigure3-24
ard Figure3-25

COMPOSITE SUPERSTRUCTURE RIGID LINKS

\ABUTMENTS

FIXED SUPPORTS

CAP BEAMS

COLUMNS
FOUNDATIONS (FIXED SUPPORTS)

ELASTIC LINKS (BEARINGS)

Figure 3-24: Model elements
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COMPOSITE SUPERSTRUCTURE

RIGID LINKS

ELASTIC LINKS

\ NN/ CAP BEAMS
/ 3

NZ.Q.LUMNS

Figure 3-25:Model Elements (Zoomed in P1 Axis in FBM2)

3.2.1.1.Superstructure

Composite structure can be modeled as a frame element by combining
prefabricated prestresdegirders with in sit cast slabThe supestructure will be
modeled so that eadpanhasthe five elementsThe distributed mass of tlspanis
agglomerated at jits by means of a computer program. The dynamic behavior can
be calcuated with a sufficiennumber of points.n this case, five eteents pespan
are sufficiento simulate mode shapekhe connection of the superstructure from the

center of gravity tahe supporareprovided with rigid elements.

The area and moment of enia of the supersicture consisting of
prefabricated concretgirder (C45%5) and casin-situ concrete slab (CB87) shown
in Figure 3-4 andFigure 3-5 arecalculatedirom the sectioriransformedto C4555.
The newunit densityof thecompositesectionandtransformation can bealculatedas

in the following steps.
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First, C30/37 in situ slab concrete is transformed to C45y5&hanging the
dimensons. Only widths oglabs are changed byultiplying widths with square root

of ratio between C30/37andC45/5 cl ass concretesd modul us

Slab width representing C45/55 concrete between-AP1 axis:
sqrt(30/45)*12.2 9.96 m.

Slab width epresenting C45/55 norete between APlaxis: sqrt(30/45)*6.1
=498 m

Resulting C45/55 composite super sture sections can be seenFigure
3-26 andFigure3-27.

996 3

IO 0E

Figure 3-26: Composite Superstructure Details betweerA2laxis (C45/55junits incm)

100 |

| 498 |

30000

Figure 3-27: Composite Superstructure Details betweerPAlaxis (C45/55funits in cm)

100
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Superstructure is modeled using frame elements haviogegdres of
compositesections. To includesuper imposed deacebdds, density of composite

section has been increased. Super imposed dead loads can be calculated as below;

Super imposed dead loads betweerARIAXiS:
Asphalt: 0.06 x 8.2 x 24 = 11.81 kN/m

Precast sid@anel: 2x 0.08 x 0.7 x 25 = 80kN/m
Pedestrian iing: 2 x 1.5 = 3.00 kN/m
Guardrails: 4 x 0.5 = 2.00 kN/m

Sideways: 1 x 4 x 0.25 x 25 = 25.00 kN/m
Total: 44.61 kKN/m = 4.55 ton/m

Super imposed dead loads betweerPA1AXis
Asphalt: 0.6 x 4.1 x 24= 5.90 WN/m

Precast side pah& x 0.08 x 0.7 x 2 = 2.80 kN/m
Pedestrian railing: 2 x 1.5 = 3.00 kN/m
Guardrails: 2 x 0.5 = 1.00 kN/m

Sideways: 1 x2x0.25x25=1250 kN /m

= =4 4 4 -2

= =4 A4 A4 -

Total :25.20 kN/m =2.57 ton/m
Composite superstructure aredvieen P1A2 axis: 7.2 m|
Composite supensicture area betweekl-Plaxis:3.93m |

Super imposed dead loads as a unit detstween PJA2 axis: 4.55/7.82 =
0.58 ton/ mj

Super imposed dead loads as a unit detstyween AIP1 axis: 2.57/3.93 =
0.65 ton/m

Considerig concre¢ weight density is @proximately 2.5 tomj ; wei ght
density is modeled as 2.50+0.58=3.@80 n / mj b eAR veeise and &51
2.50+0.65=3.15 -Rlets/ mj bet ween Al
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Geometrical properties of superstructure assigned to model canrb&sae
figures betwer Figure3-26 andFigure3-31.

Property Data
Section Name |USTYAPLS
— Properties
Cross-section (axial) area W Section modulus about 3 axis IO—
Torsional constant |0'0313 Section modulus about 2 axis IO—
Moment of Inertia about 3 axis I()Sfiﬁ— Plastic modulus about 3 axis IO—
Moment of Inertia about 2 axis |10-0675 Pastc modulus about 2axis -
Shear areain2drection |>9293 Radius of Gyration about 3 axis |0-4025
Shear areain 3drecton  |>92%3 Radius of Gyration about 2 axis | 6007

ok cancel |

Figure 3-28: CompositeSuperstructuré&seometrical Properties between-R1 axis

Property Data
Section Name [USTYAPL12
— Properties
Cross-section (axial) area IT'M Section modulus about 3 axis Iﬂ'
Torsional constant [o-0625 Section modulus about2 axis  |0-
Moment of Inertia about 3 axis |1-26%4 Plastic modulus about 3axis |0
Moment of Inertia about 2 axis |80-3573 Plastic modulus about 2 axis  |0-
Shesrareain2drection 78222 Radius of Gyration about 3 axis |0-4052
Shesrareain 3drection 78222 Radius of Gyration about 2 axis |3-2057
L | Cancel |

Figure 3-29: Composite Superstructure Geonegl Properties betwen P1A2 axis
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General Section

Section Name [usTvaps
Section Notes Modify/Show Hotes... |
~Properties ——— ~ Property Modifiers — — Material
Section Properties... | { Set Modifiers... +[[concssarrm <]
— Dimensi ' —
Depth (13) 125 / 3
Width (12) 6.

Display Color .

cancel |

Figure 3-30: Composite Superstructure Local Axes betweeAhxis

General Section

Section Name [usTvaPL12
Section Notes Modify/Show Notes.. |
—Properties —— - Property Modifiers — — Material
Section Properties... | { SetModifiers.. | || +|[concssaip ~|
— Di - .
Depth (13) [125 i
Width (12) [z

N

Display Color .

TR cancel |

Figure 3-31: Composite Superstructure Local Axes betwREA2 axis

Material properties assigned to superstructures can be seekiffora3-32
andFigure3-33.
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Material Property Data

— General Data
Material Name and Display Color [cONC-SS-A1-P1 N
Material Type | Other -]
Material Notes Modify/Show Notes... |
- Weight and Mass Unts
Weight per Unit Voume B8 [font,mec  ~]
Mass per Unit Volume IU_3141
~Isotropic Property Data
Modulus of Elasticty, E 3172980.
Poisson’s Ratio, U fo2—
Coefficient of Thermal Expansion, A 9.900E-06
Shear Modulus, G 1322075.

Figure 3-32Material properties of superstructure between sxd AXP1

Material Property Data

—General Data
Material Name and Display Color [conc-ss-P1-A2 |
Material Type IO‘mer |
Material Notes Modify/Show Notes... |
- Weight and Mass Units
Weight perUnt Voume ~ |BE || [TorrmcC  v|
Mass per Unit Volume IC'. 3212
~ Isotropic Property Data
Modulus of Elasticty, E 3172980.
Poisson's Ratio, U o2~
Coefficient of Thermal Expansion, A 9.900E-06
Shear Modulus, G 1322075,

Figure 3-33: Material properties of supeticture between axes of AR
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3.2.1.2.Sub structure

M1 Abutments

Abutments are the earttetainingstructures that also support end of

super structure. In engineering practice, abutment structures are either modeled

by an equivalent spring or with a fixed suppodse. For simplicity, the

abutrrents are assumed to be simulabgdfixed supports in transion and

rotation.

1 Columns and Cap Beams

In order to see the direct effects of earthquakes on the whole structure,

the dimensions of the columns acap beamsvereselected not to have plastic

response.

Geometrical propertied ocap beam and column assignedhitodel can be seen
in Figure3-34to Figure3-37.

Section Name [BasLK
Section Notes Modify/Show Notes.. |
Properties Property Modifiers Material
Section Properties... I Set Modifiers... ‘ ll CONC v
Dimensions.
Depth (13) 12 | |
Width (12 1.5 HT
3 mum|
I I I
Property Data
Section Name [EIASLIK
Properties
Cross-section (axial) area 18 Section modulus about 3 axis 0.36
Torsional constant 0.4434 Section modulus about 2 axis 0.45
Moment of Inertia about 3 axis 0.218 Plastic medulus about 3 axis 0.54
Moment of Inertia about 2 axis 0.3375 Plastic modulus about 2 axis 0675

Shear area in 2 direction 15
Shear area in 3 direction 15

Radius of Gyration about 3 axis 0.3464
Radius of Gyration about 2 axis 0.433

Figure 3-34: Cap Beam Geometrical Properties
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Column moment of inertias in both weak and strong waydaceeased with
the ratio of 0.5 to account for cracking.

Property Data
Section Name |KOoLON

— Properties
Cross-section (axial) area il Section modulus about 3 axis 0.4795
Torsional constant 0.8924 Section modulus about 2 axis |  0.9326
Moment of Inertia about 3 axis | 02877 Plastic modulus about 3axis | 07532
Moment of Inertia sbout 2 axis | 1-1658 Plastic modulus about 2 axis 1.5227
Shear area in 2 direction [ 2334 Radius of Gyration about 3 axis [ 03274
Shear area in 3 direction 23191 Radius of Gyration about 2 axis I 0.6591

Frame Property/Stiffness Modification Factors

— Property/Stifiness Modifiers for Analysis
Cross-section (axial) Area [
Shear Area in 2 direction [
Shear Area in 3 direction [
Torsional Constant I1—
Moment of Inertia about 2 axis s
Moment of Inertia about 3 axis s
Mass I1—
Weight [

Figure 3-35: FBM1 & FBM2 Column Geometrical Properties
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Property Data

Section Name [kolon_daire

Properties
Cross-section [axal) area 34636 Section modulus about 3 axis IW
Torsional constant IW Section modulus about 2 asis IW
Moment of Inertia about 3 axis IW Plastic modulus about 3 axis IW
Moment of Inertia about 2 axis IW Plastic modulus about 2 axis IW
Shewmeain2diecion | 21172 Rlacius of Gyretion about Jasis | 0825 |
Shear area in 3 direction [3T72 Radis of Gyration about 2aés | 0025

Circle Section

Section Name |kolon_daire
Section Notes Maodify/Show Nates. .. |
Propeities 1~ Property Modifiers Matenal
Section Propettes... | ‘ Set Modifiers.. | | |+ |[CONC -]
Dimensions
b
Diameter [t3) 21 X

'--.\

Display Color |

Frame Property/Stiffness Modification Factors

Property/Stiffness Modifiers for Analysis

Cross-section [axial] Area |1
Shear Area in 2 direction [
Shear Avea in 3 direction 1
Torsional Constant [
Moment of Inertia about 2 axis ID-5
Moment of Inertia about 3 axis ID-5
Mass |1
Weight [

Figure 3-36: FBM3 Colunn Geometrical Properties
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Property Data

Section Name

|kolon_box

Properties

I 456
Torsional constant I 41154
Maoment of Inertia about 3 axis I am72
Maoment of Inertia about 2 axis I 30172
I al

Cross-section [axial] area

T
T
.
.
T

Section modulus about 3 axis
Section modulus about 2 axis
Plastic modulus about 3 axis
Plastic modulus about 2 axis

Shear area in 2 direction Radius of Gyration about 3 axis
Shear area in 3 direction | 3. Radius of Gyration sbout 2ais | 08134
Box/Tube Section
Section Name |kolon_box
Section Notes Modify/Show Notes... |
Properties Property Modifiers Material
Section Propeties... | SetModiiers.. | || +|[conC v
Dimensions
Outside depth (3] [25 :
Dutside width (12 [25
Flange thickness [tf) 0B 3
Web thickness [ tw) o8
DisplayColor |

Frame Property/Stiffness Modification Factors

Cross-sechion (axial] &rea
Shear &rea in 2 direction
Shear Area in 3 direction
Torsional Constant

Moment of Inertia about 2 axis
Moment of Inertia about 3 axis
Mass

Weight

Property/Stiffness Modifiers for Analysis

Figure 3-37: FBM4 Column Geometrical Properties
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Since there are no expansion joints lo@ pier regions, slabs are idéiet in
the model as a unifyinglement between composite sigterctures.Slab

geometrical properties can been fronfFigure3-38.

wy [
"2
Section Name [DOSEME
Section Notes Modify/Show Notes... |
Properties Property Modifiers Material
| Section Properties... l Set Modifiers... | l”cgnc j L
Dimensions
p
Depth (3 ) 0.25
Width (12) 12

(%]

Property Data

Section Name IDOSEME
Properties
Cross-section (axial) area 3. Section modulus about 3 axis 0.125
Torsional constant 0.0617 Section modulus about 2 axis 6.

