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SEISMIC RESPONSE ASSESSMENT OF A REINFORCED CONCRETE
STRUCTURE USING DIFFERENT TYPES OF SEISMIC ISOLATORS

SUMMARY

Throughout human history, earthquakes have been among the most destructive natural
disasters. The dynamic behavior of structures is directly impacted by the energy
produced as a result of abrupt cracks in the Earth's crust, which travel to the surface as
seismic waves.Turkey’s location on active fault lines makes earthquake hazard a
constant and unavoidable reality. The inability to precisely predict the time,
magnitude, and impact of earthquakes necessitates that structures be designed not only
with the objective of preventing collapse, but also in accordance with performance
targets that prioritize life safety, reduction of economic losses, and post-earthquake
functionality. Major earthquakes occurring particularly in densely populated areas
have revealed the limitations of conventional design approaches and clearly
demonstrated the need for more effective engineering solutions.

In order to diffuse earthquake energy within the structural system, the traditional
seismic design technique is predicated on making structural parts stronger and more
ductile. In this method, seismic energy is directly transmitted to the superstructure, and
certain levels of damage are accepted. Although ensuring life safety is the primary
objective, preserving the functionality of the structure after an earthquake cannot be
guaranteed. Particularly for buildings that need to continue functioning following an
earthquake, such as hospitals, emergency response centers, fire stations, data centers,
and key infrastructure sites, this strategy is inadequate.For this reason, structural
control methods, particularly seismic isolation systems classified as passive control
systems, have come to the forefront.

By separating the structure from its foundation, seismic isolation systems work on the
basic tenet of minimizing the transfer of seismic energy to the superstructure. The
isolators used in these systems are designed to provide high vertical stiffness and low
horizontal stiffness. This lengthens the structure's natural vibration period and moves
the system away from the ground motion's dominating frequency range. Story
accelerations, velocities, and internal force demands all drastically diminish as a result
of the period elongation, which also lessens base shear forces and bending moments
pressing on the structure. However, greater displacements at the isolation level could
result from the period's extension. Therefore, the damping capacity of the isolators is
of critical importance. Because of its great damping capacity, the structure's post-
earthquake functionality is maintained while maximum and residual displacements are
kept under control.

In the first stage of this study, previous research was reviewed and seismic isolation
systems were introduced. The literature indicates that elastomer-based isolators are
widely preferred due to their high energy dissipation capacity and ease of application.
The performance evaluation of two distinct elastomer-based seismic isolation systems
lead rubber bearing (LRB) and high damping rubber bearing (HDRB) systems is the
primary emphasis of in this context. While the lead core's yielding behavior in the LRB
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system results in a hysteretic mechanism for energy dissipation, specifically
compounded rubber with a high inherent damping capacity provides continuous and
consistent energy dissipation in the HDRB system.

A model of a seven-story reinforced concrete building was created as part of the study.
SAP2000 software was used to quantitatively assess how base isolation affected
structural behavior. The analysis method used was nonlinear time history analysis.
This method enables the direct application of time-dependent acceleration records of
real earthquakes to the model and allows realistic investigation of the inelastic
behavior of the structure.

The 1999 Kocaeli and 1992 Landers earthquake records obtained from the PEER
database were used as ground motion inputs. The selected records were scaled in
accordance with the target design spectra defined by AFAD, and spectrum matching
was performed using the SeismoMatch program. As a result, it was guaranteed that the
ground motions utilized in the analysis accurately reflected the level of seismic threat.
The performance of fixed-base structures was compared to that of LRB- and HDRB-
isolated structures under a variety of earthquake records.

Additionally, models with varying levels of material strength were developed for the
same structural geometry in order to examine how differences in structural material
strength affect the efficacy of seismic isolation systems. In the first model, C30
concrete and B420C reinforcing steel representing new design conditions were used.
The low strength levels commonly found in the existing building stock were
represented in the second model by using C15 concrete and BC1 reinforcing steel.
Thus, the effectiveness of seismic isolation systems was evaluated not only for newly
designed structures but also for existing structures with limited material capacity.

Base shear force, base bending moment, maximum displacement, story accelerations,
story velocities, and natural vibration periods were taken into consideration as the main
criteria in the performance evaluation. The first natural vibration period of the fixed-
base construction was found to be 0.60 seconds based on the analytical results. When
the LRB system was used, this period increased to 1.77 s, corresponding to an increase
of approximately 195%. In the HDRB system, the fundamental period reached 2.38 s,
representing an increase of approximately 297%. This notable period elongation
suggests that the structure's effective horizontal stiffness has decreased and that the
superstructure receives earthquake energy at lower frequencies.

Both isolation methods offered notable decreases in base shear force and base moment
values when compared to the fixed-base model. Because of its strong inherent damping
capability, the HDRB system was specifically found to be more successful than the
LRB system in lowering force demands. In the analyses conducted under the Kocaeli
and Landers earthquake records, the fixed-base model produced the highest base shear
force and moment values, whereas these values were significantly reduced in the LRB
and HDRB models. Because of the energy dissipation mechanism based on the lead
core yielding, the LRB system demonstrated noticeable hysteretic behavior and helped
to manage the consumption of earthquake energy. The performance of the structure
was positively impacted by this attribute, especially when there were prolonged ground
motions. The HDRB system, on the other hand, demonstrated a more balanced and
continuous energy dissipation behavior, reducing internal force demands in the
superstructure more effectively. However, in some analysis cases, it produced lower
residual displacement values compared to the LRB system.
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Analysis of story velocities and accelerations revealed that acceleration values were
focused in the upper stories and rose with the fixed-base model's height. In the isolated
models, accelerations were significantly reduced and seismic demands were
concentrated at the isolation level. This provides a significant advantage in terms of
reducing the risk of damage in superstructure elements.

In the C15-BC1 model with reduced material strength, significant increases were
observed in force and deformation demands in the fixed-base system. In contrast, in
the LRB- and HDRB-isolated models, the reduction in material strength had a limited
effect on structural response. It was observed that in isolated systems, behavior was
largely controlled by the properties of the isolators, and the decrease in superstructure
material capacity did not dramatically affect overall performance. According to this
research, seismic isolation techniques show a great deal of promise for fortifying the
existing stock of buildings.

Overall, the seismic performance of the structure was shown to be greatly enhanced
by both isolation technologies. While the LRB system demonstrated controlled and
steady behavior due to its hysteretic energy dissipation capabilities, the HDRB system
produced more effective outcomes in terms of force reduction and acceleration control.
The system should be selected according to project-specific performance objectives,
including force reduction targets, energy dissipation mechanism, displacement
capacity, maintenance requirements, and expected performance criteria.

This study demonstrates that seismic isolation systems provide an effective solution
for both newly designed structures and existing building stock with low material
strength. In future studies, consideration of different earthquake records, soil-structure
interaction, temperature variations, aging effects, and economic analyses, as well as
comparison of different isolation types, will contribute to a more comprehensive
evaluation of seismic isolation systems.
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FARKLJSBNHKiZOLATORTHiERiKULL@NKARAKBETONARME
BiR YAPININ SISMiK TEPKIiSiNiN DEGERLENDIRILMESI

OZET

Insanlik tarihi boyunca depremler en yikici dogal afetler arasinda yer almistir. Yer
kabugundaki ani kirilmalar sonucu agiga ¢ikan enerji, ylizeye sismik dalgalar halinde
yayilmakta ve yapilarin dinamik davranisin1 dogrudan etkilemektedir. Tiirkiye’nin
sismik ag¢idan aktif tektonik kusaklar tizerinde konumlanmasi, deprem riskini tilke i¢in
stireklilik gosteren ve goz ardi edilemez bir olgu haline getirmektedir. Depremlerin
zamaninin, biiyiikliigiiniin ve etkisinin kesin olarak tahmin edilememesi, yapilarin
yalnizca gé¢cmenin Onlenmesi yaklasimiyla degil; ayni zamanda can giivenligini,
ekonomik kayiplarin azaltilmasini ve kullanim siirekliligini esas alan performans
hedefleri dogrultusunda tasarlanmasini zorunlu kilmaktadir. Ozellikle yogun yerlesim
alanlarinda meydana gelen biiyiik depremler, geleneksel tasarim anlayisinin sinirlarini
ortaya koymus ve daha etkin miihendislik ¢6ziimlerine olan ihtiyaci acikga
gostermistir.

Geleneksel deprem tasarim yaklasimi, yap1 elemanlarinin dayanimim ve siinekligini
artirarak deprem enerjisinin yapi biinyesinde karsilanmasini esas almaktadir. Bu
yontemde deprem enerjisi dogrudan iistyapiya iletilmekte ve belirli hasar seviyeleri
kabul edilmektedir. Can giivenliginin saglanmasi temel hedef olmakla birlikte, deprem
sonrasinda yapimnin kullanilabilirliginin korunmasi garanti edilememektedir. Ozellikle
hastaneler, acil miidahale merkezleri, itfaiye binalari, veri merkezleri ve kritik
altyapilar gibi deprem sonrasinda da islevini siirdiirmesi gereken yapilarda bu
yaklagim yetersiz kalmaktadir. Bu nedenle yapisal kontrol yontemleri ve 6zellikle
pasif kontrol sistemleri arasinda yer alan sismik izolasyon sistemleri 6n plana
cikmistir.

Sismik izolasyon sistemlerinin temel prensibi, yapiy1 temelden ayirarak deprem
enerjisinin Ustyapiya iletimini azaltmaktir. Bu sistemlerde kullanilan izolatorler,
yiiksek diisey rijitlik ve diisiik yatay rijitlik saglayacak sekilde tasarlanmaktadir.
Boylece yapinin dogal titresim periyodu uzatilmakta ve sistem, yer hareketinin baskin
frekans araligindan uzaklastirilmaktadir. Periyot uzamasi sayesinde yapiya etkiyen
taban kesme kuvvetleri ve egilme momentleri azalmakta; kat ivmeleri, hizlar ve i¢
kuvvet talepleri énemli olglide diismektedir. Bununla birlikte, periyodun uzamasi
izolasyon seviyesinde daha biiyiik yer degistirmelere neden olabilmektedir. Bu
nedenle izolatdrlerin soniim kapasitesi kritik 6nem tasimaktadir. Yiiksek soniimleme
kapasitesi sayesinde hem maksimum hem de artik yer degistirmeler kontrol altina
alinmakta ve yapinin deprem sonrasi kullanilabilirligi korunmaktadir.
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Bu calismanin ilk asamasinda, Onceki arastirmalar incelenmis ve sismik izolasyon
sistemleri tamitilmistir. Literatiirde 6zellikle elastomer esasli izolatorlerin, yiliksek
enerji soniimleme kapasitesi ve uygulama kolaylig1 nedeniyle yaygin olarak tercih
edildigi goriilmektedir. Bu kapsamda tez ¢alismasinin temel odak noktasi, elastomer
esasli iki farkli sismik izolasyon sistemi olan kursun ¢ekirdekli kauguk izolator (LRB)
ve yiiksek soniimli kaucuk izolator (HDRB) sistemlerinin performans
degerlendirmesidir. LRB sisteminde enerji sonlimleme, kursun g¢ekirdegin akma
davranig1 sayesinde histeretik mekanizma ile saglanirken; HDRB sisteminde yiiksek
dogal soniim kapasitesine sahip 6zel kauguk bilesimi sayesinde siirekli ve dengeli bir
enerji tiiketimi ger¢eklesmektedir.

Calisma kapsaminda 7 katli betonarme bir yapt modeli olusturulmustur. Taban
izolasyonunun yapisal davranis iizerindeki etkileri SAP2000 yazilimi kullanilarak
sayisal olarak degerlendirilmistir. Bu c¢aligma kapsaminda yapisal davranigin
belirlenmesi amaciyla dogrusal olmayan zaman tanim alan1 analizi uygulanmistir. Bu
yontem, ger¢cek deprem kayitlarinin zamana bagli ivme degerlerinin dogrudan modele
uygulanmasini1 saglamakta ve yapinin elastik 6tesi davranisinin gercek¢i bigimde
incelenmesine olanak tanimaktadir.

Deprem kayitlar1 olarak PEER veri tabanindan temin edilen 1999 Kocaeli ve 1992
Landers depremleri kullanilmistir. Secilen kayitlar, AFAD tarafindan tanimlanan
hedef tasarim spektrumlarina uygun sekilde Olgeklendirilmis ve SeismoMatch
programi kullanilarak spektrum uyumlamasi gerceklestirilmistir. Boylece analizlerde
kullanilan yer hareketlerinin ilgili deprem tehlike diizeyini temsil etmesi saglanmistir.
Cesitli deprem kayitlar altinda sabit tabanli yapilarin performansi, LRB ve HDRB
izolasyonlu yapilarin performansi ile karsilagtirilmistir.

Ayrica yapisal malzeme dayanimindaki degisimlerin sismik izolasyon sistemlerinin
etkinligi lizerindeki etkilerini incelemek amaciyla ayn1 yapi geometrisi i¢in farkli
malzeme dayanim seviyelerine sahip modeller olusturulmustur. Ilk modelde yeni
tasarim kosullarini temsil eden C30 beton ve B420C donat ¢eligi kullanlmustir. Ikinci
modelde ise mevcut yapr stogunda siklikla karsilasilan diisiik dayanim seviyelerini
temsil etmek amaciyla C15 beton ve BC1 donati ¢eligi esas alinmistir. Boylece sismik
izolasyon sistemlerinin yalnizca yeni tasarlanan yapilar i¢in degil, ayn1 zamanda
mevcut ve malzeme kapasitesi sinirli yapilar i¢in de etkinligi degerlendirilmistir.

