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ABSTRACT

SEISMIC PERFORMANCE COMPARISON OF BASE -ISOLATED
HOSPITAL BUILDING WITH VARIOUS ISOLATOR MODELING
APPROACHES

Cabuk, Eser
Master of ScienceCivil Engineering
Supervisor: Prof. DU] ur han AKky¢z

September 2021147 pages

In Turkey, seismic base isolation halsecome mainly used passive earthquake
control system especially among hospital structures after the amendment of Ministry
of Health in 2014, regulating the design of hospitals in high seismic zones. Rubber
and sliding type of isolators have been appliaad several different hysteresis
models, which are essentially acceptable in seismic codes, were used in their design
process. However, due the complexity inthe development of highly nonlinear
models, engineers tend to use more practical ones sagtoathed or sharpilinear
models. Literature andxperiencehave shown that differensein hysteresis
characteristics may lead to variance in performance parameters resulting in possible
overdesign or underdesign. In this thesis, to assess the effélot afodeling
approach on seismic performance, for a selected hospital building, high damping
rubberbearing,and friction penduluntype isolators were designedcording to
Turkish Building Seismic Codand evaluated iterms of structural performance

For both desigs, commonly usedilinear and highly nonlinear isolator hysteresis
models from the literature were adoptadd structural models were created for 2475



years,and 475 years return periakismic ground motionsThreedimensional
nonlinear time h&tory analyses were conducted on the building model under a set of
11 ground motions. For each model, structural performance is evaluated and
compared in terms of (i) maximum isolator displacements, (ii) base shear reactions,
(ii) story accelerations, ()Mnter-story drifts (v) isolator hysteretic responaad (vi)

uplift behavior conforming thaternational code limitationg.he results show that

when bilinear models are used instead of more accurate nonlinear models, there is a
significantvariationin the superstructural response, especially for sharply bilinear
models.

Keywords: Seismic Base Isolation, Nonlinear Model, Bilinear Model, High
Damping Rubber Bearing, Friction Pendulum Isolator
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FARKLI YAKLAkI ML ARRAKIMODENENEN
KZOL AT ¥ RASTANE B K NSMNIN DEPREM PERFORMANS
KARkKI LAKTI RMASI

Cabuk, Eser
Yuksek LisansKk nk aat M¢hendi sl i]i
Tez Yoneticisi: Prof. DrU] ur han Aky ¢z

Eylul 2021, 147 sayfa

T¢e¢rkiye' ' de sismik tab&ajliehl 8akaml 6] 01

deprem b°l gelerindeki hastanelerin tasar
czelli kle hastane yapélarénda ajérl ékl e
haline gelmiktir. Kau-uk et kagreamts pr é zl
esasen kKartnemelerde kabul edilen birka-
Ancak, yéksek d¢zeyde dojrusal ol mayart
karmakékl ék nedeniyl e, m¢hendi sl eré - i ft

kull anma efLitemangedve. ge- ssiozllikeerendekiy i ml er
farkl el ekl ar én, ol asé akéré tasarém vey
parametrelerinde farkl el éklara yol a-abi

modd | eme yakl akéménéen sismik performansa
se-i |l mi kK bir hastane binasé i-in y¢ksek
s¢rteéenmel i sar ka- tipi izol atorl er T ¢
(TBDY2019) wuygunvel areglertesdirahméextir.
de Il iterat¢grde yaygen ol arak kull aneéel an

hi steresis davranék model |l eri beni msenmi
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deprem yer har ekeltelreroil uik-tiunr uylanpuékstau r .moSlee-1i | e
seti alténda b boyutl u Zaman taném al an
ger-eklexxtirilmiktir. Her izol at©o°r model i |
izol at°r yer deji kKtir me lvetler, (i) kdtivneleri,¢, st yapé v
(iv) katlar arase °telenmeler, (v) izolat®©or

davraneéexkée a-éséndan ul usl ar ar as é Kartnameé

kar kel axStoanrue |l mé& kdtaénr .har ek et blmayanthedéllar ger - ek - i
n

yerine -0 ft dojrusal model | er kull anél deé
deji ktirmelerinin ve histeretik ejrilerin o
g°stermektedir. Bununla birlikte,p8&zellikle
performansénda °neml . bir artéek g%zl enmikt:.i
Anahtar Kelimeler:Si smi k Taban Kzol asyonu, Dojrusal
Dojrusal Model |, Y¢e¢ksek S°negml ¢ Kau-uk Kzol a
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INTRODUCTION

Structures that can withstand earthquake ground motions have been successfully
built. To withstand devastating eartuquake forces, the classical seismic design
approach builds more rigid systems by increasing structural members and cross
sections and addinghear walls to the load carrying systédnt this approach lead

to higher inertial accelerationand structural or nestructural damage have been
allowedup to a certain limitFurthermore, a new methodt@ssustain seismic effects

with ductility and eergy dissipation terms. Since early 1900s, manydaheénergy
dissipating devices have been develgpgeth as viscous dampers, tuned mass
dampers and seismic base isolation.(B#se isolation hasecome one of the most

influential and widely used pas® protection systems around tierld.

The aim of Slis to increase the natural vibration period of the structure by decoupling
the superstructure from the foundation. Energy dissipating property of isolation layer
is also commonly considered. This resultsaireduction in both superstructural
displacements and accelerations. In other words, S| provides dissipated energy
(damping) for the superstructure to remain elastic and reduced accelerations for non

structural equipment protection

The evolution ofSl from the beginning to date is coveredNaeim (1986), Naeim

& Kelly (1999), and Warn & Ryan (2012). The history dates back more than 100
years starting with basic applications of introducing a layer of sand, mud or roller to
decouple the structure from the groultbdern applications frequty include two

types of isolators. The rubber types often include natural rubber bearing (NRB), lead
rubber bearing (LRB)and high damping rubber bearing (HDRB). The slieiyye
isolators include single, doubland triple curved surface sliding syste(frgction
pendulum system, FPS) with or without frictional surface for system damping
capability. The first modern application of rublbgve isolatofor seismic protection

was a school building in Skopje, Yugoslaviauilt in 1969. Since then, many



exanples of Sl applications have become widespraad code developments have
started across Japan, United States, China, Italy, Rassiather earthquakmone
countries. The isolated building number has increased to tens of thousands of
buildings aroundheworld.

1.1 Rubber Type (Elastomeric) Isolators

The rubber type isolatonypically consist of thin steel plates-bretween natural
rubber layers of certain height, glued together under temperature and pressure,
called vulcanization. The steel plates contribute vertical rigidity and rubber layers
provide horizontal flexibilityto the system. The damping is implemented in the
isolata by a lead core iRB or a specialrubber compounth the HDRB system.

In contrast, NRB isolators do not have significant damping priepeBchematic
figures are given irfrigure 1.1 for NRB and HDRBs, anéigure 1.2 for the LRB
isolators. Squared isolators are showihia figures and are often used in bridges.
However, circular type bearings are the most commonly used among building

structures in recent applications.

Top cover plate

Bottom cover
piate

Figurel.1l. Natural and high damping rubber bearikgride & Jandig, 2003)



Top cover plate

63\%

Rubber

Bottom cover
plate

Figurel.2. Lead rubber bearing (Kunde & Jandig, 2003)
1.2  Sliding Type Isolators

The slidingtype isolatorgFigure 1.3) consist of a sliding element between flat or
concave steel platesnd act as the principle of a pendulum. When the inertial
movement occurs, the restoring force is provided by the radius of curvature of the
sliding surface (initially Teflon or different patented materials) and the the self
weight of thesuperstructureThe energy dissipation is satisfied by the friction
between the curved surfaces. Occasionally, flat surface sliders with or without
friction are used where there is no need for restoring force for the corresponding

element.

R Articulated slider Lateral displacement

\ L Base-plate with pedestal
Sliding interface

Spherical concave dish

Figurel.3. Sliding Isolator (Warn & Ryan, 2012)



1.3 Development of Sl in Turkey

In Turkey, as a seismically active country, Sl applications have become popular in
2000's, especially after the amendment of Ministry e&lith in 2038 obligating the

use of Sl in hospitals with more than 100 beds and located in high seismic zones.
The specification includes limitations amarget performance of the structure,
requirements on analysis and structural design, quality conteltesting of
isolators. Later in 2019, the updated Turkish Building Seismic Code (TBDY2019)
was officially announcedncludinga performancebased design approach and base
isolation chapterSince 208, dozens of large hospital buildings have already been
constructed according to national and international cqéedik et al., 2018)
Furthermore, airport roof§ridges,viaducts, data ceais, residential, industrial and
storage buildings have been constructed, reachtotpl of 104 isolated structures
until 2018 including the ones undéhe planning stage mentioned in Murota et al.
(2021). This number has been increasing rapidly since H@never,Erdik et al.
(2018) also mention the lack of facilities and experience in architectural,
engineering, prduction, testing and logistics aspects of a base isolation design in

Turkey.

1.4 Problem Statement

Isolated buildings have been designed using linear and nonlinear approaches. Recent
international codes (TBDY2019, ASCHB, Eurocode8, AASHTO) require
isolatoss to be preliminarily designed with linear analyses such as equivalent lateral
force approach or response spectrum analysis to evaluate maximum displacements
and structural forces. Then, nonlinear time history analyses (NTHA) are conducted
and performancecriteria are checked for boththe isolation system and the
superstructure.Those performance parametegenerally include maximum
displacements, structural forces, story accelerations, interstory drifts, isolator

hysteresis and uplift behavior



In the analytical modeling stagegsearcherand engineers tend tase different
mathematical modelsuggested by design codes or the literatoralefine tke
hysteretic behavior of isolators for NTHA. &e include bilinear models (sharp and
smoothed) adh highly nonlinear modelswhich will be covered later in detail. The
bilinear models are more practical and can easily be implemented in the structural
analysis by following the design code guidelines.contrast, nonlinear models
which accurately captartheactwal behavior are more complex to implement and
require better comprehension mbnlineardynamic isolator characteristicEhese
modelswereused in bottresearchand design projectsHowever,experience and
literature hae shown thathe charadristics of the hysteresis loops might introduce

significant variations in performance parameters

1.5 The Aim and Research Objectives

The aim of this study is to assess the effedhefisolator modeling approach on
earthquake performance of 10 stsrbaseisolated reinforced concrete hospital
building, with plan irregularity, under a set of 11 ground motions. The structural
system consistgrimarily of beamcolumn frame elements. In addition, shear walls
are present at the core regipmbich significantlyaffects the isolation system design
and evaluationFor the building, two types of isolation sysg&fDRB, and double
curved type FPS were designed and evaluated primarily according to the Turkish
seismic code (TBDY2019). In addition, international codese also referenced
where needed. The reason behind selecting HDRB and FPS is that they both show
highly nonlinear responseinder earthquake excitation. There is a sudden increase
in stiffness of HDRB under high shear strains, whereas the nonlinearingst
stiffness of FPS type depends heavily on corresponding column axial load for which
strict bilinear relationship might not be observed for both dyptowever, the
findings of the research can also be partially applicable for LRB or sitterg-type

isolators, as the same nonlinear modals be used.



The objectives of this research are as follows:

1 To observe the effect of isolator modeling approach on sthectural
performance
1 To highlight the advantages and drawbacks of each isolatwdel

encountered during the design and analysis.

1.6  The Outline of the Thesis

In Chapter 1, a brief introduction and history of Sl isolator types are mentioned. The
research objectives are defined ariief literature review regarding the objectives

are gven.

Chapter 2 includes information on the building model and the design and different

modeling approaches of isolation elements.

In Chapter 3, seismic conditions of the building site, ground motion seleatidn

nonlinear time history analysis approach are discussed.

The analysis results are presented in Chaptsta&imum displacements, structural
forces, story accelerations, in&ory drifts, hysteresis curves and uplift conditions
are evaluated for eaclsolator type and modeling approach. Performance

comparisos with code requirements are given.

Finally, Chapter 5 summarizes this stu@onclusions and recommendations are

discussed.



CHAPTER 1

LITERATURE REVIEW

In this chapterthe literature review of the topics which is covered in this thesis is
summarized. First, the nonlinear hysteresis models most often used by researchers
and engineersire addressed, including bilinear and other nonlinear models for
HDRB ard FPS. Next, the studiesvhich focus on variation in structural
performance when one of these modglssed will be mentionedIn addition,the

uplift behaviorof isolators are investigated.

2.1 Isolator Nonlinear Models

Adequay of theforce-displacementalationship osharpbilinear (BL) models was
investigatedn numerous studies and recommended (Robinson, 1982; Skinner et al.
1993; Kikuchi & Aiken, 1997, Kampas & Makris, 2012, Vassiliou et al. 2013).In
addition,international design codégsidedNaeim and Kelly (1999) suggest all type
isolators can essentially be modeled by bilinear modeisillustration of force
displacement relationship ¢fie sharpBL model is shown irFigure 2.1 with the
dotted line Three parameters are associated with this mdtel initial elastic
stiffness, the characteristic strength and the -pietti (secondary) stiffnessA
secondary parameter, yield displacemengptionally neglected in most cases due
to a small magnitude of elastic deformationtlo¢ isolator. A sharp and sudden
corneris provided betweestiffness transitiongor which the effects on the response
will be discussed ithefollowing chapters. After the maximum load in each cycle is
reached, the unloading curve follows a parallel line of the same length with the

previous loaded segments tire opposite directionuntil it reconnects the envelope



curve. The sharp bilinear model, which is implemented in the commercial structural
analysis programias a link element, does not account for the bilateral excitation of
the ground motion components. In other words, thermal deformations are
uncoupled, and the deformation in a direction does not affect the motion in the

orthogonal direction (CSI Analysis Reference Manual, 2017).