Moment of Inertia about 3 axis 0.0156 Plastic modulus about 3 axis 0.1875

Moment of Inertia about 2 axis W Plastic modulus about 2 axis #
Shear area in 2 direction 25 Radius of Gyration about 3 axis W
Shear area in 3 direction 25 Radius of Gyration about 2 axis W

Figure 3-38: SlabGeanetrical Properties
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Material properties assigned to substructures can be seen from

Material Property Data

—General Data
Material Name and Display Color [conc [
Material Type I Concrete :]
Waterial Notes Modify/Show Notes... |
~ Weight and Mass ~ Units
Weight per Unit Volume IE |Tonf, m,C :]
Mass per Unit Volume IU.254B
— Isotropic Property Data
Modulus of Elasticity, E [2s00700.
Poisson’s Ratio, U o2—
Coefficient of Thermal Expansion, A [o.900e06
Shear Modulus, G TEEEN
— Other Properties for Concrete Materials
Specified Concrete Compressive Strength, fc |3000—
™ Lightweight Concrete
Shear Strength Reduction Factor I—

Figure 3-39: Material properties of substructures
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3.2.1.3.Connections

Superstructure is connected to each elastomeric bearing with rigid links. Since
superstructure is modeled with frame elements, and the loafetremsubstructure
are made tlmugh these rigid links. In ordeo transfer and distribute tre®ffects,

simge relatively rigid material is assumed. These rigid links also have no weight.

Section Name RIGID
Section Notes Modify/Show Notes... |
Properties Property Modifiers Material
Section Properties... l Set Modifiers... l”qmg j
Dimensions I
Depth (13) 0.1 ,L\
Width (2 ) 0.1

Yroperty Data

Section Name IRIGID

Properties

Cross-section (axial) area 50. Section modulus about 3 axis 1.
Torsional constant 50. Section modulus about 2 axis  |1-
Moment of Inertia about 3 axis | 100- Plastic modulus about 3 axis 1.
Moment of Inertia about 2 axis |100- Plastic modulus about 2 axis 1.
Shear area in 2 direction 1. Radius of Gyration about 3 axis 1.
Shear area in 3 direction 1. Radius of Gyration about 2 axis 1.

Cancel

Figure 3-40: Rigid Link Geometrical Properties
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Material Property Data

General Data

Material Name and Display Color |R|G|D .
Material Type [other =]
Material Notes Modify/Show Notes... |
Weight and Mass Units
Weight per Uni Volume o] [Tontmc ~|

Mass per Unit Volume 0

Isotropic Property Data

Modulus of Elasticity, E 2364900,

Poisson’s Ratio, U |027
Coefficient of Thermal Expansion, A [es00E-08
Shear Modulus, G fogsars.

Figure 3-41: Rigid link material properties

In models of BM1, FBM2, FBM3 and FBM4 bearingigidities are
considered to bequal. The collision tabutmenwill be avoided with proper gaps.

Eventually, there are no nonlinearities in deformations or materials, but geometrical.

STEEL PLATES ATTACHED TO ELASTOMER
INNER ELASTOMERIC LAYERS

Figure 3-42: ElastomericBearing Dimensions in Profile view
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Figure 3-43: Elastomeric Bearing Dimensions in Rlaview

Compressive stress, rtitan, and stability check of edéeomeric bearings can
be found in Appendix D.
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3.2.2.Modal Analysis Results

In modal analysis of four bridges, modal periods and mass participation ratios

in first 15 modes are given irable3-4 to Table3-7.

Table3-4: FBM1 Participating Mass Ratios

FBM1 Modal Participating Mass Ratios
OutputCase StepType StepNum| Period UX Uy uz SumUX | SumUY | SumUz
Text Text Unitless Sec Unitless Unitless Unitless Unitless | Unitless | Unitless
MODAL Mode 1 1.25 0.92 0.00 0.00 0.92 0.00 0.00
MODAL Mode 2 1.03 0.00 0.86 0.00 0.92 0.86 0.00
MODAL Mode 3 0.90 0.00 0.00 0.00 0.92 0.86 0.00
MODAL Mode 4 0.31 0.00 0.00 0.07 0.92 0.86 0.07
MODAL Mode 5 0.28 0.00 0.00 0.04 0.92 0.86 0.10
MODAL Mode 6 0.25 0.00 0.00 0.00 0.92 0.86 0.11
MODAL Mode 7 0.25 0.04 0.00 0.00 0.96 0.86 0.11
MODAL Mode 8 0.24 0.00 0.00 0.56 0.96 0.86 0.67
MODAL Mode 9 0.22 0.00 0.00 0.00 0.96 0.86 0.67
MODAL Mode 10 0.22 0.00 0.00 0.00 0.96 0.86 0.67
MODAL Mode 11 0.20 0.00 0.00 0.00 0.96 0.86 0.67
MODAL Mode 12 0.13 0.00 0.10 0.00 0.96 0.96 0.67
MODAL Mode 13 0.08 0.00 0.00 0.00 0.96 0.96 0.68
MODAL Mode 14 0.08 0.00 0.00 0.00 0.96 0.96 0.68
MODAL Mode 15 0.08 0.00 0.00 0.00 0.96 0.96 0.68
Table3-5: FBM2 Participating Mass Ratios
FBM2 Modal Participating Mass Ratios
OutputCaseStepTypdqStepNur| Period UX Uy uz SumUX | SumUY | SumUZ
Text Text | Unitless| Sec Unitless | Unitless| Unitless | Unitless| Unitless| Unitless
MODAL | Mode 1 0.84 0.94 0.00 0.00 0.94 0.00 0.00
MODAL | Mode 2 0.50 0.00 0.91 0.00 0.94 0.91 0.00
MODAL | Mode 3 0.39 0.00 0.00 0.00 0.94 0.91 0.00
MODAL | Mode 4 0.30 0.00 0.00 0.07 0.94 0.91 0.07
MODAL | Mode 5 0.28 0.00 0.00 0.03 0.94 0.91 0.09
MODAL | Mode 6 0.24 0.00 0.00 0.57 0.94 0.91 0.66
MODAL | Mode 7 0.22 0.00 0.00 0.00 0.94 0.91 0.66
MODAL | Mode 8 0.18 0.00 0.00 0.00 0.94 0.91 0.66
MODAL | Mode 9 0.18 0.00 0.00 0.00 0.94 0.91 0.66
MODAL | Mode 10 0.18 0.00 0.00 0.00 0.94 0.91 0.66
MODAL | Mode 11 0.17 0.02 0.00 0.00 0.96 0.91 0.66
MODAL | Mode 12 0.10 0.00 0.05 0.00 0.96 0.96 0.66
MODAL | Mode 13 0.09 0.00 0.00 0.00 0.96 0.96 0.66
MODAL | Mode 14 0.08 0.00 0.00 0.00 0.96 0.96 0.67
MODAL | Mode 15 0.08 0.00 0.00 0.00 0.96 0.96 0.67
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Table3-6: FBM3 Participating Mass Ratios

FBM3 Modal Participating Mass Ratios

OutputCaseSte pTypgStepNun] Period UX Uy Uz SumUX | SumUY | SumUz

Text Text | Unitless| Sec Unitless | Unitless| Unitless | Unitless| Unitless| Unitless
MODAL | Mode 1 1.47 0.87 0.00 0.00 0.87 0.00 0.00
MODAL | Mode 2 1.25 0.00 0.85 0.00 0.87 0.85 0.00
MODAL | Mode 3 0.98 0.00 0.00 0.00 0.87 0.85 0.00
MODAL | Mode 4 0.44 0.00 0.00 0.00 0.87 0.85 0.00
MODAL | Mode 5 0.42 0.04 0.00 0.00 0.91 0.85 0.00
MODAL | Mode 6 0.39 0.00 0.00 0.00 0.91 0.85 0.00
MODAL | Mode 7 0.38 0.00 0.08 0.00 0.91 0.92 0.00
MODAL | Mode 8 0.32 0.00 0.00 0.06 0.91 0.92 0.06
MODAL | Mode 9 0.29 0.00 0.00 0.03 0.91 0.92 0.08
MODAL | Mode 10 0.25 0.00 0.00 0.46 0.91 0.92 0.54
MODAL | Mode 11 0.24 0.00 0.00 0.01 0.91 0.92 0.55
MODAL | Mode 12 0.23 0.00 0.00 0.00 0.91 0.92 0.55
MODAL | Mode 13 0.22 0.00 0.00 0.00 0.91 0.93 0.55
MODAL | Mode 14 0.12 0.05 0.00 0.00 0.96 0.93 0.55
MODAL | Mode 15 0.12 0.00 0.00 0.00 0.96 0.93 0.55

Table3-7: FBM4 Particpating Mass Ratios
FBM4 Modal Participating Mass Ratios

OutputCase StepType StepNum| Period UX Uy uz SumUX| SumUY| SumUZ

Text Text | Unitless Sec Unitless Unitless Unitless | Unitless | Unitless| Unitless
MODAL Mode 1 1.78 0.80 0.00 0.00 0.80 0.00 0.00
MODAL Mode 2 1.59 0.00 0.82 0.00 0.80 0.82 0.00
MODAL Mode 3 1.05 0.00 0.00 0.00 0.80 0.82 0.00
MODAL Mode 4 0.70 0.00 0.00 0.00 0.80 0.82 0.00
MODAL Mode 5 0.66 0.00 0.00 0.00 0.80 0.82 0.00
MODAL Mode 6 0.63 0.00 0.04 0.00 0.80 0.86 0.00
MODAL Mode 7 0.62 0.04 0.00 0.00 0.84 0.86 0.00
MODAL Mode 8 0.36 0.00 0.00 0.04 0.84 0.86 0.04
MODAL Mode 9 0.34 0.00 0.00 0.00 0.84 0.86 0.04
MODAL Mode 10 0.33 0.00 0.00 0.02 0.84 0.86 0.06
MODAL Mode 11 0.29 0.00 0.00 0.00 0.84 0.86 0.06
MODAL Mode 12 0.27 0.03 0.00 0.14 0.87 0.86 0.20
MODAL Mode 13 0.27 0.04 0.00 0.05 0.91 0.86 0.25
MODAL Mode 14 0.27 0.00 0.00 0.16 0.91 0.86 0.41
MODAL Mode 15 0.25 0.00 0.00 0.00 0.91 0.86 0.41

The mass pécipation ratios are about 90% the first mode in bridge

longitudinal direction.