Performans degerlendirmesinde taban kesme kuvveti, taban egilme momenti,
maksimum yer degistirme, kat ivmeleri, kat hizlar1 ve dogal titresim periyotlar1 temel
parametreler olarak dikkate alinmistir. Analiz sonuglarina gore sabit tabanli yapinin
birinci dogal titresim periyodu 0.60 s olarak belirlenmistir. LRB sistemi
kullanildiginda bu periyot 1.77 s’ye yiikselmis ve yaklasik %195 oraninda artis
gostermistir. HDRB sisteminde ise temel periyot 2.38 s’ye ulagsmis ve yaklasik %297
oraninda artmistir. Bu Onemli periyot uzamasi, yapinin etkin yatay rijitliginin
azaldigin1 ve deprem enerjisinin {istyapiya daha diisiik frekans araliginda iletildigini
gostermektedir.
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Taban kesme kuvveti ve taban momenti degerleri agisindan her iki izolasyon sistemi
de sabit tabanli modele kiyasla belirgin azalmalar saglamistir. Ozellikle HDRB
sistemi, yiiksek dogal soniim kapasitesi sayesinde kuvvet taleplerinin azaltilmasinda
LRB sistemine kiyasla daha etkili bulunmustur. Kocaeli ve Landers deprem kayitlari
altinda yapilan analizlerde sabit tabanlt model en yliksek taban kesme kuvveti ve
moment degerlerini iiretirken, LRB ve HDRB modellerinde bu degerlerin 6nemli
Olciide azaldig1 gozlemlenmistir. LRB sistemi, kursun g¢ekirdegin akma davranigina
dayanan enerji soniimleme mekanizmasi sayesinde belirgin bir histeretik davranis
sergilemis ve deprem enerjisinin kontrollii bigimde tiiketilmesine katk1 saglamistir. Bu
ozellik ozellikle uzun periyotlu yer hareketleri altinda yapinin performansini olumlu
yonde etkilemigtir. HDRB sistemi ise daha dengeli ve siirekli bir enerji soniimleme
davranig1 gostererek lstyapidaki i¢ kuvvet taleplerini daha etkin bigimde azaltmstir.
Ancak bazi analiz durumlarinda LRB sistemine kiyasla daha diisiikk artik yer
degistirme degerleri liretmistir.

Kat ivmeleri ve hizlar1 incelendiginde sabit tabanli modelde ivme degerlerinin yap1
yiiksekligi boyunca arttigi ve iist katlarda yogunlastigi goriilmiistiir. Izolatorlii
modellerde ise ivmelerin belirgin bi¢cimde azaldig1 ve sismik taleplerin izolasyon
seviyesinde yogunlastigi belirlenmistir. Bu durum, istyapt elemanlarinda hasar
olugma riskinin azaltilmasi agisindan 6nemli bir avantaj saglamaktadir.

Malzeme dayaniminin diisiirtildiigii C15-BC1 modelde sabit tabanli sistemin kuvvet
ve deformasyon taleplerinde belirgin artislar meydana gelmistir. Buna karsilik, LRB
ve HDRB izolasyonlu modellerde malzeme dayanimindaki azalma yapisal tepki
lizerinde sinirli etki gostermistir. Izolasyonlu sistemlerde davramisin biiyiik dlgiide
izolator Ozellikleri tarafindan kontrol edildigi ve listyapt malzeme kapasitesindeki
diisiisiin genel performansi dramatik bigcimde etkilemedigi goriilmiistiir. Bu bulgu,
sismik izolasyon sistemlerinin mevcut yapi stokunun giiglendirilmesinde 6nemli bir
potansiyele sahip oldugunu gostermektedir.

Genel degerlendirme sonucunda, her iki izolasyon sisteminin de yapinin deprem
performansini onemli Olclide 1yilestirdigi belirlenmistir. HDRB sistemi kuvvet
azalttmi1 ve ivme kontrolii agisindan daha etkin sonuclar verirken; LRB sistemi
histeretik enerji tiiketim kapasitesi ile kontrollii ve kararli bir davranis sergilemistir.
Sistem se¢iminin; kuvvet azaltimi hedefleri, enerji soniimleme mekanizmasi, yer
degistirme kapasitesi, bakim gereksinimleri ve proje Ozelindeki performans
beklentileri dogrultusunda yapilmasi gerektigi sonucuna varilmaigtir.

Bu ¢alisma, sismik izolasyon sistemlerinin hem yeni tasarlanacak yapilar hem de
malzeme dayanimi diisiik mevcut yap1 stogu i¢in etkili bir ¢dziim sundugunu ortaya
koymaktadir. Gelecek calismalarda farkli deprem kayitlari, zemin-yap1 etkilesimi,
sicaklik degisimleri, yaslanma etkileri ve ekonomik analizlerin dikkate alinmasi;
ayrica farkli izolasyon tiirlerinin karsilagtirilmasi, sismik izolasyon sistemlerinin daha
kapsamli degerlendirilmesine katki saglayacaktir.

XXVii






1. INTRODUCTION

Structures are subjected to a variety of external loads, including earthquakes, wind,
and impact loads. Among these, earthquakes constitute a natural hazard that cannot be
controlled and may result in significant destruction. Each major seismic event
emphasizes the critical necessity for structures to possess sufficient resilience against
seismic effects. In light of these unpredictable and uncertain hazards, buildings should
be designed not only to prevent structural collapse but also to prioritize the protection
of human life. Globally, approximately 500.000 earthquakes occur annually, of which
around 100.000 are perceptible and approximately 100 cause structural damage (URL-
1). This highlights the high likelihood of encountering ground motions with
unpredictable magnitude and timing, underscoring the importance of standardized
structural design regulations. In Turkey, the Turkish Building Earthquake Code

provides the regulatory framework for structural analysis and design (TSC, 2018).

The Northridge Earthquake in 1994, the Kocaeli and Diizce earthquakes in 1999, the
Christchurch and Tohoku-Oki Earthquakes in 2011, the Kumamoto Earthquake in
2016, the Puebla Earthquake in Mexico in 2017, the Sulawesi Earthquake in Indonesia
in 2018, the Aegean Sea Earthquake in 2020 that affected Greece and Turkey, and the
Kahramanmarag Earthquake in 2023 each resulted in significant casualties (Al-Janabi
et al., 2025). The urgent need for more resilient earthquake-resistant design solutions
has been highlighted by these tragic disasters, which have shown serious
vulnerabilities in buildings and infrastructure across numerous seismic regions. One
of the most effective methods for designing earthquake-resistant structures is seismic
isolation, which aims to lessen the seismic energy transmitted to the superstructure.
By using isolators between the foundation and the superstructure, this technique
creates an interface that reduces vibrations caused by earthquakes at the base and
guarantees that the superstructure is subjected to as little seismic force as possible.
This approach focuses on reducing the structural response to seismic excitations rather
than increasing the inherent seismic capacity of the building. In key institutions where

post-earthquake operational continuity is crucial, like hospitals, emergency response



centers, and vital infrastructure, the use of seismic isolation has grown in significance.
Furthermore, the use of seismic isolation is crucial for protecting human life and

minimizing financial damages in heavily populated and quickly urbanizing areas.

1.1 Structural Control Systems

Conventional structures are designed with adequate damping, stiffness, and durability
to withstand earthquake effects. Accordingly, traditional seismic design methods rely
on predictive analysis models to minimize structural damage (Cercevik & Cercevik,
2025). However, the unpredictable timing and magnitude of earthquakes make it
challenging to accurately estimate potential damage. Severe seismic events can
threaten human life and property, leading to structural collapse and secondary disasters
such as landslides and tsunamis (Zhong et al., 2024). For instance, on February 6,
2023, two major earthquakes with magnitudes of 7.7 and 7.6 struck Kahramanmaras
province in Tirkiye, where both the intensity of the quakes and the insufficient
preparedness of the building stock resulted in significant human and economic losses
(Kandemir & Mortazavi, 2024). Similarly, China experienced the Wenchuan
earthquake with a magnitude of 7.9 on May 12, 2008, along the eastern margin of the
Tibetan Plateau, and Haiti suffered a magnitude 7.0 earthquake on January 12, 2010,
its strongest on record, causing widespread structural collapse and numerous fatalities
(Salaas et al., 2023). Implementing structural control systems is one practical way to
improve the safety of both structural and non-structural elements and preserve the
operational functionality of buildings after seismic occurrences. Furthermore, these
systems include passive, active, semi-active, and hybrid control methods, while
passive control devices have gained widespread use in the construction industry,
primarily because they require no external power source and offer low installation and

maintenance costs (Castillo et al., 2024).
1.1.1 Active control systems

Active control systems generally operate through hydraulic or electromechanical
actuators, and their functioning is governed by appropriate control algorithms. These
systems apply control forces to counteract external loads, thereby reducing the
structural response through feedback mechanisms. The general working principle of
active control systems is illustrated in Figure 1.1. According to Chang et al. (2018), to



enhance performance and achieve more effective mitigation of base displacements,
seismic isolation system can be integrated with active control devices (e.g., hydraulic
actuators) using active control algorithms, thus providing efficient control and
adaptability across a wide range of seismic excitations. The integration of seismic
isolation with active control, commonly referred to as active seismic isolation, enables
the simultaneous optimization of structural response, offering an effective reduction
in both floor accelerations and base displacements (Chang & Spencer, 2010). Because
active control systems rely on an external power source to generate control forces,
their implementation is often constrained by the need for large-scale equipment,
continuous feedback monitoring, and high energy consumption. Nevertheless, among
the various structural control strategies, active seismic isolation system have emerged

as one of the most promising approaches (Scruggs et al., 2006).
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Figure 1.1 : The general working principle of active control system. (Constantinou
etal., 1998).
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1.1.2 Semi-active control systems

In order to safeguard structures against external excitations like wind and earthquakes,
semi-active control systems include the key elements of both active and passive
systems. Although they resemble active control methods, their primary distinction lies
in the significantly lower demand for external energy compared to fully active systems.
According to Mohebbi and Dadkhah (2019), semi-active control systems are preferred
due to their adaptability and low power requirements. In addition, various types
including magneto-rheological dampers, variable friction systems, variable orifice
dampers, and piezoelectric friction dampers have been studied in conjunction with
seismic isolation system, enhancing both system flexibility and effectiveness.
Additionally, Mohebbi and Dadkhah (2017) found that combining semi-active and



active control systems can result in an adaptive hybrid system that can successfully
respond to various seismic events and reduce base drift. The primary distinction
between active and semi-active control systems lies in their power requirements: while
an active control system depends on a substantial external power source, a semi-active
system requires only a limited power supply and is often battery-operated (Gutierrez
Soto & Adeli, 2018). In particular, semi-active magneto-rheological (MR) dampers
have attracted considerable attention, and both theoretical and experimental studies
have demonstrated that they outperform conventional viscous dampers in terms of
control effectiveness (Gao et al., 2021). Nevertheless, semi-active control requires
both a sensor network and an external power source, which increases system

complexity and limits its widespread implementation (Kim et al., 2010).

1.1.3 Hybrid control systems

These systems combine the benefits of active and passive techniques to improve
overall structural safety. Hybrid systems are designed to overcome the limitations of
passive control and to prevent excessive structural response under sudden loads.
Seismic isolation has been shown to significantly reduce the structural reaction;
nevertheless, significant displacements are likely to develop at the seismic isolation
floor. To address this shortcoming, hybrid seismic isolation system have been
proposed, in which isolation bearings are combined with supplemental damping
devices to provide enhanced control. These systems have been extensively
investigated and are acknowledged as an effective strategy for mitigating both
excessive isolator displacements and superstructure demands (He et al., 2024). The
smart seismic isolation (SBI) system, which combines seismic isolation and an MR a
magnetorheological damper (MR damper), is an example of such hybrid techniques
and has a number of benefits. It shows that it can adjust to both near-field and far-field
earthquakes and offers a considerable decrease in base drift. However, a potential
drawback of the SBI system is that it may increase seismic responses in the
superstructure, such as inter-story drifts and story accelerations, compared to a
conventional passive seismic isolation system without an MR damper (Mohebbi &
Dadkhah 2019). When opposed to passive systems, well-designed active and semi-
active hybrid systems may generally offer better seismic performance; however, their
practical implementation may face challenges related to complexity and reliability (He

etal., 2023). Regarding the operational behavior and practical considerations of hybrid



systems, practically, the active component operates only under significant excitations,
whereas under normal conditions the system behaves passively. If the actuator capacity
is exceeded or a power outage occurs, the device automatically switches to passive
mode until stable conditions are restored. Although installation costs are relatively
high, the limited operation of the active part results in reduced maintenance and

operating expenses compared to fully active systems.
1.1.4 Passive control systems

Passive control systems are mechanical devices designed to manage the energy
imparted to a structure by dynamic loads, ensuring that the structural response does
not exceed its inherent capacity. These systems dissipate incoming energy through
elements placed between the structure and its foundation, converting it into heat or
kinetic energy. Energy dissipation can occur through friction, plastic deformation,
phase changes, or the deformation of viscoelastic solids and fluids, or alternatively, by
transferring energy into vibrational modes using pendulum-like elements that act as
dynamic dampers. Figure 1.2 shows the general operation of passive control systems
(Constantinou et al., 1998). The fact that passive control systems don't need an external
power source is one of their main benefits, which makes them a dependable and
affordable option. Because of these features, passive systems are highly effective
against unpredictable dynamic events such as strong winds and earthquakes. When
properly designed, passive devices can control both section forces and displacements,
thereby enhancing structural performance and preventing excessive deformations.
Overall, passive energy dissipation systems are designed in various forms and
mechanisms, with classification dependent on the specific dynamic behavior of the

structure and the intended functional requirements.

