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ABSTRACT

A COMPARATIVE STUDY ON THE INELASTIC SEISMIC DEMANDS OF
FRICTION DAMPED AND BASE ISOLATED STRUCTURES

DERINGOL, Ahmet Hilmi
Ph.D. in Civil Engineering
Supervisor: Prof. Dr. Esra METE GUNEYISi
September 2020
163 pages

This study addresses the nonlinear seismic response of the buildings retrofitted with
a series of passive protective systems. Friction damper (FD) as an energy dissipation
device and lead rubber bearing (LRB), friction pendulum bearing (FPB), and high
damping rubber bearing (HDRB) as base isolators were considered. Two sets of steel
buildings were used. The first one included three 5 storey frames and two 10 storey
frames while the second one contained 3, 6, and 9-storey steel moment resisting
frames. To study the application and effectiveness of different seismic protective
systems in the buildings, four cases were adopted. The first case investigated the
utilization of FD and LRB considering their design properties. The second and third
cases examined the influence of design parameters of FPB (i.e., the isolation period
T, effective damping ratio B3, and yield strength to weight ratio Fy/W) and HDRB
(i.e., T, B, and post-yield stiffness ratio A), respectively. Finally, the fourth case
compared the overall performance of the protective systems through the single and
combined use of energy dissipation devices (i.e., FD) and base isolation devices (i.e.,
LRB, FPB, HDRB). The most favourable isolation parameters of the isolators and
slip load of FD were utilized in the design of the structural protective systems. They
are modelled using a finite element program, and evaluated by the nonlinear time
history analyses through ground motion records. The results were discussed in terms
of various engineering demand parameters. It was shown that single protective
system could not always satisfy fully operational performance level while the

combined systems effectively achieved for the case studied structures.

Keywords: Friction damper, Base isolation, Friction pendulum bearing, High
damping rubber bearing, Lead rubber bearing, Seismic protection.



OZET

SURTUNME SONUMLEYICILI VE TABAN IZOLATORLU YAPILARIN
ELASTIiK OTESI SiSMiK TALEPLERI UZERINE KARSILASTIRMALI
BiR CALISMA

DERINGOL, Ahmet Hilmi
Doktora Tezi, insaat Miihendisligi
Damsman: Prof. Dr. Esra METE GUNEYISI
Eyliil 2020
163 Sayfa

Bu calisma bir dizi pasif koruyucu sistemlerle gii¢lendirilmis binalarin elastik 6tesi
tepkilerini ele almaktadir. Enerji sonlimleyici olarak siirtlinme sontimleyici (SS),
taban izalatorii olarak kursun c¢ekirdekli kauguk mesnet (KCKM), siirtiinme sarkacli
mesnet (SSM) ve yiiksek sonlimlii kauguk mesnet (YSKM) calisilmistir. 2 tip ¢elik
bina kullamilmustir. 1lki ii¢ adet 5 katli, iki adet 10 kath, ikincisi ise 3, 6 ve 9 kath
moment aktaran ¢elik ¢ergeveleri kapsamaktadir. Binalardaki farkli sismik koruyucu
sistemlerin uygulamalarin1 ve etkinligini arastirmak igin 4 durum belirlenmistir. Ik
durumda, tasarim Ozellikleri dikkate alinarak SS ve KCKM’nin kullanimi
incelenmistir. Ikinci ve ii¢lincii durumda, sirasiyla, SSM ve YSKM’nin tasarim
parametrelerinin etkileri (izolasyon peryodu T, efektif sonlim orani 3, akma dayanim
orani Fy/W ve akma sonrasi sertlik orani A) incelenmistir. Son olarak dordiincii
durumda, tiim koruyucu sistemlerin performansi enerji sontimleyici olarak SS, taban
izalatorleri olarak KCKM, SSM ve YSKM’nin tek ve birlikte kullanimlariyla
karsilastirilmistir. Yapisal koruyucu sistemlerin tasariminda izolatorlerin en elverisli
izolasyon parametreleri ve soniimleyicinin kayma kuvveti kullanilmistir. Sonlu
eleman programiyla modellenip deprem kayitlar1 kullanilarak zaman tanim alaninda
dogrusal olmayan analizlerle degerlenidirlmistir. Sonuglar miihendislik istem
parametreleri cinsinden tartisilmistir. Tekli koruyucu sistemin tam diizey performans
seviyesini her zaman saglayamadigi, ancak kombine sistemlerin etkin bir sekilde

incelenen yapilar i¢in sagladig1 goriilmiistiir.

Anahtar Kelimeler: Siirtiinme Soniimleyici, Taban izalatérii, Siirtinme Sarkaglh
Mesnet, Yiiksek Soniimlii Kauguk Mesnet, Kursun Cekirdekli Kauguk Mesnet,
Sismik Koruma.
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CHAPTER 1

INTRODUCTION

1.1 General

Civil engineering structures are designed to withstand the external forces induced by
tsunamis windstorm, hurricane, and earthquakes. It is an indisputable fact that the
earthquake can be accepted as the most devastating disaster because it causes many
injuries, fatalities, and severe damage to the public buildings and bridges [1]. For
instance, on August 17, 1999, more than 17,000 people died, 44,000 people injured,
30,000 buildings collapsed or were heavily damaged, 20 billion US dollars lost
because of Diizce earthquake with a magnitude of 7.4 struck the Northwestern of
Turkey [2] where the probability of a 7.4 magnitude earthquake is nearly 70 % over
the next 30 years [3]. Therefore, the aged buildings having poor strength capacity
should be retrofitted to minimize the casualties. However, beyond the traditional
retrofitting concept that is depend on increasing the stiffness and strength of the
structure, there is special requirement for the critical structures such as medical
centers, power supply stations, and transportation buildings. They have to preserve
functionality and also remain fully operational even during and just after earthquakes
that can be only provided through utilization of the seismic protective systems (SPS)
[4]. The first attempt on SPS dates back to 1970s in earthquake prone regions such as
New Zealand, China, Japan and USA [5]. SPS can be categorized into four major
groups: passive, active, semi-active, and hybrid systems. The base isolation system
(BIS) and dampers are considered as passive devices that are very popular among the
engineers and researchers because they neither need to supplemental energy, nor
require maintenance during the operation, even mitigate the dynamic forces exerted

to buildings whose seismic performance improved as well [6].

There are many types of dampers (e.g., viscous, viscoelastic, metallic, and friction)

utilized to dissipate the hysteretic energy exerted by the dynamic loadings [7].



Among those dampers, friction damper (FD) can be acknowledged as the one of the
most favourable dampers due to its enormous energy absorption capability,
satisfactory lateral robust strength, relatively low cost (namely, manufacturing,
implementation, and operation), long service life, independent to velocity and
temperature, not include fluidity and corrosive surface, exist a wide range of design
models such as X-type, diagonal and chevron braces [8]. Likewise, the configuration
and implementation process of FD do not alter the architectural perspective of the
buildings [9]. The mechanism of FD depends on the movement of frictional interface
between two solid bodies which act opposite direction thereby dissipates the
developed seismic energy [10]. The friction-based devices firstly inspired from
automobile braking system was developed to design seismically isolated structures,
however first attempt on FD was originally recognized by Pall and Marsh [11]. In
addition to the dampers, BIS also has been successfully adapted both for poorly
constructed structures and newly designed buildings in earthquake-prone regions.
After 1994 Northridge and 1995 Kobe earthquakes BIS made use of many buildings
in US and Japan, and also extended to developing countries as well [12]. For
instance, 2020 Elazig earthquake Mw-6.8 hit the Northwestern of Turkey and caused
to die more than 40 people, injure 1,600 people, damage 1,700 buildings, but the
newly built base-isolated Elazig City Hospital has continued to serve during and after
earthquake without any damage to nonstructural element as well [13]. Eventually, the
ongoing implementation on SPS encouraged the preparation of the seismic codes and
standards like ASCE [14], Eurocode [15], TSCB [16] stimulating new provision for
the design of buildings with BIS. The notion of the BIS can be summarized as
follows: the structure decoupled from the ground level, BIS are placed between
upper part of the footing and underneath of the columns to protect from destructive
effect of the lateral forces [17]. BIS have enormous vertical stiffness to bear the
service loads, but sufficient horizontal rigidity is respectively required for the
translation of the isolated buildings during excitation. The low horizontal stiffness
easily enhances lateral movement capacity for the isolated building whose
fundamental period is lengthened and moved away from the predominant mode of
the seismic excitation [18]. Two different BIS are introduced as elastomeric and
sliding bearings. The former dissipate the seismic energy by inelastic deformations
of the vulcanized materials, on the other hand the latter use up the imparting seismic

force through friction-based mechanism generated curvedly surface of friction



pendulum bearing (FPB). High damping rubber bearing (HDRB) and lead rubber
bearing (LRB) can be admitted as representative of the elastomeric bearings. In the
years following, several analytical models of BIS have been proposed and also some

of those implemented in the civil structures.

1.2 Research Significance

The main aim of this thesis is to evaluate the seismic performance of the buildings
with a series of passive protective systems consisted of an energy dissipation device
of friction damper (FD) and base isolation systems of lead rubber bearing (LRB),
friction pendulum bearing (FPB), and high damping rubber bearing (HDRB). In the
design of the structural protective systems, the key design parameters and slip load
were regarded for the base isolators and FD, respectively. Two types of steel
buildings were considered as fixed-base (FB) frame. The first one consisted of three
5 storey steel frames (i.e., ordinary moment frame OMF, intermediate moment frame
IMF, special moment frame SMF) and two 10 storey steel frames (i.e., IMF and

SMF). The other buildings were 3, 6, and 9-storey steel moment resisting frames.

Four different cases were considered. In the first case, 5-storey buildings (i.e., OMF,
IMF, SMF) and 10-storey buildings (i.e., IMF, SMF) were equipped with FD, LRB,
and combination of those (i.e., FD+LRB) to examine the effectiveness of the
dampers, base isolators, and combination of those together. The second case
investigated the effectiveness of FPB. For this, 3, 6, and 9-storey frames equipped
with FPB having various isolation characteristics such as T, B, Fy/W. In the third
case, HDRB characterized with the isolation parameters of T, B, A to upgrade 3, 6,
and 9-storey frames with more favourable base isolators. The fourth case was aimed
to develop seismically more efficient novel friction damped and isolated frames. For
this, in order to see overall performance, the seismic response of 5-storey OMF was
upgraded with FD as an energy dissipation device, LRB, FPB, HDRB as base
isolators, and combination of those. FD is placed to mid bay over the height of FB
frame considering the distribution of the slip load to each storey. In addition, each
base isolator (i.e., LRB, FPB, and HDRB) characterized with distinctive mechanical
behaviour and installed underneath of the column. The combination of the dampers
with the base isolators together (i.e., FD+LRB, FD+FPB, and FD+HDRB) were used

to enhance the seismic performance of FB. The overall case study frames were



modelled using a finite element program, and evaluated by the nonlinear time history
analyses through ground motion records. The obtained analysis results were

elaborately discussed.
1.3 Outline of the Thesis

Chapter 1- Introduction: Objectives of the thesis were introduced.