First three mode shapes of four bridges are illustrat€ture 3-44 to Figure
3-46.
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FBM2
T:= 0.84s

T= 1.47s T1=1.78s FBM4

Figure 3-44: First mode shapeof bridges

FBMI1 FBM2
To= 1.03s A% T,= 0.50s

A

T= 1.59s FBM4

Figure 3-45: Second mode shapes of bridges
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Figure 3-46: Third mode shapes of bridges

In addition to modal analysis, a new uniformly distributed unit loads are
introduced to the system. As well as affectiragural periodsieduction inhe number
of bearings alsaffeds the load distributiobetweenabutmentsand columnsEach

span is loded with total force of 14000 tonfhe loads giverran be seen iRigure

3-47.
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Figure 3-47: Uniformly distributed unit loads

In order to understand the load distribution between columns and abutments,
basereactions resulted from a newifammly distributed unit loadsntroduced to the

system can beotnpared.
In FBM2, the total base reaction in P2 axis is 6522 tonf.
In FBM2, the total base reaction in A2 axis is 14616 tonf.
In FBM1, the total base re@ah in P2 axis is 9548 tonf.
In FBM1, the total base reactiom A2 axis is 11590 tonf.

To cortlude, not only number of bearings is affecting seismic effects on
bridge, butnumber of bearings can also be arranged to optimize load distribution

between bdge elements. This might be usedeconomical purposes.

When the damages in the bridge colusnvhich are subjected to strong
earthquake movements are examirmelring coniions of the structures as well as

the columnrigidity and heightsaffect the bkavior of these structures. Thele of
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bearings in the behaviof bridges can significantly fluence the rigid superstructure
behavior and thus the maximum behavior cary \greatly in addition to column
rigidities and heightsThe elasticity of elastoemic bearings, which have vergw
horizontal stiffness compared vertical stiffness, gives ¢hsystem a great flexibility

in the horizontal direction.

3.3.Ground Motion Records

Using PEERNGA-West DatabasgYang, Moehle, & Stojadinovic, 2009)
forty-two earthquake records are sedeciclassified for different soil classes,
magnitudesthe distarce between the source and faméchanismThe earthquake
recordsto be used in nonlinear time tosy analysisare usually selected based on
either the design spectrum or the earthquake scebg checking few prameters
such as size, distance and grouwtass to represent certain chaeteristics of ground
motion. In seismic design codes, the guidamn how to select the appropriate
recorded dates mostly focused on the suitability of tresponse spectrum rather than
sesmological parameters. The redsrto be selected for a givergien should be
matched with the response spectrum generated b$disenic Hazard Analysis and
should provide geological and seismological conditions. Sincendgmitude of the
earthquake infiences the frequency contentasturation of the ground motioit,is

very important to select the records of appropriate size.

It is possible to mention three different sources where earthquake records can
be obtained. Tése are the design acceleratspectruramatched recordings, sae,
and wave propagation chatexstics, physically simulated recordingsnerated using

artificial paths and recordings froracordecdearthquakes.

The Pacific Earthquake Engineering ReskarCenter accumulates the
propertes of earthquakes and accelenatrecords in a databage.E E Robjective is
to be included in the development of ultimate pemancebased earthquake

engineering applications. According to PEER official website, by ME\2PEER
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NGA-East database inales the twoand threecomponenhgroundmotion recordings

from numerous selected events (M > 2.5, distances up to 1500 km)eddarthe
Central and Eastern North America (CENA) region since 1988. The database contains
over 29,000 records from 81 earttadke events and 1379 recordingt®ns. The
database includesnte series and pseudpectral acceleration (PSA) for the 5%
dampel elastic oscillators with periods ranging from 0.01 to 10 sec. Additionally, the
NGA-East dabase includes Fourier amplitusfgectra (FAS) of the processgdund
motions (Yang et al., 2009)

Ground mabns from three different Ricntebs magni tudes 1 nter
soil classes were chosen. Each combination forms a group meaning there shall be
analyzed six different groups in this thesis. For each group, seven groundsrasg
determined. Ezh groundmotion is labeled in terms ofsigroup propertiedn order
notto have difficulties while selecting earthquake ground motion data, most common
soil classes, magnitudes are preferred. Soil clasg2ai@magnitudes of 6.@.5 and
7.0defined n Table3-9 are selected by considering strike slip and far fault (between
15-30 km) behavior42 different earthquake records were seleetét variety of
magnitudesvMw = 6.0, 6.5 or 7.0,s0il classes Cral D defined inTable3-8 whose
shearwave velociies, Vszo varies from to 180 msecto 540 m/ec by looking at
common shear wave velocities map Rigure 3-48, and fault distances ranging
between 1%and 30 kilometers. Magnitudes066.5 and 7.0 are named as 60, 65, 70
respectively. For instance, an earthquake record with label 60CI2 can be divided into
four parts as 60(Mw=6.0), C (Solkss C), | (Intermediate falistance to fault), 2 (¥
earthquée records in the group). 42 daguake records are listed Table3-10 and
Table3-11. Acceleration vs time graphs of 42 oeded ground motions can be found
in Figure F 1 to Figure F 42
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Slope based V530 Map Viewer

Figure 3-48: Shear wave velocitgAllen & Wald, 2007)

Table3-8: Soil Type<Llassification(Building Sesmic Safety Council, 2003)

Soil type o Velocity to 30 m {n/s)
General description
NEHRP Average shear vave
A Hard rock > 1500
B Rock 760 < Vs (
Very dense soil and soft
C 360 < Vs
rock
Stiff soi l 15 N R
D 180 O VsO

kPa O Sua O

Soil or any profile vith
more than 3 m of soft clay
E defiled as O 180
soil with PI

and Su < 25 kPa.

Soils requiring sitespecific

evaluations
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Table3-9: Classificaion of earthquakedepending omagnituds (Academy & Karlo, 1962

Magnitude 2.5 ordss (Minor)

They arevery light and light
earthquakes.

Magnitude 2.5 to 5.4 (Moderate)

Plasters are cracked and poured in
buildings.

Magnitude 5.5 t®.0 (Severe

Earthquake is félinside and outside th

Earthquake) building.

Magnitude 6.0 to 7.0 (Stran Populaéd environments are under a I¢
Earthquake) of damage.

Magnitude 7.0 to 7.9 (Major This type of earthquake causes seriol
Earthquake) damages

Magnitude 8.0 or more (Great
Earthquakg

Total destruction may happen around
epienter.

Table3-10: Selected Ground Motions from PEER Databgg2)

GM Earthquake ) . ) . Vs30
Label Name Year Station Name Magnitudel Mechanism Rjb (km)| Rrup (km (misec
Whitewater . .
60CI1| Joshua Tree_CA| 1992 6.1 Strike Slip| 28.97 29.4 | 425.02
Trout Farm
60CI2| Chalfant Valley-02 1986 Lake Crowley 6.19 | Stike Slip| 22.08 | 24.47 |456.83
Shehorn Res.
60CI3|  Morgan Hill | 1984 Corralitos 6.19 | Strike Slip| 23.23 | 23.24 | 462.24
60CI14| Chi-Chi_Taiwan-04 1999 TCU122 6.2 | Strike Slip| 23.14 | 23.19 | 475.46
60CI5 Parkfield 1966 | Temblor pre-1969 | 6.19 | Strike Slip] 15.96 | 15.96 | 527.92
Mammoth Bishop . )
60CI6 P, 1980 | . ieetodge | 594 | StikeSip 18.85 | 2386 | 585.12
60CI7 Basslf;;”eno 1978 Naso 6 Strike Slip| 17.15 | 19.59 | 620.56
60DI1 Westmorland 1981 Niland Fire Station 5.9 Strike Slip| 15.16 15.29 212
60DI2|  MorganHil | 1984 | HoWsterDifferentiall o | oo sipl 26.42 | 26.43 | 215.54
Array #3
60DI3| Parkfield-02_ CA| 2004 Parkfield 6 Strike Slip| 15.45 | 15.79 |232.44
- Gold Hill 6W P : :
60DI4|  Morgan Hill | 1984 Agnews State 6.19 | Strike Slip| 24.48 | 24.49 | 239.69
Hospital
60DI5| Chi-Chi_Taiwan-G4 1999 CHY101 6.2 | Strike Slip| 21.62 | 2167 | 258.89
60DI6| Joshua Tree_ CA| 1992 | Indio - Jackson Rogdd 6.1 Strike Slip| 25.04 25.53 | 292.12
60DI7| Chalfant Valley-01 1986 B'Sg‘c’)’fn'hLSAtDWP 577 | StikeSlip| 23.38 | 23.47 |303.47
65CI1| Imperial Valley-08 1979 Superstition 6.53 | Strike Slip| 24.61 | 24.61 |362.38
Mtn Camera
65CI2 Big Bear-01 1992 | Highland Fire Statioh 6.46 Strike Slip| 26.18 26.47 | 362.39
65C13|  BigBear-01 | 1902 | MorongoValley | o | Stike Siip| 27.96 | 29.06 | 396.41
Fire Station
65CI4| Imperial Valley-06| 1979 Cerro Prieto 6.53 Strike Slip| 15.19 15.19 | 471.53
65CI5| Tottori Japan | 2000 OKY004 6.61 | Strike Slip| 19.72 | 19.72 | 475.8
65CI6| Tottori Japan | 2000 SMNHO02 6.61 | Strike Slip| 23.64 | 23.64 | 502.66
65CI7| Tottori_ Japan | 2000 OKYH09 6.61 | Strike Slip] 21.22 | 21.22 | 518.92
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Table3-11: Selected Ground Motions from PEERtBbasg2/2)

GM Earthquake . . . . Vs30
Label Name Year Station Name Magnitudel Mechanism Rjb (km)| Rrup (km (misec
65DI1 | Superstition Hills-0p 1987 El Centro 6.54 | StrikeSlp| 182 | 18.2 |192.05

Imp. Co. Cent
65DI2| Imperial Valley-06 1979 | EIl Centro Array #14  6.53 Strike Slip| 17.94 17.94 | 196.88
65DI3| Superstition Hills-0p 1987 Brawley Airport 6.54 Strike Slip| 17.03 17.03 | 208.71
65DI14| Northern Calif-03| 1954 Ferndale City Hall 6.5 Strike Slip| 26.72 27.02 | 219.31
65DI5| Imperial Valley-06 1979 El Centro Array #1 6.53 Strike Slip| 19.76 21.68 | 237.33
65DI6| Victoria_ Mexico| 1980 Chihuahua 6.33 Strike Slip| 18.53 18.96 | 242.05
65DI7 Tottori_ Japan 2000 OKY005 6.61 Strike Slip| 28.81 28.82 | 293.37
70CI1 Landers 1992 Fun Valley 7.28 Strike Slip| 25.02 25.02 | 388.63
70CI2 Darfield 2010 SPFS 7 Strike Slip| 29.86 | 29.86 | 389.54
New Zealand
70CI3 Landers 1992 | MorongoValley |2 o0l ke slipl 17.36 | 17.36 | 396.41
Fire Station
Darfield Heathcote Valley . .
70Cl14 New Zealand 2010 Primary School 7 Strike Slip| 24.36 24.47 422
70CI5 Landers 1992 Whitewater 7.28 | Strike Slip| 27.05 | 27.05 | 425.02
Trout Farm
70CI16 Duzce_ Turkey | 1999 Lamont 362 7.14 Strike Slip| 23.41 23.41 517
70C17 Darfield 2010 LPCC 7 Strike Slip| 25.21 | 25.67 | 649.67
New Zealand
7ooi1| F' Ma&g;g:capa 2010 Chihuahua 72 | StikeSlp 18.21 | 19.47 | 242.05
7op12| E' Ma&z;ngapa 2010 TAMAULIPAS 72 | Strike Slp| 2532 | 26.55 | 242.05
Darfield Styx Mill . .
70DI3 New Zealand 2010 Transfer Station 7 Strike Slip| 20.86 20.86 | 247.5
Darfield : .
70D14 2010 ADCS 7 Strike Slip| 28.46 31.41 | 249.28
New Zealand
70DI5 Kobe_ Japan 1995 Abeno 6.9 Strike Slip| 24.85 24.85 256
70DI16 Kobe_ Japan 1995 Fukushima 6.9 Strike Slip| 17.85 17.85 256
70D17 Kobe_ Japan 1995 Morigawachi 6.9 Strike Slip| 24.78 24.78 256
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3.4.Seismic Demand Paameters

Ydmaz & Caglayan, 201tonducted a study about selection of intensity
measure in probabilistic seismic risk assessment of a Turkish railway bridge and chose
demand parameter as jointglecement in their bridges resudtérom nonlinear time

history analysis.