Passive Control
System

k.

Figure 1.2 : The general working principle of passive control systems. (Constantinou
etal., 1998).



In structural design, the inherent uncertainties related to seismic loads and structural
characteristics are commonly acknowledged. Traditional seismic design approaches
often allow inelastic deformations under extreme hazard conditions to distribute
seismic energy and reduce both force demands and structural responses. However, in
certain situations, permitting inelastic behavior may not be acceptable, which can limit
the economic feasibility of conventional seismic design strategies. In such cases,
vibration control methodologies offer a practical alternative. Among these, passive
energy dissipation devices have proven to be particularly effective. Representative
examples of passive control devices include friction dampers, viscous fluid dampers,
seismic isolators, tuned liquid dampers, and tuned mass dampers, all of which aim to

mitigate structural vibrations and enhance overall seismic performance.

1.1.5 Seismic isolation

One of the best strategies for reducing the damage that earthquakes can do to structures
is seismic isolation. During seismic occurrences, this technology uses isolators to
separate the structure from the base; these isolators usually provide low horizontal
rigidity and high vertical stiffness. By moving the building's fundamental frequency
away from its fixed-base frequency and the main frequencies of ground motion, this
reduces seismic loads and structural accelerations (Sapountzakis et al., 2024). Seismic
reactions in seismically isolated buildings are reduced by shifting or prolonging the
building's basic natural period away from the energetic frequency range of ground
motion. Earthquakes, as dynamic actions, induce significant forces on structures. In
the determination of these forces, the horizontal elastic design acceleration spectrum
defined in TSC (2018), as illustrated in Figure 1.3, is adopted. When generating ground
motion spectra for a given earthquake, a standard damping ratio of 5% is considered.
The spectra are specifically defined by accounting for local soil conditions, mapped
spectral acceleration coefficients, and near-fault effects, in accordance with the
provisions of TSC (2018).
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Figure 1.3 : The horizontal elastic design acceleration spectrum (TSC, 2018).

Figure 1.4 illustrates the influence of seismic isolation on the inertial forces developed
in a typical structure subjected to earthquake loading. As can be seen from the period
shift in Figure 1.4, the insertion of the isolation system causes the fundamental period
of the structure to significantly lengthen. Seismic accelerations communicated to the
superstructure are significantly reduced as a result of this extension of the natural
period. In most cases, the reduction in acceleration demand exceeds a factor of three
when considering a fixed-base structural system. Consequently, the corresponding
inertial forces acting on the structural elements are markedly reduced. This reduction
enables the economical design of structural systems that are capable of remaining
within the elastic range and avoiding structural damage under design-level earthquake
excitation The impact of seismic isolation on the structure's displacement response is
shown in Figure 1.5. In isolated structural systems, the overall seismic displacement
demand is primarily accommodated by the isolation layer. As a result, the relative
displacements within the superstructure are significantly reduced. The isolation system
effectively decouples the superstructure from ground motion, thereby limiting
deformation demands on primary structural members. As a result, the superstructure
and other structural elements sustain little harm, and the isolation mechanism

dissipates most of the seismic energy.
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Figure 1.4 : Impact of period elongation obtained by seismic isolation on
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Figure 1.5 : Impact of period elongation obtained by seismic isolation on

displacements (Constantinou et al., 2007).

By extending the natural period, floor accelerations are significantly reduced;
however, larger displacements may occur at the isolator level and within the
superstructure when observed from the displacement response spectrum perspective.
The larger displacements and residual accelerations resulting from seismic isolation
are controlled through the high damping capacity of the isolation system, which limits
structural responses to acceptable levels in both acceleration and displacement
spectrum perspectives. Potential measures to further manage excessive movements
include increasing damping within the isolators or integrating high-damping devices
into the isolation layer. It should be noted, however, that such modifications may also
lead to increases in superstructure accelerations and inter-story drifts, necessitating

careful design considerations.

According to Chen et al. (2016), traditional seismic isolation devices include
elastomeric bearings, lead rubber bearings, sliding bearings, roller bearings, and a
variety of other types. Reducing a building's seismic risk can now be accomplished
with reliable and affordable seismic isolation devices. Within the scope of this thesis,

the focus is limited to elastomeric (rubber-based) isolation systems.



1.1.5.1 Elastomeric (rubber-based) seismic isolation systems

One of the most popular seismic isolation techniques in modern structural engineering
applications is elastomeric isolation systems. These systems are typically manufactured
using rubber based materials. This mechanical characteristic enables the isolators to
effectively support vertical loads while allowing horizontal flexibility during seismic
events. The steel laminations embedded within the rubber layers play a crucial role in
carrying the weight of the superstructure and preventing excessive vertical
deformation. Multilayer elastomeric bearings reinforced with steel plates can be
classified into three main categories based on their damping and energy dissipation
characteristics: low damping rubber bearing systems (LDRB), high damping rubber

bearing systems (HDRB), and lead rubber bearing systems (LRB).

Low damping rubber bearing systems (LDRB)

Low damping rubber seismic isolators are a type of bearing composed of multiple
layers of natural rubber and steel plates laminated together, without the inclusion of a
vertical lead core. Figure 1.6 illustrates a low-damping rubber bearing (URL-3). These
bearings utilize natural rubber, which is characterized by a relatively low inherent
damping capacity, typically in the range of approximately 2—3% equivalent damping.
Despite the low damping ratio, natural rubber isolators exhibit excellent linear
behavior and provide a stable restoring force. Since the inherent energy dissipation is
limited, an additional damping device is generally required. However, this

configuration offers greater flexibility in the overall seismic isolation design (URL-2).
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Figure 1.6 : Low damping rubber bearing (URL-3).



High damping rubber bearing systems (HDRB)

High damping rubber bearings exhibit both elastic stiffness and inherent energy
dissipation capabilities within a single isolation element. Figure 1.7 illustrates a high-
damping rubber bearing (URL-4). Owing to their relatively high damping capacity,
the use of an additional external damping device is generally not required, which
makes these systems particularly advantageous for structures with limited space
availability. Furthermore, the smooth shape of their hysteresis loops allows for an
effective reduction of transmitted seismic forces, enabling seismic isolation to be
extended not only to the main structural system but also to sensitive equipment located
within the building (URL-2).

Figure 1.7 : High damping rubber bearing (URL-4).

Lead rubber bearing (LRB)

This type of bearing has a lead core placed in the middle of a natural rubber lamination.
In this configuration, the rubber layers primarily provide the elastic stiffness required
for seismic isolation, while the lead core serves as the main source of energy
dissipation through yielding. Due to its inherent damping capability, the use of an
additional external damping device is generally unnecessary, which makes this system
particularly suitable for applications with limited available space. The hysteretic
behavior of lead rubber bearings is typically characterized by an elastoplastic response
(URL-2). Figure 1.8 illustrates a high-damping rubber bearing (URL-5).
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Figure 1.8 : Lead rubber bearing (URL-5).

1.2 Overview of Seismic Isolation

1.2.1 Literature review

In an effort to lessen structural susceptibility, Castillo et al. (2024) used real-time
hybrid simulations to assess the seismic performance of unconnected fiber-reinforced
elastomeric isolators (U-FREI) for low-rise thin reinforced concrete wall buildings.
Chen et al. (2025) developed and validated an Improved Bouc-Wen model for HDRBs
and compared their seismic performance with LRBs through incremental dynamic
analysis. Similarly, Gowda Kiran & Noroozinejad Farsangi (2020) assessed the
effectiveness of LRBs in mitigating structural responses to blast loadings on low-rise,
long-span structures using adaptive modal pushover analysis, while lbrahim (2025)
investigated the seismic vulnerability of a theoretical hospital under fixed-base, soil-
structure interaction, and seismically isolated scenarios, focusing on key damage
indicators such as roof displacements, interstory drift ratios, and isolator
displacements. Collectively, these studies demonstrate that advanced seismic isolation
system effectively enhance structural dynamic performance, particularly by reducing

drift and displacement.

Abrar and Tuhta (2022) investigated the performance of elastomeric seismic isolators
in protecting medium-rise structures from long-period earthquakes by comparing
isolators with different natural periods (2.5, 4, and 5 seconds) in mitigating earthquake
energy, while Deringol and Guneyisi (2023) examined the seismic behavior of high-
rise buildings equipped with LRB isolators and evaluated how adjusting the isolation
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period enhances seismic performance. In both studies, the use of LRB-type isolators
effectively improved structural dynamic responses, particularly by reducing drift,

acceleration, and shear forces.

Md et al. (2024) examined the compressive stiffness and horizontal force-displacement
response of unreinforced rubber in unreinforced masonry buildings to determine how
successful it is as a seismic isolator. Manchalwar & Bakre (2020) studied U-shaped
steel dampers as an isolation system and compared their performance with lead rubber
bearings in reducing seismic responses. To improve the seismic resistance of nuclear
structures against severe earthquakes, Liu et al. (2024) suggested a hybrid multi-
dimensional isolation system that combines geotechnical seismic isolation with three-
dimensional seismic isolation. In five hospitals affected by the earthquakes on
February 6, 2023, Kaatsiz et al. (2024) assessed the seismic performance of seismic
isolation systems. Baidya & Roy (2024) assessed the optimal seismic performance of
a multi-storey building isolated with an SMARB device, focusing on minimizing top-
story acceleration through particle swarm optimization while considering different soil
types. Usta (2021) highlighted the impact of isolators on structural behavior under
earthquake loads while discussing the use of seismic isolation systems utilizing finite
element techniques for the seismic assessment of historic masonry buildings. Although
these studies have different objectives, they consistently demonstrate improvements in

building displacement and acceleration responses.

Jasim et al. (2024) investigated optimal isolator types to enhance the fundamental
period and reduce base shear, top-storey displacement, and interstory drifts, including
comparisons with tuned mass dampers (TMDs) and evaluation of integrated seismic
isolator—-TMD systems across varying building heights and earthquake intensities.
Thakur & Tiwary (2023) assessed the seismic performance of hybrid structures with
CFST and CES columns compared to conventional RCC structures, emphasizing the
effectiveness of fluid viscous dampers and seismic isolation in mitigating seismic
responses and enhancing building resilience. Hu (2014) examined the advantages of
LRB isolation in steel frame buildings subjected to near-fault ground motions,
focusing on base shear and interstory drift performance. Madhukumar et al. (2022)
analyzed the performance of seismic isolation using LRBs in multi-storey RC framed

structures of varying heights through response spectrum and pushover analyses. All of
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these investigations show that structural drift and shear force responses can be
effectively improved by using hybrid damping systems and seismic isolation.

The performance of the seismic isolation system and the building's long-term seismic
response characteristics were the main topics of Siringoringo & Fujino's (2014)
analysis of the seismic reaction of a seismically isolated building during the 2011 Great
East Japan Earthquake. The study found that the building experienced a reduction in

frequency and increased damping during the main shock.

Ziraoui et al. (2024) evaluated the effectiveness of seismic isolation system using
LRBs in reducing seismic responses of multi-storey reinforced concrete buildings,
observing improvements in moment, displacement, and interstory drift. Ye & Nyangi
(2021) enhanced the seismic performance of dual-isolated structures by incorporating
supplemental inerters to control relative displacements, reporting improvements in
displacement, acceleration, and moment responses. Kumar & Saha (2021) investigated
the seismic performance of elevated liquid storage tanks, considering soil-structure
interaction, tank slenderness, staging stiffness, and isolator period, and observed
positive effects on moment and shear force responses with seismic isolation. Manna et
al. (2024) assessed the effectiveness of seismic isolation in protecting buildings with
secondary structures under earthquakes and pulse-type ground motions, showing
improvements in moment, shear force, and drift. Nasery et al. (2015) examined seismic
isolation in a high-ductility hospital-type structure, highlighting enhancements in
moment, displacement, and shear force. Finally, Sugihardjo & Lesmana (2019) studied
the seismic response of residential buildings equipped with perforated-reinforced
elastomeric isolators (PREIS) under strong ground motions in Indonesia, reporting
improvements in acceleration, shear force, and moment. Collectively, these studies
demonstrate that seismic isolation system significantly enhance structural dynamic
responses, particularly in terms of moment, displacement, drift, shear force, and

acceleration.

Ozer and Inel (2025) compared fluid viscous dampers, LRBs, and friction pendulum
sliders to fixed-base models on a mid-rise reinforced concrete structure with torsional
irregularity. A seismic isolation system that combines friction pendulum isolators with
a Tuned Fluid Inerter (TFI) was proposed by De Domenico et al. (2020),
demonstrating decreased displacement, acceleration, and interstory drift. Shang et al.

(2021) investigated a variable friction pendulum bearing (VFPB) and developed a
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design approach, comparing it with conventional FPBs. Deringol & Guneyisi (2021)
applied HDRBs to steel buildings and designed a compact intelligent isolation system.