Froax I - - - — — _ _ _ _ _ _

Figure2.1. Forcedisplacementelationshp of BL (dotted line) and BW (solid line)

Another bilinear model, called as smoothed bilingarBoucWen, BW) model,

was introduced by Bouc (1971) and modified by Wen (1976) and Park et al. (1986).
This analytical model can be applied to a wide randgysferetic systems and was
verified for base isolation of a sstory reinforced concrete building by Nagarajaiah

et al (1991) for both elastomeric and sliding isolatdnsFigure 2.1 with solid line,

the hysteresis is defined by three parametdasic stiffnesstheratio of postyield
stiffness to elastic stiffnesand the yield force. Unlike the sharp bilinear model, the
transition betweemnitial and postyield stiffnessis smoothed by a circular yield
surface functionand the two lateral degrees of freedom are coupled. Therefore, the
model is able to capture nonlinear characteristics of isolators under biaxial lateral

excitation. The vertical degree of freedom is lilgatastic and uncoupled from the



horizontal diretions. This model is implemented in ETABS softwaeRubber

Isolator link element (CSI Analysis Reference Manual, 2017).

A nonlinear model which can be applicable for elastomeric isolators, specifically
HDRB, wasdevelopediy Kato et al. (2015) and valitled byMasaki et al. (2017).

A time-independent DeformationHistory Integral Type Model (DHI model)" can
accurately capture the highly nonlinear behavior of rubber bearings under biaxial and
uniaxial excitations. An elastoplastic model (DHI) was congtdiby modifying

the viscoelastic models of Simo and Hughes (1997) since the velocity dependency
of restoring force was overestimated when compared by the HDRB test results in the
original one. Although the real rubber has velocity dependence, the Didl duesb

not exhibit dependency on th&ain rate The characteristics of the hysteresis highly
depend on the shear straind have stiffness increase when the shear strain exceeds
200% This model is also implemented in ETABS, named as High Damping Rubber
Isolator Link (CSI Analysis Reference Manual, 2017). The axial behavior isliinear
elastic and independent from the two coupled shear directions. The following
parameters are required to define the DHI mothk®lator crossectional area,
isolator effetive height, added elastic stiffnesghich controls elastic region of the
response, hysteretic parameters (number of terms, control, strain control
strength) which affects the hysteretic behavior, damage parameters which define the
damage function anelastic stiffness degdation (resistance ratio and control
strain); and finally, stiffness for iteration which might change the convergence rate

of the model.



Figure2.2. Forcedisplacement relationship of HDRB (solid line) (retrieved from
Bridgestone Isolation Product Ling)

Another highly nonlinear model can accurately capture the behavior of sliding
isolators, recommended by Nagarajaiah et al. (1991). This modeladvamced
model used both in research and practice and will be called as Friction Pendulum
Isolator (FPI) model in this study. The horizontal frictional hysteretic behavior is
based on the theory of smoothed bilinear model (Wen, 1976; Park et al., 1986). A
pendulum behavior was also added by Zayas and Low (1990). The axial behavior of
the model is always nonlineaxith a linear elastic compressive stiffness and zero
tensile stiffnessThe horizontal forceleformation behavior of the isolator is the
same ashe BW model, irFigure2.1. Both shear directiaarecoupled with axial
behavior. When the axial load dhe isolator increases, the restoring stifee
increasesand lateral force also increases along with the frictional. The shear
behavior is velocity dependemind two typs of friction coefficientareintroduced,

shear coefficient at fast velocities and zero velocity. Nagarajaiah et al. (19@1) stat
thatthefriction coefficient essentially increases with sliding velocity. To construct
the hysteresis loop, initial elastic stiffness, friction coefficient with zero and fast
velocities, the rate parameter which contithis rate of frictional change with the

velocity, and the radius of curvatuaieedefined.
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Some trilinear hysteretic modedgcount fora higher degree of nonlinearity in the
isolators Furukawa et al., 2005; Markou & Manolis, 201BJrthermore, dditional
mocels for triple friction pendulum bearings are also present (Fenz & Constantinou,
2008). However, these models are not a concern of this study.

2.2  Effect of Isolator Model on the Response

Studies mentioned in this sectitwave shown thatdifferent analytical fistereic

modek of isolators may yield significant deviations in seismic response. Isolator
models, having shaep edges between stiffness transitions, tend to show higher
superstructural response. On the other hand, more accurate hysteretic andlstructura
responsgcould be achieved using smoothed or highly nonlinear modbish are

relatively more complex to implement in structural analysis.

Mavronicola and Komodromos (201ehnducted a series of analysis using 18 pulse
like ground motions t@omparesharp and smoothed (BoW¢en) bilinear models

for LRB isolators. Several cases were investigated in the parametric study; different
normalized characteristic strength, yield displacement of isolator, isolation period,
earthquake ground motipandthe number of stories (three and five $&3). The
results showed that the maximum isolator relative displacememitd de
overestimated or underestimated with the sharp bilinear model. Average
displacements do not significantly change with the isolaiymtem characteristics

but were mostly influenced by the earthiggiacharacteristics. However, seismic
response acceleratiossem to be slightly increased when the sharp bilinear model
was used instead of a more accurate and smoothed model. which basesttio

the contribution of higher modes atlte abrupt change in the isolator stiffness. It
was also stated that the ratio of the characteristic (yield) strength to the seismic
weight on the isolator has considerable effects orstilation system's baviorand

the superstructure.
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In a PhD. dissertation thesis (Mavronicola, 2017), the discrepancies of the response
of sharply bilinear and smoothed bilinear models were investigatedrialyses of

3 and 5 stor baseisolated building with LRB were coducted under 50 puldike

ground motions. It was found that when the sharp bilinear model is used, computed
maximum floor acceleration and story drifts are overestimated. The deviation was
more significant when the isolation systens lmgher normalized ltaracteristic
strength values. The displacement response for both me@s comparablend

sharp bilinear models can be used with confidence if appropriate safety factors are

included.

A commentary in ASCEZL6 (Chapter C17, C17.5.5) states that sharmdal
systems were observed to have higher floor accelerations and superstructural forces.
Therefore, it recommended a higher vertical force distribution factor in Equivalent
Lateral ForceProcedure (ELFPjor the systems witlsharperbilinear hysteresis,
basically for FPS. However, these findings were insufficiently developed to include
in the design guidelines.

Several hysteretic models were developed and compared with the experimental
results of triple friction pendulum isolators in Ray et al. (2013). The hysteresis
response atheisolator showed better agreement with test results when the stiffness
transitionregions were modeled in a smoother manner, despite the fact that sharp
edges also showed acceptabbenpliancebut were more sgceptible to numerical

problems during the sudden stiffness transitions.

2.3  Tensile Behavior of Isolators

High risestructureshaving shear walls, irregularitieand higher structural aspect
(height/width) ratio, may induce significant tensile (uplift) forces, especially on
corner isolators during a seismic actidhereforejt is essentiato comprehend the

tensilebehavior and the capacity of the isolators during an earthquake event.
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A parametric studyvasconducted orafour-story baseasolated steel building with
asymmetryand different isolators, vibration periods, damping ratio under various
ground motionswith and without vertical earthquake compongieshnudian&
Motamendi, 2013). The study highlighted the importance of incluthiagertical
component othe earthquake in the analysis as overturning moments, beam shear
forces, corner column axial logdmd local uplifts could be significantly affected,
especially for structusewith a high aspect ratio. On the other hand, it was shown
that the vertical component has negligible influence on system isolator hysteretic
response. Furthermore, sevatghamic shake table test specimens with high aspect
ratio and having strong ground motion (Feng et al., 2004; Takaoka et al., 2011;
Masaki et al., 2000) show that althougireisolation system was stable, isolators are
prone to tensile forces for buildingsth such characteristics.

Novel research as conducted in Japanese literature on tensile behavior and capacity
of all rubber isolators during displaced positions (Kani et al., 1999; lwabe et al.,
1999; Takayama et al., 1999). Moreover, a nonlinear léessiffness model and
deformatiorbehaviomwereinvestigated by the test results up to 250% shear strain in
Yang et al. (2010}t is also mentioned thataximum tensile shear strains from 17%

up to 2% were observed irexperimental studiefor structureswith different
characteristicsTo avoid excessive tensile deformations and damage in the isolator,
the tensile strain was restricted to 5% of total rubber height in Japanese litenature
more than 1 MPa of tensile stress is not allowed in the Chimssgndcode.

An experimental study (Erkakan, 2014) was conducted on the isolation performance
of circular rubber bearings with different sizes and loading protocols during
horizontal deformation. The isolators wetgbjected to tensile stresses up to 2 MPa
and shear strain up to 100% without significant degradation in hysteretic parameters.
Also, it is mentioned that in tHagerature(Mano & Mangerig 2018), isolator limit
tensile stress value is often taken & @vhere™O is the shear modulus of roér)

and after this limitthe tensile stiffness of rubber isolators drops significantly due to

the cavitation damage
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If uplift in rubber bearings cannot be avoided, some bilinear or multi spring models
could be used to reflect the axial behavior accurately into the analytical model (Warn
& Ryan, 2012). In practic¢he axial forcedeformation relationship is often takas
bilinear elastic, multiplying the compression stiffness by a reduction factor in order
to calculate tensile stiffness. In Pietra and Park (2017), 193dalé tests were
conducted omlifferentisolator diameter and lead plug sizésvas seen that vem
working under 3 tensile stresses, the tensile ppisid stiffness degdation during

the cycles wasnot significant. It is also stated that lower bound cavitation oedur
when 1012% tensile strains were reachadd acceptable cavitation limitdds were
specified between'@-3"0. Finally, the ratio of tensile stiffness to the compressive
stiffness vasfound to vary between 1/10 (for isolator of small diameter) to 1/80

(large diameter).

International design codes have different requiremerdstahe uplift behavior in
rubber bearings. In ASCE6 (2016), local uplift of elements might be allowed if
the resulting deflections will not result in overstress or instability of the isolator. In
EN15129 (2009), it is mentioned that a tensile stregpet® 20 can be bearable
without significant cavitation; otherwise, uplift restraining connections are
recommended. California Department of Transportation (Caltrans, 2010) does not
allow uplift. Finally, TBDY2019andAASHTO LRFD (2010) recommends tt®wn

or anchoage systems to eliminate the uplift effect.

Conventional sliding isolators have no tensile carrying capabditgl a gap is
generated between the upper and lower plates when the tensile load exceeds the
weight on the isolator during an earthquake dudéchigh vertical accelerations or
overturning. Therefore, no frictional restoring force is generated when the isolator is
in uplift condition. Similarlyvery high compressive forces are also generated during

a seismic evenfollowed by the upliff resuting in excessively high shear restoring
forces due to the friction action. Moreover, following the uplift of isolators, an
impact could happen between the sliding materiadsich could significantly

damage sliding surfaces and the isolator and hystéxetiavior
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Although so far no reported real earthquake case of sliding isolator failure due to
uplift has been documented (Cal§ Calvi, 2018) several studies aino observe
uplift behavior on sliding pendulum isolators understructures with high tasiec

and significant overturning.

Morgan (2007)conducted shaking table tests on quarter scaleibalsged steel
braced frameThe study highlighted the importance of variation of axial loads due
to overturningand the aspect ratio (approximatel§)3of the structure was selected
large enough to create uplift under selected ground motions. The stability of the
isolators was preserved after the tests where local uplift motions (not exceeding 0.25
seconds of disconnection of the plates) were obsemdediever, theisolators'
significant variations in axial forsewere attained, diverging from a bilinear
hysteretic shape. These test results are compatibleReiil's (2008) findings

which double and triple friction pendulum isolators were dynamidaiéyed to
facilitate practical implementation. In the studpproximatelya magnitude of 23

mm of uplift displacements were observed for two cabgghe overturning and
rocking (isolator hitting the displacement restrainer) motions. For both cases,
instantaneous uplift behavior was obsepvatd upon contact of sliding surfaces,
isolators normally continued to their hysteretic motion without anplpm.If such

a motion is observed, uplift magnitudes should be carefully assessed to prevent the
sliderfrom topplingover the isolator and become unstable or resulting in structural

damage.

Uplift restrained devices were prageal and studied in many cases for the situations
where uplift demands are unbearable or unwanted for sliding isolators (R&ussis
Constantinou, 2006; Roussis, 2009; Kasalaa&instantinou, 2005) and for rubber
isolators (Griffith et al., 1990). Howevdhese systems are not investigated in the
concept of this thesis.
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CHAPTER 2

ANALYTICAL MODEL

3.1  Building Model Information

The building is one of the i§tory T-shaped blocks of a basmwlated reinforced
concrete (RC) hospital which was built in a high seismic Zon&urkey. The
structural system consists mostly of coluamdbeam (frame) elements and shear
walls supporting the core (elevators and stairs) regions to limit the lateral
displacements on the superstructure. The plan geoisetfyb m inthe X direction

and 75 m in the orthogonal Y direction, and the total height is 40.9 m.