Yakut & Y é damed 2out ac@ntp@tEensive studinvestigate the
correlation between maximum inter story drift demand of frame structures and a

number of widely used grod motion intensity parameters.

The seismic demand of bridges is described with the pier which is the key
component of the bridge specifically in analyzing in terms of earthquake aspects. In
this study, as alternative demand parameters to other studessh&ar and moment
forces on tk bottom of piers were used as the seismic demand parameters of
corresponding components resulted from nonlinear time history analysis. The
component seismic demands and the correlation coefficient between them were
calcubted based on the nonlinear timstbry analysis for the 4 bridge samples with

42 different ground motions.

Each ground motion has 3 components; ®dest (H1), NorthSouth (H2),
and Vertical (U). The vertical component can be eliminated as it is tlotezbtground
motions are far enougb faults. The remaining two components are introduced in two
directions in analysis model as bridge longitudinal (U1) and transverse (U2) direction.
This results for each ground motion to be analyzed 4 times in the deopa-or
example, 60CI1 ground mtion has 4 components labeled as 60CI1_H1 Ul
60CI1_H1 U260CI1 H2 Ul, and 60CI1_H2 UZ2. This results in 168 different runs
for 42 ground motions. The sketch of this application can be sdegure3-49.
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60CI1-H1-U1
60C11-H2-U1

60CI1-H1-U2
60CI1-H2-U2

Figure 3-49: Ground motion different components application

During nonlinear time historyanalysis for each ground motion, response
quantties are tracked at each time step. fieenandguantities not explicitly tied to
the transverser longitudinal bridge direction are calculated at each time step using
the squargoot-sumof-squares (SRSS) combination of the two lateral directiems.
example, for 60CItH1 earthquake, demand parameter equation is resulted;

Resultant load of 60CiH1= A
Resultant load of 60CiH1-U1=B
Resultant load of 60CiH1-U2=C

A=a(B|] +CJ]) (10)
Avalue in Equation 10 shall then be compared with ground motion intensity

measures of relevant earthquakealue in Equatiodl0 can be axial force, shear force

or moment force.

For 60CI1_H1 earthquake, seismic demand pa@s can be calculated by
using seismic demand parameter§igure3-50to Figure3-54.
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60CI1_H1-Ul
P=1.04 tonf

60CI1_H1-U2
P=41.68 tonf

Figure 3-50: Axial force (P)atthe ttom ofright column inaxis P1 in FBM1in two directions of 60CI1_H1

60CI1_H1-Ul
V2=17.25 tonf

60CI1_H1-U2
V2= 0.05 tonf

Figure 3-51: Shearforce (V2) in bridge longitudinal directiorat the bottom of right column in axis P1 in FBM1
in two directions of 60CI1_H1
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60CI1_H1-U1
V3=0.32 tonf

60CI1_H1-U2
V3= 31.00 tonf

two directions of 60CI1_H1

Figure 3-52: Shearforce (V3) in bridge transverse directioat the bottom of right column in axis P1 in FBM1 in

60CI1_H1-Ul
M2= 1.06 tonf

60CI1_H1-U2
M2=176.50 tonf

FBML1 in twodirections of 60CI1_H1

60

Figure 3-53: Momentforce (M2) about bridge longitudinal directioat the bottom of right column in axis P1 in




60CI1_H1-Ul
M3= 143.98 tonf

60CI1_H1-U2
M3=0.18 tonf

Figure 3-54: Momentforce (M3) about bridge transverse directi@t the bottom of right column in axis P1 in
FBML1 in two directions of 60CI1_H1

FromFigure3-50: Axialforce(P)=2 (1. 04 )] +41.68] )=41.69 torl
FromFigure3-51: Shear forceO(UB3) )| >¥=47(2%. 2B6nf+
FromFigure3-52: Shearfore (V3) =3 8. 00.BR=3%. 00 tonf
FromFigure3-53: Moment forcell7®61250=] A=1716 0%0 ] t+to 1
FromFigure3-54 Mome nt force (MB)1&)] A=1433999)enf.

Seismic forcalirections of seismic demand parameters can be sdégune3-55.
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Figure 3-55: Direction of seismic demand parameters

Seismic demand parameters in different bridges resulted from by conducting
nonlinear timehistory analysis using 42 ground motions can be se€abfe3-12to
Table3-19.
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Table3-12:Seismic Demand Forces at Bottom of Rigbtumn in Axis P1 in FBM1 (1/2)

FBM1(tonf,m)

P(tonf) V2(tonf) V/3(tonf) M2(tonf.m) M3(tonf.m)
Shear force in| Shear force in Moment force Moment force

GM Label| Axial Force | Bridge Long.| Bridge Tran.| about Bridge Long. | about Bridge Tran

Direction Direction Direction Direction
60CI1_H1 42.13 17.14 31.48 179.56 141.98
60CI1_H2 55.81 27.67 33.42 206.53 242.60
60CI12_H1 20.11 11.37 14.85 79.19 73.64
60CI2_H2 13.37 6.36 10.51 57.92 49.64
60CI3_H1 29.13 9.90 18.79 113.52 83.57
60CI3_H2 75.85 20.00 43.10 272.87 184.91
60CI14_H1 83.99 46.04 48.49 305.60 429.92
60CI4_H2 52.70 13.95 30.60 193.63 133.66
60CI5 H1 34.71 11.09 32.05 174.26 76.26
60CI5_H2 61.41 12.89 52.58 306.48 115.51
60CI6_H1 17.93 6.38 12.70 73.97 55.52
60CI6_H2 22.52 7.23 17.67 103.64 56.45
60CI17_H1 67.94 42.18 35.74 233.55 383.75
60CI7_H2 63.34 40.34 37.89 234.25 397.30
60DI1_H1 49.04 27.38 29.83 183.61 241.97
60DI1_H2 32.86 10.39 22.16 133.47 89.37
60DI2_H1 73.74 34.99 43.73 271.72 335.49
60DI2_H2 27.39 12.89 18.13 107.85 120.83
60DI3 H1 16.85 8.14 12.68 71.62 60.11
60DI3_H2 17.09 5.62 11.53 70.94 45.53
60DI4 H1 14.98 5.58 9.44 57.20 48.39
60DI4_H2 32.13 13.18 17.81 113.73 120.50
60DI5 H1 62.21 36.92 44.02 256.86 327.79
60DI5 H2 24.58 9.09 14.98 92.50 79.12
60DI6_H1 373.51 115.36 207.32 1328.05 1100.21
60DI6_H2 70.86 35.22 38.13 247.45 331.02
60DI7_H1 77.12 34.00 46.57 288.31 321.81
60DI7_H2 35.97 13.29 20.82 132.30 102.28
65CI1 H1 22.62 6.19 22.13 122.66 51.58
65CI1_H2 35.87 9.55 40.17 212.30 85.90
65CI2_H1 45.46 25.27 28.39 172.97 219.25
65CI12_H2 38.44 19.62 25.23 148.05 179.59
65CI3_H1 68.83 44.52 43.04 264.04 395.29
65CI3_H2 65.40 31.86 37.09 235.39 302.47
65CI4 H1 50.15 16.46 36.47 216.61 105.18
65Cl14_H2 54.19 14.47 32.61 203.77 115.72
65CI5 H1 70.15 14.75 65.82 371.25 75.34
65CI5_H2 132.88 24.42 116.22 673.99 157.57
65CI6_H1 107.98 34.04 109.95 603.28 308.37
65CI16_H2 50.63 15.32 46.80 260.80 118.10
65CI17_H1 76.10 14.41 62.65 360.74 133.33
65CI17_H2 79.62 24.31 74.29 423.14 214.50
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Table3-13: Seismic Demand Forces at Bottom of Right Column in Axis P1 inlKBI2)

FBM1(tonf,m)

P (tonf) V2(tonf) V3(tonf) M2(tonf.m) M3(tonf.m)
Shear force in| Shear force in Moment force Moment force

GM Label| Axial Force | Bridge Long.| Bridge Tran. about Bridge Long. | about Bridge Tran|

Direction Direction Direction Direction
65DI1 H1 195.89 103.46 117.15 732.29 1027.82
65DI1_H2 148.94 78.27 92.15 566.10 707.54
65DI2 H1 117.21 41.73 70.02 436.46 394.43
65DI2_H2 81.43 32.88 46.82 295.70 305.74
65DI3 H1 45.65 19.35 28.24 174.28 166.60
65DI3_H2 18.73 5.05 14.31 82.08 37.81
65DI4 H1 173.89 85.92 106.42 657.35 816.76
65DI14 H2 198.85 77.99 112.70 717.28 731.30
65DI5 H1 62.63 21.10 36.56 232.94 176.93
65DI5 H2 42.85 16.38 31.71 187.69 135.71
65DI6_H1 70.39 22.57 48.29 286.11 202.69
65DI6_H2 86.07 24.91 48.53 309.96 236.47
65DI7_H1 57.72 15.43 56.36 304.53 127.38
65DI7_H2 48.81 12.61 35.13 205.52 96.24
70CI1_H1 110.11 28.70 56.58 376.88 278.01
70CI1_H2 128.92 36.90 74.88 469.90 332.21
70CI2_H1 207.27 52.88 118.71 749.74 494,55
70CI12_H2 127.44 40.62 66.46 438.38 387.37
70CI3_H1 135.80 58.98 76.25 484.48 537.61
70CI3_H2 98.94 42.60 57.14 359.42 397.56
70Cl4_H1 71.89 31.44 42.86 266.21 280.86
70Cl14_H2 122.32 32.99 95.64 543.69 251.69
70CI5 H1 67.22 25.33 40.25 249.45 220.53
70CI5 H2 67.27 18.15 43.13 263.12 160.73
70CI6_H1 83.11 42.25 47.89 302.62 384.80
70CI6_H2 75.80 25.95 45.28 282.75 241.36
70CI7_H1 105.73 38.54 70.80 428.41 368.76
70CI7_H2 60.85 26.05 37.01 228.24 230.52
70DI1_H1 224.10 90.29 131.24 827.08 820.52
70DI1_H2 116.15 72.92 72.51 448.60 662.09
70DI2_H1 143.86 77.35 100.74 599.02 710.38
70DI2_H2 141.25 49.33 81.16 515.38 415.34
70DI3_H1 158.42 52.42 89.70 567.21 481.06
70DI3_H2 127.70 44.50 71.70 456.05 400.79
70DI4_H1 62.50 26.04 36.72 228.54 227.27
70D14_H2 43.09 21.64 25.85 161.31 193.42
70DI5 H1 43.37 19.30 32.36 182.71 161.47
70DI5_H2 57.57 33.03 36.80 219.52 299.35
70DI6_H1 91.96 26.12 52.25 331.11 248.18
70DI6_H2 142.58 33.50 84.14 525.16 292.20
70DI7_H1 103.56 34.28 59.69 375.81 329.71
70DI7_H2 50.10 20.85 30.40 186.60 176.90
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Table3-14: Seismic Demand Forces at Bwtt of Right Column in Axis P1 in FBM2 (1/2)