All studies reported improvements in structural drift and acceleration responses.

Yuan et al. (2025) optimized a rubber bearing isolation scheme for the Dong Wind and
Rain Bridge to balance safety and heritage preservation. Sulthan & Seki (2023)
analyzed seismically isolated buildings in Indonesia and conducted seismic fragility
assessments. Domadzra et al. (2024) studied the effects of LRB and FPS-bearing
properties on seismically isolated buildings. Baidya & Roy (2023) compared SMA
materials in seismic isolation system, optimizing top-floor acceleration using particle
swarm optimization. Lo Frano (2018) evaluated seismic isolation benefits for nuclear
structures, particularly SMRs. Falborski & Jankowski (2017) experimentally verified
a polymeric bearing prototype for vibration reduction. All studies reported improved

structural acceleration performance.

Lai et al. (2025) developed and assessed a double-sided sliding horizontal-vertical
decoupling seismic isolation bearing (DS-HVDB) to enhance seismic isolation
performance and mitigate torsional effects through shaking table experiments. In order
to achieve seismic resilience, Babu & Zubedi (2019) stressed the importance of
seismic isolation and taking soil-structure interaction into account. Saritas et al. (2022)
implemented LRBs to improve the seismic performance of a high-rise building
exhibiting torsional instability. Ozer & Inel (2021) investigated the influence of
different LRB and FPS isolator configurations on the seismic response of a typical
reinforced concrete residential building. Overall, these studies consistently

demonstrate improvements in shear and torsional responses.

Ganji & Kazem (2017) examined lateral displacement and shear force distribution
while comparing the seismic performance of steel structures fitted with LRBs or
viscous dampers during near-field earthquakes. Chanda & Debbarma (2020)
developed fragility curves for a six-storey RC seismically isolated building using
LRBs and incremental dynamic analysis. Agrawal, Verma, & Kumar (2025) compared
LRB and FPB performance in an eight-storey RC building in terms of displacement,
fundamental period, and base shear. Islam & Al Kutti (2018) examined the effects of
LRB-based seismic isolation on multistory buildings, assessing changes in lateral
forces, displacement, inertia, and story accelerations. By analyzing several isolation

systems and their effects on seismic performance, Ashokkumar et al. (2025) offered

14



recommendations for the best location of dampers in medium- and high-rise buildings.
Habib et al. (2021) investigated the time-history response of irregular seismically
isolated RC structures under near-fault pulse-like earthquakes, considering isolator
damping ratios and structural irregularities. Collectively, these studies report

significant improvements in structural shear force responses.

Ozer, Inel, and Cayci (2022) examined behavioral variations and nonlinear effects
while comparing the seismic responses of fixed-base and seismically isolated models
(LRB, FPS, and FS) for typical low- and mid-rise RC buildings. It was observed that
while seismically isolated models exhibit higher total lateral displacements, these
demands are substantially reduced at the isolator interface.

1.2.2 Purpose of the thesis

The inherent uncertainty of earthquakes has always posed significant challenges for
humanity. In this context, ensuring the seismic resilience of inhabited structures is of
paramount importance, as the performance of buildings plays a critical role in
mitigating earthquake-induced risks. In Turkey, and particularly in the megacity of
Istanbul, earthquakes represent a constant and unpredictable threat due to high

seismicity and dense urban development.

The main objective of this thesis is to investigate the seismic performance of a
residential reinforced concrete building located in Istanbul and to evaluate the
effectiveness of seismic isolation systems in enhancing its structural behavior under
earthquake loading. For this purpose, the selected building is retrofitted using two
different seismic isolation systems: lead rubber bearings (LRB) and high-damping
rubber bearings (HDRB). The fixed-base and base-isolated configurations seismic
responses are compared, with a focus on enhancements to structural safety and

functional performance.

In addition to the reference structural configuration, an alternative modeling approach
with reduced material strength is also considered to represent the characteristics of
existing reinforced concrete building stock. This allows for the evaluation of seismic
isolation performance not only for newly designed structures but also for existing
buildings constructed with lower material quality. By considering both material
scenarios, the study seeks to provide additional insight into the influence of material

degradation on the seismic response of isolated structures and to contribute to the
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understanding of the potential role of seismic isolation systems in lowering seismic

demands in existing urban buildings.
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2. DESIGN OF BUILDINGS WITH SEISMIC ISOLATION ACCORDING
TO TSC-2018

2.1 Fundamental Principles of Design

The design principles for seismically isolated buildings in Tiirkiye are defined in
Chapter 14 of TSC-2018, effective from January 1, 2019. This section summarizes the
key provisions of the code related to seismic isolation, emphasizing the design
approach, analysis requirements, and performance objectives defined in the regulation.
The current regulation introduces specific classifications for different earthquake
levels. According to TSC-2018, the design is based on both DD-2 (design earthquake
ground motion) and DD-1 (maximum considered earthquake ground motion) levels,
as outlined in Table 2.1. For the DD-1 level, the lower bound values of the isolation

system parameters are used, whereas for the DD-2 level, the upper bound values are

considered.
Table 2.1 : Earthquake ground motion levels (TSC,2018).
Earthquake Characteristic Probability Recur_r ence
Levels Period
DD-1 Very Infrequent 2% 2475
DD-2 Rare 10% 475
DD-3 Frequent 50% 12
DD-4 Very Frequent 68% 43

According to TSC-2018, for buildings incorporating seismic isolation, the Building
Importance Factor (1) shall be taken as 1. In the structural analysis model, isolation
system must be modeled to reflect their nonlinear behavior. For the superstructure, the
effective section stiffness factors for columns and beams are determined according to

the ductility level.
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2.2 Load Combinations

The load combinations specified in equation 2.1, equation 2.2, and equation 2.3 are
considered for assessing the loads transferred to the structural elements beneath the

isolation interface.

1.4G + 1.60Q (2.1)
126+ Q t E, (2.2)
09G + E; (2.3)

The load combinations incorporating seismic effects for the superstructure design are
presented in TSC 2018 Section 4.4.4, while those to be used as the basis for the design
of structural system elements are defined in equation 2.4 and equation 2.5.

G+Q+025+E™ +03EP 2.4)
0.9G +H+EM™ —03EP (2.5)

The dead load effect is represented by G, the live load effect by Q, the snow load effect
by S, and the horizontal ground pressure by H. The horizontal seismic effect is
represented by Eq™, while the vertical seismic effect is represented by Eq%. In
determining the loads to be applied in the testing of isolation system, the load
combinations defined in equation 2.6 to equation 2.7 are considered.

1.4G + 1.6Q (2.6)

09G £ E; (2.7)

2.3 Design Principles of the Isolation System

2.3.1 Elastomeric isolation system

Given its nonlinear behavior in the time domain, the isolation system must have
enough capacity to handle the displacements and axial forces obtained for the isolation

system under the DD-1 earthquake ground motion. Variations in the isolation system
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parameters caused by axial force, temperature, rate effects, and similar variables are
included in the design unless experimental data indicates otherwise.

2.3.2 Lower and upper bound values to be used in design

The nominal values are multiplied by the factors Aupper and Aower, respectively, to yield
the upper and lower bound values of the isolation system parameters utilized in the
computations. The Aupper and Mower Values are calculated using the expressions given in

equation 2.8 and equation 2.9.
Aupper =[1+ 0-75(/1ae,upper - 1)]Atest,upper/lspec,upper (28)
Alower = [1 - 0-75(1 - Aae,lower)]Atest,lowerlspec,lower (29)

When Aupper OF Mower Values cannot be obtained from prototype or production control
tests, the corresponding lower and upper bound values given in Table 2.2 are adopted
in the calculations. In Table 2.2, KCE refers to the LRB system, and Y SE refers to the
high-damping elastomer system. Fq stands for the lead-rubber bearing's characteristic
strength, and ko for its post-elastic stiffness. Aging and environmental impacts, testing
conditions, and manufacturing variability are taken into consideration by the

parameters Aae, Mest, and Aspec, respectively.

Table 2.2 : Recommended lower and upper bound values of strength and stiffness
parameters for elastomeric isolation system (TSC, 2018).

Parameter Type LowerFQUpper Lowerk2 Upper
N KCE 1.00 1.10 1.00 1.30
YSE 1.00 1.30 1.00 1.40
. KCE 070 130 090 1.30
YSE 070 130 090 1.30
- KCE 085 115 085 115

YSE 08 1.15 0.85 1.5
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2.3.3 Unit deformation limits of elastomeric isolation system

The components of unit deformation occurring under non-seismic conditions are given
in equation 2.10, equation 2.11, and equation 2.12.

(@) Angular deformation due to compression :

_ 65P¢
yc_st ATEC (2 10)

Here, Pk1 represents the vertical force under the load combination specified in equation
2.1, and A is the area of a single elastomer layer bonded to steel plates and subjected
to load. S represents the shape factor and Ec is the compressive modulus of the
elastomeric isolation system.

(b) Angular deformation due to horizontal displacement from non-seismic effects

(expansion, wind, etc.) :

A
Vsst = T_ (2- 11)

T

Here, As is the horizontal displacement resulting from horizontal loading, and T is the
total thickness of the elastomer layers.

(c) Unit deformation brought on by the isolation system's upper and lower plates
rotating relative to one another :

B2,
Vrst =50 (2.12)

The design rotation angle, 0s, includes the rotational effects due to dead loads, live
loads, and manufacturing processes. A minimum value of 0.005 radians is considered.
In this context, B denotes the diameter of the elastomer bonded to the steel plate, t
represents the thickness of an individual elastomer layer, and T is the total thickness
of the elastomer.

According to TSC 2018, the unit deformations developing in the elastomer material
under DD-1 and DD-2 earthquake ground motion levels, considering seismic and
vertical load effects, shall be calculated as defined below in (a) and (b) (TSC, 2018).
(@) The unit deformation due to compression under DD-1 and DD-2 earthquake ground

motions shall be calculated using the following equation 2.13 :
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where the vertical force derived under the load combination specified in equation 2.2
is denoted by Pko.

_ 65Py;
Yer =4 p (2.13)

(b) Equation 2.14 must be used to get the unit deformation resulting from horizontal

displacement under DD-1 and DD-2 earthquake ground motions.:

D

YsE =T (2.14)

The unit deformations in the elastomeric isolation system are expected to meet the
following conditions (TSC, 2018).

(@) The unit deformations in the elastomer material due to vertical loads, excluding
seismic effects, are required to satisfy the smaller of the limits given in equation 2.15
and equation 2.16. In these equations, &, denotes the failure strain of the elastomer

material.

Ye,st <3.5o0r Ye,st < gb/3 (215)

Yest T Vsst + Vrst = 5.0 or Yest T Vsst T Vrst < 0,75¢, (216)

(b) The total unit deformation at the elastomer material interface, resulting from
horizontal displacement and rotation, is required to satisfy the limits given in equation
2.17 and equation 2.18.

Yeg t Vs + 0.5Vrs < 6.0 (2.17)

Vsp < 2.0 (2.18)

2.3.4 Vertical stability of elastomeric isolation system

In the absence of horizontal displacement, the buckling load P of elastomeric isolation

system is determined using equation 2.19 for circular-section units without a lead core,
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equation 2.20 for square-section units without a lead core, and equation 2.21 for lead-

rubber bearing units.

0.218G,B*
or = . (2.19)
0.340G,B*
or = . (2.20)
_ G,B* (1 - B,/B)(1 — B}/B?)
Por = 0218~ T BB (2.21)

BL stands for the lead core’s diameter, and Gy for the elastomer material’s shear
modulus. When horizontal displacement occurs, the buckling load Pcr of elastomeric
isolation system under the DD-1 earthquake ground motion is calculated using

equation 2.22.

Per = Per(Aro/A) (2.22)

Ar is determined using the following expressions, as illustrated in Figure 2.1. For the
value of D, Dtwm is applied (TSC, 2018).

'Arc = Ar- B'D

A= Ar (92
0 =2cos™( lrz )

Figure 2.1 : Parameters used in the calculation Are (TSC,2018).

The axial load capacity of elastomeric isolation system, as a function of unit

deformation, is calculated using equation 2.23.

354,

Potr = —5— (2.23)
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The buckling load limit of elastomeric isolation system in the absence of horizontal
displacement is given by equation 2.24.

in(P, P,
mln( cr str) 2 2-0 (224)

Pk

The buckling load limit of elastomeric isolation system under the horizontal
displacement occurring at the maximum earthquake ground motion level is given by

equation 2.25.

in(Py, P,
mln( cr StT) 2 11 (2.25)

PKZ

2.3.5 Fundamental characteristics of elastomeric isolation system

Figure 2.2 illustrates elastomeric isolator units composed of alternating layers of steel
plates and natural rubber (or neoprene), which work together to provide vertical load-
bearing capacity while allowing horizontal flexibility for seismic isolation purposes
(TSC, 2018).

(SUPERSTRUCTURE)
T ' Elastomen laver

Steel plate

_——— Lead core

(SUBSTRUCTURE)

Figure 2.2 : Elastomeric isolator units composed of alternating layers of steel and
natural rubber (or neoprene) plates (TSC, 2018).
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Figure 2.3 illustrates a simplified force—displacement (loading cycle) curve of the
isolation system, representing the characteristic hysteretic behavior of the isolator

under cyclic loading conditions (TSC, 2018).