The pedestal sizes are 1250x1250 nt@low the isolation layer. The column
dimensions are mostly 900x900 mm for tinst floor and 800x800 mm for the upper
floors. Moreover, beam dimensions of 800x600 mm were used throughout the
structure. In additiorglimited number of columns and beams of differgnés were

also used in the structural system. The shear wall thickness is 3@vanyahere.
Section rigidities of all membgmwere modified by recommended values in Table

13.1in TBDY2019 to account for cracking during the earthquake.

A 3-D structural model was created and analyzed using the commercial structural
analysis program ETABS (v18.1.(Higure3.1. ), andthe isolation layouts given
in Figure3.2.
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Figure3.1. 3-D view of building model

Y

Lo

In addition to the sefiveight of the reinforcedoncrete structure, a uniform load of
3.92 kN/nt of dead load (G) and 3.5 kN#of live load (Q) were used throughout
the structure and on the top flparkN/ n? of snow load, which was also included

Figure3.2. Isolator plan layout

as a live load, was used. Thaor masses and the seismiassof the structure from
the G+0.3Q loathg condition areshown inTable3.1. Thefirst ten periods and total
mass participation ratios of tfi#ed base structurare given inTable3.2. The first

mode period is 19 s, and coupling of the X and Y directions is observed.
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Table3.1 Story and structural masses Table3.2 Modes of fixed base structul

Story Mass Mode Period My My
Floor 10 664 1 1.912 0.44800.1148
Floor 9 5307 2 1.860 0.10030.5920
Floor 8 4861 3 1.693 0.14810.0019
Floor 7 4862 4 0.559 0.03390.0320
Floor 6 4862 5 0.547 0.02650.0475
Floor 5 4803 6 0.490 0.02600.0003
Floor 4 4986 7 0.285 0.00890.0317
Floor 3 4909 8 0.278 0.02010.0158
Floor 2 5175 9 0.254 0.0003 0.0000
Floor 1 5374 10 0.237 0.0207 0.0001
Isolation 5142

Floor-1 1070

Tot. Str. Mass 52015

3.2  Seismicity and Selected Ground Motions

The building is located in a high seismic region in Turkey. Sitear waveelocity

at 30 m depthof the soil, Vso, was retrieved as 350 m/s. It corresponds to ZD soil
class in TBDY2019.MCE and DBE level elastic spectra were obtained from
Interactive Seismic Hazard Map (AFAD, Ministry of Interior of Turkdg)order to
conduct nonlinear time history analysigwen ground motions were selecfeom
PEER NGAWes2 Grownd Motion Database (Pacific Earthquake Engineering
Research Center, University of Californidhe selected ground motioase scaled

so that the average accelerationshefground motion spedarwill not be less than
1.3 times the response spectfae daracteristics of the ground motions and their
scale factors for MCE and DBE are showrT able3.3. Comparison of acceleration
spectrum of each ground motion with the target spectfagire 3.3 andFigure3.4

for MCE and DBE level seismic condition.
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Figure3.3. Target spectra and averaged spectra of eleven ground motions for MCE
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Figure3.4. Target spectra and averaged spectra of eleven ground motions for DBE
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Table3.3 Eleven ground motions and scale factors for MCE and DBE

Result | Record| Tp- Event Year Station Magnit | Mechani| Vs30 | MCE_ | DBE_
ID Seq. #| Pulse ude sm (m/s)| SF SF
1 187 - "Imperial Valley-06" |1979 "Parachute Test Site" 6.53 | strike slipl 348.7| 3.892 2.404
2 316 4.389 "Westmorland" 1981 "Parachute Test Site" 5.9 | strike slip 348.7] 2.030| 1.254
3 549 - "Chalfant Valley-02" 11986 "Bishop - LADWP South S{" 6.19 | strike slip| 303.5 2.826 | 1.746
4 558 - "Chalfant Valley-02" 1986 'Zack Brothers Ranch" | 6.19 | strike slipl 316.2| 1.724| 1.065
5 821 - "Erzican_ Turkey" |1992 "Erzincan" 6.69 | strike slipl 352.1 1.125| 0.695
6 850 - "Landers" 1992 "Desert Hot Springs" 7.28 | strike slipf 359 | 3.530| 2.180
7 1116 - "Kobe_ Japan" 1995 "Shin-Osaka" 6.9 | strike slip 256 | 2.487| 1.536
8 1158 - "Kocaeli Turkey" (1999 "Duzce" 7.51 | strike slipl 281.9| 1.281| 0.791
9 1605 - 'Duzce_ Turkey" (1999 "Duzce" 7.14 | strike slip 281.9] 0.947 | 0.585
10 2752 - "Chi-Chi_ Taiwan-04"[1999 "CHY101" 6.2 | strike slipf 258.9| 2.814 | 1.738
11 6893 - "Darfield_ New Zealang2010 "DFHS" 7 strike slip 344 | 1.517 0.937

An illustration of orthogonal lateral components of unscaled ground motions are
shown inFigure 3.5. Moreover, the unscaled ground motiongh details and

vertical components are given in Appengéix
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Figure3.5. Unscaled horizontal components of 11 ground motions

Isolator Design and NonlinearModels

High damping rubber bearingnd friction pendulum systeltype isolatorswere

designed for the structure to evaluate the ruldmator performare. To assess the

effect of the analytical models for FPS and HDR&ousisolator modelsised by

researchers and designers were selected. First, the nonlinear time history analysis

wasconducted using more advanced types, called éniddiendulum Isolator (FPI)

and Deformation History Integral Type (DHIespectively. Then, less accurate

bilinearmodels called smoothed Beiiden Model (BW) and sharp bilinear model

(BL) were adopted for structural analyses.
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TBDY?2019 was used as thieremost guidelines during the desigtsolators to be

designed based on three | oad combinati oé]l
p&"0 pHO (31)
PO 0 © (3.2)
@80 O (3.3)

Where Ois the dead load) is the live load, an®is the effect ofheearthquak, by
considering the combination of three ground motion componkntkis case, the
earthquake loads were obtained by the average results of 11 ground motions from
nonlinear time history analyseSeveral types for FPS and HDRre constructed
according to their maximum compressive and tensile loads. The upper and lower
bound isolator propertieeecommended by the manufactureere usedDesign
criteriaand stability checksy TBDY2019 (Section 14) were satisfied.

A preliminary design for theisolation system was conducted using Equivalent

Lateral ForceProcedure (ELFPaccording to BDY2019. The displacement at an
earthquake | evel can be cabaxudtaamds bfyorEqg
MCE (DD-1) level earthquake, anthus, the equation could also be used for DBE

(DD-2) level earthquakby substituting the corresponding parameters.

Q
0 & — Y=Y Y (34)

Where,”Y Y s thespectral acceleration for the corresponding effective period,
“Y is the effective periodf the structur@nd— is the damping scale factand,

is the damping ratio for the corresponding maximum displaceameitalculated by

Eq (3.5) and Eq (3.6)espectively

) “ o (35)
Yo g
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o (3.6)
v ,

Evaluation of the damping ratig )( often requires the target displacement of the
isolator. Therefore, since Eq (3.4) becomes an implicit equation, a step by step
iteration procedure was conducted by assuming an initial effective period and

damping ratio for each isolator type.

Themaximum displacementshould bancreased, as shown in Eq (3.7), because of
the torsional movement of the isolation system. The movement, including torsion
O  shall not be less than tp®O .

pQ , (3.7)

(@) O p oow—Q ppO

WhereQis the distance between the center of mass and the center of stiffness of the

isolation system, b and d are the two most extended dimensions of the structure.
The forces transferred to the superstructure can be calculated by Eq (3.8),

YUY @- (3.8)
Y

Wherew is the structural weight (G+0.3Q), aiftis the structural behavior factor
(taken as equal to one) affecting the ductility demand on the superstructure. More
realistic structural forces can also be obtained by using the ELASGEZ16,

which removes the weight of the isolation slab from the superstructure and can
redistribute the lateral forces to the superstructure. In the end, higher superstructural

forces were obtained when ASGHE®8 is used.
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3.3.1 Design of High DampingRubber Bearings

The preliminary isolation system design, having a target period of 3 s and damping
ratio of 20%, was conducted according to the equivalent lateral force procedure
(ELFP) (TBDY2019 Section14.14.2 Yhe lower and upper bounds weaken as

0.9 and 1.45 respectively, recommended by Bridgesiodeapplied in the analysis
according to TBDY2019 (Section 14.12he summary table for the ELFP using
both MCE and DBE level earthquakesth nominal, upper, and lower bound
properties isshavn in Table3.4. The isolation system yielded 416 mm maximum
displacement in MCE level ground motion with LB properties. Also, the forces,
11.4% and 12% of seismic weight, are transferred to the superstructure in DBE UB
properties in TBDY2019 and ASCELG.

Table3.4 Equivalent lateral force procedure for HDRB

MCE- MCE- MCE- DBE- DBE- DBE

Analysis Type LB Nom UB LB Nom UB
Seismic Weight (kN) 499727

Effective Period (s) Y 2942 2765 2208 2510 2326 1.774
Damping Ratio % : 22% 22% 23% 24% 24% @ 24%
Total Effective 0 232429 263189 412514 319363 371929 639180
Stiffness (kN/m)

Damping Scale - 0.610 0.606 0.594 0.587 0.587 0.535
Factor

Spectral Acc. (g) Y Y 0.222 0.236 0.295 0.151 0.163 0.214
Max. Displ. (m) 0O 0.378 0.353 0.276 0.181 0.167 0.116
Max. Disp. w/ (@] 0.416 0.388 0.304 0.199 0.184 0.128
Torsion (m)

TBDY2019 Base 0.135 0.143 0.175 0.089 0.096 0.114
Shear (Vim/W)

ASCE7-16 Base 0.143 0.152 0.186 0.095 0.102 0.124

Shear (Vim/W)
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In a collaborative research project with Bridgestone Corporation (Japanjypesr

of HDRB (Bridgestoneseismic Isolation Product Lirgp, 2017) were selected for
the building.According to their maximum earthquake compressive loads (Eq (3.1)),
the isolators were grouped into four categorigee tensile capacity recommended
by Bridgestone and other papelano & Mangerig, 2018; EN15129, 2009, Pietra
& Park, 2017)1 MPa wasadoptedlsolators that exceedthe tensile capacity were

moved into the greater size to reduce the stgess

The defggn was conducted based on an isolation system having a maximum of 200%
shear strain displacementictated by TBDY2019under maximum earthquake
level (MCE); despite the fact that was observed HDRB isolatorewad undergo
higher strain limits up to 3 shear straingithout any significant deterioration in
hysteresis loopé&ikuchi & Aiken, 1997; Masaki et al., 2017yherefore, isolator

total rubber height is selected as 200 ,mvhich corresponds nearly 210% shear
strain. The code limitation is exasdby alittle in this situation. However, HDRB

has aincreasing nonlinear stiffnesst shear strains higher than 2280%, and
hysteresis loops of some ground motions with higher shear strains can now be

observable

It should be noted that the periods DBIB and DBENom conditions are close to
the fixed base structure period. Therefoedatively higher superstructural response

might be expected when the evaluation is conducted.

A tableincludingHDRB propertiesand design loadis presented iffable3.5. The
vertical compressionstiffnesgs of the isolatorswere calculated according to
TBDY2019 (Appendix 14A).
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Table3.5 HDRB isolator design loads and properties

27

Typel | Type?2 | Type 3 | Type 4
# of isolator # 57 36 25 17
Average Seismic|
_ G+0.3Qave 1649 4036 6099 6352
Weight (kN)
Maximum Static Load
6646 9777 12024 | 12362
(kN) 1.4G+1.6Qmax
Maximum Earthquake
9000 12000 | 15000 | 17174
Load (kN) 1.2G+Q+Emax
Minimum  Eathquake
_ 580 737 915 958
Load (Tension)(kN) 0.9Emax
Shear Modulus (kPa) | Gv 620 620 620 620
Elastic Modulus (4*Gv)
2480 2480 2480 2480
(kPa) EO
Coefficient on Hardness| k 0.6 0.6 0.6 0.6
Comp. Modulus (kPa) Ec 4003547 | 3702695| 3711696| 3812646
Bulk Modulus (kPa) K 2000000| 2000000| 2000000| 2000000
Vertical Rigidity
1333727| 1298577| 1299683 | 1311845
Modulus (kPa) Ev
Vertical Rigidity
4283139 | 5058781 | 6166376| 7402727
(KN/m) Kv
Outer Diameter (m) Do (B) 0.9 1 1.1 1.2
Inner Diameter (m) Di (BL) 0.02 0.055 0.055 0.055
Effective Area (nv) Ar 0.6359 | 0.7830 | 0.9480 | 1.1286




Tabl e 3. HDRB Golatar dediyyn loads and properties

Inner Area (m?) Al 0.000 0.002 0.002 0.002
Rubber layer thickness

0.006 | 0.0067 | 0.0074 | 0.008
(m) tr
Number of Layers n 33 30 27 25
Tot. Rubber Height (m) | H 0.198 0.201 0.200 0.200
Tot. Iso. Height (m) Ht 0.4108 | 0.4006 | 0.3902 | 0.3856
First Shape Factor S1 36.7 35.3 35.3 35.8
Second Shape Factor | S2 455 4.98 5.51 6.00
Max. Rubber Elong. Ub 5 5 5 5
Design Rotation Angle

0.005 0.005 0.005 0.005
(rad) ds

Using the mechanical characteristicSable3.4. the bilinear shear properties were

obtained by the equations of Bridgestone recommendation. (Bridgestone Product

Isolation Lineup, 2017). It was seen that the results from the Bridgesiqagions

are compatible with the equations used in TBDY2019 for rubber isolators. The

equivalent shear modulu® , damping ratioc©O , and a function of a ratio of
characteristic strength to the maximum foécehould be calculated first to obtain

equivalent stiffnes® , initial stiffness) , postyield stiffness) , and characteristic

(yield) strengttstiffness0 . The expressions for these parameters are shown from

Eq (3.9) to Eq (3.15).
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O 08 7FO0 (3.12)
0 O p O (3.13)

O  p (3.14)
0 o0 O (3.15)

The corresponding shear properties of isolators were determined from the equations
above for nominal properties. The secondary rigidity and characteristic strength are
multiplied by LB or UB factors when necessafe lateral shear properties of four

isolator types for MCE and DBE conditions are given fibafle3.6 to Table3.11.