FBM2(tonf,m)

P(tonf) V2(tonf) V3(tonf) M2(tonf.m) M3(tonf.m)
Shear force in| Shear force in Macgrgjtn;(i;r;:: Moment force

GM Label| Axial Force | Bridge Long.| Bridge Tran. Long about Bridge Tran

Direction Direction o Direction

Direction

60CI1 H1 175.20 30.49 100.23 623.26 264.43
60CI1_H2 61.69 16.97 36.85 225.25 139.40
60CI2_H1 80.78 10.66 46.63 288.92 92.83
60CI2_H2 135.54 5.67 74.91 473.20 46.96
60CI3_H1 105.58 10.86 58.07 366.93 102.58
60CI3_H2 144.63 31.30 79.80 503.67 277.86
60CI4 H1 90.87 29.52 51.27 319.92 264.56
60Cl4_H2 67.81 20.84 38.55 240.87 176.86
60CI5 H1 93.35 15.93 49.39 307.59 100.94
60CI5 H2 57.01 14.64 32.68 201.21 102.10
60CI6_H1 18.82 9.97 10.38 63.31 79.59
60CI6_H2 34.59 6.98 21.87 132.25 54.64
60CI7_H1 252.08 34.87 141.35 888.96 301.85
60CI7_H2 180.45 22.30 98.60 626.06 212.90
60DI1_H1 58.17 11.87 34.73 213.33 94.88
60DI1_H2 109.95 12.37 63.93 397.96 105.61
60DI2_H1 82.90 25.60 47.36 295.02 218.34
60DI2_H2 103.22 12.30 58.10 363.45 107.42
60DI3_H1 40.87 4.85 21.07 136.09 29.79
60DI3_H2 27.49 4.81 14.90 90.21 34.83
60DI4_H1 14.64 4.10 7.78 49.13 33.79
60DI4_H2 37.10 14.62 22.10 135.49 131.98
60DI5 H1 190.11 23.30 108.76 678.07 209.70
60DI5 H2 44.41 10.39 26.40 163.30 88.20
60DI6_H1 337.34 117.31 200.36 1230.29 1048.35
60DI6_H2 168.68 27.24 92.75 587.38 233.66
60DI7_H1 89.96 25.60 48.11 304.77 236.65
60DI7_H2 74.71 17.47 40.27 251.93 146.57
65CI1 _H1 41.34 5.10 25.72 154.90 45.39
65CI1 _H2 68.83 9.86 36.28 232.89 68.72
65CI2_H1 66.84 14.72 40.13 245.87 120.06
65CI2_H2 84.08 23.78 48.60 302.36 212.81
65CI3 H1 187.52 26.97 102.82 648.57 227.04
65CI3_H2 103.55 57.94 60.73 370.22 510.46
65Cl14_H1 50.74 15.67 29.64 185.28 118.06
65Cl4_H2 156.67 20.13 86.25 543.50 164.32
65CI5_H1 56.52 11.10 45.00 267.75 51.85
65CI5 H2 108.60 19.78 81.54 459.88 136.48
65CI6_H1 182.12 43.55 98.31 619.86 283.13
65CI6_H2 106.11 17.33 59.64 376.00 104.81
65CI7_H1 75.18 15.80 43.49 270.21 139.95
65CI7_H2 58.12 16.25 35.93 218.40 132.12
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Table3-15: Seismic Demand Forces at Bottom of Right Column in Axis P1 in FBM2 (2/2)

FBM2(tonf,m)

P (tonf) V2(tonf) V3(tonf) M2(tonf.m) M3(tonf.m)
Shear force in| Shear force in| Ma%rgjtn;g;z Moment force

GM Label| Axial Force | Bridge Long.| Bridge Tran. Long about Bridge Tran

Direction Direction o Direction

Direction

65DI1_H1 335.38 84.69 184.49 1164.51 742.87
65DI1_H2 307.68 31.33 170.41 1073.90 264.09
65DI2_H1 119.48 28.94 67.90 425.77 258.66
65DI2_H2 105.02 25.81 56.40 357.56 219.40
65DI3_H1 58.85 18.69 34.60 210.55 158.24
65DI3_H2 59.90 12.83 35.35 216.08 100.88
65DI4_H1 170.61 58.21 102.38 625.70 516.43
65DI4_H2 174.63 69.47 101.50 628.29 626.98
65DI5 H1 109.38 18.09 68.73 414.75 142.41
65DI5 H2 83.31 11.03 47.27 296.78 82.38
65DI6_H1 102.65 29.19 55.75 352.46 275.11
65DI6_H2 76.36 24.09 40.93 260.22 208.09
65DI7_H1 61.75 14.90 44.38 256.18 124.72
65DI7_H2 93.02 19.08 61.31 370.78 125.81
70CI1_H1 252.53 70.56 144.13 896.31 646.79
70CI1_H2 182.53 37.69 101.98 641.46 339.05
70CI12_H1 230.37 74.47 133.55 829.11 662.66
70CI2_H2 258.10 41.71 143.53 905.81 388.86
70CI3_H1 413.70 53.82 236.95 1476.22 482.93
70CI3_H2 203.54 41.35 117.85 731.49 352.99
70Cl4_H1 72.42 26.05 37.71 244.30 224.35
70Cl4_H2 198.65 30.97 110.42 655.22 240.59
70CI5 H1 101.26 42.36 60.11 367.74 377.09
70CI5 _H2 99.51 15.42 57.96 357.27 128.91
70CI6_H1 99.43 20.83 57.53 358.07 170.93
70CI6_H2 112.27 33.06 65.47 404.88 299.44
70CI7_H1 150.63 33.83 88.38 545.10 253.84
70CI7_H2 49.85 15.67 30.58 185.54 127.56
70DI1_H1 332.33 82.00 188.57 1177.39 738.08
70DI1_H2 295.98 66.83 162.32 1025.16 584.78
70DI2_H1 152.73 46.67 84.31 531.59 422.32
70DI2_H2 145.64 64.24 84.56 527.31 579.38
70DI3_H1 235.70 58.36 133.10 832.34 514.86
70DI3_H2 196.51 48.10 112.40 699.84 409.59
70DI4_H1 132.02 18.01 71.43 454,15 166.83
70DI4_H2 60.60 10.61 32.63 207.24 90.56
70DI5 H1 183.45 14.60 101.63 638.99 111.55
70DI5 H2 94.63 18.81 54.43 345.30 156.80
70DI6_H1 467.69 48.73 260.20 1639.11 442.02
70DI6_H2 276.48 43.18 154.72 973.90 396.50
70DI7_H1 341.57 28.42 192.74 1208.15 258.84
70DI7_H2 173.27 20.87 97.64 609.10 172.16

66



Table3-16: Seismic Demand Foes at Bottom of Right Column in Axis P1 in FBM3 (1/2)

FBM3(tonf,m)

P(tonf) V2(tonf) V3(tonf) M2(tonf.m) M3(tonf.m)
Shear force in| Shear force in Ma%rgjtn;g;z Moment force

GM Label| Axial Force | Bridge Long.| Bridge Tran. Long about Bridge Tran

Direction Direction o Direction

Direction

60CI1_H1 84.66 23.80 39.66 345.64 206.22
60CI1_H2 116.05 28.32 43.10 423.30 437.35
60CI2_H1 29.72 10.94 8.64 95.42 79.47
60CI12_H2 23.87 11.47 14.73 131.13 88.62
60CI3_H1 46.15 7.82 16.17 166.09 99.37
60CI3_H2 96.93 18.12 36.24 352.91 273.74
60CI14_H1 206.57 31.89 60.18 651.04 563.34
60CI4_H2 65.00 9.78 17.87 197.46 129.73
60CI5 H1 28.89 27.62 17.86 119.43 161.54
60CI5_H2 46.49 31.25 23.27 145.75 213.53
60CI6_H1 30.48 8.65 9.37 91.26 95.31
60CI6_H2 26.28 12.87 12.01 102.91 126.99
60CI17_H1 186.97 40.99 66.53 667.62 664.09
60CI7_H2 209.99 44.63 68.21 693.37 731.77
60DI1_H1 109.52 26.06 37.04 372.28 412.49
60DI1_H2 35.82 13.50 13.22 114.79 111.06
60DI2_H1 156.62 25.09 44.14 475.89 466.64
60DI2_H2 59.48 11.75 23.90 232.34 133.51
60DI3_H1 39.61 9.14 16.53 144,51 81.29
60DI3_H2 32.90 5.68 13.08 120.76 53.73
60DI4 H1 25.40 4.00 7.97 83.93 70.96
60DI4_H2 60.35 13.69 19.34 199.01 224.42
60DI5_H1 146.11 58.37 49.86 498.25 998.78
60DI5 H2 38.67 11.07 15.62 149.66 152.21
60DI6_H1 508.41 81.48 151.79 1616.40 1425.01
60DI6_H2 155.76 41.91 47.37 500.49 711.16
60DI7_H1 149.11 21.52 42.90 461.58 326.77
60DI7_H2 45.45 12.57 14.58 154.19 150.66
65CI1_H1 23.95 15.52 11.10 82.79 100.65
65CI1_H2 49.57 24.55 21.68 194.78 160.65
65CI12_H1 100.31 40.92 39.45 381.08 636.71
65CI2_H2 73.55 20.00 25.57 243.61 218.43
65CI3_H1 167.74 45.52 64.08 624.33 720.88
65CI3_H2 152.03 31.74 51.89 488.13 519.45
65Cl14 H1 52.46 18.71 20.04 186.42 195.98
65CI4_H2 62.05 26.62 31.89 260.23 204.27
65CI5 H1 66.67 45.47 52.40 238.84 275.02
65CI5_H2 160.39 79.72 93.47 481.17 425.33
65CI6_H1 155.95 75.44 65.86 591.93 627.09
65CI6_H2 45,81 36.90 28.78 225.11 270.69
65CI7_H1 60.08 40.43 26.57 232.29 265.73
65CI7_H2 103.06 55.98 38.19 371.25 426.51
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Table3-17: Seismic Demand Forces at Bottom of Right Column in Axis P1 in FBM3 (2/2)

FBM3(tonf,m)
P (tonf) V2(tonf) V3(tonf) M2(tonf.m) M3(tonf.m)
Shear force in| Shear force in| Moment fprce Moment force