Chapter 2- Literature review and Background: In this chapter a brief review of
previous studies about seismic upgrading methods including friction damper and
base isolation systems with lead rubber bearing, friction pendulum bearing, and high

damping rubber bearing were given.

Chapter 3- Methodology: In this chapter, the analytical models of the case study
frames with and without protective systems were introduced. Design methods,

bearing characteristics, earthquake records were elaborately given.

Chapter 4- Results and Discussions: In this chapter, the results of the nonlinear
time-history analyses were presented. The effect of single and combined use of
friction dampers and base isolators for seismic upgrading of different frames were

evaluated and the effectiveness of the seismic protective systems was discussed.

Chapter 5- Conclusions: The conclusions obtained from the results of the analyses

were given.



CHAPTER 2

LITERATURE REVIEW AND BACKGROUND
2.1 Introduction

The traditional seismic retrofit technique is only interested in enhancing strength and
ductility demand of the structural members. However, the passive protective systems
(PPS) also develop extra stiffness for the buildings by inducing additional damping
to the 1solated structures [19]. PPS not only improved the seismic performance of the
buildings convenient with the current seismic codes but also provided the
serviceability during and after the earthquakes. Therefore, PPS have been favourably
reached large audiences and implemented in many civil engineering structures,
especially for critical buildings such as hospitals, terminals, nuclear plants etc. [20].
In this chapter, the notion and implementation of some PPS, namely, viscoelastic
dampers, viscous dampers, metallic dampers and tuned dampers were superficially
presented. In addition, the friction dampers and base isolation systems were

elaborately explained.

2.2 Viscous Dampers

The principle of Viscous Damper (VD) depends on the movement of the viscous
fluid material one chamber to the other when the external force acted to the device.
The energy dissipation occurs by means of the pressure variation along the orifice.
Figure 2.1 describes the cross-sectional view of VD whose main parts are a
cylindrical orifice plate, a piston rod made of stainless steel, a control valve, and
compressible fluidity viscous material, namely silicone oil [21]. The implementation
of VD starts with suspension systems for automotive industry as a shock absorber,
and then developed with the military missions and aircraft systems. VD have been
utilized for the retrofitting of the structures or newly designed buildings since 1980s
[22]. For instance, Glineyisi and Altay [23] constructed fragility curves to compare

the nonlinear response of RC building with VD and different damping ratios (i.e., 10,
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Figure 2.1 The cross-sectional view of Viscous Damper [21]

15, 20 %) were considered as the main subject. It was observed that the utilization of
VD was significantly reduced the deformations as well as improved the fragility
curves of the benchmark building especially for the greater damping ratio. Zhou et al.
[24] studied the design of VD for an office building that was subjected to Wenchuan
earthquake with a magnitude of 7.9, and heavily damaged. The amount of the
dampers, design parameters of VD, and the configuration over the height of the
building were considered. The utilization of VD decreased the shear force at ground
floor from 21,270 to 14,220 kN under major earthquake scenario. Tabar [25]
proposed a linearization method for nonlinear analysis of the case study frame with
VD consisted of a series of damping exponents (i.e., 0.1, 0.2, and 0.5) using
perturbation method. For this, 3-storey frame with VD was analyzed under Tabas
earthquake as shown in Figure 2.2. The results showed that the proposed method was
more reliable than the equivalent damping ratio of VD. Dicleli and Mehta [26]
upgraded the seismic performance of chevron type steel braced 1, 2, 4, and 8-storey
frame with VD. Not only the intensity and frequency of the earthquake records but
also the damping ratio and exponent of the damper were regarded to evaluate the
effectiveness of VD. It was observed that the interstorey drift ratio decreased in case
of the damping ratio and velocity exponent increased. In addition, Landi et al. [27]
examined the influence of the distribution methods of VD height of the buildings. 3,
6, and 9-storey reinforced concrete (RC) regular and irregular frames were evaluated

using the nonlinear time-history analyses. They introduced various distribution



methods. One of them was the efficient storeys method depend on the distribution of
VD placed to the storey if only the shear strain energies higher than the average shear
strain energy. The analysis results confirmed that efficient storeys method presented
much more advantage than the other methods in terms of the damper force and
residual interstorey drifts. Kim et al. [28] used the special truss members for
designing the beam of 3 and 10-storey frame with and without VD. The effectiveness
of the VD assessed by means of the fragility curves constructed using 44-earthquake
records. The results showed that the probability of the limit state for 10-storey frame
with VD was greater than 3-storey frame with VD. Sullivan and Lago [29]
introduced a new design method based on the direct displacement seismic design for
9-storey RC with VD placed in the middle bay over the height of the building. The
proposed method provided freedom to the designer choosing required isolation
period, stiffness, and base shear for the isolated building with VD. Jamshidiha et al.
[30] predicted the collapse capacity behaviour of 3, 6, and 9-storey frame with VD
considering two sets of intensity measures (IM) presented three scalars IM and also
contained the spectral shape and duration of the ground motion records. It was

observed that the spectral shape IM was much more decisive for SMRF with VD.
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Figure 2.2 The elevation of the frame with VD [25]



2.3 Viscoelastic Dampers

Viscoelastic damper (VE) typically consists of alternating steel plate layers and

located between viscoelastic pads as shown in Figure 2.3 [31].
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Figure 2.3 The schematic view of VE [31]

The energy dissipation occurs as the relative displacement of the steel layers induce
shear strain in the elastic materials (e.g., acrylic copolymers) thereby the higher
seismic energy converted into less much heat energy. The most popular examples of
VE are World Trade Center in New York City and Two Union Square Building in
Seattle that is developed to control the wind excitation high-rise buildings. Many
researchers have been investigated the effect of the damping factor, the nonlinearity,
configuration and implementation of VE over the few decades. For instance, Guo et
al. [32] studied the seismic reliability of 10-storey RC frame with and without VE.
The maximum interstorey drift, storey weight, strorey stiffness, and damping ratio
were taken into account as IM thereby the damage level of the damper was
evaluated. It was observed that the installation of VE reduced the probability of
failure. Kim and Bang [33] developed an effective strategy to distribute the VE for
minimizing the torsional effect of the 5-storey frame under earthquakes. The
nonlinear response of the model frame with VE was also evaluated by changing the
modal damping ratio, eccentricity, and edge stiffness (e.g., rigid and flexible). The
increase of the damper stiffness and the lower eccentricity improved the response of
the model frame. Min et al. [34] performed an experimental study to validate the
effectiveness of VE considering the damping ratio and size of the device by the

modal strain energy method. For this, VE placed only first and second level of 5-



storey case study frame and subjected to sinusoidal waves. The test results showed
that the response of the model was changed with the vibration frequency and
temperature. Zhang et al. [35] considered the plastic behaviour of the model frame to
determine the design variables of VE by the elasto-plastic response reduction curves
(EPRRC). As a case study frame, 6-storey RC was adopted and equipped with VE
and also characterized with EPRRC. When subjected to a series of ground motion
records, it was observed that the interstorey drifts was effectively mitigated for the
benchmark building with VE designed in the light of EPRRC, hence the proposed
model can be admitted as more reliable and effective. Shu et al. [36] introduced a
new VE that was capable of providing additional damping for SMRF against wind or
earthquake motions. The seismic performance of the proposed VE was tested by
experimental and analytical studies. It was shown that the endplate and bolted-
demountable segment of the damper dissipated the induced energy. The latter can be
immediately replaced by the new one in the end of the service life. The undesired
strength degradation can be occurred when the stiffness suddenly changed over the
height of the building. To overcome this deficiency in high-rise RC frame, Alam et
al. [37] utilized the VE characterizing the damping ratios (2.5, 7, 11, and 14 %). The
results showed that VE improved the overall responses, but beyond the level of 11 %
the effectiveness of the damper was lost. Xie et al. [38] developed a straightforward
method to design VE as a retrofit strategy depending on the uniform damping ratio
(UDR) for 6-storey RC. It was shown that UDR based on the method of UDR was

effectively diminished the storey shear force as shown in Figure 2.4.
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Figure 2.4 The variation of shear forces with and without VE [38]
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Figure 2.5 The elastomeric pads of VE [39]

Ghotb and Toopchi-Nezhad [39] fabricated four various VE whose characteristic of
the elastomeric pads were differentiated as shown in Figure 2.5. They tested the
specimens of VE by subjecting harmonic lateral displacement controller. The lowest
and highest effective stiffness and loss factor were experienced for the type-A and D,

respectively.

2.4 Tuned Mass Dampers

The tuned mass damper (TMD) has been used as a vibration control device for the
civil engineering structures such as high-rise buildings and long span bridges
subjected to moderate and major seismic excitations (i.e., winds and earthquakes)
[40]. The mathematical model of the damped structure with TMD was presented in
Figure 2.6 [41].
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Figure 2.6 The mathematical model of damped structure with TMD [41]
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TMD was linked with the main structure by means of the spring and dashpot. The m,
c, and k represented the mass, coefficient, and stiffness matrices, respectively. Many
researchers studied the utilization of TMD for controlling the seismic response of the
structures. For instances, Pinkaew et al. [42] investigated the effectiveness of TMD
on 20-storey RC frame under harmonic and ground motion. It was found that TMD
significantly prevented the occurrence of the yielding up to a certain level of the peak
ground acceleration (PGA) as shown in Figure 2.7. As PGA increased, TMD was

capable of the reducing the damage level, otherwise the main structure was severely

suffered.
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Figure 2.7 Damage reduction of the damped structure with TMD [42]

Taniguchi et al. [43] investigated the mitigation of the displacement demand of the
base-isolated building with TMD characterized with various mass ratios (0.02, 0.05,
and 0.10) and damping ratios (5, 10, 15, and 20 %) through near and far-field
earthquakes. It was obtained that the TMD was favourable when its mass increased,
the damping ratio was 10 %, and subjected to near-field earthquakes, Greco and
Marano [44] examined the TMD in terms of the displacement reduction and energy
dissipation which were used to optimize the response of the damper by Genetic
Algorithm. The displacement reduction and energy dissipation correlated as a result
of the optimization of TMD variables. Petrini et al. [45] proposed an optimum TMD
for 74-storey steel frame building subjected to the wind excitation. The effectiveness
of the TMD against wind forces was proved when enhanced the inertial properties or

spanned more than one storey.
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2.5 Metallic Dampers

Metallic damper (MD) dissipates the seismic energy by means of the hysteretic
behaviour of the metals when encountered the inelastic range. MD are generally
selected by the engineering community since they have inexpensive manufacturing
and simple installation, maintenance procedure [46]. Therefore, many studies have
been performed about MD. The implementation of MD in the structure can be

observed in Figure 2.8.
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Figure 2.8 The implementation of MD in the structure [47]

The connectivity of the device was provided by the Chevron type bracing systems.
Aliakbari et al. [47] proposed the energy-balance approach to predict the energy
dissipation of 4, 6, 8, and 10-storey buildings with MD subjected to seven different
artificial and twenty real ground motion records. The analysis results showed that the
proposed method was valid for the structures with MD when their isolation periods
were lower than 2 s. Sahoo et al. [48] experimentally tested the ductility, hysteretic
behaviour, load carrying and energy dissipation capacity of MD. It was obtained that
the equipment of thin plate in the web of MD improved the mechanical properties
(i.e., stiffness, strength) of the damper. It was also valid when increased the size of
the device. The addition of the flexural plate on the notched corners not only assisted
the energy dissipation but also provide extra drift without any fractures. Li et al. [49]
developed a new type of MD that was added a shear panel and K shaped plate. The
former and latter were proposed to behave as shear and bending components under

cyclic tests, respectively. Both properties enhanced the dissipated energy, and

12



improved the hysteretic behaviour. They also provided excessive strength owing to

strain-hardening depend on the yielding point of the steel.