Table3.6 Isolator bilinear properties for MGEB condition

Type 1 Type 2 Type 3 Type 4
) 1.469 1.447 1.455 1.454
o (M) 0.291 0.291 0.291 0.291
1 £KP3) 519 522 521 521
1ma 3) 0.232 0.232 0.232 0.232
0 0.392 0.393 0.392 0.392
L (kN/m) 1500 1830 2224 2646
L (kN/m) 913 1111 1351 1607
L (kN/m) 8787 10659 12982 15440
L (kN) 192.5 237.0 286.9 341.6
30+ o(KN) 524.6 646.1 782.2 931.2
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Table3.7 Isolator bilinear properties for MCEom condition

Type 1 Type 2 Type 3 Type 4
o) 1.370 1.349 1.357 1.356
o (M) 0.271 0.271 0.271 0.271
T AkPa) 533 536 534 535
T A 3) 0.234 0.234 0.234 0.234
0 0.396 0.397 0.397 0.397
L (KN/m) 1710 2087 2535 3017
L (kN/m) 1032 1258 1529 1819
L (kN/m) 10324 12580 15293 18195
Lm (KN) 183.8 224.7 272.8 324.7
204 o(KN) 463.7 565.9 687.5 818.1
Table3.8 Isolator bilinear properties for MGHB condition
Type 1 Type 2 Type 3 Type 4
2 1.072 1.056 1.063 1.062
o (M) 0.212 0.212 0.212 0.212
T AkPa) 597 601 600 600
Tmd 3) 0.239 0.239 0.239 0.239
O 0.406 0.407 0.407 0.407
L (KkN/m) 2778 3398 4124 4908
L (KN/m) 1649 2015 2447 2912
L (kN/m) 16489 20154 24472 29121
L (kN) 239.7 293.4 356.1 423.8
30+ o(KN) 589.8 721.3 875.6 1042.0
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Table3.9 Isolator bilinear properties for DBEB condition

Type 1 Type 2 Type 3 Type 4
) 0.702 0.692 0.696 0.695
o (M) 0.139 0.139 0.139 0.139
T 4£KP3) 772 779 776 777
T 3) 0.241 0.240 0.240 0.240
0 0.409 0.409 0.409 0.409
L (KN/m) 2231 2731 3314 3944
L (kN/m) 1318 1615 1959 2332
L (kN/m) 13184 16148 19592 23317
Lm (KN) 126.8 155.2 188.4 224.2
35 4 o(kN) 310.1 379.7 460.7 548.3
Table3.10 Isolator bilinear properties for DBHom condition
Type 1 Type 2 Type 3 Type 4
9 0.651 0.641 0.645 0.644
o (M) 0.129 0.129 0.129 0.129
T £kP2) 809 817 814 814
T 3) 0.240 0.240 0.240 0.240
0 0.408 0.408 0.408 0.408
L (kN/m) 2599 3182 3861 4595
L (KN/m) 1538 1884 2286 2720
L (KN/m) 15382 18839 22857 27202
L (kN) 136.7 167.3 203.0 241.6
30+ o(kN) 334.8 409.9 497.4 592.0
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Table3.11 Isolator bilinear properties for DBEB condition

Type 1 Type 2 Type 3 Type 4

0 0.497 0.489 0.492 0.492

o (M) 0.098 0.098 0.098 0.098
1 £KP3) 948 956 953 953

T 3) 0.238 0.238 0.238 0.238

0 0.404 0.404 0.404 0.404

L (KN/m) 4415 5399 6554 7800
L (kN/m) 2631 3219 3907 4650

L (kN/m) 26310 32192 39073 46499

L (kN) 175.3 214.3 260.2 309.7

34 o(kN) 434.0 530.8 644.4 766.8

3.3.1.1 Deformation History Integral Type (DHI) Model

One elastic spring and two hysteretic springs were included in the DHI rmibeel.
concept is shown ifigure3.6. The resulting hysteresis is the sum of all hysteretic
springs in the modelThis model is shear stragtependent, and the stressain

mathematical expression is given in EdLE}-

The twohorizontal directions are coupled; therefdree DHI model can capture

highly nonlinear response under bilateral excitations. The horizontal stiffness
significantly increases after 200% shear strain for HDRB, contributing to the total
system damping. fAis behavior cannot be accurately captured in other bilinear

models unlessomprehensivenodifications are made.
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Figure3.6. DHI model concept, elastic and hysteretic spring behdkser et al.

2020)
frf o ohoo e TP o
@ o
t TR HoO 9 0 T 2P (3.16)
,m) o - .
ho — p —A QDrr 0
where,
w , QO Q
o I Agr r
[ B :shear strain in X, y direction
t bt :shear stress in x, y direction
W . curvilinear integral along the deformation orbit CCod  plane

aRQROR-H : material parameters

h 6 :damage function (degradation of stiffness by loading history)
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Horizontalmaterialhysteretiacontrolparameters, recommended by Bridgestange
givenin Table3.12, anddefined in ETABSnAi Hi gh Dampi ng Rubber 1 sol

property separately for upper and lower bound aresdys

Please note that these parameters were constructed by using the tastddhi
AAdded El astic Stiffness, Geo does not dire
isolator but only have effect on the elastic term. Therefore the nominal value of Ge

can be lower than the lower bound.

Table3.12 Material input parameters for DHI model

Property Nominal UB LB
Added Elastic Stiffnessi Ge (MPa) 0.5257 0.8136 0.5262
Control Strength 1 - g1 (MPa) 2.468 3.364 1.999
Control Strength 2 - g2 (MPa) 0.3564 0.4858 0.2887
Control Strain 1 - |1 0.03591 0.03591 0.03591
Control Strain 2 - I2 0.5 0.5 0.5
Resistance Ratic [ 0.4598 0.4598 0.4598
Damage Parameteii rd 0.4181 0.4181 0.4181

The axial behavior inly linear elastic in high damping rubbesolator link

definition. Therefore, to account for different tensile and compressive behavior a

Mul tilinear Elastico |ink element (CSI Anal
only axial spring behavior definition, was also added in sddethe horizordl

springs The tensile stiffness was taken as 1/30 times of the compression stiffness for

all types (Pietra & Park, 2017). Axial forcksplacement relationstsgor all four

typesare presented irFigure 3.7. If the axial displacements exceed the maximum

displacement in the graph, a linear interpolation is applied in the model.
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Figure3.7. Axial force-displacement relationship of HDRB types

3.3.1.2 Smoothed BoueWen (BW) Model

In this model, biaxial excitation of isolation elements can be captured accurately.
The axial and horizontal behaviors are uncoupled. The axial behavior is only linear
elastic therefore the same multilinear axiatks wereassigneds inthe DHI model
(Figure 3.7). For horizontal degrees of freedorhetbiaxial diagram showing the
plasticitymodel implemented in ETABS is shownkigure3.8. The nonlinear shear
force-displacement behavior is governed by the relationships belowtwio
directions Q andQ ):
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Figure3.8. The isolator property definition for biaxial deformation (retrieved from
CSI Analysis Reference Manual, 2017)

Qi odTEQ p 1 0D QW@ (3.17)
Qi odTEQ p 1 W QO (3.18)

Where,Q and™Q are the initial elastic stiffness, O #ndi OO Ade the ratio of
postyield stiffness to initial stiffnessy "X andw "D are the yield (characteristic)

force of the isolatord andd are the internal hysteretic variables. The range of the

variablesare in the range of @ & p, outside of the yield region and

a & p, circular shapeat the yield surface. The value of the hysteretic
parameters are defined according to followingplicit differential equations and
having a zero value at initial conditions. The relation (Efy9)3 wasconstructed by
using the dimensionless quantities that control the shape of the hysteresis in Park et
al. (1986) withd0 pandf | T®.
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Where,

According to Bridgestone recommendations, the bilinear hystefretracteristicef
HDRB isolators were calculated using mechanical isolator propearnggresented
in Table3.6, Table3.10 andTable3.11. The rubber isolator input parameters were
extracted from the bilinear shear properties of the isolators and are preséraiel@ in
3.13 for MCE-LB, DBE-UB, and DBENom analysesthat are used for structural

v o s . IP—="Q ¥
p wqQ WaaQ ooT(XQu (3.19)
waa p G r Q Q '
VIANO (O X IV
o P QA m (3.20)
T €M 0Q Q
o P QA m (321)
T €8I 0Q Q

response evaluation.

Table3.13 Smoothed bilinear model input parameters

MCE- | DBE- | DBE-
LB Nom UuB
keff2,3 | 1500 | 2599 | 4415
Type | k2,3 9127 | 15382| 26310
1 |yield2,3] 171 137 175
ratio2,3 0.1
keff2,3 | 1830 | 3182 | 5399
Type| k2,3 |11110|18839| 32192
2 |yield2,3| 209 167 214
ratio2,3 0.1
keff2,3 | 2224 | 3861 | 6554
Type | k2,3 | 13512 22857| 39073
3 |yield2,3| 254 203 260
ratio2,3 0.1
keff2,3 | 2646 | 4595 | 7800
Type | k2,3 | 16075|27202| 46499
4 |yield2,3| 302 242 310
ratio2,3 0.1
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3.3.1.3 Sharp Bilinear (BL) Model

In this model, all threelegres of freedomare uncoupled.The envelope curve of

thenonlinear forcedisplacement relationship directlytheinput parameter for axial

and two shear deformationsThis model is implemented in ETABS dke

AMul til i fMLB)L i Rika&s tpandithe@ Kit yemati ¢ Hysteresis
was used as the energy dissipatnghanism The concept of the mod#dr each

independent directiois shown inFigure3.9.

Shear Force

Lateral
Deformation

Figure3.9. Sharp bilinear concept

The sharp bilineacharacteristicavere estimated from bilinear shear properfies
Table3.6, Table3.10andTable3.11 and are shown in a graphical form frétigure
3.10 to Figure 3.12 for MCE-LB, DBE-Nom, and DBEUB casesThe nonlinear
axial behavior can be modeled simijarto the shear directionsDifferent

compressive and tensile stiffnesgee assigned as DHI model,Figure3.7.
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Figure3.10. HDRB sharp bilinear envelope input for M&@B isolatorproperties
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Figure3.11. HDRB sharp bilinear envelope input for DBom isolatorproperties
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Figure3.12. HDRB sharp bilinear envelope input for DBREB isolatorproperties

3.3.2 Design ofFriction Pendulum System

Double curved surface frictional slidersay beused in the design of the building.
The friction pendulum system consists of an articulated frictional disk that slides
between concave plates. The damping is provided by the friction and the restoring
stiffness is achieved by the curvature of the sugfac®l the gravity. The friction is
load-dependenand varies with the sliding velocitgnd temperatureDuring an
earthquake, due to the variationasdal columnloads, the restoring stiffness shows
high nonlinearity, especially iocationswith higheroverturning moments and shear
walls. In most cases, isolators located at the corner regibhsildings and shear
walls exhibit uplift behavior due to the axial load variation. Since friction pendulum
isolators do not have tensile carrying mechanismsriatohal force is generated

during the uplift.

The preliminary analysis with ELFP was conducted with a target period of 3.5 s and
20% damping in MCE level seismic input with lower bound isolator propeDies.

to the variation in friction coefficient raled to aging, testing and production
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variation, he lower and upper bound parameters are taken as 0.9 and 1.56,
respectively and applied in the analysis according to TBDY2019 (Section 14.13).
Maximum displacement with torsional effects was calculate€@l %32 m. The base
shear forces were attained as 10.7% and 11.6% of superstructural weight for
TBDY?2019 and ASCE-6, respectivelyThe summary table for ELFP analysis for

all isolator properties is given ifable3.14.

A friction pendulum system as designed according to TBDY201§uidelines
Preliminarily, theisolators were grouped into three types depending on their
maximum compressive loads. Theminaleffectivedynamicfriction coefficient is
selected as 5.5% antthe radius of curvature as 4.5 m. The maximum uplift
displacements will be examined@hapter5 and compared with the literature.