GM Label| Axial Force | Bridge Long.| Bridge Tran. aboLut Bridge about Bridge Tran

Direction Direction . ong. Direction

Direction

65DI1 H1 495.01 83.22 137.43 1442.25 1282.12
65DI1 _H2 340.06 95.78 106.57 1109.75 1459.04
65DI2_H1 207.25 38.09 66.46 699.07 661.38
65DI2_H2 149.83 36.48 46.72 491.21 541.04
65DI3 H1 82.09 21.31 27.44 276.63 314.43
65DI3 H2 21.49 11.35 11.64 89.98 93.96
65DI4 H1 392.42 95.22 121.71 1274.05 1657.26
65DI14 H2 346.55 66.90 105.44 1077.74 1189.36
65DI5 H1 86.77 27.98 31.83 282.16 334.39
65DI5 H2 61.71 22.84 22.91 219.31 275.61
65DI6_H1 106.55 24.18 32.91 358.89 272.92
65DI6_H2 115.51 21.61 33.35 355.77 365.33
65DI7_H1 61.93 35.13 29.92 234.07 253.99
65DI7_H2 79.91 19.35 33.87 274.03 178.15
70CI1_H1 134.59 24.59 43.11 451.08 364.92
70CI1_H2 148.29 38.25 48.85 492.76 613.22
70CI2_H1 229.76 49.08 74.17 755.12 788.40
70CI2_H2 177.80 30.43 58.49 584.84 483.06
70CI3_H1 252.48 72.43 96.32 927.30 1240.18
70CI3_H2 196.67 62.55 56.07 604.35 1002.00
70Cl14 _H1 138.70 31.78 54.47 530.86 467.21
70Cl4_H2 154.84 46.55 65.86 580.94 388.24
70CI15_H1 99.77 26.60 37.39 364.68 401.55
70CI15_H2 76.02 24.80 23.89 249.61 387.13
70Cl16_H1 186.75 50.21 63.62 638.98 852.95
70C16_H2 108.76 29.88 37.52 374.06 459.39
70CI7_H1 182.72 41.89 59.48 565.96 385.04
70CI7_H2 109.26 28.09 39.31 387.98 431.81
70DI1_H1 391.86 71.99 136.63 1375.02 1174.17
70DI1_H2 327.09 67.57 114.42 1133.64 1003.75
70DI2_H1 359.50 53.17 125.26 1263.92 839.25
70DI2_H2 180.34 43.18 61.04 622.68 664.83
70DI3 H1 232.30 75.20 75.57 778.31 1217.53
70DI3_H2 173.23 59.33 56.49 538.83 795.51
70DI4 H1 102.81 20.04 35.87 359.09 270.97
70DI4_H2 88.05 23.25 25.91 278.77 359.10
70DI5_H1 67.05 17.69 26.44 220.81 200.42
70DI5 H2 140.16 15.68 43.35 457.02 212.88
70DI6_H1 122.99 39.66 48.56 413.44 460.59
70DI6_H2 167.37 26.86 55.56 561.98 348.11
70DI7_H1 193.44 38.61 62.40 653.25 365.14
70DI7_H2 95.97 12.36 36.55 351.86 203.55
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Table3-18: Seisnic Demand Forces at Bottom of Right Column in Axis P1 in FEN

FBMA4(tonf,m)

P(tonf) V2(tonf) V3(tonf) M2(tonf.m) M3(tonf.m)
Shear force in| Shear force in Ma%rgj?gr%;z Moment force

GM Label| Axial Force | Bridge Long.| Bridge Tran. Long about Bridge Tran,

Direction Direction o Direction

Direction

60CI1 H1 102.56 62.09 52.85 529.33 531.55
60CI1 H2 171.80 40.82 48.52 840.40 834.22
60CI2_H1 43.48 49.07 25.25 205.99 407.20
60CI2_H2 38.32 17.71 19.65 129.26 172.67
60CI3_H1 40.41 14.49 13.58 165.30 119.02
60CI3_H2 105.15 29.70 25.32 384.39 323.84
60CI4 H1 158.96 26.18 28.78 636.40 349.10
60CI4_H2 59.46 16.12 16.50 271.21 193.74
60CI5 H1 83.66 32.70 45.62 396.85 258.20
60CI5 H2 63.88 24.86 34.36 360.99 239.84
60CI6_H1 46.53 13.37 13.67 186.94 216.25
60CI6_H2 56.27 16.79 23.34 285.01 236.19
60CI7_H1 214,94 39.86 65.73 1162.06 810.46
60CI7_H2 196.58 29.36 44.42 853.45 398.38
60DI1_H1 161.47 32.86 46.23 792.97 693.18
60DI1_H2 54.96 27.03 21.21 237.03 326.18
60DI2_H1 178.98 22.00 34.86 729.52 405.07
60DI2_H2 82.40 18.82 20.65 398.58 254.91
60DI3 H1 42.42 18.56 27.33 208.39 175.11
60DI3_H2 34.02 16.67 14.87 156.05 151.77
60DI4_H1 33.75 9.40 9.93 148.34 133.76
60DI4 H2 93.32 15.90 19.10 389.91 342.16
60DI5 H1 444.79 51.70 102.65 2027.77 1287.06
60DI5 H2 62.50 19.23 20.53 331.25 305.72
60DI6_H1 565.00 93.74 132.68 2301.29 1634.20
60DI6_H2 256.73 46.31 60.47 1238.47 822.42
60DI7_H1 116.74 28.90 29.95 542.66 467.97
60DI7_H2 41.77 26.46 17.07 204.65 248.54
65CI1_H1 38.55 14.66 16.84 188.17 158.96
65CI1_H2 74.09 32.72 33.61 337.17 287.48
65CI2_H1 255.36 49.43 63.80 1177.18 1088.26
65CI12_H2 106.91 29.54 32.40 413.20 438.08
65CI3_H1 234.89 53.65 66.96 1127.18 1084.45
65CI3_H2 297.68 38.95 64.08 1205.97 910.51
65CI14_H1 91.23 36.57 50.08 474.06 410.12
65Cl14_H2 109.71 42.27 35.16 536.95 500.96
65CI5 H1 86.74 66.21 53.03 382.28 319.44
65CI5_H2 155.57 103.37 83.73 431.99 535.61
65CI16_H1 215.65 59.95 79.24 846.16 677.63
65CI6_H2 115.26 61.92 56.56 492.50 587.11
65CI7_H1 91.14 38.23 27.30 366.78 462.90
65CI7_H2 167.49 45.39 49.54 850.60 763.78
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Table3-19: Seismic Demand Forces at Bottom of Right Column in Axis P1 in FBM4 (2/2)

FBMA4(tonf,m)

P(tonf)

V2(tonf)

V3(tonf)

M2(tonf.m)

M3(tonf.m)

Shear force in|

Shear force in|

Moment force
about Bridge

Moment force

GM Label| Axial Force | Bridge Long.| Bridge Tran. Long about Bridge Tran.
Direction Direction o Direction
Direction
65DI1 H1 462.86 111.74 140.43 2112.53 1928.45
65DI1_H2 553.60 109.96 151.01 2568.19 2398.65
65DI2_H1 230.58 48.80 60.89 1010.18 1020.99
65DI2 H2 274.80 45.03 66.09 1131.84 858.89
65DI3_H1 110.34 29.55 39.84 638.26 480.75
65DI3 H2 23.88 21.60 15.02 155.60 225.61
65DI4 H1 683.91 87.04 152.41 2917.87 2231.27
65D14 H2 475.01 46.41 111.30 2109.78 1294.42
65DI5 H1 173.17 38.67 40.94 718.99 686.15
65DI5 H2 113.82 34.43 29.38 509.59 600.98
65DI16_H1 103.32 41.82 45.40 525.83 533.69
65DI6_H2 169.04 29.91 43.40 745.48 837.48
65DI7 H1 80.00 39.66 28.60 251.77 352.63
65DI7_H2 83.50 45.77 29.96 297.27 340.72
70CI1_H1 142.88 58.69 57.40 788.02 624.99
70CI1_H2 234.66 73.02 63.64 1117.14 1028.89
70CI2_H1 277.61 65.35 70.81 1257.33 1083.06
70CI2_H2 227.16 46.85 65.93 1183.53 1014.86
70CI3 H1 537.03 86.59 132.73 2508.05 1972.90
70CI3_H2 553.06 92.81 135.29 2559.53 2437.51
70CI14_H1 183.13 43.37 51.30 912.82 842.62
70CI14_H2 186.89 120.42 122.71 860.29 908.27
70CI5_H1 160.40 43.91 48.20 824.97 949.11
70CI5 H2 173.77 37.14 46.73 830.10 846.15
70CI6_H1 297.38 51.56 69.04 1227.45 1216.34
70CI6_H2 189.78 41.38 54.62 870.28 836.91
70CI7_H1 137.05 47.03 58.08 731.79 670.20
70CI7_H2 175.21 37.79 49.31 857.75 831.61
70DI1_H1 314.36 60.48 76.30 1361.31 1043.84
70DI1_H2 310.16 61.08 90.04 1387.07 1212.39
70DI12_H1 249.79 48.22 77.57 1128.77 1014.77
70DI12_H2 293.56 65.42 82.41 1405.92 1611.99
70DI3 H1 497.50 65.77 113.70 2185.11 1463.70
70DI3_H2 214.96 60.55 60.89 1086.89 886.66
70D14_H1 153.13 30.99 43.11 720.75 437.37
70DI4 _H2 153.53 23.71 43.66 738.84 417.00
70DI5 H1 70.04 33.01 30.18 342.68 345.23
70DI5_H2 92.98 26.98 35.89 438.62 370.97
70DI6_H1 212.15 50.02 57.77 886.99 890.93
70DI6_H2 146.98 35.13 36.16 558.11 442.53
70DI17_H1 176.42 73.80 39.06 657.34 630.41
70DI7_H2 76.12 39.37 32.62 331.56 368.55
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CHAPTER 4

CORRELAT ION BETWEEN INTENSITY MEASURES AND SHSMIC FORCE
PARAMETER S

Vibrating motion orgroundandvibration of structuresare usually observed
during earthquakes$n order to solve problems related to the dynaesponse of soils
and structures, dynamic eveit®neecdto be identified. Vibratory motion can be
divided into two main classes: periodic motion and-periodic motion.Periodic
movements are movements that are repeated at certain intervals overhane.
simplest form of periodic motion is simpf@rmonic motion in which displacement
changes sinusoidally over time. Nperiodic movements that are not repeated at fixed
intervals consist of impulsive load®ynamic loads that can affect the soils can be
grouped under four groups; harmonic movemeptsjodic movements, random
vibrations, transient vibrationdlatural events such as earthquakes, waues wind

create random vibrations on the ground.

The acceleration values, which contain important ezgging information, are
used in the developmeat earthquake resistant structures and in the development of
the reduction relations with the distances of the earthquakeund movements
caused by earthquakes can be quite complex. It is possible toekafinguake motion
with three components of limemotion at a given point. The movement recorded from

an accelerogram has torizontalcomponents; parallel and perpendicular to fault

Amplitude parametersacceleration, velocityanddisplacemenappeato be
prominentamong the many characteristissown for defining motion in analyzes to

be performed on soil and/or saiiructure problems

In this chapter, seismic demand parameters obtained by implementing selected

ground motions shall be correlatediwintensity measures mentioned in Chagtér

71



Magnitude or acceleration criteria may not be enough to predict the effgiund
motion. In this context, ground motions are congplawith ground motion intensity
measures with the nonlinear time history analysis mentioned in Cl3ajtee use of

the parameters mainly depends on their application to present recorded life problems.