2.6 Friction Dampers

Unlike from the other dampers, friction damper (FD) can be remarkably utilized to
reduce the nonlinear response of the structures subjected to any external forces. FD
has the advantage of remarkable energy dissipation capacity by means of their
hysteretic behaviour. They are independent of temperature and velocity. In addition,
they are economical and their design is simple since the maximum force in the FDs
that remains constant is predefined in the design stage [50-52]. There are a wide
range of design models such as diagonal and chevron, X-type, and Toggle type brace

with FD as shown in Figure 2.9 [53].

2N DL
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Figure 2.9 The typical configuration of FD [53]

When subjected to the major earthquakes, FD starts to slip at a predetermined yield
force in which the structural members do not yield as the slippage in the device
enables a mechanism for the dissipation of energy by means of frictional surface.
After Pall and Marsh [54] firstly introduced FD, many analytical and experimental
researches have already studied in this framework. The typical hysteretic curves and

layout of FD described in Figure 2.10 [55].
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Figure 2.10 Typical configuration and hysteretic behaviour of FD [55]
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Lee et al. [58] provided a new type FD in which the clamping piece improved by
utilization of the low-steel material for the bolted connection in order to assure better

frictional performance within higher friction coefficient and stability as shown in

Figure 2.11.
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Figure 2.11 The variation of interstorey drift ratio with and without FD [58]

Lu [59] investigated the efficiency of semi active system including variable FD
whose clamping force also determined to reduce the floor displacement and
acceleration as well. Armali et al. [60] studied the nonlinear response of four
different FD installed to 40-storey RC building in earthquake-prone regions. When
placed to optimum location with sufficient number, FD improved the seismic

response compared to traditional building as shown in Figure 2.12.
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Figure 2.12 The variation of storey acceleration with and without FD [60]

Amjadian and Agrawal [61] developed electromagnetic FD and implemented to 6-
storey seismically base-isolated building. The frictional force governed between non-
magnetic pads and ferromagnetic plate inhibited the excessive displacement demand

originated from BIS and also significantly regulated the interstorey drift. Santos et al.
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[62] performed an analytical study in which the nonlinear response of FD performed
by the quasi static and impact tests considering the influence of the stress-strain rates
on the behaviour of the device. Quintana et al. [63] offered a semi active control
system that was capable of adjusting the placement of FD, identifying the threshold
of the slip load, enhancing the adaptability of the passive control device under
various ground motions. Qu et al. [64] investigated the seismic performance of FD
utilized in coupling beam at mid-span of the structure through the cyclic loading test.
FD absorbed most of the shear deformations and forces in the coupling beam.
Ontiveros-Pérez et al. [65] proposed a new algorithm method for increasing the
reliability of FD by optimizing simultaneously both the yield force and the passive
device placement. The proposed control device FD effectively diminished the storey

displacement as shown in Figure 2.13.
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Figure 2.13 The variation of storey displacement with and without FD [65]

Dos Santos and Coelho [66] presented a friction-based semi-active dissipative
device, attached to ground level of the structure, utilized to adjust the auxiliary mass
system. The offered tunable FD faciliated 50 % mass mitigation and developed
significant progress in the seismic protection. Piluso et al. [67] asserted a novel idea
depends on the use of FD both end of the beams and connection of the chevron
braces. When S, = 1.2 g, it was observed that the maximum displacement of the
beam-column connection equipped with FD never exceed 30 cm. Nabid et al. [68]

developed an optimization method using uniform distribution of deformation (UDD)
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to decrease the computational work of the nonlinear analyses for 3, 5, and 10-storey
buildings with FD under earthquakes. The supremacy of UDD was acquired when
the iteration numbers, the sensitivity and speed of the optimization compared with

genetic algorithm.

2.7 Base Isolation Systems

BIS can be admitted as mature passive seismic isolation technique that is developed
against seismic and dynamic actions to resume the service lifespan of the civil
engineering structures. For the last a few decades, BIS have been implemented not
only new structures but also existing buildings in order to meet the current limit state
of the seismic design codes [69]. It is well known that the utilization of BIS increases
the fundamental period of the base-isolated structures since the isolator provides
additional damping, which hereby enables to smoothly lateral movement, but this
relative displacement partially centered on the region of bearing device [70]. BIS
decoupled from the ground and placed a flexible layer between the superstructure
and its foundation thereby eliminating the seismic energy that is transmitted from

ground to the structure as shown in Figure 2.14 [71].

Figure 2.14 The implementation of BIS [71]

BIS have enormous vertical stiffness to bear the service loads, but sufficient
horizontal rigidity is respectively required for the translation of the isolated buildings
during excitation [72]. The low horizontal stiffness easily enhances lateral movement
capacity for the isolated building whose fundamental period is lengthened and moved
away from the predominant mode of the seismic excitation [73]. Two different BIS
are introduced as elastomeric and sliding bearings. The former dissipate the seismic

energy by inelastic deformations of the vulcanized materials, while the latter use up
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the imparting seismic force through friction-based mechanism generated curvedly

surface of friction pendulum bearing (FPB). High damping rubber bearing (HDRB)

and lead rubber bearing (LRB) can be admitted as representative of the elastomeric
bearings [74-75]. The typical layout and force-deformation relationship for
considered isolators of LRB, FPB, and HDRB were presented in Figure 2.15(a-c)
[76]. In the years following, several analytical models of BIS have been proposed
and also some of those implemented in the civil structures. For instance, Zhang and
Huo [76] constructed fragility curves to interrogate the effectiveness of three
different BIS (e.g., FPB, LRB, and elastomeric bearing) and compared their isolator

behaviours. The post yield stiffness ratio identified as the key design parameter.

'(\:—: : )High Damping Rubber
-Reinforcing Steel Plate
Cover Rubber

Flange

a)
Elastometric bearing

——Lead core
+Cover Rubber /

= Flange L,/
b)
Self-lubricating  Articulated
[cr/omp‘osit liner slider | ///
w (\_,
- 7
c)
Figure 2.15 The configuration and hysteretic behaviour of LRB, FPB, and HDRB

[76]

Jangid [77] evaluated the friction coefficient (i) of FPB considering a set of variants
(e.g., isolation period damping ratio, storey level, mass ratio). The greater p
effectively reduced the isolator displacement while the acceleration was enhanced as
shown in Figure 2.16. In another study of Jangid [78], the optimal p of FPB was
determined in the range of 0.05 to 0.15 for multi-storey building subjected to six
different near fault ground motions. Dering6l and Giineyisi [79] highlighted the
characteristics of FPB (namely, isolation period T, effective damping ratio B, yield
strength ratio Fy/W) using nonlinear time-history analyses. The use of the greater T
and B with lower Fy/W produced the lowest interstorey-drifts as shown in Figure

2.17. Xu et al. [80] studied two different seismic upgrading plans designed both for
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aboveground and underground buildings equipped with FPB under beneath of the

structure and on top of the column. The latter substantially reduced the shear force,
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Figure 2.16 The variation of the bearing displacement and top floor acceleration of

the base-isolated frames with FPB against friction coefficient under earthquakes [77]

bending moment and displacement. In the study of Ren et al. [81], shake table test
was set up and also developed analytical model for specimen of the large space truss
structure scaled down (as 1/25) and isolated with FPB. When compared the nonlinear
response of the specimen and model, the maximum shear forces and average

displacements error were below 16 and 24 %, respectively.
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Figure 2.17 The variation of the maximum interstorey drift ratio of the 6-storey

base-isolated frames with FPB under earthquakes [79]

Bao and Becker [82] studied 3D numerical modelling of FPB. The proposed model

was confirmed by quasi-static and dynamic analysis considering uplift and impact
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effect of FPB. Calhoun and Harvey [83] investigated the 3D printing simplified the
analytical modelling, implementation, and numerical expression of FPB exploring
more comprehend the sliding mechanism, incorporating the isolator dimension,
considering the supplemental damping. Thus, it enabled to design and test state of the

art of the bearings as shown in Figure 2.18.

Figure 2.18 The test of the base-isolated frame with FPB [83]

Castaldo and Alfano [84] carried out an extensive sensitivity analyses using
equivalent effective period, the mass ratio, the behaviour factor, hardening stiffness
ratio, post-yield slope for constructing fragility curves of single and double FPB. The
latter can be favourable if less behaviour factor used for the design of the structures.
Shau et al. [85] studied on the augmenting the performance of FPB included
following three provisions; isolators with predefined strain, isolators with physical
barrier, isolators equipped with self-stopping mechanism. The isolator displacements
should be enhanced to meet the limits of ASCE 7-16 [86]. The key role of FPB was
identified as the energy dissipation and re-centering ability in the study of Domenico
et al. [87]. The lower friction coefficient and additional damping device (i.e., gap
damper) used in the design of FPB to overcome the negative effect of the re-
centering and excessive displacement demand of the isolators, respectively. Bao et

al. [88] studied on the collapse analyses of 3-storey moment and braced fames using
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FPB with various restrainers (i.e., rigid and flat rims). The latter acquired better

prediction for the bearing failure as shown in Figure 2.19.
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Figure 2.19 The maximum drift ratio of the base-isolated frame with FPB for the

rigid and flat rims under earthquakes [88]

Habieb et al. [89] investigated the effective BIS retrofitting techniques, for this
valuable masonry tower isolated with FPB, LRB, and HDRB under moderate and
high seismic earthquakes. LRB and FPB exhibited better seismic performance than
HDRB in terms of drift reduction and roof displacement. Castaldo et al. [90]
examined the effect of the isolator characteristics (e.g., radius of curvature, isolation
period) on the life-cycle costs of 4-storey RC with FPB. The lower life-cycle cost
obtained in case of the higher values was valid. Calabrese et al. [91] utilized the
recycled rubber material to design as safe as traditional BIS (i.e., LRB and FPB) for
cheap residential building in the developing countries.The interstorey drift reduction
of the proposed BIS, LRB, and FPB were determined as 83, 90, and 84 %,
respectively. Alhan and Sahin [92] performed a series of nonlinear analyses to query
the isolator characteristics of LRB on the nonlinear response of 3, 6, and 10-storey
buildings. The results showed that the supplemental damping ranged between 4-8 %
effectively reduced the storey accelerations. Moslemi and Kianoush [93] investigated
the seismic response of the liquid filled elevated tanks considering the interactivity
between fluid and structure. The tank geometry, location of the bearing, and shaft
strength considered as key parameters. The higher shaft stiffness and slender tank
produced more favourable LRB. Alhan and Oncu-Davas [94] studied the seismic

performance thresholds of 5-storey building with LRB for various isolation
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characteristics under near-field earthquakes contained at different fault distances and
velocity pulse. Mansouri et al. [95] plotted fragility curves for the isolation periods
(i.e., 2.5, 4, 5.5 s) and damping ratios (i.e., 26, 52, 71 %) of 3 and 9-storey with LRB
using nonlinear analyses. Enhancing of the isolator period decreased the failure
probability as shown in Figure 2.20. The maximum acceleration ranged from 0.05 to

0.1 g (namely slight damage) was observed for fire damaged building with LRB.
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Figure 2.20 The incremental dynamic analysis curves for 3-storey frame with LRB
against isolation period [95]
Kim et al. [98] tested two various specimens of LRB under seismic loading cases in
which different shape factors governed to eliminate the buckling effect for nuclear

power plant. The shear failures were experienced when the shear strain reached to

nearly 500 % as shown in Figure 2.21.