Table3.14 Equivalent lateral force procedure for FPS

MCE- MCE- MCE- DBE- DBE- DBE

Analysis Type LB Nom uB LB Nom UB
Seismic Weight (kN) ¢ 499727

Effective Period (s) “Y 3.488 3.378 2.874 2883 2459 1.897
Damping Ratio % : 21% 24% 30% 30% 30%  30%
Effective Stiffness 0

165289 176202 243426 241936 332616 558692
(kN/m)

Damping Scale —
0.621 0592 0535 0.535 0.535 0.535

Factor

Spectral Acc. (g) Y Y 0187 0.193 0.227 0.132 0.154 0.200
Max. Displ. (m) (] 0.456 0422 0.324 0.189 0.161 0.125
Max. Disp. w/ O 0.502 0.464 0.356 0.208 0.177 0.137
Torsion (m)

TBDY2018 Base 0.116 0.114 0.1212 0.070 0.083 0.107
Shear (Vi/W)

ASCE7-16 Base 0.123 0.122 0.131 0.076 0.089 0.116

Shear (Vi/W)
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The bilinear properties were obtained using the equations below, retrieved from

TBDY?2019 (Appendix 14B)and shown inrable3.15 for MCE andTable 3.16 for
DBE level seismic conditions.

O O ‘0 (322
o 0 (3.23)
2 3
n 00 10 (3.24)
O Y ©
T PO C ‘ (3.25)
¢t '00 “ ‘'  OrY

Table3.15 FPS isolator characteristics for MCE level seismic condition

MCE-LB MCE-Nom MCE-UB
‘ 0.0495 0.055 0.0858
Y m 4.5 4.5 4.5
O m 0.351 0.325 0.249
"Op KN 24736 27485 42877
Qr KN/m 111050 111050 111050
O, p TR kN/m 11105044 11105044 11105044
fo3 kKN/m 181558 195747 283139
O kN 63697 63522 70545
I % 25% 28% 30%
Y S 3.328 3.205 2.665
1 rad 0.3005 0.3120 0.3752

42



Table3.16 FPS isolator characteristics fOBE level seismic condition

DBE-LB DBE-Nom DBE-UB
‘ 0.0495 0.055 0.0858
Y m 4.5 4.5 4.5
O m 0.145 0.124 0.096
O, KN 24736 27485 42877
Qr, KN/m 111050 111050 111050
Q; p M@ KN/m 11105044 11105044 11105044
fo]S KN/m 281201 332620 558736
O KN 40881 41260 53512
f % 30% 30% 30%
Y S 2.674 2.459 1.897
1 rad 0.3739 0.4067 0.5271

3.3.2.1

Friction Pendulum Isolator (FPI) Model

The plasticity model of Park et al. (1988asadopted for the shear behayiand

the pendulum behavior is added by Zayas and Low (1990). The axial force is always

nonlinear and have significant affects on the shear behavior (CSI Analysis Reference

Manual 2017).

The concept is shown Irigure3.13. All three degrees of freedom are coupled. The

nonlinear axial forceleformation behavior is defined witbmpression stiffness and

zero tensile stiffness, Eq (3.26). The frictional and pendulum force deformation

behavior are given in Eq (3.28) and Eq (3.29), respectively. Frictional behavior is

highly affected by the variation in nonlinear axial load duringgarthquake.
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Figure3.13. FPI model concept (retrieved from CSI Analysis Reference Manual,

2017)
" > 00 T (3.26)
Q v £ERL 0000
Q - Q¢ 3.27
0 i i (3.27)

" QOO QEREQE QO G 06 A

The frictional forcedeformation relationship is given by:
Q5 0° ROk (3.28)

‘“+ B+« B+« vmr; 0Q (3.29)

The comma notation is used to aegte thedirections in the tensin order not to
show the same equations again. Wheré, &Rare the friction coefficients at zero
velocity, and'Qa ¢ fware the friction coefficients at fast velocities in corresponding
horizontal direction (2 or 3). Theai€tion coefficient is normally increases with
sliding velocity for Teflorsteel materials (Nagarajaiah et al,1991). The resultant
velocity is denoted as. Thei is an effective inverse velocity and characterized by

inverse of characteristic sliding \aities,i o€y, .
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>t Q i PAatQ

0

a ; are the internal hysteretic variables. The range of the variables was in the range

of & & poutside of the yield region, andd &  p, circular shape at

the yield surface. The value of the hysteretic parameterdedireed according to
following implicit differential equations and having a zero value at initial conditions.
The relation (Eq (30)) were constructed by using the dimensionless quantities that
control the shape of the hysteresis in Park et al. (1986)ow pandf T

™.

] vy vy 1] I,PT
¢ p Oa&  ©Oag
Q Haa p OGA Tr
w Vg

(3.30)

Where,’Q and™Q are theinitial elastic shear stiffnesses and,

o P QO a m
m E®Mi 0Q Q

QO 4 m
mo£®Ri 0Q Q

The pendulum forceleformation relationship is given belove3® ¥ ¢and
»+ By Gre the effective radius of curvature (pendulum length) of the sliding
surface. Generally, the radius of curvature and friction coefficients are the same for
both shear directions.

= Qo
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The input parameters that are balde previous equations were introduced to the
analysis program. These are axial compression stiffness, elastic shear stiffness,
friction coefficients at zero and fast velocities, rate parameter and pendulum radius.
Used parameters are givenTable3.17, Table3.18 andTable3.19, for MCE-LB,
DBE-Nom, and DBEUB level analyses

Table3.17 FPI model input parameters for MaB

Type 1 Type 2 Type 3
k2,3 40872 113327 141448
slow2,3 0.0396 0.0396 0.0396
fast2,3 0.0495 0.0495 0.0495
rate23 1
radius23 45

Table3.18 FPI model input parameters for DB¥om

Type 1 Type 2 Type 3
k2,3 40872 113327 141448
slow2,3 0.0440 0.0440 0.0440
fast2,3 0.0550 0.0550 0.0550
rate2,3 1
radius2,3 4.5

Table3.19 FPI model input parameters for DBEB

Type 1 Type 2 Type 3
k2,3 40872 113327 141448
slow2,3 0.0686 0.0686 0.0686
fast2,3 0.0858 0.0858 0.0858
rate2,3 40872
radius2,3 4.5
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3.3.2.2  Sharp Bilinear (BL) Model

The same sharp bilinear model useSection3.3.1.3was also adopted for FPS
isolators. This is a model used by many engineers who are inexperienced of the
nonlinear concept dhe nonlineafrictional behavior of sliding isolators. Although,
FPS has coupled degrees of freedom in all directions, in BL model all three directions

are independent from each other.

The bilinearconcept is presented Kigure 3.14. Bilinear properties were obtained
from Table3.15, andTable3.16, and hysteresis envelope inguieconstructued and
shown fromFigure3.15, Figure3.16, andFigure3.17. The axialforce-deformation

relationship of each typse shown inFigure3.18.

Shear Force

Lateral
Deformation

Figure3.14. Sharp bilinear concept
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Figure3.17. FPS sharp bilinear envelope input for DBB isolator properties
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CHAPTER 3

NONLINEAR TIME HISTORY ANALYSIS

This chapter covers nonlinear tirhestory analysis, which was used to assess the
structural performance of selected isolator models under selected seismic
excitations.Fast Nonlinear Analysis (FNA).e., Nonlinear Modal TimeHistory
Analysis (Ibrahimbegvic & Wilson, 1989; Wilson1993), was chosen due to its
efficiency compared to the Direct Integration method. The method is implemented
in ETABS. First, the theoretical background of the FNA methalisisussedLater,
ETABS load case implementation aselected analysis options for eleven ground

motions are explained

4.1  Fast Nonlinear Analysis (FNA)

The response of structures under considerable dynamic input shows significant
nonlinear behavior. These nonlinearities generally incluedela effects and
nonlinear material properties. For the response history analysis of linear and
nonlinear systems, N. M. Newmark (1959) developed a family of methods, known
as ndi4 et te gtr iame mthe direct integrdtisnomethode complete
equilibrium equabns are formed and solved at each time step. Solving the nonlinear
behavior of elements throughout the structure u#iireglirect integration method

may require enormous analysis time, in the magnitudes of hours/days, especially for

relatively larger reakcale buildings.

E. L. Wilson Q000 proposedan analysis method for structures having a limited
number of nonlinear elements, such as bsskators dampes andgap elemerst
This new method is called Fast Nonlinear Analysis (FNA) and can reduce analysis

durationsignificantly.
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In FNA method, fundamental equations of mechanics (equilibrium, -force
deformation and compatibility) are satisfied. The matrix equation of motitimext
(t) is given inEq @.1),

Eo0o o Loo 4o 40 (4.2)

WherekE, |=Fand L, are the mass, damping ahelinear effectivestiffness matrices,
respectively The size of the matricas equal to the number of degrees of freedom
for the corresponding node& 0, ¢ 0, ¢ O and=| 0 are the nodal point
acceleration, velocity, displacement, and extéynahpplied load (seismic
excitation) respectively.=| O s the vectorial sum of the forces in nonlinear elements

and is computed by iteration at each step.

There are cases when the computer model becomes unstable without the nonlinear
elements. In this case, tlirear effective stiffness/ty 1 of the nonlhear elements

can be added, and E4.0 can be rewritte@as the following equation.

ECo po L Lyoo 40 4 o Livo @42

The effective stiffness at nonlinear degrees of free(lbm) is arbitrary; however,
it varies between zero and maximum nonlinear stiffness of the corresponding degree
of freedom.Also, the exact dynamic equilibrium equations for the model can be

written as:

Eo0o po koo 4q0o (4.3)

WherelL is the elastic stiffness matrix and is equakio Ly 1. The effective external
loadq 0 is equal tod © 4 0  Lyo o, and evaluated by iteration. The
convergence rate of the solution canrreased by a reasonable estimation of the

effective elastic stiffness.
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Modal analysis is conducted using the stiffness makriand the mass matrik .
The ritz vector method for the solution of the modal equations is recommended by
CSI (CSI Analysis Rference Manual, 2017).

The equilibrium equations are written in modal form as:

mHO QHO YHO a0 4o (4.4)

Themodal equationareshownfrom Eq (4.5) to Eq (4.10Where, n{ is the diagonal
matrix of squared structural frequencié€d.is the modal damping matrix which is
diagonal. Lis the identity matrixvhich satisfies Eq (4.7)a O is the vector of modal

applied loadsand A 0 is the vector of modal forces from nonlinear elements (links),

andA O is the amplitude of modal deformations.

m & LB (4.5)

Q B FB (4.6)

Lt gdB (4.7)

A0 B 90 (4.8)

N0 B4 o Lkoo (4.9)
06 BHO (4.10)

In the aboveequationsfz is the mode shapdt. should be noted that sincay 0O is a

function of modal amplitudéd O, unlike linear dynamic analysis, the modal equations are
coupled.n Ritz vector modal analysiS00modes were used and, 100% mass participation

in each direction werachieved
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Knowing the damping ratio in the structural systerals®crucial to construct the damping

matrix. In a 3D analysis, the nonlinear behavior of the isolators will include hstste

damping during the lateral deformation for the corresponding first three naodethe

superstructure will remain linear elastic with no energy dissipa#dso, it is widely

accepted that reinforced concrete structures have a damping ratio ofrisgp alseismic

motion(Chopra, 2012; Pant et al., 201Bherefore, since additional damping is not desired

in the isolation systembbs dominant modes, a s ma
three modes for all load cases. Zero damping ratieagled to prevent numerical problems.

Damping in all other modes (superstructural modes) is kept constant at 5% for the RC

structure.

Since the intestory drifts of the building were yielded close to 0.5%, no cracking is
expected in the concrete. Themefdb% damping might not be satisfied in bas#ated

cases. For this reason, a comparison of superstructural response for 5% and 2% damping is
given in AppendixD. as an additional analysis. Fdhe 2% damping case, higher
accelerations are obtained while ingtory drifts remain similar.

As a validation for the FNA analysi s, additi ona
specified earthquakes were conducted amchpared in terms of hysteresis curves and

superstructural response. The results are given in Appé&hdike hysteresis response is

compatible with both methods. However, Higher superstructural responses (accelerations

and story drifts) up to 10% were obtained with selected DHI and MLP modeling approaches,

except enormously amplified accelerations at Fare observed when the DI method is

used. The convergence of the solution could not be satisfied when the FPI model is analyzed

by the direct integration method due to the negative and zero stiffnesses during the uplift

movement§CSI Analysis Reference &hual, 2017).
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4.2  Load Case Implementation

Load case definitions for-B nonlinear timehistory analyses were constructed for 11
ground motions, presented in Sectihseparately with the scale factors for DBE and MCE
level earthquake3.he FNA method is selected for the solutidii.three components of the

ground motions were assigned according to guidelines in TBDY2019.

To account for thetatic loading conditions before the earthquekeitation the structural
weight (G+0.3Q) was applied #eenonlineainitial condition for all load cases. The seismic
weight was administered with a ramghaped loading functiothat reached a total unity
amplitude with a 20 s duratioithis is importantespecially for frictional sliding isolators.
stiffness is generated; therefotlee convergence of the salan cannot be achieved at the
beginning of the analysis. The structural stiffness is recomputed after the application of the
service loadsand tridirectional seismic excitatidoeginswith modified stiffnesses.

Two orthogonal horizontal components oftround motions were introduced in the
analysis program with the same scale facteor each ground motion, two sets of load cases
were defined by interchanging the orthogonal components of the acceleration history. A total
of 22 load cases were usedtire analysis. The results of each ground motion are obtained
by considering the maximum response in each set. The dinadturalresponse was

evaluated by taking the average of the related parameter of 11 ground motions.