Theworkability of the @mrameters of strong movement depends mainly on their
use. In earthquakeesistant design, few parameters are available and are immediately
associated with the structural analysis techniques employed in present practice. To
evaluate the seismic kis any paameter can theoretically be used by means of
empirical loss functions that relate structural deterioration rates to a certain level of
groundmotion intensity(Buratti, 2012) This will only rely on the extent to which it
measures tb damaging capacity of the movemenhe parameters aref useful
importance in this cas#.appeas that exceptionally few parameters, in case any, can
effectively characterize the nature of solid movenasm numerous, by themselves,
pass on niing araind the destructive potential of the shakifRgjovic & Jankovic,
2015)

Seismic demand parametersfour bridgeswith two types layout of bearings
and various column heightwill be compared. In order for the results of this
comparison to be consistent, it is necessary to understand the impact of the selected
earthquakes on the structure. From the afergmaned starting from the magnitude
of an earthquake, the ground class of the earthquake movemeakdcceleration can
lead to unpredictedestimates and incorrect comparisons. Thereftre,ground
motion intensity measuresnentioned in the theory are comparedh resulting
seismic demand parameters. Comparison steps are explained in detail in subchapters
4.1and4.2
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4.1.Grouping Ground Motion Intensity Measures

All the ground motion intensitsneasures are found and listed by following the
theory mentioned in Chaptér Ground motion intensity measures can be grouped as
amplitude parameters, frequency content parameters, durpficameters.The

grouping of some of the intensity measureKbgmer, 1996s shown inTable4-1 .

Table4-1: Ground Motion Characteristics That Are Strongly Reflected in Various Ground

Motion Intensity Measures

) Ground Motion Characteristic
Ground Motion Parameter

Amplitude Frequency Content Duration

Peak acceleration, PHA and PHV X

Peak velocity, PHV

X
Sustained maximum acceleration, SMA X
X

Effective design acceleration, EDA

Predominant period; ,

Bandwidth

Central frequencyQ

Shape factor

Power spectrum intensitys o X

Ground frequencyw,

Ground damping,

X | X | X | X X|X]|X]|X

vmax/amax

Duration,T 4 X

rms acceleratiorg s

Characteristic intensityl,.

Arias intensity |

Cumulative absolute velocity, CAV

Response spectrum]linte&nsit|y, SI

Velocity spectrum intensity, VSI

Acceleration spectrum intensity, ASI

Effective peak accleration, EPA

X[ x| x| x|K]|x|x]|x]|x
|| x| < |R|x|x|x]|x

Effective peak velocity, EPV

In this study, the intesity measures are grouped by means of acceleration,
velocity, displacement measures. The grogph parameters can be seenTable
4-2.
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Table4-2: Groups of Intensity Measures

Acceleration Velocity
Max. Acceleration (g) Max. Velocity (cm/sec)
Acceleration RMS: (g) Housner Intensity (cm)
Arias Intensity: (m/sec) Max Incremental Velocity (cm/sec
Characteristic Intensity (Ic) Sustained Maximum Velocity (cm/sq
Sa (T1) Velocity RMS: (cm/sec)
Sa (T2) Velocity Spectrum Intensity (cm)
A95 parameter Specific Energy Density (cm2/sec
Effective Design Acceleration (g) Other
Sustained Maximum Acceleration (Q) Mean Period (sec)
Acceleration Spectrum Intensity (g*sec) Predominant Period (sec)
Cumulative Absolute Velocity (cm/seg) Vmax / Amax: (sec)
Displacement
Displacement RMS: (cm)
Max. Displacement (cm)

Acceleration based ground motion intensity measures for each ground motion

can be seemiTable E 1to Table E 5.

Velocity based ground motion intensity measures for each ground motion can
be seen iMable & 6 andTable E 7.

Displacemenbasedground motion intensity meassgreand other ground

motion intensity measures can be found@ able E 8 andTable E 9.
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4.2.Comparison of Intensity Measures with Seismic Demand Parameters

Each of the five seismic demand parameters is compared with tiheaty
different intensity measures for each mode.in the previoustudies similar to this
study, loglog graphs are used to simulate the similarities and differences between

ground motbn intensity measures and seismic demand parameters.

As an example of strong correlation, FBM1 and seismic demand paraateters
the botom of right column in axis P1 in FBMYs Sa(T1) values for each ground

motion graph can be seenRigure4-1.
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Figure 4-1:Seismic demand parameteasthe bottom of right column in axis P1 in FBMd.Sa(T1)

75



As an examplef weakcorrelation, FBM1 and seismiemand parameteat
the bottonof right column in axis P1 in FBM1 \RGA values foreach ground motion

graph can be seém Figure4-2 .
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Figure 4-2: Seismiddemand parametesratthe bottom of right column in axis P1 in FBM1R&A

All comparisons betweegach of the five demand parameters and twénige

ground motion intensity measures can be fourfeéigaire A 1 to Figure A 460.

The equations of trend lines can be used to interpret the compatibility on two
series. For strong correlations where R] val
even be sed for predicting seismic demand parameters by just lookingtansity
measures. However, for weak correlatiomb er e R val ues are | ess |
equations should not be used since all input values may result in different values. For
moderate corteti ons wher e R] val ues are between 40%

series and equations must be interpreted and used very carefully.
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4.3.Results and Discussion

The correlations between seismic demand parameters and intensity measures
on different models are found by implementing two regressialyses mentioned in
ChapterO0, Pearsonbés correftfguanaedcmef hodi eRf

above the trendlines on the graphs of comparisoRgure A 1 to Figure A 460.

Pearsond6s correlation coefTédbie€Gileont s an
Table G 8. I n addition to Pearsonods | inear <co
the relative adequacy of each IMparat er , t he coefficients of
computed for each curve.fiThe R2 value is an indicator that takes values between 0
and 1.0 and reveals how closely the values predicted through a trendline correspond
to the recorded datHlustration of datan Table G 1to Table G 8is shown inFigure
4-3.

Intensity Measures Correlation

|”1 1] [

@ﬂﬂ; ﬂfﬁ Y «*’*’-'g’ a1

PSSR R R xAxA\\\\%@@@
POt S @“ i“&‘*y\&& P
b ST L go & & L &L ~'<
2GA (mfsec)  WEDA (g) BTp {sec) B Tm(sec)

Figure4-3: R| v a | u eal grdured muatiermtensity measuseandall seismicdemand parameterat the
bottom of right column iaxis P1 in each model

As an exampl e, R values between gr o

moment demand parameters about britlgasversalirection at the bottom afght
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column in axisPl in each model are shown Figure 4-4. All figures illustrating

core |l at i

ons i ncl uditweg inReesidymsasuned and othertsdismid b e

demand parameters can be found in Appendix B.

Consi

dering correlation results found by

correlation coefficient, acceleration, velocity,sgplacement based and other

parametersanbe interpreted separately.
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Figure4-4: R )

v a | u easceldragidn Wwased ground motion intensity measanesnomentlemand

parametes aboutbridgetransverselirection at the bottom of right columin axis P1 in each model

For a

cceleration parameters, the | argest

indicates that the behavior of the bridges selected is dominated by the response in the

first mode in longitdinal directionas can be observed frdAigure4-4 and confirmed

by looking first

mode participation ratios Trable3-4 to Table3-7. Considering first

mode periods can be ordered in flyover bridge models as FBM2(0.84s) < FBM1(1.24
s) < FBM3(1.46 sk FBM4 (1.78 s), better correlations can be resulted in lower first

mode peiods which are affected from mass papation also. If all the models had
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same mass participation ratios, the distribution can be concluded more clearly since
acceleration paraeters give better correlations in lower first mode periddisopra,

1995 mentioned that a very short period system is rigid thus result in very little

def ormation and its peak acceleration

acceleratiorwhich is not a valid casfor the bridges in this study

Spectral Regions
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Figure 4-5: Spectral Regions Distributio€hopra, 1995)
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Similar distribution of correlation can be observedrigure B 7, FigureB- 10
ard Figure B 25. However, br correlations illustrated ifigure B 1, Figure B- 4,
Figure B 13, Figure B 16, Figure B 19, andFigure B 22, the same distribution is
not achieved since first mode peipation governs in bridge longitudinal direction.
Even though the distribution is not achieved, Sa(T1) pearars is still the most

correlated parameteasnong all seismic demand parameters.

In addition, for seismic demand parameters in transversectidin mass
participation can be achieved in second modes where periods are relatively lower
compared to firstnode periods. Second mode periods in all fisidges can be found
in Table3-4to Table3-7. As it is stated ifrigure4-5, lower periods can be considered
as acceleration sensitive zone meaning acceleration pararastbetter correlated
with seismic demand parameters. To compare Bhis, v a | u e a&celbratiohw e e n
based gound motion intensity meass andsheardemand parameterin bridge
longitudinal (V2) and transverse (V@jrection at the bottom of right catun inaxis
P1 in each modare illustrated irFigure4-6. Considerably higher correlations are
observed in acceleration based parametdfgure4-6 (b) than inFigure4-6 (a) since
the dominant period in transverse directisdower than in longitudinal directioit.
is also observed that, with Sa (T2) intensity measugheh correlations can be
achieved inFigure 4-6 (b) compared to correlations Figure4-6 (a) but sincette
mass participations are getting lower, the same correlations of Sa(T1) in first mode is
not acheved wth Sa(T2) in second modes.
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Acceleration Based Intensity Measures Correlation

1.00
0.90
0.80
0.70
0.60
0.50
0.40
0.30
0.20
0.10
0.00

Sa(T1)
Sa(T2)
arms (g)

Ic

CAV (cm/sec)
EDA ()

Al (m/sec)

PGA (9)

A95 (9)

ASI (g*sec)

- = SMA (g)

FBM2 V2 FBM1 V2 FBM3 V2 FBM4 V2

BSMA (g) BASI (g*sec) BA95 (g) BPGA (g) HAI (m/sec) BEDA (g) BCAV (cm/sec)@ic @arms (g) B Sa(T2) @Sa (T1)

(@)

Acceleration Based Intensity Measures Correlation

1.00
0.90
0.80
0.70
0.60
050
0.40
0.30
0.20
0.10
0.00

Sa(T1)
Sa(T2)
arms (g)

Ilc
CAV (cm/sec)
EDA (g)

Al (m/sec)
PGA (g)

A95 (g)

ASI (g*sec)

SMA (g)

FBM2 V3FBM1 V3FBM3 V3FBM4 V3

@ SMA (g) BASI (g*sec) BA95 (g) BPGA (g) @Al (m/sec) BEDA (g) B CAV (cm/sec)

(b)

Figure4-6: R| v aetweea acceleratiohasedground motion intenty measure and sheademand
parametes in bridge longitudinal (V2ja) and transverse (V3p) direction at the bottom of right column in axis
P1 in each model
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Velocity Based Intensity Measures Correlation
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Figure4-7:R] v a | u evslocity dasdwgeoanad motion intensity measut@sd moment demand parameters
about bridge transverse direction gnebottom of right column in axis P1 in eaciodel

Compared to acceleration parameters, velduityed paraeters have better
correlations with all seisit demand parameters. This the indication of that the
rigidities of the bridges selected have grieghortance on the correlation of seismic
destuctivity as it can be observedkigure4-7. Asin most highway bridges, all four
bridges in this study have first mode periods of 0.6 3.0 s.Accordng to Chopra,
1995 this range of period can mealized as velocity sensitive region spectral region
as it can be seen froRigure4-5 by mentioning the period values Tdy,TTc, Td, Te,
and Tf are not unique in therse that they vary from one ground motion to the next.
He mentioned that this range is called vdlosensitive region since structural
response is better related to velodigsed ground motion intensity maess than to
other ground motion intensity maaes. Furthermore, correlations showrfigure
B- 2, Figure B 5, Figure B- 8, Figure B 11, Figure B 14, Figure B 17, Figure B
23, andFigure B 26 indicatethatall seism¢ demand paramete@are reasonable to
predict thevelocity basedntensity measuresof ground motion. By investigating
velocity basegarameters in all seismic demand parameters, intensity me&&tires

(cm), MIV (cm/sec) PGV (cm/sec) and HI (cm) have betker correlation vies
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compared t&MV (cm/sec)vms (cm/secrndSED (cnt/sec) The besvelocity based
ground motion intensity mease for the bridges in this studwith periods between
0.84 and1.78sis observed to b¥SI (cm),followed byMIV (cm/sec) PGV (cm/sec)

and Hl(cm)respectively.