« Force

.x .}I_';.:' 4

[
Dy /' Displacement

Figure 2.3 : Simplified force—displacement (loading cycle) curve of the isolation
system (TSC, 2018).

In this case, ki stands for the initial (elastic) stiffness, ko for the secondary (post-elastic)
stiffness, and Fq for the characteristic strength. The horizontal force at displacement
D is represented by F in equation 2.26, which also shows the effective stiffness
corresponding to the displacement D. The effective yield strength and effective yield

displacement are indicated by Fy and Dy, respectively.

F
ke =73 (2.26)

The effective damping ratio, Be, IS determined using equation 2.27, where Wy

represents the energy dissipated during a loading cycle.

1wy

Be = E[FD

] (2.27)
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Equation 2.28 is used to get the characteristic strength Fq of a lead-rubber bearing.

Fo = F = 4pTyp (2.28)

The elastic stiffness of the lead core determines the initial stiffness of a lead-rubber
bearing. Equation 2.29 is used to determine the elastomeric isolation system's

secondary (post-elastic) stiffness.

k; = Gy (A /T:) (2.29)

The area Ar for circular-section lead-rubber bearings is determined using equation
2.30, while for rectangular-section lead-rubber bearings, it is determined using

equation 2.31.

A, = (m/4)(B* - BY) (2.30)

A, = BB' — (nB{/4) (2.31)

The elastomeric isolation system's form factor S is calculated by dividing the loaded
surface area. Equation 2.32 expresses the A of each elastomer layer attached to a steel
plate by the lateral surface area of the elastomer layer Ar.

S=A4,/4; (2.32)

Equation 2.33 is used to get the value of S for circular-section lead-rubber bearings. In
this case, B stands for the diameter of the elastomer layer bonded to the steel plate, BL

for the diameter of the lead core, and t for the elastomer layer's thickness.

S = (B* - B})/(4Bt) (2.33)

Equation 2.34 is used to compute the elastomeric isolation system's vertical stiffness,
Kv.

E,A,

ko = =2 (2.34)

The vertical stiffness modulus Ev in equation 2.34 is calculated using equation 2.35.

1

E‘U
(2.35)

x|

-1
t
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Here, K is the rubber material's bulk modulus, which is assumed to be 2000 MPa, and
Ec is the elastomeric isolation system's compressive modulus, which is computed
using equation 2.36.

E. = Eo(1 + 2kS?) (2.36)

The rubber material's elastic modulus, EO, is determined by the formula EO = 4Gv. For
rubber hardness levels of 50, 60, and 70, the coefficient k is assumed to be 0.75, 0.60,
and 0.55, respectively.
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3. NUMERICAL EXAMPLE

This section provides a detailed description of the analyses conducted as part of the thesis.
Firstly, the modeling of the buildings and structural systems, the mechanical properties and
dimensions of the isolators used in the seismic isolation system, and the earthquake records

used in the time-history analysis are presented.

The study focuses on the numerical modeling of a seven-story residential-commercial
reinforced concrete structure utilizing lead rubber bearing isolation and high damping rubber
bearing isolation systems. To compare the seismic performance of seismic isolators, the cases
where the building base is fixed and the seismic isolator is used in both models were examined.
Structure-soil interaction was ignored in the study. Time-history analysis was performed. Two
different earthquake records were used for these analyses. All analyses, using structural
modeling and earthquake records, were conducted using SAP2000. The structural system and
loadings of conventional models were taken as reference from master's thesis titled "Earthquake
Performance and Project Budget Comparison of a Conventional Building and a Seismically
Isolated Building" (Catlioglu, 2021).

3.1 Modelling

The model, created using the SAP2000 software, represents a reinforced concrete building
designed for residential-commercial use and consists of 7 stories. The structural system
comprises columns, beams, and a two-way ribbed slab system. The most efficient way to
transfer the inertia forces produced by the distributed masses on the slabs to the vertical load-
bearing parts is to arrange the structural system symmetrically and regularly in plan (TSC,
2018). With a symmetrical structural layout, eccentricities arising from mass, stiffness, and
strength irregularities can be minimized, allowing for a predictable seismic response.

As a result, the structure has three 4-meter-wide spans in both the X and Y axes. Additionally,
the structural system's vertical arrangement should be regular, as stressed in TSC 2018. In this

situation, abrupt shifts in the strength and stiffness of the tale should be avoided as much as
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possible because they may result in weak or soft story constructions. In the building modeled
for this thesis, no discontinuities exist between floors.

3.1.1 Material properties

In Turkey, reinforced concrete buildings make up the majority of the country's building stock.
Therefore, the modeled building is considered as reinforced concrete. The use of concrete with
a class lower than C25 cannot be used (TSC, 2018). For this study, C30 concrete is selected for
the structural design. The concrete has a modulus of elasticity of 32.000 MPa, a characteristic
compressive strength of 30 MPa, an equivalent cube compressive strength of 37 MPa, a
Poisson’s ratio of 0.2, a coefficient of thermal expansion of 107 /°C, and a characteristic axial
tensile strength of 1.9 Mpa (TS 500, 2000). The reinforcing steel is selected as B420C, with a
modulus of elasticity of 2 X 10° MPa, a minimum yield strength of 420 N/mm?, a tensile strength
of 500 N/mm?, a Poisson's ratio of 0.30, and a coefficient of thermal expansion of 107/°C (TS
708, 2010).

In addition to the reference material configuration, a reduced material strength scenario was
also defined to represent the characteristics of existing reinforced concrete building stock. For
this purpose, C15 concrete and BC1 reinforcing steel were adopted in the numerical model.
BC1 reinforcing steel, representing smooth (plain) reinforcing bars commonly found in the
existing building stock, was adopted to realistically reflect the material characteristics of older
reinforced concrete structures. The C15 concrete was defined with a characteristic compressive
strength of 15 MPa, an equivalent cube compressive strength of 18 MPa, and a reduced modulus
of elasticity consistent with lower-strength concrete behavior. The reinforcing steel was
modeled as BC1, representing older-generation reinforcement commonly found in existing
structures. The steel was assigned a modulus of elasticity of 2 x 10° MPa, a reduced yield
strength of 220 N/mm?, and a corresponding tensile strength consistent with this steel class.
This reduced material configuration enables the evaluation of seismic isolation effectiveness
under degraded material conditions, providing a more realistic representation of the seismic
behavior of existing reinforced concrete buildings.

3.1.2 Identification of structural system elements

As stated in TSC 2018, the minimum cross-section of square columns should be 30x30 cm, and

the minimum beam cross-section should be 30 cm in width and 50 cm in height. In the model
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developed for this thesis, the column dimensions are 60 x 60 cm and the beam cross-sections
are 40x60 cm. In the SAP2000 model, the beams and columns are represented as frame(bar)
elements. The reinforced concrete slab, which acts in two directions, is modeled as a rigid
diaphragm to ensure that all floor slabs on the same level move together. The slab thickness is
taken as 15 cm. Since the foundation design is not considered in this study, the base of the
structure is assigned as fixed supports. The same slab, column and beam dimensions and
reinforcement details were used in all models to ensure more accurate comparisons.The
effective stiffness modification factors required for reinforced concrete structural elements, as
specified in TSC 2018, are given in Table 3.1.

Table 3.1 : Effective section stiffness modification factors (TSC, 2018).

Reinforced Concrete

Effective Section Stiffness Factor
Structural Element
Shear Wall-Slab (In- Axial Sliding
Plane)
Shear Wall 0.5 0.5
Basement Shear Wall 0.8 0.5
Slab 0.25 0.25
Shear Wall-Slab (Out-of- Bending Shear
Plane)
Shear Wall 0.25 1
Basement Shear Wall 0.5 1
Slab 0.25 1
Frame (Bar) Element Bending Shear
Link Beam 0.15 1
Frame Beam 0.35 1
Frame Column 0.7 1
Shear Wall (Equivalent 05 05

Bar)

The modeling view of the structure is presented in Figure 3.1.
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Figure 3.1 : Structural model of the building.

According to the Turkish Seismic Code, the design of buildings with seismic isolation is based
on the DD-2 earthquake ground motion level (TSC 2018). The target performance levels
defined for this ground motion are presented in Table 3.2. In this table, KK refers to Immediate
Occupancy (10), SH refers to Limited Damage (LD), and DGT refers to Nonlinear Time
History Analysis. In this study, the target performance level under the DD-2 earthquake ground
motion is selected as Immediate Occupancy (lO).

Table 3.2 : Performance targets and applicable evaluation/design approaches for seismically
isolated buildings according to seismic design categories (TSC, 2018).

DTS =1,2,3,3a,4,4a DTS =1a, 2a
Earthquake : i
) Standard Evaluation/  Advanced Evaluation/
Ground Motion _ _
Level Performance Design Performance Design
eve
Target Approach Target Approach
DD-2 SH DGT KK DGT
DD-1 - - - -
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For the selected performance target, the earthquake load reduction factor (R) and the
overstrength factor (D) defined in TSC 2018 are presented in Table 3.3. For the immediate
occupancy (KK) performance target, the R factor is taken as 1.2 and the D factor is taken as
1.2.

Table 3.3 : Earthquake load reduction and overstrength factors (TSC, 2018).

Performance Target R D
KK 1.2 1.2
SH 1.5 1.5

According to TSC 2018, the building's use determines the building usage class (BKS) as Class
3, and the important factor (1) is set at 1.0.

Table 3.4 : Earthquake load reduction and overstrength factors (TSC, 2018).

Building o o Importance
Building Usage Description
Usage Class Factor (I)

Buildings required to remain operational after an
BKS=1 earthquake, buildings with long-term and intensive r
occupancy, buildings used for storing valuable
goods, and buildings containing hazardous materials
Buildings with short-term and intensive occupancy
BKS=2 (shopping malls, sports facilities, cinemas, theaters, 1.2
concert halls, places of worship, etc.
Other buildings (residential buildings, offices, hotels,

BKS=3 _ _ o 1.0
industrial buildings, etc.)

3.1.3 Load combinations

Loads like dead and live loads, snow loads, earthquake loads, wind loads, and soil pressure are
applied to the building's structural components. Structural elements exposed to these loads
undergo deformation and displacement. The structure must provide adequate resistance against
these internal forces and resulting displacements. Load combinations are established in
accordance with TSC 2018 by considering dead loads, live loads, and earthquake loads together.
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For the commercial-residential type models, the uniformly distributed live load (Q) is taken as
2 kN/m? (TS 498, 1987). The exterior walls of the models are considered as walls, with a wall
load (Gwall) of 5 kN/m?. The finishing and plaster load on the slab (Gplaster) is taken as 1.5
kN/m2. In addition, the live load participation factor for commercial-residential buildings is
defined as n = 0.3 according to TSC 2018.

3.1.4 Processing and preparation of strong ground motion records for structure analysis

Turkey has many active fault zones and is situated in an area with a high degree of seismic
hazard because of the interaction of several tectonic plates. A significant portion of the large
and destructive earthquakes recorded throughout history has occurred along these fault systems.
For the structural model assumed to be located in the Bahgelievler district of Istanbul, local soil
conditions were evaluated based on the study entitled “Geology of the Istanbul Provincial Area”
published by the Istanbul Metropolitan Municipality (IMM) Department of Earthquake and
Ground Research (IMM, 2011). According to this reference, the average shear-wave velocity
of the site (Vsao) is approximately in the range of 350—400 m/s; therefore, in accordance with
the soil classification criteria defined in TSC 2018, the site was classified as soil class ZC.
Based on this soil classification, earthquake records were selected in accordance with the shear-
wave velocity limits defined for the ZC soil class. A user-defined target spectrum was used to
retrieve the chosen ground motion records from the PEER NGA-West2 database. The PEER
earthquake database provides acceleration records in two mutually perpendicular horizontal
components. In this study, these components are assigned to the global X and Y directions of
the structural model. This variation results from the orientation of the seismic sensors at the
recording stations and the specific configuration of each earthquake measurement. In this thesis,
the available horizontal components are used as provided, allowing the structural response
along different axes to be accurately evaluated. Since the reaction of buildings is mostly
affected by horizontal ground vibrations, the vertical (up) component is excluded. Since the
fault segments in Istanbul predominantly exhibit strike-slip behavior, particular attention was
paid to selecting earthquake records with strike-slip fault mechanisms. Moreover, considering
that the expected earthquake magnitude in the region is within the range of Mw = 7.0-8.0, the
selected records were limited to this magnitude interval. Accordingly, the strong ground motion
records RSN 864 and RSN 1166, corresponding to the 1992 Landers Earthquake (Mw = 7.3)

and the 1999 Kocaeli (Izmit) Earthquake (Mw = 7.4), respectively, were used in the analyses

32



to investigate the effects of large-scale strike-slip ground motions on structural behavior. These
records were selected due to their reliable measurement quality and their capability to represent
near-fault characteristics.