The vertical component was aliseluded ineach load casgnce theperiod of thedominant
vertical modd0.149 s)was found to be more than 0.{T8DY2019). The scale factor was

used the same as the lateral ones.
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CHAPTER 4

RESPONSE OF ISOLATED HOSPITAL BUILDING

In this chapter the response of both the isolation system and the superstructure is
assessed. The evaluation of response is condbgtebitaining theaverage results

of eleven ground motions. The hysteresis curvesthe axial response of the links
were considered separately for several ground motibms.isolation system and
structural performance was evaluated according to maximum displacements,
structural forces and base shear coefficient, floor acceleratibewsstory drifts and

hysteretic curves.

5.1  Maximum Isolation Displacements

Time history displacement responséboth lateral directionwas obtained for each
MCE ground motion with lower bound parametefie horizontal displacements
were directionally combined at each time steprhe average results of the eleven
ground motions were used to determine maximum displacement. Maximum
displacements were increased by %h@minimum valuegin this case, to account

for additional rotational effest

A rigid first-floor slab, i.e., isolation mat, acts as a constraint for the top isolator
nodes; therefore, no relative lateral displacementsxected during a translational
displacement. Hower, due to theasymmetric planof the building rotational
movements are preseiitherefore, hiree different locationsvhich are the center of
the building, rightwing corner and bottom wing cornen the isolation system
were selectedo observe the fative displacementthrouglout the structureThe

location of the isolatoris shown on the isolator layout Figure5.1.
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Figure5.1. Selected isolator locations for $g81 displacement response (the

isolator layout is retrieved from ETABS plugin by Ulker Eng.)

The abital displacement response @dichselected locatioms evaluatedfor each
HDRB mode] and the average of maximum degements from eleven ground
motionsare plotted on the graphs. Also, maximum valudbiefe selected locations

are given to assesslditional displacements due to torsion.

Ux-Uy displacement response afi ground motions fothe HDRB modek are
shownfrom Figure5.2 to Figure5.4. Also, the maximumdirectiondisplacement of
each ground motion and their average are presanfeable5.1. Average maximum
combineddisplacements fothe DHI, smoothed BW, and sharp BL moslelere
gatheredas 36.3,36.2 and %.0 cm, respectively. When the displacements are
increased by 10% for tsional effects, they are obtained as 3998 and38.5cm.

The ELFP method yielded maximum displacemerst$87.8 and 41.6 cm with and
without torsion respectively The least displacements were obtained from sharp BL

modelswith an &b decreasé&om the preliminary ELFP analysis.

Excessive deformations are observed in the ground motions R{Wea&sémorland,
1981)and RSN82XErzincan, 1992)which have pulséke behaviorand neaffault
effects in the records. In ground motipiRSN316 61.3, 61.2 and 64.8 cm
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displacements are observed for DHI, B&Md BL models, respectively. In this case,

the BL model yielded the maximum deformatiofsirthermorethe displacements

are obtained very close to each other for different models in RSN8&&0efore

there is no regular pattern in isolation system displaceniendifferent HDRB
modeling approacheglthough the average displacements are close to each other,
the displacement response could be underestimated or overestimated with bilinear
models whenfte ground motions are evaluated separatdig.deformation response

of the systenis highly dependerdlsoon the seismic input characteristics.

Table5.1 Maximum displacements &fDRB modek (units are in m)

DHI Model BW Model BL Model
Eq ID Bottom | Middle | Right | Bottom | Middle | Right | Bottom | Middle | Right
RSNO0187| 37.61 | 36.91 | 41.51 | 37.51 | 36.82 | 41.47| 43.85 | 42.86 | 45.09
RSN0316] 58.23 | 58.36 | 61.32 | 57.97 | 58.13 | 61.22 | 64.07 | 64.09 | 64.79
RSNO0549 24.73 | 23.28 | 25.68 | 24.63 | 23.20 | 25.63| 18.21 | 17.95| 20.23
RSN0558 20.28 | 19.69 | 20.02 | 20.22 | 19.64 | 19.99| 18.66 | 17.79 | 18.05
RSNO0821] 47.16 | 48.07 | 47.44 | 47.00 | 47.93 | 47.35| 54.12 | 53.95 | 55.21
RSN0850 21.34 | 20.56 | 20.45 | 21.25 | 20.48 | 20.41| 21.17 | 20.85 | 20.80
RSN1116 31.32 | 31.33 | 31.25 | 31.17 | 31.20 | 31.21| 2857 | 28.41 | 26.50
RSN1158 41.24 | 40.54 | 42.63 | 41.04 | 40.38 | 42.55| 36.73 | 36.39 | 38.09
RSN1605 44.27 | 4454 | 4458 | 44.11 | 44.40 | 4451 | 38.93 | 40.02 | 40.35
RSN2752 33.50 | 33.04 | 33.02 | 33.36 | 32.92 | 32.94| 35.30 | 35.52 | 35.52
RSN6893 29.69 | 30.03 | 31.23 | 29.59 [ 29.94 | 31.20| 19.36 | 19.45 | 20.44
AVE 35.40 | 35.12 | 36.28 | 35.26 | 35.00 | 36.22| 34.45| 34.30 | 35.01
Dm 36.28 36.22 35.01
Dtm 39.91 39.84 38.51
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Figure5.2. Orbital displacement response of HDRIBII model
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Figure5.3. Orbital displacement response of HDIBBV model
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The displacement resposs# FPS models are shown kigure5.5 andFigure5.6
for FPI and BL cases. Also, the maximuainectiondisplacement of each ground
motion and their average are presentedable 5.2. The tables showed average
maximum direction displacements for FPI and sharp BL model2.4sa#d 35.9
cm, respectively. When increased by torsion64éd 39.5 cm displacements were

obtained.

Table5.2 Maximum displacement comparison of FPS modietsts are in cm)

FPI Model BL Model
Eq ID Bottom | Middle | Right | Bottom | Middle | Right
RSN0187| 48.10 46.80 | 47.70| 46.71 | 45.54 | 47.19
RSNO0316| 81.80 81.94 | 83.42| 66.62 | 66.86 | 62.50
RSNO0549| 22.43 22.34 | 22.66| 17.35 | 16.52 | 15.05
RSNO558| 16.88 17.22 | 17.05| 16.58 | 16.47 | 16.53
RSN0821| 48.84 49.23 | 48.91| 51.86 | 50.19 | 51.90
RSN0850| 20.30 19.74 | 20.05| 17.29 | 15.16 | 15.05
RSN1116| 31.24 31.13 | 30.89| 28.38 | 27.97 | 26.67
RSN1158| 50.47 50.62 | 50.28| 44.63 | 44.57 | 44.94
RSN1605| 62.63 61.91 | 61.42| 43.31 | 43.87 | 43.97
RSN2752| 49.88 50.17 | 50.32| 39.78 | 38.67 | 38.55
RSN6893| 32.10 32.48 | 33.37| 22.08 | 22.47 | 23.30
AVE 42.24 42.14 | 42.37| 35.87 35.30 | 35.06
Dm 42.37 35.87
Dm*1.1 46.61 39.46
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The energy damping and nonlinear stiffness properties are prone to change during
uplift movements in an ideal condition, especially for sliding isolators. Also, in the
models which can account for biaxial excitation of the ground motion, displacements
in one direction affect the other degree of freedom. Since the sharp BL model always
follows the specified path and does not compute biaxial excitation, there is no
variation of stiffnesses or displacements due to the previous comments. This might
lead to mainum displacements that are less or higher than more realistic models.
The characteristics of the ground motion is also signifiddrgse results are suitable

with the findings of Mavronicola and Komodromos (2014).

There is a small difference, a maximwh %7, in the displacement response of
different parts of the structure. Depending on the ground motion Bottom, Middle, or

Right locations showed higher or similar results than others with no pattern.

5.2 Structural Forces

The story forces and base shezaction above the isolation layer are evaluated in
this section The story forces at the bottom of the floors were obtained for each
isolator model in DBE seismic level with upper bound isolator properties. The
average forces for the eleven ground motiwese calculated. Then the forces were
normalized with the structural weight. The story force distribution is plotted on the
graphs separately for HDRB and FPS designs. In the charts, floor numbers are
defined in the Yaxis. Floor-1 is the basement flooThe isolators are located at
Floor 0, and the first floor just above the isolation mat is Flodihg. results show

that story forces are generally increased when the smooth BW and sharp BL models

were used instead of more accurate nonlinear models su2Hlzand FPI.

For HDRB isolators, thaveragestory force distributions in X and Y directions are
shown inFigure5.7 and Figure5.8, respectively. These results are observed to be
increasedn X direction when bilinear models are usethe BW model showed

slightly lower story shear forces the firstfour floors in Y directionAmong the
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models, the sharp BL model yielded significantly higher demands for the structure.
Smoothed BW model was shown more compatibiliith the DHI model, especially

at the higher floors.

When the average forces for MCE/ét earthquake is assessedFigure 5.9 and
Figure5.10, the BW model yielded slightly lower forces than DHI, especially for the
first floors. Therefore, thestimation of th&W model might change when different
earthquake level is applied. The reason might be attributed to the stiffness increase
after 200% shear strain for the DHI model, resulting in hidgbres.On the other

hand, the BL model always results in the highest respbtmeever, the difference

are more insignificant compared to the results with DBE level analysis.

The force demandshowing the distribution for each earthquake given from
Figure5.11 to Figure5.16 for the HDRB modelsfor in both directionsThere is an
amplificationof the forcesn theDHI modekin Floor 1, especially for earthquakes
with higher scale factors or puldike characteriics. Similar graphs can also be

drawn for BL and BW models.
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parameters
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Figure5.9. Story forces for HDRB models X direction with MCELB
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parameters
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Figure5.11. Story forces of each motion for HDRBHI model in X directiorwith
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Figure5.12. Story forces of each motion for HDRBHI model in Y direction with
DBE-UB parameters
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Figure5.13. Story forces of each motion fBiIDRB-BW model in X direction with
DBE-UB parameters
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Figure5.14. Story forces of each motion for HDRBN model in Y direction with
DBE-UB parameters
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Figureb.15. Story forces of each motion for HDRBL model in X direction with
DBE-UB parameters
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Figure5.16. Story forces of each motion for HDRBL model in Y direction with
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For FPS isolators, thaveragestory force distributions in X and Y directions are
shown in Figure 5.17 and Figure 5.18 respectively. There is significant
overestimation of the response when sharp BL model is Tisedforcedistribution

for each earthquake is given frdfigure5.21to Figure5.34 for the FPS models for
DBE-UB conditions. In some of the ground motions, amplification of the forces at

Floor 1 is significant for both models, especially in the X direction.

The average forces for MCE level earthquake is ass@s$egure5.19 andFigure

5.20. This time, lower demands are attained from BL for the first three stories, and
higher for the upper stories. During a seismic motion for the FPI model, shear forces
on the isolators, locatedearby the shear walls, increases enormously for small
amount of time due to the high axial load dependency. It might have effects on the
absolute peak response. This phenomenon cannot be observed in the BL model since

axial and lateral degrees of freedane not coupled.
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Figure5.19. Story forces of each motion for FPS models in the X direction with

MCE-LB parameters
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Figure5.20. Story forces of each motion for FPS models in the Y direction with
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Figureb5.21. Story forces of each motion for FF®| model inthe X directionwith
DBE-UB parameters
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Figure5.22. Story forces of each motion for FF®| model in Y direction with

DBE-UB parameters
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Figureb5.23. Story forces of each motion for FiB& model in X direction with

DBE-UB parameters
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Figureb5.24. Story forces of each motion for FB& model in Y direcion with
DBE-UB parameters
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The average base shear coefficients (V/W) for HDRB models underUBBE
parameters are comparedTiable5.3. From the bottom of the first floor, trehear
forces transferred to the superstructiwAV) are 13.0% and 12.4% of the structural
weight for the DHI model for X and Y directions, respectvéVhen the bilinear
models are used, the resudreoverestimated by approximately 10% and 20% for

BW and BL models, respectively.

The average base shear coefficients for FPS models are comp@eddeis.4. The
forces transferred to the superstructare obtained as 10.6% a®d% of the
structural weight for the FPI model for the two directions, respectively. The

corresponding results weozeresimated andbtained as 11.8% and 11.3%the
BL model.

Table5.3 Average base shear coefficient comparison of HDRB models

W=499727| Vx/W Vy/W
DHI 0.130 0.124
BW 0.141 0.136
BL 0.160 0.151

Table5.4 Average base shear coefficient comparison of FPS modelslin X

W=499727| Vx/W Vy/W
FPI 0.106 0.099
BL 0.118 0.115
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5.3  Story Accelerations

The maximum floor accelerations for each earthquake were obtained from the
analysis program, and the average of 11 ground motions was calculated. As specified
in TBDY2019, the resulting accelerations were evaluated from the design bas
earthquake (DBE) results with nominal isolator properties. The results are shown in
graphical forms. First floor is located at 0.00 elevation the figures, and the
isolationlevelis at-4.5 m The kasement floor where pedestal colunang present

is located at4.50 m elevation. fie average of the peak ground accelerations of

eleven ground motions is approximately obsemethe basemeritoor.