Figure 2.21 The views of the typical shear failures of LRB [98]
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Ahmadipour and Alam [99] performed a sensitivity analysis on the mechanical
properties of LRB including geometry of the lead and rubber. The radious of the lead
plug significantly influenced the strength of the bearing and energy dissipation
capability as well. Kumar and Whittaker [100] proposed an advanced link element of
LRB contributing the deficiency of existing finite element programs such as
buckling, cavitation, and heating. In the study of Markou et al. [101], traditional RC
buildings were retrofitted using HDRB and friction based sliders. The stochastic
response was evaluated using Monte Carlo (MC) simulation to examine the
effectiveness of the isolation parameter variation on the seismic response of BIS.
Dao et al. [102] presented a study depend on the statistical evaluation for
determining the most significant parameter effecting the results of the nonlinear
analysis (i.e., maximum displacement) of the isolated frame with HDRB. The post-
yield stiffness ratio and characteristic of the ground motion were observed as the
strongest parameter for predicting the reliability grades. Wei et al. [103] analyzed the
effect of the compression loading on rate-dependent HDRB through monotonic and
shear tests, for this three stress and strain levels regarded. It was observed that the
slower strain rates clearly caused the more shear stress with different stress levels.
Cancellara and Angelis [104] carried out response spectrum and nonlinear dynamic
analysis for irregular multi-storey RC, in which HDRB was adopted as BIS. The
results of the latter were much more conservative than the former in terms of bending
moments at supports. Mazza and Vulcano [105] investigated the emphasis of both
components of near-fault earthquakes on the nonlinear response of HDRB with

reference to different isolator stiffness ratio ranged between 200 and 2000.

Central hole Central hole

Rubber core Rubber core

Steel shim
lastomer layer lastomer layer

Steel shim

nchor plate

a) b)

Figure 2.22 The view of HDRB with single and multiple rubber cores [107]
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The greater values of those increased the ductility demand of the structure. Clemente
et al. [106] examined the mechanical behaviour of HDRB varying the shear strain
from 5 to 200 % through less intensity ground motions. Actually, the less shear strain
enhanced the isolator stiffness. Rahnavard and Thomas [107] studied the nonlinear
response of the rubber isolators considering the effect of the type of loadings,
magnitude and direction of the exposed loads. It was shown that the stiffness of the
bearing enhanced when the rubber isolator subjected to tensile axial load and
multiple circular-scattered rubber cores surpassed the only one central rubber core as
shown in Figure 2.22. Zuniga-Cuevas and Teran-Gilmore [108] investigated the
dynamic response of 2, 4, and 8-storey base-isolated systems subjected to a set
including 22 severe earthquakes whose database obtained from firm soils. It was
assumed that the isolators are capable of exhibiting different damping levels, period
ratio, and mass ratio. When the effective damping ratio increased, the velocity and
accelerations significantly decreased especially for moderate period as shown in

Figure 2.23.
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Figure 2.23 The mean acceleration and velocity variation of the roof storey for base-
isolated frame with LRB: a and b) TB/TS = 10.00, TB = 1.50s, TS =0.15 s, c and d)
TB/TS =20.00, TB =3.00s, TS = 0.15 [108]
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CHAPTER 3

METHODOLOGY

3.1. Introduction

In this study, the nonlinear seismic response of the buildings retrofitted with a series
of passive protective systems was investigated. For this, friction damper (FD) as an
energy dissipation device and lead rubber bearing (LRB), friction pendulum bearing
(FPB), and high damping rubber bearing (HDRB) as base isolation devices were
taken into account. Four different cases were introduced to evaluate the effectiveness
the seismic protective systems of FD, LRB, FPB, HDRB and combination of those
on the buildings. In the first case, 5 and 10-storey steel frames were introduced with
FD, LRB and the combination of FD with LRB. In the second case, the other
benchmark buildings of 3, 6, and 9-storey steel frames were equipped with FPB
having different design characteristics. In the third case, 3, 6, and 9-storey steel
frames were equipped with HDRB considering various isolation parameters. Finally,
in the fourth case, for comparison purposes, all seismic protective systems were
utilized for retrofitting 5-storey steel frame. The case study frames were modelled
using a finite element program, and then they were evaluated through the nonlinear
time-history analyses under seven ground motion records. The details of the

investigation are given below.

3.2 Case-1 (FD, LRB, and FD with LRB)

The effectiveness of FD, LRB, and combination of those on the buildings were
evaluated. For this, three 5-storey steel moment resisting frames (MRFs) as ordinary
moment frame (OMF), intermediate moment frame (IMF) and special moment frame
(SMF), and two 10-storey MRFs as IMF and SMF were utilized. Firstly, as energy
dissipation device, FDs were applied at the middle bay of the frame through the
height of the framed structures. Then, as seismic isolation system, LRB were applied.

Finally, both structural protective systems, FDs and LRB isolation systems were
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applied to the case study MRFs together. The nonlinear time history analyses were
performed on two-dimensional models of bare and upgraded MRFs using seven

ground motion records.

3.2.1 Designing and Modelling of the Case Study Frames

The steel moment resisting frames (SMRF) can be admitted as one of the most
favourable gravity load carrying system. The high ductility behaviour of SMRF roots
in the capable of restricting the lateral deformations by means of the flexibility of the
structural members [109]. In this investigation, as the first case study frames, 5-
storey special moment frame (SMF), intermediate moment frame (IMF), and
ordinary moment frame (OMF) and 10-storey SMF and IMF were utilized, and
originially designed by Asgarian et al. [110] according to Iranian Seismic Code 2800
[111] which is similar to AISC [112] and FEMA 350 [113]. Elevation views of 5 and
10-storey fixed base frames are given in Figure 3.1. All the storeys have the same
width of 5 m. The beams and columns are IPE and square TUBE sections,
respectively, varied over the frame height as shown in Figure 3.1. The values of
response modification factors (R,) considered in the design of the OMF, IMF and
SMF were 5, 7, and 10, respectively. Moreover, inelastic rotation capacities of OMF,
IMF and SMF were specified 0.01, 0.02 and 0.03, respectively. The fundamental
periods of vibration of 5-storey SMF, IMF and OMF were obtained as 0.82 s, 0.77 s
and 0.72 s, respectively and for 10-storey SMF and IMF as 1.55 s and 1.44 s,

respectively.
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Figure 3.1 Elevation views of 5-storey a) OMF, b) IMF, ¢) SMF and 10-storey d)
IMF and e) SMF [110]
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The original buildings are deemed to be located in very high seismic zone whose
earthquake acceleration is 0.35 g. Moreover, the soil type is assumed as B
corresponded to average shear wave velocity to a depth of 30 m, Vo = 360-750 m/s.
Additional information on the case study frame could be found in Asgarian et al.

[110].

3.2.2 Friction Damped Frames

Recent studies showed that the sliding motion of the solid bodies in the frictional
damping system (e.g., FD) accounted for the energy dissipation through the friction
mechanism based on the characteristic of the surface, frequency of the motion,
incorporation of the device. It is not required that FD to be active during minor
excitations. However, it should just slip only for major earthquakes thereby
restraining the structural members yielding. When the exerted frictional force on the
solid surface reaches to the projected slip load of FD, the energy dissipation on the
device starts by virtue of the activation of the slippage. One the one hand it behaves
only a rigid element if it is lower than this threshold, on the other hand it acts as
conventional moment resisting frame if it is higher [114]. This state of affairs is
required to determine the optimum slip load value of FD which results in the
maximum energy dissipation and decreasing the response under excitations. A series
of the loads are predetermined and taking into account to attain the optimum slip
load for the case study frame. For this, nonlinear time history analyses are carried out

up to obtain reasonable nonlinear response similar to study of Mirtaheri et al. [115].

Table 3.1 The values of slip loads (kN) of FDs at each storey

Frames
Storey 5 IMF 5 OMF 5 SMF 10 IMF 10 SMF
1 300 300 300 300 300
2 279 279 279 291 291
3 240 240 275 275 275
4 180 180 180 255 255
5 123 111 180 234 234
6 - - - 210 211
7 - - - 186 186
8 - - - 157 158
9 - - - 107 124
10 - - - 74 300
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After all, the load of 300 kN is assigned as the slip load for ground level of case
study frame with FD. Furthermore, it is necessary that the slip load should be
proportionally distributed to each of the storeys considering the actual demand of the
corresponded storey as stated in Ref. [63] and [116]. Therefore, the slip load was
distributed as a function of the shear force in the building. That is to say, the
proportion of the storey shear force height of the buildings is used to distribute the
slip load for each FD whose slip loads are given in Table 3.1. It is known that the
nonlinear response of FD generated rectangular hysteretic cycles similar to elasto-
plastic behaviour [117]. FD modelled herein using single diagonal brace (see Figure
2.9(a)) represented by Plastic Wen element in SAP2000 [118] simulated the elasto-
plastic shear force displacement hysteresis with the post yield stiffness ratio of

0.0001 and yielding exponent of 10.
3.2.3 Lead Rubber Bearing

LRB consists of rubber layers, lead plug and steel plates. Rubber layers provide
flexibility horizontally. Steel plates almost carry the whole load and enable to
necessary stiffness vertically. The steel plates force the lead plug deforms in shear
and dissipate the seismic energy and restrain the isolator displacement. In this study,
the design procedure suggested by Naeim and Kelly [1] was followed: firstly, target
periods, Tp of 5-storey SMF, IMF and OMF were assumed to be 2.7 s, and that of
the 10-storey SMF and IMF were assumed to be 3.0 s. The effective values of the

design parameters were calculated by the following equations [1].