The Kocaeli Earthquake, RSN 1166, has a total recording duration of 29.99 seconds. The
acceleration record for this earthquake, which occurred near izmit on August 17, 1999, consists
of 6.000 data points with a time step (At) of 0.005 seconds. As the earthquake data were
provided by PEER in a processed format, no further filtering or modification was necessary.
The absolute peak acceleration of the Kocaeli Earthquake in the x direction was 0.124 g,
observed at 11.61 s. In the y direction, a peak acceleration of 0.0907 g was observed at 12.83 s.
The acceleration-time graph of the Kocaeli Earthquake is presented in Figure 3.2.
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Figure 3.2 : Acceleration—time plot of earthquake record RSN 1166 (Kocaeli).
The velocity-time graph of the Kocaeli Earthquake was examined for the x direction, and the
peak velocity of 25.25 cm/s was observed at 12.08 s. For the y direction, the maximum velocity

of 17.30 cm/s occurred at 12.595 s. The velocity-time graph of the Kocaeli Earthquake is shown
in Figure 3.3.
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Figure 3.3 : Velocity—time plot of earthquake record RSN 1166 (Kocaeli).

The displacement-time graph of the Kocaeli Earthquake was examined for the x direction, and
the peak displacement of 18.57 cm was observed at 12.58 s. For the y direction, a displacement
of 6.66 cm occurred at 6.54 s. Figure 3.4 displays the displacement-time graph of the Kocaeli
Earthquake.
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Figure 3.4 : Displacement-time plot of earthquake record RSN 1166 (Kocaeli).

The second earthquake considered in this thesis is the June 28, 1992 Landers—Joshua Tree
Earthquake. Since the earthquake data were obtained from PEER as processed records, no
additional filtering was applied. The earthquake record consists of 2200 data points and has a
total duration of 43.96 seconds. The time step between successive points (At) is 0.02 s. The

acceleration, velocity, and displacement time histories of the Landers—Joshua Tree earthquake
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are presented in Figures 3.5 to 3.7 in a respective way. The absolute peak acceleration of the
Landers Earthquake in the x direction was 0.274 g, observed at 25.98 s. In the y direction, a

peak acceleration of 0.284 g was observed at 9.78 s. Figure 3.5 shows the Landers Earthquake's
acceleration-time graph.
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Figure 3.5 : Acceleration—time plot of earthquake record RSN 864 (Landers).
The velocity-time graph of the Landers Earthquake was examined for the x direction, and the
peak velocity of 27.02 cm/s was observed at 27.48 s. For the y direction, the maximum velocity

of 42.59 cm/s occurred at 26,60 s. The velocity-time graph of the Landers Earthquake is shown
in Figure 3.6.
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Figure 3.6 : Velocity—time plot of earthquake record RSN 864 (Landers).

The displacement-time graph of the Landers Earthquake was examined for the x direction, and

the peak displacement of 7.711 c¢cm was observed at 13.60 s. For the y direction, a

35



displacementof 15.77 cm occurred at 26.90 s. The displacement-time graph of the Landers
Earthquake is shown in Figure 3.7.
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Figure 3.7 : Displacement-time plot of earthquake record RSN 864 (Landers).

3.1.5 Matching of earthquake records to the design spectrum

The selected earthquake records were incorporated into the design analysis following the
methods recommended by the Turkish Seismic Code (TSC, 2018). According to the code,
acceleration records are used to determine the map-based spectral acceleration coefficients
corresponding to the location of the structure, and from these coefficients, the design
acceleration parameters are calculated. Based on the obtained values, the horizontal elastic
design spectrum is constructed, where the abscissa of the graph represents the periods and the
ordinate represents the horizontal elastic design spectral accelerations. A spectrum matching
procedure was carried out using the SeismoMatch software to enable the selected earthquake
record to better represent the region-specific seismic characteristics.

The design ground motion was chosen to be the DD-2 earthquake. This motion is a rare seismic
event with a 475-year return time and a 10% possibility of exceeding it in 50 years. The
earthquake data were obtained from a location at 41.010778° latitude and 28.860398° longitude
via the AFAD Interactive Web Application of Turkey Earthquake Hazard Maps (URL-7). For
soil-structure interaction, the soil type was classified as ZC based on the measured sample
values, and the corresponding design spectrum information for the selected region

(Bahgelievler, Istanbul) is presented in Table 3.5.
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Table 3.5 : Design spectrum parameters selected for the Bahgelievler/Istanbul region.

Parameters Values
Soil Class ZC
Design Earthquake DD-2
Peak Ground Acceleration (PGA) 0.432 (g9)
Peak Ground Velocity (PGV) 26.448 cm/s
Short-Period Mapped Spectral Acceleration Parameter (Ss) 1.051
Mapped Spectral Acceleration Parameter at 1.0 s Period (S:) 0.290
Short-Period Site Coefficient (Fs) 1.200
Site Coefficient at 1.0 s Period (F1) 1.500
Short-Period Design Spectral Acceleration Parameter (Sps) 1.261
Design Spectral Acceleration Parameter at 1.0 s Period (Sp1) 0.435
Corner Period of Horizontal Elastic Design Acceleration Spectrum (Ta) 0.069 s
Corner Period of Horizontal Elastic Design Acceleration Spectrum (Tg) 0.345s

Figure 3.8 displays the design spectrum computed for the Kocaeli Earthquake, and Figure 3.9
displays the acceleration-time histories. The elastic design graph based on the original
earthquake records lies below the spectrum drawn for the ZC soil class and DD-2 desigh motion
(Figure 3.9). The design approach aims to increase the internal forces in the structure, allowing
for appropriate calculations under this condition. In order to fit the required spectrum, the
original earthquake records were scaled using predetermined ratios. Additionally, the second
chapter of TSC 2018 outlines the general procedure for scaling earthquake records using a

simple scaling method.
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Figure 3.8 : Comparison of the Kocaeli Earthquake spectrum with the design spectrum.

The original and matched acceleration values of the Kocaeli Earthquake are presented in Figure
3.9. The matched values are significantly higher than the original ones.
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Figure 3.9 : Comparison of the Kocaeli Earthquake acceleration with the design
accelerations.
Figure 3.10 displays the design spectrum computed for the Landers Earthquake, and Figure
3.11 displays the matching acceleration-time histories. These numbers offer a thorough
depiction of the seismic demand, enabling a thorough comparison between the design
parameters utilized in the structural study and the first features of the earthquake.
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Figure 3.10 : Comparison of the Landers Earthquake spectrum with the design spectrum.
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Figure 3.11 : Comparison of the Landers Earthquake acceleration with the design

accelerations.

3.1.6 Identification of the seismic isolators

Earthquake-induced ground movements propagate through the ground, reaching the structure
and causing significant impacts. Various engineering methods exist to mitigate these effects,
one of which is seismic isolators. Seismic isolators are parts placed between the structure and
the ground to reduce the forces transferred from the ground to the structure during an
earthquake. By lengthening the structure's effective period, these solutions considerably lower

the internal forces produced in the superstructure, hence minimizing the amplitude of the
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earthquake loads. The two types of isolators that are commonly used in this thesis are lead
rubber bearing and high damping rubber bearing isolators.

3.1.7 Lead rubber bearing (LRB)

One popular kind of seismic isolator intended to increase the flexibility of structures exposed
to seismic forces is the lead rubber bearing (LRB). The system is made up of steel and rubber
layers that alternate with a central lead core. The rubber layers generate elastic deformation,
while the lead core dissipates seismic energy. Figure 3.12 shows the lead-rubber bearing's

layered design, which includes the placement of the steel and elastomer layers.

Lead Plug Natural Rubber

y _Reinforcing
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Figure 3.12 : LRB layers (URL-2).

LRBs are widely implemented in buildings and bridges located in high seismic risk areas to
enhance structural resilience. The vertical load transfer of the LRB-type lead-rubber seismic
isolator is achieved through multiple layers, including the beam body, upper and lower
connection steel plates, upper and lower sealing plates, and the laminated rubber with a central
lead core (URL-8). This design also eliminates the need for a separate damper, making LRBs
particularly suitable for installations where space is limited (URL-2). The LRB isolators used
in this thesis were selected from the catalog, taking into account the column dimensions and
the loads applied to the columns. The total building weight was found to be 18.600 kN, resulting
in a unit load of 1.162,50 kN per isolator. An LRB isolator with a total rubber thickness of 200
mm, corresponding to the Bridgestone catalog code LH085G4, was selected for this study
(URL-2). The properties of the isolators, both selected and calculated, are presented in Table
3.6
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Table 3.6 : LRB design parameters.

Parameter Value
Outer Diameter of Isolator (mm) 850
Diameter of Elastomer Plate Bonded to Steel (mm) 830

Lead Core Diameter (mm) 120
Shear Yield Stress of Lead (MPa) 8

Rubber Shear Modulus (MPa) 0,385
Total Height of Isolation Unit (mm) 413.1
Total Elastomer Thickness (mm) 200
Elastomer Layer Thickness (mm) 5.7

Lead Core Cross-sectional Area (mm?) 11.309,7
Surface Area of Single Elastomer Layer Bonded to Steel (mm?) 529.751,1
Shape Coefficient of Elastomer Isolation Unit 35.6
Modulus of Elasticity of Rubber (MPa) 1.54
Rubber Material Hardness 0.85
Compressive Modulus of Isolation Unit (MPa) 3.327,428
Rubber Volume Modulus 2000
Vertical Stiffness Modulus (MPa) 1.249,169
Vertical Stiffness of Isolation Unit (KN/m) 3.308.742

3.1.8 High damping rubber bearing (HDRB)

A high damping rubber bearing (HDRB) was utilized in this investigation. In contrast to natural
rubber bearings, HDRBs are made with rubber compounds that have been carefully designed
to have inherent energy dissipation capacity. As a result, HDRBs exhibit stable hysteretic
behavior with relatively high equivalent damping ratios, typically ranging between 10% and
20%, without the need for additional damping devices (URL-2). Over a broad range of shear
deformations, the restoring force characteristics of HDRBs stay steady and smooth. In this
work, the HDRB system was modeled without additional dampers to directly evaluate the effect
of inherent damping properties of different types of isolators on the seismic response of the

structure.
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The layered structure of a high damping rubber (HDRB) is depicted in Figure 3.13, which also
shows how the steel and elastomer layers are arranged inside the isolator.
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Figure 3.13 : HDRB layers (URL-2).

HDRB with a total rubber thickness of 160 mm, corresponding to the Bridgestone catalog code
HMO060X3R, was selected for this study (URL-2). The properties of the HDRB isolators
selected for this study are summarized in Table 3.7. These parameters include the geometric
dimensions, material characteristics, and mechanical properties that are essential for accurately
modeling the isolators’ behavior under seismic loading. The table provides a comprehensive

overview of the isolators’ design values, which form the basis for analyses.

Table 3.7 : HDRB design parameters.

Parameter Value
Outer Diameter of Isolator (mm) 600
Inner Diameter (mm) 15
Rubber Shear Modulus (MPa) 0.3
Total Height of Isolation Unit (mm) 294.1
Total Elastomer Thickness (mm) 160
Elastomer Layer Thickness (mm) 5
Shape Coefficient of Elastomer Isolation Unit 29.3
Rubber Material Hardness 1
Rubber Volume Modulus 2.000
Vertical Stiffness Modulus (MPa) 2.55
Vertical Stiffness of Isolation Unit (kN/m) 1.740.000
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4. ANALYSIS RESULTS UNDER SEISMIC LOADING

A fixed-base model was implemented in this study, and both LRB and HDRB systems were
used to describe seismic isolation. A time-history investigation of two different earthquake
ground motions was conducted. The Kocaeli (1999) and Landers (1992) earthquakes were
chosen. This section discusses the findings of all analyses that were conducted in the time
domain. Nonlinear link elements in SAP2000 were used to represent the isolators, where axial
stiffness, lateral stiffness, and hysteretic behavior were explicitly defined. LRBs were modeled
using a bilinear force—displacement relationship to capture lead yielding and post-yield
stiffness, whereas HDRBs were modeled with nonlinear elastic behavior and higher equivalent

damping ratios.

Figure 4.1 : Structural model with LRB.
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Figure 4.2 : Structural model with HDRB.

4.1 Time-History Analysis of the Kocaeli Earthquake

The results of a time history study conducted under the Kocaeli Earthquake are shown in this
section. As Table 4.1 illustrates, the investigation shows that isolators significantly affect the

building's dynamic behavior.

Table 4.1 : Comparison of structural period, base shear, and overturning moment of the
models under the Kocaeli Earthquake.

) ] Base Base
Overturning  Overturning ) _
) ) Shearin  Shearin
Structural Momentin X Moment in

Model ) o o X Y
Period Direction Y Direction S o
Direction  Direction
(KNm) (KNm)
(kN) (kN)
Fixed T1=0.60s 20590 30210 2290 2007
LRB T1=1.77s 15110 22930 1750 1313
HDRB T1=2.38s 14130 15460 1323 1139

The fixed-base structure's fundamental period is 0.60 seconds, indicating relatively stiff
structural behavior. When LRBs are implemented, the period increases to 1.77 seconds,
corresponding to an increase of approximately 195% compared to the fixed-base condition.

With the use of HDRB, the period is further extended to 2.38 seconds, representing an increase
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of about 297% relative to the fixed-base structure. By extending the building's vibration period,
seismic isolators lower the quantity of seismic energy that is transferred to the structure.