Compatibly with this studyy a k ut & Y éstatedhirztheir &tl0 tBat
ground motion intensity measure that gives the best correlation with seismic demand
parameters on structures in their stwdih natural pewds ranging between 0.2 s and
0.5 s was PGA (g). In additn to that, as the natuaériods of structures in thestudy
started to increase to a range between 0.5 s and 1.1 s, the best correlated ground motion

intensity measures werelweity based paragters such agSl (cm)and Hl(cm).

Displacement Based and Other Intensity Measures Correlation

i

FBM2 M2 FBM1 M2 FBM3 M2 FBM4 M2

@dms (cm) EPGD (cm) Tm(sec) Tp(sec) MPGV/PGA
(sec)

Figure4-8: R| v a | u edsplabesnenivibmsed and other ground motion intensity meaauidesoment
demand parametsiaboutbridgetransverselirection at the bottomfaight column in axis P1 in each model

In Figure 4-8, displacement based parameters show poor correlations
compaed to other parameters. This is because the bridges isttioig do not have
long periods ranged in periods longer than 3.0 s. Iir @tbeds, these bridges are not
included in displacement sgitive period zone mentioned kigure4-5. Very-long-

period systems are verftexible resulting in the mass remains stationary whike th
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ground below moves. This is not the case for the bridgdisis study because the
systems are fatively more rigid for this case. In addition, other parameters such as
period @mrameters Tm (secyp (sec) and PGV/PGA (sec) ratio is also studied and
corcluded they do not show good correlations. Together Wit in none ofigure

B- 3, Figure B 6, Figure B 9, Figure B 12, Figure B 15, Figure B 18, FigureB-

21, Figure B 27, andFigure B 30 correlatons are not good enough to interpret the

ground mot i on dradgesiethiestudyt y f or t he
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CHAPTER 5

CONCLUSION AND RECOMMENDATIONS

5.1. Summary

In this thesis effects of different earthquakes on different struesuwere
analyzed. To do thissix sés of recorded ground motionsere selected irthree
differentmagnitudes6.0, 6.5 and 7.0 according to Richter scalesmilctlasse€ and
D according to NEHRPnleach setsevenrecorded ground motion dagaeseleted
incompatible withthesesets reslting in a total of fortytwo recorded ground motions
using PEER databas&he effects of unscaled earthquake recordeaniinear time
history analysis modelof on four different flyover intersection highwayridge
models with natural periodsvarying béween 0.84 s and 1.78isvestigated.All
bridges have mass participation around 90% in their natural periods separately.
Seismic demand parameters on the bottongbt columns in P1 axis in each bridge
are determinedndcompared withwenty-threegrourd motionintensity measiesof
the earthquake recordsich then grouped as acceleration, velocity and displacement
based and other intensity measures. This congraissthen connected with statistical
analysesof Peassn 6 s corr el &tand®h w©vaélkscresul ting

values.
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5.2.Conclusion

Results of analysis lead thagntrary to the general assumptiom selecting
acceleration parameters while determining recorded earthquake data to betlsed in
analysis of seismic assessmehtbridges rigidities of structures are needed to be

checked also.

Amongtwenty-threeground motion intensity measureg(¥Bl) is the onehat
has the strongest correlatidmetween ground motion intensity measures sgidmic
demand parameters. Howeviershould be noted that exact natural periods and their

pseudo acceleration spectrum values are needed ot Bvalue to ke effective.

Except for & (T1), examining acceleration based ground motion intensity
measuresby themselves concluded that as the i dges6é rigidities
undergo very little deformation and the mass contributed in seismic actions moves
rigidly wi t h the ground so the structureos
moti onds pian & hopra,de98)Thes is thé reason, as the natural periods
decrease, correlation valuestween acceleration based ground motion intensity
measures and seismic demand parametersdstartecrease in all of four bridgés
this study. However, four bridges are not rigid enough to show good correlation with
acceleration based parameters ag thaiural periods range betweenfs8and 178

S.

For highway bridges, the naturanpods ae ranging generally betwe&nb s
and 3.0 s, which is called medium period range. Velocity based ground motion
intensity measures yielded healthier results by means of correlation in predicting
severity of ground motion on structuregSI (cm),followed by MIV (cm/sec) PGV
(cm/seg, and HIl(cm) are the best correlated velocity based intensity measures with

four bridges in this study respectively.

A

ground motionsd® spectr uambasead intensity meéasues |, unl

velocity based intenty measures showed better correlatiior current ground
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motion record databases, Sa(T1) and PGV may be preferred as a predictive intensity

measures to find compatible data.

Another difference between wglity based and acceleration basetkmsity
measues is that acceleration based intensity measures are affected by mass
participation in dominant period of structures to a great extent. In this case, for
acceleration based parameters, the direction dicgeated mass in dominant period
changes severitpf seismic demand parameters in dominant direction. For example,
all bridges in their natural period with contribution of 90% mass in longitudinal
direction result in that only correlation with seismic dem parameters in
longitudinal diretion such as ¥ (tonf) and M3 (tonf.m) can be interpreted. When
evaluating second modes, contribution of 90% mass in transverse direction results in
that only correlation with seismic demand parameters in transverséatirsuch as
V3 (tonf) and M2 (tonim) can be irgrpreted. However, for velocity based intensity
measur es, since the periods of bri dgeso
velocity sensitive range, they result in good correlation in every directisgismic

demand parameters.

By usihg the same Mic behind the correlation between rigidities and
acceleration intensity measures, the poor correlation between displacement based
ground motion intensity measures and seismic demand parameters can ineexpla
In this case, contrary to irceeleration bsed intensity measurethiey undergo very
largedeformation and the mass contributed in seismic actions nir@edg compared
with the ground so t heecaonesrindepeéndentgoéusd p e a k
moti onds p e alkthsacase, ¢hkidplacemantdased intensity measures
show good correlation. However, since the bridges in this study are relatively rigid
enough to move with ground, displacement based intensity measures show poor

correlatons with all seismic demand paramiest

Furthernore, period based ground motion intensity measures and PGV/PGA

ratio grouped in another category also shows poor correlation. Period based ground
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motion intensity measures give information only about dontiperiodwherethe
maximum spectradcceleratiomccurs in an acceleration response spectrum calculated
at 5% dampingr mean perioavhich isthe Fourier Amplitude Spectrum, averaging
periods However, important conclusions can be resulted in evaluatimglation of
intensity measures witseismic demad parameters are acceleration, velocity or

displacement values.

In addition, natural periods of bridges as well as load distribution between
bridge elements are changing significantly with change in@tipg conditions of
elastomeric baings. Differat periods shall result in different seismic demand
parameters on bridges. Changing the number or layout of elastomeric bearings can

significantly affect the optimized and economical designs for bridges.
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5.3.Recommendations

Considerng thefindings in this study, it will be important to consider the

following issues.

1 Recorded hazard study should be implemented with constructed
bridges designed with response spectrum analysis defined in
specifications With the help of this study, ddfencebetween using
recorded ground motions and design spectrums can be understood.

1 By using ground motion intensity measures, effects of actual ground
motions in near faults effects should be investigated also witltalert
component of earthquakes.

1 Long spanbridges with tall piers should be studied to see the
di spl acement based intensity measur

1 In order to fully evaluate usability of acceleration based intensity
measures, much morgid bridges compared to the briefyin his

study should be analyzed.

In the days where nonlinear time history analyses are getting popular in
solution of certain applications of highway bridges, the findings of this study may lead
designers or researets to choose matching groumations. With the increasing data
of recorded ground motions, there would be a need in filtering ground motions for
specific types of structures. It is hoped that findings in this study may be a tool for
predicting and groupi intensity measures and coggenty foreseeing severity of

ground motion on a structure.
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APPENDICES

A. Comparison of Seismic Demand Parametes and Ground Motion

Intensity Measures
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M2(tonf.m) vs Max.
Acceleration (g) (FBM1)
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M3(tonf.m) vs Arias
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Figure A 15:M3(tonf.m) in FBM1 vs Al(m/sec)

99



1000.00

100.00

P(tonf)

1000.00

100.00

V2(tonf)

1000.00

100.00

V3(tonf)

P(tonf) vs Characteristic
Intensity (Ic) (FBM1)

Characteristic
Intensity (Ic)

Figure A 16:P(tonf) in FBM1 vs Ic
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Figure A 17:V2(tonf) in FBM1 vs Ic
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Figure A 18:V3(tonf) in FBM1 vs Ic
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M2(tonf.m) vs Characteristic
Intensity (Ic) (FBM1)
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Figure A 19:M2(tonf.m) in FBM1 vs Ic
M3(tonf.m) vs Characteristic
Intensity (Ic) (FBM1)
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Figure A 20:M3(tonf.m) in FBM1 vs Ic
P(tonf) vs Cumulative Absolute
Velocity (cm/sec) (FBM1)
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Figure A 21:P(tonf) in FBM1 vs CAV (cm/sec)
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V2(tonf) vs Cumulative Absolute
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Figure A 22:V2(tonf) in FBM1 vs CAV (cm/sec)
V3(tonf) vs Cumulative Absolute
Velocity (cm/sec) (FBM1)
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Figure A 23:V3(tonf) in BM1 vs CA(cm/sec)
M2(tonf.m) vs Cumulative Absolute
Velocity (cm/sec) (FBM1)
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Figure A 24:M2(tonf.m) in FBM1 vs CAV (cm/sec)
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M3(tonf.m) vs Cumulative Absolute
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Figure A 25:M3(tonf.m) in FBM1 vs CAV (cm/sec)

P(tonf) vs Acceleration Spectrum
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Figure A 26:P(tonf) in FBM1 vs ASI (g*sec)
V2(tonf) vs Acceleration Spectrum
Intensity (g*sec) (FBM1)
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Figure A- 27:V2(tonf) in FBM1 vs ASI (g*sec)
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V3(tonf) vs Acceleration Spectrum
Intensity (g*sec) (FBM1)
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Figure A 28:V3(tonf) in FBM1 vs ASI (g*sec)

Figure A 29:M2(tonf.m) in FBM1 vs ASI (g*sec)

Figure A 30:M3(tonf.m) in FBM1 vs ASI (g*sec)
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