Due to the contribution of the higher modes, it was observed that the accelerations
could significantly incease in the upper floar®zdemir (2010) and Erdik et al.
(2018) states that relatively tall and flexible structures on the isolators may

experience relatively higher floor accelerations.

Figure5.25 andFigure5.26 compare the averagé maximum floor acceleratioresf

11 ground motion$or HDRB models in the X and Y directions, respectivdlge

DHI model yielded the lowest accelerations. Nearly 0.2 g until Floor 8 and 0.27 on
Floors 9 and 10. Therefore the results of the DHI model are less than 0.3 g on all
floors and satisfy the perfimrance criteria. It is followed by the smooth BW model

of up to 30% higher response than the DHI. The sharp BL nyieldk the highest

response anshows significant amplification on the isolation floor
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Figure5.25. Ave. floor accelerations of eleven motions for HDRB in X direction
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Figure5.26. Ave. floor accelerations of eleven motions for HDRB irdivection

Figure5.27 andFigure5.28 compare the average of maximum floor accelerations of
11 ground motions fdFPSmodels in the X and Y directions, respectivelihe FPI
model resulted in accelerations between 0.27 g afch0iB the first nine floors and
increased to 0.44 g on the top flobtoreover, he sharp BL model showed results
up to 40% higher than the FP1 model. Similar to the HEBRBmodel, acceleration
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amplification was observed od.5 m elevation (isolation fr) in most ground

motions.
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Figure5.27. Ave. floor accelerations of eleven motions for FPS in X direction
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Figure5.28. Ave. floor accelerations of eleven motions for HDRB irdivection
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The differences in the acceleration results are noticeable when idealized bilinear
models are adopted instead of more accurate nonlinear modeds aklitional
example, analysis results of NEClevel earthqualewith lower bound isolator
parameters are investigatethe average acceleration results from MHE are
presented irFigure 5.29 and Figure 5.30 for bothdirections Accelerations on the
isolation level decrease in MEanalysis as one expects from an isolation system.

However,thesharp BL model still shossignificantly higher response

For this building relatively highaccelerationsire obtained. In an isolated building,

one can expect isolation floor acceleratians closer to the base shear coefficient,

i.e. 1012% in this study. However, there is more than one reason for this problem.
First, DBE isolatorperiods of both designs are closethe fixedbased period
Optimization in the FPS design could allow teelation system to be flexible and

to obtain a less structural response. On the other hand, the shear strain and uplift
limitations for HDRB isolators reduce the design alternatives and might result in a
costly rubber isolation system.

Second, especialfpr FPS isolators, kigherdamping ration DBE conditionsnight
be associated with activation of the higher modes which yields higher superstructural
responséWarn & Ryan, 2012). These can also be combined with the sharp stiffness

transitiors in BL mocels,aso activatinghe higher modes (Mavronicola, 2017).

Another reason is that the structure is not symmeitaimore slender at the corner
locations and prone to significant demands under bilateral excitatibnis
investigated in a previous study with the same model but different earthquakes.
Three different locations from the building were selected anelage accelerations

of 7 ground motiongrecompared under a DHPBE-Nommodelwith the maximum
results The results are given in Appendix The locations far from thstructural
center and amore slender regionexperiencehigher accelerationand become

dominant when the peak accelerations are obtained from the software.
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Average accelerations from different elevations of the building are compared. The
top floor, isolation floor and p&aground accelerations (PGA) of HDRB models are
given inTable5.5. The BW model estimates the accelerations approximately %35
higher than the DHI model. On the othentathe increase in BL model is between
65-70% when compared the DHI model. On the isolation floor, the sharp BL model
yielded values higher than the PGA.

Table5.5 Ave. accelerations of the top floor, isotatifloor, and the PGA for HDRB

Average DHI BW BL
Acc (g) X Y X Y X Y
Top floor 0.277 0.293 0.377 0.393 0.461 0.487
Iso floor 0.233 | 0.245 | 0.313 | 0.320 | 0.392 | 0.418
PGA 0.380

The top floor, isolation floor and peak ground accelerations of FPS models are shown
in Table5.6. The sharp BL model shows increased accelerations -b§@®0 when
compared to the FPI model. The FPI model yields accelerations that are close to the

PGA in both top and isolation floors.

Table5.6 Ave. accelerations of the top floor, isolation floor, and the PGA for FPS

Average FPI BL
Acc (9) X Y X \'%
ﬂTOp 0438 | 0553 | 0583 | 0.688
oor
Iso floor | 0.361 | 0.391 | 0.430 | 0518

PGA 0.38
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5.4  Inter-story Drifts

To compare the intestory drifts, maximum story drifts were obtained under DBE
seismic level with nominal isolat@roperties. The average of the maximum values
for each floor was calculated to assess according to the TBDY2019. In the code, the
superstructural drifts shall be below 0.005 drift ratio for -stractural damage

limitation.

For each HDRB model, the averaigéer-story drift ratio is shown inFigure5.31
andFigure5.32, for X and Y directionsrespectively The DHI model resulted in
leastdrifts less than 0% % for all stories.Furthermorethereis an approximately
10% higher story drift in the BWhencompared to the DHI modehlso, the highest
drifts were attained in BL model, nearly 20% higher than the DHI. From the figures,

it can be seen that the bilinear models camerestimate the response significantly

For the selected FPS isolator models, thgesstructural drift responggintroduced

in Figure5.33 andFigure5.34 for X and Y directions, respectivelgimilar to the
HDRB case, the isolator model that induces higher nonlinearity in the hysteresis
FPI broughtower responséVhen the sharp BL modeslused,anoverestimationn

the responsis observed in all floors
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5.5 Isolator Hysteresis Curves

The fundamental difference between various isolator modethe hysteresis
behavior that they will follow. Almost all performance parameters are affected by
the characteristics of the hysteresis curedequacy of the bilinear modeis
evaluated by coparingthe hysteresis response for selected isolatorsianeiMCE
seismic level with LB isolator properties. Isolators were chosen according to their
axial load variations and locatianBne rotational effects of the isolators far from the
stiffness cerdr are more significant, and the coupled directional behavior of isolators

is visible.

Behavior of the DHI model is shear stralependent. Therefore, the nonlinear
stiffness is recalculated at each time step and continuously varies throughout the
seismicmotion. There is also a considerable stiffness increase when the shear strain
exceeds 200%, which adds damping and diverges from a bilinear behavior. However,
the smoothed BW and sharp BL models' hysteresis behavior were constructed using
the preliminary malysis by Equivalent Lateral Force Procedure (ELFP). The same
comments can be made for FPS modeling approaches as there is no coupling of axial
and horizontal degrees of freedoms in the BL model, unlike the FPI model. The
idealized stiffnesses and the nmaym displacement limit the nonlinear behavior.
Thus, these bilinear models cannot accurately capture the behavior when the peak
displacement for a specified ground motion is well below or above the design
displacement obtained by ELFP. To evaluate thisnpimenon, the hysteresis
behavios of isolatorsare compared using several ground motions, which yield
different maximum displacements. In this section, the ground motions which result
in closer displacements to the design value are investigated. The BIRBPS
designs are examined under the ground motions RSN2752C{€hTaiwan04,

1999) and RSNI58 (Kocaeli_Turkey 199), respectively. Furthermorethe
hysteretic response und®SN316 (Westmorland, 1981) and R85 Chalfant
Valley-02, 1986), which she the highest and the lowest displacement resgonse
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respectively areshownin AppendixC, and the differencelsetween the DHI and

bilinear models are mo@bservable.

Three isolators were chosen to compare the hysteresis curves of different models.
The selected isolators are shoamthe isolation layout ifrigure5.35. In the figure,

the Isol is located under a column, close to the structural center and far from the
shear walls; therefore, the high axial load variation is not observed, and bidirectional
effects are minimized. The Iso2 is located underlanen, right side of the bottom

edge of the building; thus, the effect of overturning moments in the X direction (i.e.,
aspect ratio) due to seismic excitation is apparent in the hysteresis curves. Finally,
the Iso3 is positioned under a shear wall atritjet corner; therefore, the response

is affected by the rocking motion of the shear wall.

L N
L N
o o0

~g

Isol
L L] L L] Iso3

Iso2

Figure5.35. The selected isolator locations to compare hysteretic resftbese
isolator layout is retrieved from ETABS plugin by Ulker Eng.)
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The comparison for HDRB models is conducted forChi_Taiwan04 (RSN2752)
ground motionFigure 5.36 andFigure5.37 present the comparison for the Isol in

X and Y directions, respectively. All models show a stable hysteresis |dbp X
direction, and each model's compatibility is almost achieved. On the other hand, the
effect of bidirectional coupling is more noticeable in the Y direction. Therefore, DHI
and BW models yield a significamtegredationn the hysteresis curves andde
energy dissipation in the positive directiowhen the isolators are moving in the
positive direction, bidirectional effects excites forces in the opposite directis.
results in a reduced horizontal demands the DHI and BW models and
disagreemenn theresponse for each modslobservedThe maximum forces and

the least displacements are obtained from the BL approach in both directions as there
is no change in the hysteretic parameters until the peak force for each cycle is
achieved and no colipg of the degrees of freedom. Similar conclusions can be
drawn for Iso2 and Iso3, given froRigure 5.38 to Figure 5.41, with only minor

changes in forces and displacements.

It should be notethat the axial and horizontal degrees of freedom are uncoupled in
all HDRB models considered. Therefore the effect of the axial force variation due to
the shear walls and vertical ground motion components are not reflected in the
results. However, the isatiors were designed to bear the maximum compression and
tensile stresses. Furthermore, the uplift displacements are investigated in Séction

and tre stability of the bearings is satisfied by the limits from the literature.

The figures in AppendiXC are also assessed and show that the DHI model shows
increasing stiffness and energy dissipation after 200% shear strain (0.4 m
displacement) under a high earthquake intensity (Westmorland, 1981). It results in
disagreement with the idealized bilinear misd€&urthermore, although the bilinear

BW and BL models could accurately capture the displacement response, they
overpredict the forces when compared to the DHI model in the earthquake with the

lowest maximum displacement (Chalfant_Valley 02, 1986).
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The comparison for FPS models is conducteKfwraeli 199 (RSN158) ground
motion. The axial load histi@s of selected linksareshown inFigure5.42 for only

the FPI model; therefore, the uplift behavior can be explicit for the reader. The Isol
and Iso2 did not experience any uplift, unlike the Iso3, which undergoes uplifting
many times under a shear wall during thisreé&c motion. Since the Iso2 is located

at the edge of the building, it is subjected to considerable overturning moments.
Thus, the axial load variation of this link is high compared to Isol. Furthermore, the
effect of the vertical ground motion componshbuld not be forgotten since it also
contributes to the variability of the axial loads. Since the vertical and horizontal
behavior are not coupled in the sharp BL model, the axial load history graph is not
presented here. However, the behavior is sinddhe FPI model, with only small
increases in the amplitudes.

Axial Force History @RSN1158
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Figure5.42. Axial load history of selected isolators #ocaelil 158 ground motion

The horizontal hysteretic responses of the Isol are pessamFigure 5.43 and
Figure5.44, for X and Y directions, respectively. Although it is an isolator located
close to the stiffness center, tigsteresis curvef the FP1 modeis shrinkingwhere

the model's bidirectional eftts are present, especially in the X directlarthe Y
direction, a more stable hysteresis is observsdo, the vertical earthquake

component induces oscillations in the nonlinear stiffness in both X and Y directions
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since frictional and pendulum retnce is highly dependent on the compressive
stresses in the FPI approathe sharp BL approach can predict the overall response;

however there are differences due to its lack of ability to catch the highly nonlinear

response.
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Figure5.43. Hysteresis of Isol link for Kocaelil158 ground motion for X direction
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The horizontal cyclic forcelisplacement responses for I1so2, which is located at the
edge, are given iRigure5.45 andFigure5.46for X and Y directions, respectively.

The bottom extension of the-Shaped building plan sustains relatively higher
overturning moments when a seismic excitation in ther&cton is applied. In the
positive X direction, overturning moments increases compressive stresses on the
isolator, anduplift effects for the negative X direction. The product can be seen in
Figure 5.45. The hysteresis curve is broader in the positive X direction, when
compared to theurve shrinking in thenegative directiondecreasing hysteretic
damping It means that higher compressive forces presethe positive direction,
increasing the hysteretic damping in this regi&s a result, the BL model
underpredicts the forces in positive and overpredicts in negative X diredtiche

other handthe directional coupling is higher for the isolaitothe Y directionThe

BL model's displacement results are considerably lower due to the uncoupled lateral
degrees of freedonm the maximum cycleand the BL model cannot capture the

behavior accurately.

In the X and Y directions, the hysteretic respmef Iso3 are given iRigure5.47
andFigure5.48. This isolator is placed at the corner of a shear wall, extending in the
Y direction andexperiencing high tensile and compressive lo&igufe5.42) due

to the rocking motiof the shear wallTherefore, the seismic action excites tensile
forces in thepositive Y direction and high compressive demands in the negative Y
direction. Because of the significant tensile forces in the axial loads, unstable lateral
hysteresis curves were obtained for the FPI model. The sharp BL model isesults
notcomparable vth the FPI model for the Iso3.