Design displacement, Dp:

_ 8CvpTp (3.1)

D ™ Bpan?)

where Cyp is the seismic coefficient and Bp is the damping coefficient, Ty is target
period and g is the gravitational acceleration.
Effective stiffness, Kegr :

4T2W
Kefr = ToDs (3.2)

where W is total of the dead and live load.

28



Characteristic strength, Qp:

Wp

Q = 1> (33)
where Wy is area of the hysteresis loop (the energy dissipated per cycle).
Post-yield stiffness, k,:
ky = ket — 2 (3.4)
D

where Qp is determined again according to the yield force and area of lead-plug:

Qp = AppX Fypp (3.5)
Then, by assuming elastic stiffness, k; = 10k,, D, = kf_Dkz is estimated.
Yielding strength, Fy:

Fy, = Qp + k;xDy (3.6)

where Dy is the yield displacement.

By using these equations, the design parameters for LRB were computed in
accordance with Naim and Kelly [1] and given in Table 3.2. The schematic view and
hysteretic cycles are plotted in Figure 2.15(b). For all frames, two different bearings
(inner and outer) were designed according to the vertical loads on column. Designed
LRBs were placed below the each column of all examined frames. The applications
of FD, LRB, and FD with LRB on 5-storey and 10-storey frames are illustrated in
Figure 3.2 and 3.3, respectively.

Table 2.2 The outer bearing characteristics of LRB

Frames
SIMF 5O0OMF 5SMF 10IMF 10 SMF
Tp (s) 2.7 2.7 2.7 3.0 3.0
W (kN) 254 311 234 675 701
Dp (m) 0.159 0.159 0.159 0.177 0.177
Kefr (KN/m) 140 171.5 129 301.5 313.1
Qp (kN) 4.9 4.9 4.9 7.1 7.1

k; (kN/m) 1092.6 1406.9 982.3 2615.8 27319
k, (kN/m) 109.3 141 98.2  261.6 273.2

Fy (kN) 5.5 5.7 54 8.6 8.72
d, (mm) 500 500 500 600 600
d; (mm) 25 25 25 30 30
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Figure 3.2 Elevation views of 5-storey frames with a) FD, b) LRB, c) FD+LRB
under investigation
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Figure 3.3 Elevation views of 10-storey frames with a) FD, b) LRB, ¢) FD+LRB
under investigation

3.3 Case-2 (FPB)

The inelastic seismic response of steel moment resisting frames equipped with FPB

systems was examined. To this aim, 3, 6, and 9-storey frames with FPB having

various design properties of isolation period (T), effective damping ratio (B), and

yield strength to weight ratio (Fy/W) in accordance with the code specification of

ASCE [14] were taken into account. In the FPB design, T, 3, and Fy/W values varied

from 2 to 3 s, 0.01 to 0.25, and 0.025 to 0.10, respectively. The isolated frames were
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evaluated by means of the nonlinear time history analysis using four ground motion

records. The analysis of the results were given and discussed comparatively.

3.3.1 Designing and Modelling of the Case Study Frames

As the second case study frames, three different steel moment resisting frames,
namely, 3, 6, and 9-storey fixed base frames were considered that are initially
planned by Karavasilis et al. [119]. The profiles of IPE and HEB are used to building
of the beams and columns, respectively. The storey height and bay width are equal to
3 and 5 m, respectively. The general layout of the examined frames, including

section of the beams and columns are given in Figure 3.4.
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Figure 3.4 Elevation views of a) 3-storey, b) 6-storey, and c¢) 9-storey SMRF [119]

The fundamental natural periods of free vibration for 3, 6, and 9-storey buildings
were determined as 0.73, 1.31, and 1.75 s, respectively. The dead and live loads are

only considered in the scenario of the gravity load. The amount of dead and live
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loads acting on the beams are assigned as 24.5 and 10 kN/m, respectively. The
modulus of elasticity and yield strength of steel are taken equal to 200 GPa and 235
MPa, respectively. The post yield stiffness ratio is equal to 0.03. The inherent
damping ratio of the original frames is assumed to be 5 %. Moreover, comprehensive
information pertained to the original frames can be find out in the study of
Karavasilis et al. [119]. The non-linearities considered in the numerical models of the
beams and columns were restricted by the plastic hinges. The plastic hinges were
assigned at the end of the structural members. FPB system was used to isolate the
case study frame structures. The mechanism of FPB depends on the movement of the
bearing along the curved surface and the supported mass moved upward, thus the

movement would provide the restoring force to the system.
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Figure 3.5 Elevation views of a) 3-storey, b) 6-storey, and c) 9-storey SMRF with

FPB under investigation
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During a seismic excitation, the bearing goes along with curved surface hereby it
moves in small arcs like a pendulum. The bearings are expected to decrease the
transmission of the seismic forces to the structure by the movement of pendulum and
also frictional pad [77]. The effective stiffness and resisting force can be tuned by the
design parameters such as assumed isolation period, effective damping ratio, friction
coefficient, and radius of the concave surface. Analytical models of the isolated
frames as shown in Figure 3.5 were provided using finite element program SAP 2000
[118]. To depict the hysteretic behaviour of the isolators of the FPB, a nonlinear
finite element NLlink called as friction pendulum isolator has been used. The
mechanical model of the FPS is rooted in the classic Coulomb theory. The cross-
sectional view and hysteretic behaviour are plotted in Figure 2.15(c). For the base
1solated models, two different bearings (inner and outer) were designed. The isolators
located on top of the vertical loads on the column of all evaluated models that
include friction isolator as a nonlinear link element employed by Park et al. [120].
Thus, 27 different base-isolated structural models have been designed by employing
FPB with different isolation period (T), effective damping ratio (B), and yield
strength ratio (Fy/W). Even though various studies in the literature focus on the
parameters such as sliding velocity, axial pressure, temperature, and stick-slip phases
which individually affects the friction coefficient of FPBs; to decrease the
computational work and make use of nonlinear analysis of the structures having
FPBs feasible, in the modeling of FPB, a common moderate value of the sliding
friction coefficient was considered as 0.05 during the stick phase according to the
study of Jangid [77].The design parameters of the FPB were computed by an
iterative solution, in which the following equations were employed in compliance
with Naeim and Kelly [1]. The load exerted on the isolator of the FPB is W, the
horizontal displacement is D, and the friction coefficient is p, then the resisting force

Fis given by
F =D + uW(sgnD) (3.7)

where R is the radius of curvature of the dish. The first term is the restoring force due

to rise of the mass, providing a horizontal stiffness, k»;

w
k, =¥
27 R

(3.8)
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which produces an isolated structure period T given by;

— R
T= 21'[\/; 3.9

The equivalent stiffness K is given by;
W uw
Kett =5 + 5 (3.10)
and effective damping ratio, B;

__ 2
R = - CI” 3.11)

where gravitational acceleration is g.

Table 3.3 Properties of FPB for outer columns in 3-storey base-isolated frame

T Ber Fy/W Fy k; k; D Kesr Isolation
() @ (%) kN) kN/m) (kN/m) (m) (kN/m) System
5 0.278 2454 T2B5FyW2.5
2 15 25 5.2 1040 208 0.202 2595 T2B15FyW2.5
25 0.166  270.5 T2B25FyW2.5
5 0.348 164.1 T2.585FyW2.5
25 15 25 5.2 1040 1342 0.252 1754  T2.5B15FyW2.5
25 0.208 184.3  T2.5625FyW2.5
5 0.417 118.2 T3B5FyW2.5
3 15 25 5.2 1040 93.2 0.303 127.6 T3B15FyW2.5
25 0.249 134.9 T3B25FyW2.5
5 0.278 2454 T2B5FyW5
2 15 5 10.4 2080 208 0.202 2595 T2B15FyW5
25 0.166  270.5 T2B25FyW5
5 0.348 164.1 T2.585FyW5
2.5 15 5 104 2080 1342 0.252 175.4 T2.5615FyW5
25 0.208 184.3 T2.5825FyW5
5 0.417 118.2 T3B5FyW5
3 15 5 104 2080 93.2 0.303 127.6 T3B15FyW5
25 0.249 134.9 T3B25FyW5
5 0.278 2454 T2B5FyW10
2 15 10 20.8 4160 208 0.202 2595 T2B15FyW10
25 0.166  270.5 T2B25FyW10
5 0.348 164.1 T2.5B5FyW10
2.5 15 10 20.8 4160 1342 0.252 175.4 T2.5815FyW10
25 0.208 184.3 T2.5825FyW10
5 0.417 118.2 T3B5FyW10
3 15 10 20.8 4160 93.2 0.303 127.6 T3B15FyW10
25 0.249 134.9 T3B25FyW10
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Although Naeim and Kelly [1] proposed a constant value for the ratio of post yield
stiffness to initial stiffness (k;), Ryan and Chopra [121] recommended the fixing the
yield displacement instead of fixing k;/k; and it is 5 mm for FPB. In this study,
various models of steel frame structures have been examined in order to cover a wide
range of isolation system characteristics, differing in number of storeys (ns = 3, 6,
and 9), yield strength ratio of the structure (Fy/W= 0.025, 0.05, and 0.10), and
effective damping ratio (=5, 10, and 25 %). Other properties of the isolation
systems were calculated using Eqgs. 3.7-3.11 and illustrated in Table 3.3 for 3-storey
frame. It was noted that each isolation systems were labeled based on their isolation
periods, effective damping (B ratios), and yield levels (Fy/W ratios) as to use in
figures and throughout the rest of the text. For example, T2.5825FyW5 denotes an
isolation system with T =2.5 s, B =25 %, and Fy/W = 0.05.

3.4 Case-3 (HDRB)

The nonlinear response of a series of buildings embedded with HDRB was examined
in order to produce more compact intelligent isolation system by combining the
mechanical characteristics of isolators. To this aim, 3, 6, and 9-storey steel frames
equipped with HDRB having different design properties of the isolation period T,
effective damping ratio B, and post-yield stiffness ratio A compatible with the
standard of ASCE [14] were considered. For the designing of HDRB, the values of
T, B, and A changed from 2 to 3 s, 0.05 to 0.15, and 3 to 6, respectively. The
examined frames were estimated through dynamic analyses using five ground motion
records. The comments obtained from the analyses were presented and addressed

comparatively.