The fixed-base structure exhibits overturning moments of 20.590 kNm in the X-direction and
30.210 kNm in the Y-direction. With the implementation of LRB, these values decrease to
15.110 kNm and 22.930 kNm, corresponding to reductions of approximately 26.6% and 24.1%
in the X- and Y-directions, respectively. Further reductions are observed with HDRB, resulting
in overturning moments of 14.130 KNm in the X-direction and 15.460 kNm in the Y-direction.
Compared to the fixed-base structure, this represents reductions of approximately 31.4% in the
X-direction and 48.8% in the Y-direction. The use of isolators significantly reduces the
moments, especially in the upper stories. Base shear forces show a similar trend. In the fixed-
base structure, the base shear forces are 2.290 kN and 2.007 kN in the X and Y directions,
respectively. With the implementation of LRB, these values decrease to 1.750 kN in the X-
direction and 1.313 kN in the Y-direction, corresponding to reductions of approximately 23.6%
and 34.6%, respectively. Further reductions are achieved with the use of HDRB, resulting in
base shear forces of 1.323 kN in the X-direction and 1.139 kN in the Y-direction. Compared to
the fixed-base structure, this represents reductions of approximately 42.2% in the X-direction
and 43.2% in the Y-direction. Isolators distribute the seismic load at the base, reducing the
forces transmitted to the upper stories. Energy dissipation in LRB occurs through both the
elastomer layers and the lead core at the center, with the lead core absorbing part of the seismic
energy through plastic deformation. In HDRB, energy dissipation is provided by the high-
damping elastomer material, offering a more uniform and higher damping capacity compared
to LRB. In conclusion, both LRB and HDRB reduce overturning moments and base shear
forces, increase the fundamental period, and improve the seismic performance of the building
compared to a fixed-base structure.

Figure 4.3 presents the distributions of relative story displacements for the fixed-base, LRB,
and HDRB structural systems under the Kocaeli earthquake. Figure 4.4 provides the
corresponding displacement—time histories for the top story. In the fixed-base system, the
relative story displacements increase steadily with building height and reach their maximum
values at the upper stories. This behavior indicates that, in rigidly supported structures, seismic
effects are directly transmitted to the superstructure, resulting in significantly increased story
deformation demands at higher levels. In contrast, the base-isolated systems exhibit

considerably lower relative story displacements compared to the fixed-base structure. In
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particular, the models employing LRB and HDRB isolators show higher relative displacements
at the lower stories, followed by a decreasing trend toward the upper stories. This response
demonstrates that seismic isolation effectively dissipates a substantial portion of the seismic
energy at the foundation level, thereby limiting deformation demands in the superstructure. A
comparison between the LRB and HDRB systems reveals that the HDRB model produces lower
relative story displacement values than the LRB model across all story levels. This outcome
can be attributed to the higher effective damping capacity and more stable hysteretic behavior
of the HDRB system, which enables a more efficient reduction of deformation demands in the
superstructure. In conclusion, under strong ground motions such as the Kocaeli earthquake,
base-isolated systems significantly reduce relative story displacements in the superstructure and

substantially improve structural performance when compared to the fixed-base configuration.
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Figure 4.3 : Distribution of maximum story displacements under the Kocaeli Earthquake.
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Figure 4.4 : Top-story displacement-time plots under the Kocaeli Earthquake.

In Figure 4.5, the story velocity distributions for fixed-base, LRB, and HDRB systems under
the Kocaeli earthquake are presented, while Figure 4.6 shows the corresponding velocity—time
histories. It is observed that, in the fixed-base system, story velocities increase regularly with
building height, reaching maximum values at the upper stories. In contrast, in the base-isolated
systems, story velocities are significantly reduced and exhibit a more uniform distribution
across the stories. Compared to the fixed-base structure, both the LRB and HDRB systems
significantly reduce velocity demands; however, the HDRB model generally exhibits lower

velocity values overall.
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Figure 4.5 : Distribution of maximum velocities under the Kocaeli Earthquake.
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Figure 4.6 : Top-story velocity—time plots under the Kocaeli Earthquake.

Figure 4.7 presents the story acceleration distributions for the fixed-base, LRB, and HDRB
systems under the Kocaeli earthquake, while Figure 4.8 shows the corresponding acceleration—
time histories for the top story. The fixed-base system exhibits a clear increase in story
accelerations with building height, with the upper stories experiencing the highest demands. In
contrast, the LRB and HDRB base-isolated systems significantly reduce acceleration levels
throughout the structure, providing a more uniform response across the stories. Between the
two isolation systems, the HDRB demonstrates slightly better performance, yielding lower
accelerations overall and effectively dissipating seismic energy. When compared to the fixed-
base system, these results demonstrate that seismic isolation effectively reduces seismic

demands and enhances the overall structural response.

7 )
6 °
5 °
>
S 4 o
(7p]
3 °
2 °
1 °
0 0,5 1 1,5 2 2,5
Acceleration (m/s?)
e Fixed LRB HDRB

Figure 4.7 : Distribution of maximum story accelerations under the Kocaeli Earthquake.
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Figure 4.8 : Top-story acceleration—time plots of under the Kocaeli Earthquake.

4.2 Time-History Analysis of the Landers Earthquake

Table 4.2 displays the seismic response outcomes of the fixed-base, LRB-isolated, and HDRB-
isolated structural models that were exposed to the Landers earthquake. Base shear forces and

overturning moment demands in both principal horizontal directions are compared.

Table 4.2 : Comparison of structural period, base shear, and overturning moment of the
models under the Landers Earthquake

) ) Base
Overturning Overturning Base )
Shear in
Structural Momentin  Momentin  Shearin X
Model Y
Period X Direction Y Direction  Direction o
(KNM) (kNM) (kN) Direction
m m
(kN)
Fixed T1=0.60s 70530 71360 4997 5537
LRB T1=1.77s 26430 24940 2008 2109
HDRB T1=2.38s 19310 10390 882 1473

As observed in Table 4.2, the fixed-base structure exhibits the highest base shear and
overturning moment demands in both horizontal directions. This behavior is primarily
associated with the relatively short fundamental period of the fixed-base system, which leads
to increased seismic force demands under the long-period characteristics of the Landers

earthquake. The implementation of seismic isolation significantly reduces both base shear and
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overturning moments. The LRB-isolated structure demonstrates a considerable decrease in
seismic demands compared to the fixed-base model due to period elongation and energy
dissipation provided by the lead core. Furthermore, the HDRB isolated structure yields the
lowest base shear and overturning moment values among all configurations. This response can
be attributed to the higher inherent damping capacity of HDRB systems, which is particularly
effective in mitigating long-period ground motion effects. Additionally, the differences
observed between the X and Y direction responses indicate the influence of directional ground
motion characteristics, which become more pronounced in base-isolated systems due to their
increased flexibility.

In Figure 4.9, the story relative displacement distributions for fixed-base, LRB, and HDRB
systems are presented, while Figure 4.10 shows the corresponding displacement—time histories.
The fixed-base structure exhibits significantly higher relative displacement demands at all story
levels, indicating increased deformation sensitivity to long-period ground motion. This
behavior highlights the wvulnerability of rigidly supported structures when subjected to
earthquakes characterized by long duration and dominant low-frequency content. Both base-
isolated configurations demonstrate a marked reduction in relative displacements compared to
the fixed-base system. The LRB-isolated structure shows consistently low and well-distributed
relative displacements, suggesting that the combined effect of period elongation and hysteretic
damping effectively limits deformation demands under long-period excitation. The HDRB-
isolated structure exhibits relatively higher displacement demands than the LRB system,
particularly at lower story levels. This behavior is primarily attributed to the higher flexibility
of HDRB bearings, which allows greater isolation-level deformation under long-period seismic
inputs. The HDRB system's substantially lower total displacement response as compared to the
fixed-base structure confirms the efficacy of high-damping rubber bearings in reducing the

seismic effects of the Landers earthquake.
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Figure 4.9 : Distribution of maximum story relative displacement under the Landers

Earthquake.
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Figure 4.10 : Top-story displacement—time plots under the Landers Earthquake.

In Figure 4.11, the story velocity distributions for fixed-base, LRB, and HDRB systems are
presented, while Figure 4.12 shows the corresponding velocity—-time histories. The fixed-base
system exhibits increasing story velocities with height, reaching the highest values at the top
stories. In contrast, both LRB and HDRB base-isolated systems considerably reduce velocities
throughout the structure, providing a more uniform response across the stories. Between the
two isolation systems, HDRB generally produces slightly higher velocities at the lower stories

but maintains effective mitigation overall. seismic isolation
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Figure 4.11 : Distribution of maximum velocities under the Landers Earthquake.
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Figure 4.12 : Top-story velocity—time plots under the Landers Earthquake.

Figure 4.13 presents the maximum story acceleration distributions for the fixed-base, LRB, and
HDRB systems under the Landers earthquake, while Figure 4.14 shows the corresponding
acceleration—time histories for the top story. The fixed-base system shows a clear increase in
story accelerations with building height, with the upper stories experiencing the largest
demands. In contrast, the LRB and HDRB base-isolated systems significantly reduce
accelerations throughout the structure, leading to a more uniform and controlled response.
Among the isolation systems, HDRB demonstrates slightly better performance in reducing

overall accelerations, particularly in the upper stories. seismic isolation
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Figure 4.13 : Distribution of maximum story accelerations under the Landers Earthquake.
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Figure 4.14 : Top-story acceleration—time plots under the Landers Earthquake.

4.3 Time-History Analysis of the Kocaeli Earthquake with Reduced Material Strentgh

In this section, the structural geometry and system configuration used in the previous analyses
are maintained, while the material properties are modified by adopting C15 concrete and BC1
reinforcing steel. This approach is adopted to better represent the characteristics of the existing
older building stock. This configuration is referred to as the reduced material strength model,
whereas the model constructed using C30 concrete and B420C reinforcing steel is defined as
the reference model. Time-history analyses are carried out on the same structural model using

identical earthquake records in order to ensure a consistent basis for comparison. Fixed-base,
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LRB-isolated, and HDRB-isolated systems are analyzed separately, and the results obtained
from the reduced material strength model are comparatively evaluated with those of the
reference model. Table 4.3 presents the comparison of structural period, base shear, and

overturning moment of the reduced material strength models under the Kocaeli Earthquake.

Table 4.3 : Comparison of structural period, base shear, and overturning moment models
under the Kocaeli Earthquake with reduced material strength.

) ) Base Base
Overturning  Overturning ) _
_ _ Shearin  Shearin
Structural Momentin X Momentin

Model ] o o X Y
Period Direction Y Direction o o
Direction  Direction
(KNm) (KNm)
(kN) (kN)
Fixed T1=0.66s 25550 43190 3385 1507
LRB T1=1.80s 15270 20920 1730 1375
HDRB T1=2.41s 19340 30180 2186 1380

The fundamental period of the fixed-base structure is 0.66 seconds, indicating that the global
dynamic response is largely governed by geometric properties and mass distribution rather than
material strength. When LRB isolators are introduced, the fundamental period increases to 1.80
seconds, corresponding to an increase of approximately 173% compared to the fixed-base
configuration. With the implementation of HDRB, the period is further extended to 2.41
seconds, representing an increase of about 265% relative to the fixed-base structure. These
findings show that, even for low-strength material qualities, seismic isolation successfully
extends the structure's vibration period and moves the dynamic response away from the ground
motion's dominating frequency range.

For the fixed-base structure, the overturning moments are 25.550 kNm in the X-direction and
43.190 KNm in the Y-direction. With the use of LRB isolators, these values are reduced to
15.270 kNm and 20.920 kNm, corresponding to reductions of approximately 40.2% and 51.6%
in the X- and Y-directions, respectively. When HDRB isolators are implemented, the
overturning moments become 19.340 KNm in the X-direction and 30.180 kNm in the Y-
direction. Compared to the fixed-base structure, these results indicate reductions of
approximately 24.3% in the X-direction and 30.1% in the Y-direction. Although the HDRB
system provides significant reductions relative to the fixed-base condition, the LRB system
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yields lower overturning moments for this material scenario under the Kocaeli earthquake. A
similar trend is observed for the base shear forces. In the fixed-base structure, the base shear
values are 3.385 kN in the X-direction and 1.507 kN in the Y-direction. With the
implementation of LRB, these values decrease to 1.730 kN and 1.375 kN, corresponding to
reductions of approximately 48.9% and 8.8%, respectively. For the HDRB-isolated structure,
the base shear forces are 2.186 kN in the X-direction and 1,380 kN in the Y-direction, indicating
reductions of approximately 35.5% and 8.4% compared to the fixed-base case. These findings
show that both isolation systems reduce base shear demands, while the LRB system provides
the most effective force reduction for the reduced material strength models under the Kocaeli
earthquake. The interplay between the isolation system and the softened superstructure is
responsible for the observed behavior. In the reduced material strength models scenario,
stiffness degradation in the superstructure limits the efficiency of highly flexible isolation
systems, causing the HDRB model to exhibit higher force demands than the LRB model despite
its longer fundamental period. Nevertheless, both isolation systems significantly reduce seismic
demands compared to the fixed-base structure. Overall, the results confirm that seismic
isolation remains effective for low-strength material properties, although the relative
performance of LRB and HDRB depends on the compatibility between isolator flexibility and
the frequency content of the ground motion.

Figure 4.15 presents the distributions of relative story displacements for the fixed-base, LRB,
and HDRB structural systems under the Kocaeli earthquake with reduced material strength.
Figure 4.16 provides the corresponding displacement—time histories for the top story with
reduced material strength. For the Kocaeli earthquake record, the reduction in material strength
results in increased relative story displacements in the fixed-base structure due to the decrease
in global stiffness. In contrast, both LRB- and HDRB-isolated models exhibit significantly
lower and more uniform interstory displacement demands along the building height. The
limited sensitivity of the base-isolated structures to the reduction in material strength indicates
that the seismic response is predominantly governed by the isolator characteristics rather than
the superstructure stiffness. Although slightly higher relative displacements are observed in the
HDRB system compared to the LRB system, the overall drift demands remain substantially

lower than those of the fixed-base configuration.
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Figure 4.15 : Distribution of maximum story displacements under the Kocaeli Earthquake

with reduced material strength.
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Figure 4.16 : Top-story displacement—time plots under the Kocaeli Earthquake with reduced

material strength.