When the figures given in Appendix@eassessed, there are significastillation

in the stiffness of the FPI behavior and the BL model cannot capture the behavior
under Westmoreland316 earthquake. Similar conclusiam®ealrawn for the low
intensity earthquake. There are also numerical problems observed in the FPI model
due to high axial load variability and negative stiffnesses. Iso3, located under the

shear wall, experience uplifts with long durations.
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5.6  Uplift Behavior

Isolators in structures with high aspect ratiare prone to tensile (uplift)
deformations during seismic actions (Feng et al., 2004; Takaoka et al., 20Hki Mas
et al., 2000)due to the overturning moment and rocking behavitspecially
isolators that are located under the shear walls or at thercoirthe building are
more susceptibleto high compressive and tensile actions. In order to sustain the
stability of the isolators, the evaluation of the uplift behavior is crucial. For both
HDRB and FPS bearings, the isolator forces and deformationsolvermed from
MCE seismic level with LB isolator propertigsor each ground motion, peak uplift
deformationsamong each typeere received and compared with the findings from
the literature. Also, maximum tensile forces in HDRB bearings were examined in

terms of tensile stresses.

Maximum uplift displacements of eleven ground motions are showralite 5.7.

For HDRB, the peak tensile displacement was retrieved as0from RSN316
ground motion (Westmorland, 198ih) the DHI model. This value corresponds to
2.54% tensile strain when the total rubber height of 200 mm is considered. Therefore
the HDRB design complies with the 5% tensile strain, in which isolators remain
almost linear elastic, in the Japanese literature (Kani et al., 1999; Iwabe et al., 1999;
Takayama et al., 1999) and also mentioned in Yang et al. (2010).

FromTable5.7, the maximum uplift displacement for FPS bearings was attained as
3.56 mmfrom the RSN850 event (Landers, 1992) among the FPS mddedse
results of all cases are nearly inside the rg@¢&) mm observedoy Fenz(2008).
These displacement magnitudes anly instantaneous, there might be a risk of slider
topping over the isolator, which can induce severe damagemmeearthquakes,
uplift behavior for durations of-2 seconds were observed for the isolator under the
shear wall. Therefore, in a desigroject with such structural characteristics, uplift

response should be investigated carefully.
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When BW or BL models are used instead of more comprehensive modeiglitihe
displacement response can be underestimated or overestimated depending on the

ground motion.

Table5.7 Peak uplift displacements for eleven ground motion

Uplift Displacements (mm)
HDRB-
HDRB-DHI BW HDRB-BL | FPSFPI | FPSMLP
Imperial Valley
06 187 3.03 2.74 3.47 2.05 1.99
Westmorland_316 5.07 4.49 5.06 2.56 2.37
Chalfant
Valley 549 1.72 1.63 2.04 0.83 1.24
Chalfant Valley
02 558 1.32 1.45 1.88 0.79 1.04
Erzican_
Turkey 821 3.74 3.32 4.12 1.67 1.60
Landers_850 2.48 2.48 2.66 3.56 3.43
Kobe_Japan_111 2.37 2.42 2.98 1.17 1.53
Kocaeli_
Turkey 1158 2.95 2.38 3.12 1.38 1.52
Duzce_
Turkey 1605 2.94 2.58 3.11 2.07 1.41
Chi-Chi_ Taiwan
04 2752 2.18 2.32 2.74 1.32 1.28
Darfield_ New
Zealand 6893 1.81 1.50 2.17 1.33 1.06

For HDRB models, the maximumsolator tensile forces were obtained for each
ground motion. The forces were divided by the effective area for the corresponding
isolator typeThe arerage response of eleven ground moimassesseds a result
tensile stresses were calculated arel @esented ifable5.8. The DHI and BW
models yielded results that are close to each other and satisfyindgvtRa fensile

limit stress recommended byridgestone and Yang et al. (2010), except some
ground motions with high intensities or pulde behavior. However the respmm

of BL model showed significantly higher tensile demanddhehearingsespecially

the Type 4 isolators, which are located under the shear eadigo their effective

area to bear high tensile and compressive demands.
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Table5.8 Peaktensile stresses for HDRB models

Maximum Tensile Stresses (kPa)

DHI Types BW Types BL Types
1 2 3 4 1 2 3 4 1 2 3 4
187 | 680 | 752 824 884 | 616 | 698 | 759 | 881 | 663 | 942 793 | 1084
316 | 1140| 1274 | 709 | 1938 | 945 | 1134 | 780 | 1743 | 880 | 1155 | 930 | 1965
549 | 376 | 441 446 668 | 303 | 431 | 358 | 546 | 371 | 526 | 426 | 790
558 | 266 | 349 324 378 | 309 | 386 | 362 | 531 | 385 | 512 | 463 | 554
821 | 719 | 990 | 1023 | 1197 | 719 | 880 | 910 | 1253 | 825 | 993 | 1050 | 1597
850 | 484 | 484 619 963 | 490 | 474 | 618 | 964 | 521 | 530 640 | 1032
1116 | 419 | 628 482 793 | 482 | 643 | 437 | 916 | 521 | 730 525 | 1156
1158 | 659 | 751 882 | 1005 | 521 | 630 | 704 | 924 | 627 | 745 701 | 1210
1605 | 622 | 781 904 | 1036 | 570 | 685 | 832 | 950 | 575 | 844 | 941 | 916
2752 | 441 | 580 565 792 | 453 | 615 | 550 | 837 | 490 | 714 | 738 | 1061
6893 | 355 | 470 311 700 | 296 | 388 | 368 | 581 | 368 | 488 | 462 | 840
Ave | 560 | 682 644 941 | 519 | 633 | 607 | 920 | 566 | 744 | 697 | 1110
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CHAPTER 5

CONCLUSIONS

In this thesis, performance evaluatiorirofestigatedaseisolated hospital building

with irregular T plan shape antigh aspect rati¢2:1) is conducted using various
nonlinear isolator models. Two types of base isolation systeigh damping rubber
bearing and friction pendulum systemvere designed according to the Turkish
Building Seism¢ Code (TBDY2019) using different nonlinear modélse most
commonly used types of modeling approaches in research and practice were used for
nonlinear time history analysis under eleven ground motiéos. HDRB, the
deformation history integral typéDHI) model, the smoothed Botwen (BW)
bilinear model and sharp bilinea(BL) model were considered. Moreovehe
friction and pendulum behavior (friction pendulum isolatéP)) model and the
sharpBL model were adopted for FPS isolatofbe superstructural and isolation
systemresponsdor various mathematical modedse evaluated and compared in
terms of maximum isolator displacements, structural forces, floor accelerations,
inter-story drifts and isolator uplift behavioBased on the re#tg, the following

conclusions can be made for ithgestigateduilding:

1 The maximum isolation system displacemené be overestimated or
underestimated by the bilinear models. On average, the resulting
displacements in sharp and smoothed bilinear nsode¢ close when
compared to the highly nonlinear models for elastomeric isolators. However,
the variation in maximum displacements between the sharp bilinear (BL) and
nonlinear friction models is high. The resultant displacements are also highly
dependenbn the ground motion characteristics.

1 There is a significant increase in the superstructural response (superstructural
forces, floor accelerations and intory drifts) when idealized bilinear

models are used instead of more accurate nonlinear mdadessharp
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transitions of BL model could result in a response that are excessively
overestimated. The smoothed bilinear model yields superstructural response
that is more acceptable and comparable with the sophisticated models.

1 Among the HDRB models, theilinear models can capture the force
displacement behavior and energy dissipation of the rubber isolators
However,the sharp BL model could diverge from the actual behavior when
the effect of bidirectional loading is significariloreover, the horizontal
stiffness of FPS isolators highiependenbn the axial load and becomes
zero during the uplift. When modeled as an FPS isolatostitag bilinear
modelwhoseall three directions are uncoupled, yields unrealistic results
especially atocations with ligher overturning moments and shear walls.

1 Theaverageauplift deformations were observed to be within the safe margins
found in the literature foall HDRB and FPSnodels Also, the DHI and
smooth BW model shows simileesponsgwhile the sharp BL model yielded
the highest tensile stresses and might lean/éodesign

Although the smoothehblilinearmodel predicts relativelgnoreaccurate results,

both idealized bilinear modelssignificantly overestimate the superstructural
response for this building Many design guidelines do not include
recommendations abbunighly nonlinear sophisticated modeksn engineer
shouldcaretilly assessheisolatormo d e | s 6 ¢ a poasible butcorming s an d
structuralresponsebefore selecting the mathematical model to include in the
analysis and desigithe results have showhat the barp bilinear modek not

very suitable to use ithesophisticated -® mode| especially for FPS isolators.
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6.1 Future Studies

Although bilinear models may not capture the most realistic behavior, they are
practical to implement in the analysistsedre by the engineers inexperienced in the
high nonlinear concept of DHiInd FPImodels. The bilinear models can be modified

to capture the behavior relatively better. For HDRB isolators, the sharp BL or
smoothed BW model can be modified to includestiféness increase when the shear
strain exceeds 200%. The modification of the BL model have been already under
investigation under a joint research by the writer, thesis supervisor and the

Bridgestone Corporation.

By experience in baseolated hospital jects, the sharp BL model does not yield
significant superstructural response in all buildings. It is observed adi@dthy
several researchers in the literature and also specific for this hospital model. The
reason for this enormous difference in tthissis when compared to other isolator
models is still not very clear. The reason can be studied parametrically with different
configurations of structural and hysteretic characteristics.
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APPENDICES

A. Appendix AT Time History Components of 11Ground Motion
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Figure A1: Lateral components of Imperial Vall&p, 1979 ground motion
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Figure A2: Vertical component of Imperial Valley6, 1979 ground motion
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Figure A-10: Vertical component dErzincan_Turkey, 199ground motion
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B. Appendix B 1 Comparison of Accelerations of Different Locations of the

Building
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FigureB-1: Three selected joints to compare maximum accelerations
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FigureB-2: Acceleration comparison of average of 7 ground motions from three

different locations and th@aximum response in the X direction
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FigureB-2: Acceleration comparison of average of 7 ground motions from three

different locations and the maximum response in the Y direction
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(RSN316)and Chalfant Valley-02 (RSN558) Ground Motions
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FigureC-1: The selected isolator locations to compare hysteretic response (the

. Appendix C T Hysteresis Curves Comparison for Westmorland, 1982

Iso3

isolator layout is retrieved from ETABS plugin by Ulker Eng.)

1 HDRB Comparison
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FigureC-2: Axial load history of selected isolators ®EN316ground motion

124



Horizontal Force in Xdir (m)
)
>

-600

oNnn

0.2 0.3

——HDRB_DHI
——HDRB_BW
HDRB_BL

\eAvAv)

Deformation in Xdir (m)
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FigureC-4: Hysteresi®f Isolmodels undeRSN316ground motiorin Y dir.
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FigureC-5: Hysteresi®f Iso2 models undeRSN316ground motiorin X dir.
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FigureC-20: Hysteresiof Isa3 models undeRSN316ground motiorin X dir.

500
- 400
E
= 200
$
£
o |’=V —
%’-C.B 0.2 0.4 0.6 0.8 1
o
©
IS
o
N
S
I
—FPS _FPI
FPS_BL
1066 —

Deformation in ¥dir (m)

FigureC-21: Hysteresi®f Iso3 models undeRSN316ground motionin Y dir.
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FigureC-22: Axial load history of selected isolators REN558ground motion
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FigureC-23: Hysteresi®f Isol models undeRSN558ground motiorin X dir.
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FigureC-24: Hysteresi®f Isol models undeRSN558ground motiorin Y dir.
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FigureC-25: Hysteresi®f Isa2 models undeRSN558ground motiorin X dir.
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FigureC-26: Hysteresi®f 1Iso2 models undeRSN558ground motionn Y dir.
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FigureC-27: Hysteresi®f Isa3 models undeRSN558ground motiorin X dir.
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FigureC-28: Hysteresi®f Iso3 models undeRSN558ground motionin Y dir.

139



D. Appendix D i Performance Comparison for 5% and 2% superstructural
damping
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FigureD-1: Average floor accelerations for HDRB models in X direction
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FigureD-2: Average floor accelerations for HDRB models in Y direction
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FigureD-3: Average floor accelerations for FPS models in X direction
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FigureD-4: Average floor accelerations for FPS models in Y direction
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FigureD-5: Average interstory drifts for HDRB naels in X direction
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FigureD-6: Average interstory drifts for HDRB models in Y direction
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FigureD-7: Average interstory drifts for FPS models in X direction
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FigureD-8: Average interstory drifts for FPS models in Y direction
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E. Appendix Ei Performance Comparison for FNA and DI methods
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FigureE-1: Hysteresis curves for Iso3 under Kocaeli1158 ground motion in X dir
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FigureE-2: Hysteresis curves for 1Iso3 under Kocaelil158 ground maotiyndir
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FigureE-3: Floor acceleration for Iso3 und€ocaelil158 ground motion
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FigureE-3: Interstory drifts for Iso3 under Kocaelil158 ground motion
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FigureE-5: Hysteresis curves for 1Iso3 under Duzcel605 ground miotixrdir
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FigureE-6: Hysteresis curves for Iso3 under Duzcel605 ground miotigrdir
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FigureE-7: Floor acceleratiagior 1Iso3 under Duzcel605 ground motion
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FigureE-8: Interstory drifts for Iso3 under Duzce1605 ground motion
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