3.4.1 Designing and Modelling of the Case Study Frames

As the third case study frames, 3, 6, and 9-storey fixed base frames are considered
that are initially planned by Karavasilis et al. [119] were redesigned by added
HDRB. The general layout of the examined frames with HDRB is given in Figure
3.6. HDRB has similar notion of BIS and inhibit the seismic energy transferred from
the ground to the structure in the event of earthquakes. HDRB consists of alternate

laminated thin rubber layers and reinforced steel plates that are bonded by
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vulcanization [122]. The isolators designed to provide horizontal post-yield elasticity

and also ensure the vertical rigidity by supporting the weight of the structure.
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Figure 3.6 Elevation views of a) 3-storey, b) 6-storey, and c¢) 9-storey SMRF with
HDRB under investigation
Figure 2.15(a) shows the cross-sectional view and hysteretic behaviour of HDRB
[76]. Eighteen different base-isolated frame models are implemented in nonlinear
frame analysis by software SAP 2000 [118] that is enabled to describe the
nonlinearity of HDRB isolator. For this, a common link element was considered as
rubber isolator link element in the modeling of HDRB and it was used and assigned
as a single joint element between the ground and the superstructure according to the
study of Sarno et al. [125]. Both of the bearings (namely inner and outer) were
separately developed for the analytical modelling of the isolated buildings in which
HDRB placed between the foundation and the column of the buildings. The link

property of the isolators considered as the rubber isolator link element utilized firstly
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by Park et al. [120]. In this way, a set of isolation systems have been modelled by
means of HDRB considering different isolation properties such as isolation period T,
effective damping ratio B, and post-yield stiffness ratio A. An iterative design
procedure applied and then the isolation parameters of HDRB were determined using
following equations in accordance with Naeim and Kelly [1]. Firstly, the maximum
isolator displacement was assumed and just once neglecting the yield displacement,
the iteration started and continued until the assumed and obtained values were almost
the same. In the iterative procedure described in ASCE [14], the following equations
were used. The assumed value of period T was then utilized to calculate the effective

stiffness, Kegf;

2XTT

w
kefr = 2 x()"° (3.12)

hysteresis loop (the energy dissipated per cycle), Wp;

Wp = 2xTxKgxRxD? (3.13)
characteristics strength, Q;
Wp
1)) 3.14
Q 4(D-Dy) ( )

post-yield stiffness of the isolator, k;
Ky = Kefr = 5 (3.15)

yield displacement, Dy is given by;

D, = (klf_lkz) (3.16)
effective period, Tefr;

Tofr = 21 k:f‘;g (3.17)
damping reduction factor, B;

== 0.25(1 — InRerr) (3.18)

displacement of isolation, D;
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2
D = E2aelt. (3.19)

B.41?2

and yield strength, Fy;
Fy = Q+Kkq.Dy (3.20)

where gravitational acceleration is g, Q is characteristic strength, T is target period,
W is total weight on the isolator, g is gravitational force, B is damping reduction
factor, Dy is yield displacement, B is effective damping ratio, and S, is spectral
acceleration. The mechanical behaviour of the rubber bearing characterized in the
study of Naeim and Kelly [1] regarding the equivalent damping ratio reaching to
0.25. Furthermore, the post yield stiffness ratio defined as the ratio of the post yield
stiffness (ky) to the initial stiffness (k;), and considered as 3 and 6. In the study of
Ryan and Chopra [121], it was suggested that the constant value of 5 mm for the
yield displacement (Dy) was taken into account rather than fixing the post yield

stiffness ratio.

Table 3.4 Properties of HDRB for the outer columns in 3-storey base-isolated frame

T B A Fy ky Q D ke Isolation
(s) (@) (kKN) (kKN/m) (kKN) (m) (kN/m) System
5 72 5756 4.8 0278 T2B5A3
2 10 3 102 5169 6.8 0.185 209.1 T2B10A3
15 153 440.1 10.2 0.163 T2B15A3
5 57 3684 3.8 0.348 T2.5B5A3
25 10 3 82 3308 5.5 0232 133.8 T2.5B810A3
15 123 281.6 8.2 0.205 T2.5B815)\3
5 32 2558 32 0417 T3B5A3
3 103 46 2298 45 0278 929 T3B10A3
15 6.8 1956 6.8 0.245 T3B15A3
5 56 1154.1 4.6 0.278 T2B5M6
2 10 6 76 10494 6.3 0.185 209.1 T2B10A6
15 104 9375 8.7 0.163 T2B15A16
5 45 738.6 3.7 0.348 T2.5B5A16
2510 6 6.1 671.6 5.1 0.232 133.8 T2.5B810A6
15 8.3 6000 6.9 0.205 T2.5B1516
5 37 5129 3.1 0417 T3B5M6
3 106 51 4664 42 0278 929 T3B10A6
15 69 4167 5.7 0.245 T3B15A16

In this paper, as previously mentioned, a set of different base-isolated steel frame

models have been generated to evaluate the isolator characteristics of HDRB that
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was considered as variety of storey number (3, 6, and 9-storey), isolation period (T =
2, 2.5, and 3 s), effective damping ratio (B = 0.05, 0.10, and 0.15), and post-yield
stiffness ratio (A = 3 and 6). In the design of HDRB, the bi-linear hysteretic behavior
was regarded as shown in Figure 2.15(a) [76]. Other mechanical properties of the
isolators were computed by Eqs. 3.12-3.20 and presented in Table 3.4 for 3-storey
frame. The generated base-isolated model of isolation systems was labeled depend
on their isolation period (T), effective damping ratio (83), and stiffness ratio (ki/k, = 2)
as to present in the tables and figures and in the rest of the paper. For instance,

T3B15X6 stands for the isolation model of T=3s, 3 =15 %, and AL = 6.

3.5 Case-4 (FD, LRB, FPB, HDRB, and Combination of those)

The seismic performance of the ordinary moment frame (OMF) upgraded with FD as
an energy dissipation device, LRB, FPB, HDRB as base isolation system (BIS), and
combination of those were evaluated. To this aim, 5-storey steel OMF was
considered as fixed base. FD is placed to mid bay and over the height of the case
study frame regarding the effectiveness of the slip load. Then, each of the base
isolation devices (namely LRB, FPB, and HDRB) designed with distinctive
mechanical behaviour and installed underneath of the column. Finally, OMF is
retrofitted by the combination of FD and BIS together (i.e., FD+LRB, FD+FPB, and
FD+HDRB) to develop seismically more efficient isolated frames. The nonlinear
responses of the fixed base and retrofitted frame models are comparatively evaluated
through time-history dynamic analyses using seven ground motion records. The

obtained analysis results were elaborately discussed.

3.5.1 Designing and Modelling of the Case Study Frames

In this case, the fixed based OMF was upgraded by considering various strategies to
evaluate the overall effectiveness of the friction device (FD) and isolators (LRB,
FPB, HDRB). For this, the bare frame with FD, LRB, FPB, HDRB, FD+LRB,
FD+FPB, and FD+HDRB were taken into account as given in Figure 3.7(b) to (h).
FD designed using the similar procedure given in Section 3.2.2. Hence, the slip load
for each FD is given in Table 3.1. FD modelled herein using single diagonal brace
(see Figure 3.7(b)) represented by Plastic Wen element in SAP2000 [118] simulated

the elasto-plastic shear force displacement hysteresis with the post yield stiffness
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ratio of 0.0001 and yielding exponent of 10. In addition to the above, the lead rubber
bearings (LRB), friction pendulum bearing(FPB), and high damping rubber bearing
(HDRB) are employed for the base isolation of the case study frame. The typical
layout and force-deformation relationship for considered isolators of LRB, FPB, and
HDRB were presented in Figure 3.7(c-e). The elastomeric bearings (namely, LRB
and HDRB) were modeled using the nonlinear link element of “Rubber Isolator”
while “Friction Pendulum’’ adopted for the modelling of FPB according to Bouc-
Wen hysteretic model in which elastic-plastic transition was perfectly represented
[120]. Thus, both NLIlink elements were employed to model the isolators using finite
element program of SAP2000 [69]. The design parameters of the bearings were
computed as underlined by Naeim and Kelly [1] proposed an iterative computational
method. It is started after assuming the isolator displacement and omitting first yield
displacement, and is to be continued up to a certain value equal to almost assumed
one. For each of the elastomeric bearings (namely, LRB and HDRB), the target
isolation period T and effective damping ratio B are assumed as 3 s and 15 %,
respectively. In addition, the elastic stiffness k; is taken as 15 and 6 times post-yield
stiffness k, for LRB and HDRB, respectively [1]. Eventually, the design parameters
of the base isolation models have been determined to construct the bilinear modeling

of LRB, FPB, and HDRB (see Figure 2.15(d)).
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Figure 3.7 Elevation views of the case study bare frame: a) FB [110] and that with:
b) FD, ¢) LRB, d) FPB, e) HDRB, f) FD+LRB, g) FD+FPB, and h) FD+HDRB
The most important design parameters of FPB are the friction coefficient and the
radious of the curvature [126]. The former was selected as 0.05 for the sliding-based
bearing of FPB according to the study of Jangid [77] while the latter was attained as
2.24 m corresponded to the isolation period of 3 s by Equation of 3.9. Furthermore,
the elastic stiffness k;j is to be 51 times the post-yield stiffness k, as recommended by
Naeim and Kelly [1]. The equations of 3.7-3.11 were employed to compute the other
isolation parameters. The load imparted to the isolator of the FPB is W, the radious
of the curvature R, the horizontal displacement is D, and the friction coefficient is p,
then the resisting force F. The other properties of the isolation systems were
calculated using Equations of 3.1-3.20 and illustrated in Table 3.5 for LRB, FPB, and

HDRB.

Table 3.5 Properties of the isolators for the outer columns of 5-storey OMF

Isolation T B W ki/ko Fy ko Q k; D Keft

Systems  (s) (%) (kN) (kN) (kN/m) (kN) (kN/m) (m) (kN/m)
LRB 3 15 3058 15 219 2125 204 31879 0.302 280.0
FPB 3 15 3058 51 28.1 280.1 27.6 14284.1 0.302 384.6
HDRB 3 15 3058 6 25.7 209.3 21.4 1255.7 0.302 280.0

3.6 Nonlinear analysis of the Case Study Frames

SAP 2000 [118] was utilized for the analytical modelling of two-dimensional models
of the case study frames (i.e., bare frame, friction damped, and isolated frames)
through nonlinear time-history analyses including the direct integration method.
Thus, the nonlinear responses of the considered case frames were computed for each
of the earthquakes. It was known that PGA significantly characterizes the earthquake

records thereby it was considered as an intensity measure. Seven earthquake records
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namely, Tabas (1978), Cape Mendocino (1992), Northridge (1994), Chi-Chi (1999)
Gazli, (1976), Superstition Hills (1987), and San Salvador (1986) were obtained by
Pacific Earthquake Engineering Research Centre (PEER) [127] data bank to carry
out the nonlinear time history analyses. More information on the earthquake records

presented in Table 3.6.