In Figure 4.17, the story velocity distributions for fixed-base, LRB, and HDRB systems with
reduced material strength under the Kocaeli earthquake are presented, while Figure 4.18 shows
the corresponding velocity—time histories. For the Kocaeli Earthquake, the fixed-base model
with reduced material strength exhibits noticeably higher relative story velocities compared to
the reference model, particularly in the upper stories, due to decreased structural rigidity. In
contrast, LRB- and HDRB-isolated models maintain low and well-distributed velocities along

the building height, with the HDRB system showing slightly more uniform distribution. These
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results indicate that even under reduced material strength, seismic isolation effectively controls

velocity demands, while fixed-base systems experience a direct increase in relative velocities.
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Figure 4.17 : Distribution of maximum velocities under the Kocaeli Earthquake with

reduced material strength.
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Figure 4.18 : Top-story velocity—time plots under the Kocaeli Earthquake with reduced
material strength .

Figure 4.19 presents the story acceleration distributions for the fixed-base, LRB, and HDRB
systems under the Kocaeli earthquake with reduced material strength, while Figure 4.20 shows
the corresponding acceleration—time histories for the top story. For the Kocaeli Earthquake
record, relative story acceleration results indicate that the fixed-base configuration experiences
a clear amplification of acceleration demands along the building height, which becomes more
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pronounced under reduced material strength conditions. Peak acceleration values increase
toward the upper stories, reflecting the stronger participation of higher vibration modes in the
fixed-base response. In contrast, both LRB- and HDRB-isolated models significantly reduce
acceleration transmission to the superstructure. The acceleration profiles of the isolated systems
remain low and relatively uniform over the height, demonstrating the filtering effect of the
isolation layer. Although minor variations are observed in the reduced material strength case,
particularly in the lower stories, the overall acceleration demands in the isolated configurations
remain substantially lower than those of the fixed-base system. While fixed-base systems are
more susceptible to variations in material qualities in terms of acceleration response, these
results demonstrate that seismic isolation is quite successful in regulating floor acceleration

demands, even when material strength is decreased.
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Figure 4.19 : Distribution of maximum story accelerations under the Kocaeli Earthquake

with reduced material strength.
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Figure 4.20 : Top-story acceleration—time plots under the Kocaeli Earthquake with reduced

material strength.

4.4 Time-History Analysis of the Landers Earthquake with Reduced Material Strength

In this section, time-history analyses of the Landers earthquake are performed on the structural

model with reduced material strength models. The analysis results are summarized in Table 4.4,

Table 4.4 : Comparison of structural period, base shear, and overturning moment under the

Landers Earthquake with reduced material strength models.

) ) Base
Overturning Overturning Base )
Shear in
Structural Momentin  Momentin  Shearin X
Model Y
Period X Direction Y Direction  Direction o
(KNM) (kNM) (kN) Direction
m m
(kN)
Fixed T1=0.66 s 94730 79010 5780 7581
LRB T1=1.80s 24460 22600 1951 2081
HDRB T1=2.41s 54080 47810 3826 5110

As presented in Table 4.4, the fixed-base structure exhibits the highest base shear and

overturning moment demands in both horizontal directions. This behavior is mainly associated

with the short fundamental period of the fixed-base system (T: = 0.66 s), which results in

increased seismic demands under the long-period—dominant characteristics of the Landers
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earthquake. In addition, the reduced material strength in the models configuration contributes
to stiffness degradation in the superstructure, further amplifying force demands in the fixed-
base case. The introduction of seismic isolation leads to a significant reduction in both base
shear forces and overturning moments. Among the isolated configurations, the LRB system
provides the most effective performance, yielding the lowest seismic demands. The overturning
moments are reduced to 24.460 kNm and 22.600 kNm, while the base shear forces decrease to
1.951 kN and 2.081 kN in the X and Y directions, respectively. This improvement can be
attributed to the combined effect of period elongation and stable energy dissipation through the
lead core, which is particularly effective for the long-period content of the Landers ground
motion.

When compared to the fixed-base system, the HDRB-isolated structure likewise exhibits a
discernible decrease in seismic demands; however, its overturning moments (54.080 kNm and
47.810 kNm) and base shear forces (3.826 kN and 5.110 kN) remain higher than those observed
for the LRB configuration. Although the HDRB system provides a longer fundamental period
(T: = 2.41 s) and higher inherent damping, the increased flexibility of the isolation layer,
combined with the softened superstructure in the reduced material strength models scenario,
leads to higher force demands relative to the LRB system under the Landers earthquake.

The differences observed between the responses in the X and Y directions highlight the
influence of directional characteristics of the ground motion, which become more pronounced
in base-isolated systems due to their increased flexibility. Overall, the results confirm that
seismic isolation remains effective for structures with low-strength material properties.
However, the relative performance of isolation systems strongly depends on the interaction
between isolator flexibility, superstructure stiffness degradation, and the frequency content of
the earthquake record. Under these conditions, the LRB system exhibits the most favorable
seismic performance for the reduced material strength models subjected to the Landers
earthquake.

In Figure 4.21, the story relative displacement distributions for fixed-base, LRB, and HDRB
systems with reduced material strength are presented, while Figure 4.22 shows the
corresponding displacement—time histories. For the Landers earthquake record , the fixed-base
structure exhibits a significant increase in relative story displacements along the building height
in the model with reduced material strength due to the decrease in global stiffness. The long-

period characteristics of the Landers ground motion amplify displacement demands in the
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fixed-base configuration. In contrast, both LRB- and HDRB-isolated models demonstrate
substantially lower and more uniform interstory displacement profiles. In the isolated
configurations with reduced material strength, relative displacement demands are largely
concentrated in the lower stories, while the upper structure responds in a nearly rigid-body
manner. This behavior suggests that the isolater behavior, not the superstructure's

characteristics, primarily controls the seismic reaction.
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Figure 4.21 : Distribution of maximum story displacements under the Landers Earthquake

with reduced material strength.
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Figure 4.22 : Top-story displacement—time plots under the Landers Earthquake with reduced

material strength.
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In Figure 4.23, the story velocity distributions for fixed-base, LRB, and HDRB systems with
reduced material strength are presented, while Figure 4.24 shows the corresponding velocity—
time histories. For the Landers earthquake record, the fixed-base structure with reduced material
strength exhibits increased relative story velocity demands, especially toward the upper stories,
reflecting a more flexible structural response. In contrast, the LRB- and HDRB-isolated models
show consistently low and well-distributed relative velocities along the building height, even
when material strength is reduced. This behavior indicates that the dynamic response of the
isolated systems is mainly controlled by the isolation mechanism, while the influence of
superstructure properties remains secondary. Although the HDRB system yields slightly higher
velocity demands compared to LRB, both isolation systems significantly outperform the fixed-

base configuration.
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Figure 4.23 : Distribution of maximum velocities under the Landers Earthquake with

reduced material strength.
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Figure 4.24 : Top-story velocity—time plots under the Landers Earthquake with reduced

material strength.

Figure 4.25 presents the maximum story acceleration distributions for the fixed-base, LRB, and
HDRB systems under the Landers earthquake with reduced material strength, while Figure 4.26
shows the corresponding acceleration-time histories for the top story. For the Landers
earthquake record, relative story acceleration results show a pronounced amplification in the
fixed-base configuration, with acceleration demands increasing rapidly toward the upper
stories. This amplification becomes more evident in the model with reduced material strength,
indicating a higher sensitivity of the fixed-base system to intense, long-duration ground motions
such as Landers. In contrast, both LRB- and HDRB-isolated models exhibit a substantial
reduction in floor acceleration levels, with limited fluctuation in the building’s height. The
acceleration response of the isolated structures remains largely stable even under reduced
material strength conditions, highlighting that the dynamic response is primarily controlled by
the isolation system rather than the superstructure properties. Among the isolation systems,
HDRB provides slightly lower acceleration demands at most story levels, confirming its

superior effectiveness in acceleration control under strong ground motion.

63



Stories
[ ]

-8 -6 -4 -2 0 2 4 6
Acceleration (m/s2)

e Fixed —e—-LRB —o-HDRB

Figure 4.25 : Distribution of maximum story accelerations under the Landers Earthquake

with reduced material strength.
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Figure 4.26 : Top-story acceleration—time plots under the Landers Earthquake with reduced

material strength.
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5. CONCLUDING REMARKS AND RECOMMENDATIONS

In this work, fixed-base models and models with LRB and HDRB seismic isolation systems
were used to compare the seismic performance of a seven-story building. Limiting inter-story
and base displacements and accelerations, as well as lowering base responses and internal forces
in structural parts, are the main advantages of seismic isolation. The earthquake records used
in the analyses were selected according to the seismic spectra defined by AFAD and matched
using the SeismoMatch program. Additionally, seismic records sourced from the PEER
database, including the Kocaeli and Landers earthquakes, were used in time-history studies,
demonstrating that the structural responses of isolated and fixed-base systems differ under
varying ground motion characteristics.

In addition to the reference configuration, a second set of analyses was performed using models
with reduced material strength in order to represent the behavior of existing building stock. This
approach enables the evaluation of seismic isolation effectiveness not only for newly designed
structures but also for buildings with limited material capacity due to aging, construction
deficiencies, or outdated design practices.

The structural period of the fixed-base building was determined as 0.60 s, whereas the LRB-
isolated model exhibited a period of 1.77 s, corresponding to an increase of approximately
195% relative to the fixed-base structure. The HDRB-isolated model further extended the
fundamental period to 2.38 s, representing an increase of about 297%. According to these
results, adding seismic isolation devices considerably extends the building's fundamental
period, which lowers the structure's total stiffness. The increase in the structural period alters
the manner in which earthquake energy is transmitted to the structure, leading to substantial
reductions in base forces and noticeable changes in story accelerations. In particular, the larger
period shifts associated with the HDRB system result in more pronounced modifications to the
seismic response when compared to the LRB system . Base moments, base shear forces, story

accelerations, and displacements were significantly reduced in the LRB and HDRB isolated
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models compared to the fixed-base model. Base moments and shear forces were larger in the
fixed-base model in the Kocaeli earthquake analysis, but they were lower in the LRB and
HDRB models. Similarly, analyses using the Landers earthquake demonstrated that the fixed-
base model produced higher accelerations and shear forces, while these values were notably
reduced in the isolated models.

When reduced material strength conditions were considered, fixed-base models showed a clear
increase in force and deformation demands, indicating a higher sensitivity of conventional
systems to material degradation. In contrast, the seismic response of the base-isolated models
was only marginally affected by the reduction in material strength, demonstrating that the
overall behavior of isolated structures is predominantly governed by the isolator properties
rather than the superstructure capacity.

Significant reductions in base moments and shear forces were observed in both LRB and HDRB
models. In the HDRB system, this reduction was more pronounced due to its high damping
capacity. The technical parameters of the isolators played a decisive role in performance, and
the performance differences between the two systems were directly related to these parameters.
HDRB isolators, with a balanced combination of elastomer stiffness and damping capacity,
dissipate earthquake energy, while LRB isolators, consisting of a lead core combined with
elastomer layers, increase energy dissipation and improve the overall response of the structure,
particularly under long-period motions. In terms of deformation behavior, the fixed-base
structure shows a continuous increase in relative story displacements with height, indicating a
concentration of seismic effects within the superstructure. In contrast, base-isolated systems
redistribute seismic demands toward the isolation level, thereby limiting deformation demands
in the upper stories. This behavior was consistently observed for both the reference and reduced
material strength models, confirming the robustness of seismic isolation systems under varying
structural conditions.

In conclusion, this study demonstrates that seismic isolation systems increase the structural
period, reduce base moments and shear forces, and lower story accelerations and velocities. A
comparative evaluation of the isolation systems indicates distinct performance characteristics.
While both isolation systems enhance seismic response, the HDRB system provides more
effective control of structural deformations and force demands within the superstructure. This
improved performance is attributed to the higher inherent damping capacity and more stable

hysteretic behavior of HDRB isolators, which allow for a smoother and more uniform
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dissipation of seismic energy. The LRB system, although effective, exhibits relatively higher
deformation demands due to its energy dissipation mechanism relying partly on yielding
behavior.The HDRB system can help reduce accelerations and velocities due to its high
damping capacity, while the LRB system may improve performance under long-period ground
motions by increasing energy dissipation. These findings suggest that isolation systems could
be considered in earthquake-prone regions to mitigate structural loads and enhance energy
dissipation. Overall, the results clearly indicate that seismic isolation systems maintain their
effectiveness even under reduced material strength conditions, highlighting their strong
potential not only for new construction but also for the seismic upgrading of existing building
stock in earthquake-prone regions. Future studies may extend this research by considering a
wider range of earthquake records, different isolator types, soil-structure interaction effects,
long-term performance issues such as aging and temperature variations, and economic

feasibility analyses to provide a more comprehensive assessment of seismic isolation systems.
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