Table 3.6 Characteristics of the ground motions used

Earthquake =~ Year Magnitude R; Rwp Vao PGA PGV PGD

Record (Mw) (km) (km) (m/s) (g) (cm/s) (cm)
Tabas 1978 735 1.8 2.0 766.8 0.80 118.29 96.80
Cape M. 1992 7.01 0 8.2 712.8 0.61 81.87 2548
Northridge 1994 6.69 0 53 2512 079 9329 53.29
Chi-Chi 1999 7.62 0.6 0.6 3059 0.82 127.80 93.22
Gazh 1976 6.8 3.9 55 659.6 059 69.64 24.18
S. Hills 1987 6.54 09 09 348.7 041 106.74 50.54
San Salvador 1986 58 2.1 6.3 545 084 6223 10.01

Note: Mw: Moment magnitude; Rj: Surface projection distance; Ryp: Rupture
distance; Vgo: Mean shear velocity over the top 30 m; PGA: Peak ground
acceleration; PGV: Peak ground velocity; PGD: Peak ground displacement

5 % damped acceleration response spectra of the ground motions are also illustrated
in Figure 3.8. The signals of the ground motions are scaled in accordance with ASCE
7-10 [14] standard in which the scaled records should not be lower than the design
spectrum over the period range from 0.2T to 1.5T where T is the fundamental

vibration period of the building being designed.

—— Tabas = ------ Northridge - - - Chi-Chi —--— Cape Mendocino
2.5 _ ------- Gazli — - —Superstition Hills - San Salvador

Average

0 0.5 1 1.5 2 2.5 3
Period (s)
Figure 3.8 Elastic acceleration response spectra of the eartghuake ground motions
used
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CHAPTER 4

RESULTS AND DISCUSSION

4.1. Introduction

In this chapter, the nonlinear responses of the case study frames are given in terms of
the storey displacement, bearing displacement, relative displacement, roof drift,
interstorey-drift ratio, absolute acceleration, base shear, base moment, hysteretic
curve, and energy dissipation. They were obtained for all cases through nonlinear
time-history analyses. The effectiveness of the seismic protective systems
characterized with various design parameters was evaluated. In addition, the seismic
performances of two sets of steel buildings with and without the seismic protective

systems were comparatively discussed in four different cases.

4.2 Case-1 (FD, LRB, and FD with LRB)

The present study assessed the dynamic characteristic and seismic response of three
5-storey frames as OMF, IMF, SMF and two 10-storey frames as IMF and SMF
upgraded with FD, LRB, and combination of those (i.e., FD+LRB). The inelastic
seismic response of the frames with and without the structural protective systems
have been examined in terms of roof drift, roof absolute acceleration, relative
displacement, interstorey drift ratio, base shear, top storey moment obtained by

means of the time history analyses.

4.2.1 Roof Drift Ratio

The roof drift ratio calculated as the roof displacement of the examined frames
divided by the total height of the buildings. The roof drift ratios for all frames under
seven ground motions were given in Figure 4.1. The corresponding reductions in the
roof drift ratio values with respect to the original frame were given in Tables 4.1 and

4.2. As it was observed, the structures equipped with FDs experienced the lowest
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roof drift demand independent of the earthquake characteristic. For instance, for
frames with FDs, corresponding average reduction percentages in the roof drift ratio
were 65.6, 73.9, 75.5 % for 5-storey OMF, IMF, SMF and 47.6 and 47.5 % for 10-
storey IMF and SMF, respectively. In addition, the greatest roof drift ratio was
observed as 4.90 when 10 SMF was equipped with LRB under Chi-Chi earthquake
while it was mitigated by FD and FD with LRB up to the roof drift ratios of 0.83 and
4.61 (see Figure 4.1(e)), respectively. The lowest roof drift ratio was experienced as
0.25 for 5 SMF with FD when subjected to Gazli earthquake (see Figure 4.1(c)). As
expected, the roof drift ratios of the frames with LRB, both FDs and LRB were
generally greater than those of the original frames due to the low lateral stiffness of
the isolators. When the structures changed from SMF towards IMF and OMF the

roof drift demand reduced due to the increase in stiffness of the frames, originally.

Table 4.1 Reduction of the obtained maximum values for five storey frames
(expressed as percentage)

Structural Configurations

5 5 5 5 5 5 5 5 5
Val OMF OMF OMF IMF IMF IME SMF SMF SMF
allés  Ep  LRB FD+LRB FD LRB FD+LRB FD LRB FD+LRB

Avg.

R. Drift* 656 -720 -649 739 -593 -51.8 755 -61.3 -522
R.A. Ac. 425 81.6 88.1 584 853 87.8 60.1 804 875
R.Disp. 643 81.6 90.4 723 813 91.7 76.2 804 928
B. Shear 439 81.7 81.1 448 81.9 81.2 41.6 80.1 79.2
TopM. 60.8 78.5 83.4 70.6 77.9 82.3 66.1 699 77.1
Ints. Drf. 684 76.2 80.8 744 76.8 82.0 77.0 76.7  83.2

*R. Drift: Roof Drift Ratio; R. A. Ac.: Roof Absolute Acceleration; R. Disp.:
Relative Displacement; B. Shear: Base Shear; Top M.: Top Storey Moment; Ints.
Drf.: Interstorey Drift Ratio

Key: Negative values show an increase of the maximum values

Table 4.2 Reduction of the obtained maximum values for ten storey frames
(expressed as percentage)

Structural Configurations

IOIMF 10IMF 10IMF 10SMF 10 SMF 10 SMF

Avg. Values FD LRB FD+LRB  FD LRB FD+LRB
R. Drift 47.6 39.6 32 475 ~40.7 312
R. A. Ac. 48.2 81.6 84.3 48.6 80.6 86.3
R. Disp. 49.9 83.9 91.1 48.7 82.7 91.5
B. Shear 24.6 75.2 70.4 232 71.7 71.1
Top M. 55.7 69.8 69.5 48.9 62.8 60.6
Ints. Drf. 53.5 79.4 82.6 54.7 78.5 84.8

Key: Negative values show an increase of the maximum values
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Roof Drift Ratio

Figure 4.2 showed the time history response of the roof drift ratio for the case study
frames with and without structural protective systems under Cape earthquakes. The
results of the displayed response histories proved the supremacy of utilization of FDs
in reducing the lateral displacement. As respect to other structural protective systems,
use of FDs remarkably mitigated fluctuations on the drift during the earthquake
records. For instance, significant residual drifts are observed especially for 5-storey

frames; the residual drift for 5 SMF with FD was observed as 0.37, while the
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Figure 4.1 The roof drift ratio of 5 and 10-storey frames

maximum roof drift ratio of 2 was computed for 5 SMF with LRB.
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Figure 4.2 Time history response of roof drift ratio under Cape earthquake
4.2.2 Roof Absolute Acceleration

The maximum roof absolute accelerations were plotted in Figure 4.3. It is clearly
shown that application of all structural protective systems remarkably reduced the
roof absolute acceleration, especially combined use of FDs and LRB led to nearly
88% average reduction. In addition, when subjected to Salvador earthquake 5 IMF
caused the greatest absolute acceleration of 22.53 m/s?, it was remarkably reduced up
to 1.47 m/s® by means of the utilization of FD with LRB. All, corresponding
reductions in the roof absolute acceleration values with respect to the original frame
were given in Tables 4.1 and 4.2. Considering these reductions, it was observed that
the enhancement in response of SMF and IMF was nearly identical, in turn, for 5-
storey OMF with FDs and LRB succeed as 94.4% reduction under Salvador
earthquake as displayed in Figure 4.3(a). It was pointed out that the number of storey
of the buildings had not significant effect on the reduction of the maximum roof

accelerations.
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Figure 4.3 Maximum roof absolute accelerations of 5 and 10 storey frames
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4.2.3 Relative Displacement

The relative displacement is computed by subtracting the displacement of the
corresponded storey from the base displacement. The maximum relative
displacement is normalized by corresponding building height and obtained
normalized maximum relative displacement ratios are given in Figure 4.4. As
explained previously, since the stiffness of the rubber was low, it provided
horizontally flexibility and allowed to lateral movement at the base, therefore LRB
and combined case FD+LRB had smaller values than FDs and original frames. The
lowest normalized maximum relative displacement was experienced as 0.12 (see
Figure 4.4(b)) in case of 5-storey IMF equipped with the combination of FD with
LRB that was correspondence to reduction as 91.8 % with respect to 5-storey IMF. It
was seen that on average the relative displacement ratio of 5-storey OMF equipped
with FD was only reduced by 64.3%, while that of SMF was reduced significantly by
76.2%, and that of IMF reduced by 72.3% as shown in Table 4.1 and Figure 4.4.
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Figure 4.4 Normalized maximum relative displacement ratio of 5 and 10 storey

frames

In addition, it was clearly observed that instead of implementing of the isolation
systems one by one the use of FD with LRB together provided significant
improvement on the maximum relative displacement demand of each examined case
study frames. For example, for 10-storey SMF, corresponding average reduction
percentages in the maximum relative displacement were 48.7, 82.7 and 91.5% for
FD, LRB and FD+LRB, respectively, as shown in Figure 4.4 and Tables 4.2. The

variation of the relative displacements with storey height under Northridge
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earthquake was given in Figure 4.5. These results proved that use of FDs with LRB

were very effective in reducing the lateral displacement demand especially in SMF.

For instance, 5-storey OMF, IMF and SMF, 10-storey IMF and SMF equipped with

FD+LRB subjected to Northridge earthquake that is enabled to greatest reduction

percentage in the maximum relative displacement were 88.8, 92.1, 93.4, 92.8 and
96.1% (see Figure 4.4) for FD, LRB and FD+LRB, respectively. Furthermore, as it
was observed from Figure 4.5, the use of FDs with LRB in 10-storey SMF tended to
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Figure 4.5 The variation of the relative displacements with storey height under
Northridge earthquake

2.4 Interstorey Drift Ratio

The interstorey drift ratio was computed as the difference between displacements of

th

e two consecutive storeys and divided by the corresponding storey height (3.2 m).

The interstorey drift ratio was a significant parameter and used on the assessment of
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the seismic performance of civil engineering structures [128]. It was directly related
to level of structural damage that may be observed in a structure. For the structural
performance evaluation; fully operational, FO, operational, OP, life safety, LS, and
near collapse, NC limit states are considered, which are denoted by SP1, SP2, SP3
and SP4, respectively. Those are in compliance with seismic provisions by SEAOC
[129], and given in Table 4.3. Since limited information about limit state of IMF, it
was linearly interpolated between the values of OMF and SMF [110]. The maximum
interstorey drift ratios (i.e., in percentage, %) for each examined frame subjected to

seven different earthquakes and average of those were given in Figure 4.6.
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Figure 4.6 Maximum interstorey drift ratio of 5 and 10 storey frames

FDs, LRB and use of both together provided remarkable reduction as shown in
Tables 4.1 and 4.2. The frames upgraded with FDs and LRB together witnessed to
lowest interstorey drift ratio independently of the type of the frames and number of
storey. For example, the maximum interstorey drift reduction of 94.5% was observed
when 5-storey OMF was hit by Salvador earthquake as shown in Figure 4.6(a). The
frames with protective systems exhibited lower drift than corresponding life safety
limit; furthermore, each of them also met SP2 limit state for only Northridge and
Gazli earthquakes. The drift ratio of the upgraded frames was generally satisfied with
the SP2 limit state for each earthquake record, in turn, SP1 limit state was valid only
for 5-storey upgraded frames under Gazli earthquake. Figures 4.6 and 4.7 described
the maximum interstorey drift ratio of 5-storey SMF was obtained as 2.85% exceed
the LS limit, while SMF with either FDs or LRB satisfied the requirement of SP2, on
the other hand SMF with FDs and LRB together was below SP1 limit state which
obstruct the loss of structural functionality as shown in Figures 4.6 and 4.7(c). The
variation of drift reductions depends on predefined slip load of FDs and design
period of the LRB; hence the effectiveness of the protective systems can be tuned by

means of these parameters. For each structural protective system, SMF experienced
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greater interstorey drift reduction than OMF and IMF since SMF has higher ductility
demand than other frames [110]. It was seen that use of FDs with LRB had the
lowest drift demand. For example, on average maximum interstorey drift ratio of 5-
storey IMF equipped with the FDs and LRB were reduced by 82%. Similarly, the
maximum interstorey drift demand on average for 10-storey IMF and SMF equipped
with FDs and LRB was reduced by 82.6 and 84.8%, respectively. As an example, the
variation of the interstorey drift ratio versus storey height under Northridge
earthquake was given in Figure 4.7. It was observed that the use of FDs with LRB

led to more uniform distribution along the height of the frames especially in SMF.

Table 4.3 Recommended drift limits by structural performance levels [129].

Performance Levels
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Figure 4.7 Interstorey drift ratio of 5 and 10 storey frames under Northridge
earthquake. Key: LS=Life Safety, NC=Near Collapse
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4.2.6 Base Shear

The base shear of the examined frames normalized by corresponding weight and it
was depicted in Figure 4.8. The use of FDs slightly reduced the base shear especially
10-storey frames. For example, the lowest normalized base shear was obtained as
0.036 (142.1 kN) in case of 10 SMF with LRB under Salvador earthquake that was
equal to 91.1 % reduction with respect to 10 SMF as shown in Figure 4.8(e). In
addition, the reduction was about 5 % for 10-storey SMF with FD subjected to Hills
and Tabas earthquakes.
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Figure 4.8 Maximum base shears of 5 and 10 storey frames

On the other hand, the maximum base shear demand reduction for the frames with
LRB and for the frames with both LRB and FD were more pronounced such that as
seen in Tables 4.2 and 4.3; on average the reduction in the maximum base shear of 5-
storey OMF equipped with both LRB and FD was 81.1%, and that of 5-storey OMF
equipped with LRB was 81.7%. Similarly, for 10-storey IMF equipped with both
LRB and FD, the reduction was 70.4%; and for the frame with LRB it was 75.2%;
while the reduction was 71.1 and 71.7% for the SMF with both LRB and FD; and
only LRB, respectively. When the base shear demand of the frames with protective
systems were compared, as expected there was a great reduction in the base shear
demand of the frames with LRB. As explained previously, LRB is designed to
eliminate the horizontal earthquake forces by providing a layer with low horizontal
stiffness, and also the attained stiffness of LRB would be less than FD. Due to this
property, the combined use of FD with LRB led to similar base shear reduction with

respect to LRB while the LRB dominated the base shear demand.
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4.2.7 Top Storey Moment

The maximum top storey moment of all frames were given in Figure 4.9. It is clearly
shown that installation of the energy dissipation systems into the original frames led
to remarkable reduction on the top storey moment in each case. Indeed, the response
of the top storey moment changed with the building type rather than the earthquake
characteristic, number of the storey and type of the energy dissipation systems. For
example, the lowest base moment was obtained as 17.47 kNm in case of 5 SMF with
FD and LRB under Salvador earthquake that was equal to 85.2% reduction with
respect to 10 SMF as shown in Figure 4.9(c). In addition to description of Figure 4.9,
Tables 4.1 and 4.2 also showed that FDs, LRB and the combined case decreased the
top storey moment as 55.7, 69.8, and 69.5% for 10-storey IMF, while 48.9, 62.8 and
60.6% for 10-storey SMF, respectively. Furthermore, it can be inferred that the
response of IMF and SMF was almost same and OMF had the least moment

reduction capacity.
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Figure 4.9 Maximum top storey moments of 5 and 10 storey frames.

4.3 Case-2 (FPB)

In this case, the seismic response of 3, 6, and 9-storey steel frames equipped with
FPB systems having various properties of isolation period, (T,) effective damping
ratio (B), and yield strength to weight ratio, (Fy/W) were studied. In this regard, the
behaviour of the base isolated frames were evaluated and discussed in terms of the

engineering demand parameters such as isolator displacement, interstorey drift ratio,
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roof drift, relative displacement, absolute acceleration, base shear, base moment,

hysteretic curve, and dissipated energy.

4.3.1 Isolator Displacement

The maximum isolator displacement of 3, 6, and 9-storey base isolated frames were
computed in accordance with the corresponding earthquakes through the nonlinear
analyses and plotted as shown in Figures 4.10, 4.11, and 4.12, respectively. It could
be clearly observed that the variation of the isolation parameters had remarkably
influence on the isolator displacement of the FPB by providing lateral movement
demand of the base isolated frames. The isolation system having greater isolation
period and effective damping ratio with the lowest yield strength ratio enabled to
increase the isolator displacement demand since the lower yield strength ratio (Fy/W)

produced smaller elastic stiffness (see Table 3.3).
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Figure 4.10 Maximum isolator displacement of 3-storey frames

The greater isolation period was capable of higher flexibility on the bearing. 3-storey
isolated frame was more effective than 6-storey isolated frame for the isolator
displacement demand as shown in Figures 4.10 and 4.11. For example, when 3, 6,
and 9-storey isolated frames were hit by Cape, Gazli, and again Cape earthquakes,
the isolation system of T3325FyW2.5 produced the maximum isolator displacement
as 24.35, 13.76, and 22.02 cm, respectively. The effect of the isolation period on the
isolator displacement can be monitored in Figures 4.10-4.12. The greatest isolation
period was more favorable for 9-storey isolated frames than the other frames. The
average value of the maximum isolator displacement was observed in the isolation
system of T3BSFyW2.5 as 14.12 cm. As for 3-storey base isolated frames, the
isolation system having the greatest isolation period (T = 3 s) experienced the
maximum isolator displacement when subjected to Cape and Gazli earthquakes, but
it was not valid for Northridge and Salvador earthquakes.
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Figure 4.11 Maximum isolator displacement of 6-storey storey frames

Moreover, 6 and 9-storey frames equipped with the isolation system to be found
within the greatest isolation period (namely T = 3 s) that was generated the
maximum isolator displacement. For example, the isolation system of T3815FyW2.5
and T3B25FyW2.5 presented the maximum isolator displacement as 23.76 and 13.76
for 6-storey isolated frame under Cape and Gazli earthquakes, respectively (see
Figure 4.11(a)). Similarly, T385FyW2.5 and T3B25FyW2.5 caused the value of the
maximum isolator displacement as 16.9 and 22.02 cm for 9-storey isolated frame
under Gazli and Cape earthquakes (see Figure 4.12(a)), respectively. The greater
effective damping ratio generally presented the more isolator displacement,
especially for 3 and 6-storey isolated frames subjected to Cape, Gazli, and
Northridge earthquakes. For example, when the effective damping ratio reached to
25 %, the maximum isolator displacement of the isolation system of T3B25FyW2.5
occurred as 24.35 and 13.25 cm, T2B25FyW2.5 as 42.22 cm, and T2B25FyWS5 as



10.73 cm for 3-storey isolated frame under Cape, Gazli, Northridge, and Salvador
earthquakes, respectively.
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Figure 4.12 Maximum isolator displacement of 9-storey storey frames
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As for 6-storey isolated frame, it was occurred as 13.76 cm (T3B25FyW2.5), 32.6 cm
(T2B25FyW2.5) under Gazli and Northridge earthquakes, respectively. The
maximum isolator displacement of 9-storey isolated frame was as 22.02 cm
(T3B25FyW2.5), 19.74 and 8.18 cm (T2B25FyW2.5) under Cape, Northridge, and
Salvador earthquakes, respectively. The moderate effective damping ratio, (namely 3
= 15 %) also succeed the maximum isolator displacement as 23.76 cm
(T3B15FyW2.5) and 8.22 cm (T2.5815FyW2.5) for 6-storey isolated frame subjected
to Cape and Salvador earthquakes, respectively. Furthermore, it was observed as
22.02 cm (T3B25FyW2.5) for 9-storey isolated frame under Cape earthquake (see
Figure 4.12(a)). Conversely, when the yield strength ratio reached to 0.10, the
minimum isolator displacement was reported as 6.81 and 4.36 cm (T2.5B85FyW10),
4.93 cm (T2.5825FyW10) for 3, 9, and 6-storey seismically isolated frames subjected
to Salvador earthquake (see Figures 4.10(c), 4.11(c), and 4.12(c)), respectively.
Among the isolation models, the average value of the maximum isolator
displacement was occurred in case of Fy/W = 0.025 as 21.22 ecm(T2B815FyW2.5),
16.30 and 13.98 cm (T3B25FyW2.5) for 3, 6, and 9-storey seismically isolated
frames, respectively. Similar trend of the Fy/W on the maximum isolator

displacement was observed under all earthquakes.

4.3.2 Interstorey Drift Ratio

The interstorey drift ratio is a key parameter related to the structural damage level
that might be seen in a structure. Interstorey drift is calculated as the difference
between displacements of the two consecutive storeys normalized by the
corresponding storey height. The maximum interstorey drift ratio of the 3, 6, and 9-
storey isolated frames with corresponding isolation period, effective damping ratio,
and yield strength ratio under four ground motions were computed and given in
Figures 4.13, 4.14, and 4.15, respectively. The variation of interstorey drift ratio
under Salvador earthquake was illustrated in Figures 4.16-4.18, regarding the
isolation parameters (i.e., isolation period, effective damping ratio, and yield strength
ratio). Firstly, increasing the isolation period seemed to reduce the maximum
interstorey drift ratio of each isolation system especially for 3 and 6-storey isolated
frames (see Figures 4.13 and 4.14). For example, when the isolation period of 2

reached to 3 s and the other isolation parameters keep constant (namely, B = 5 and
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Fy/W = 2.5 %), the maximum interstorey drift ratio of 3, 6, and 9-storey isolated
frames reduced from 0.92, 1.07, and 0.95 % (T2B5FyW2.5) to 0.84, 0.62, and 0.66 %
(T3B85FyW2.5) under Salvador earthquake, respectively. The lowest value of the
maximum interstorey drift ratio was observed in the isolation system of
T3B25FyW10, T2.5815FyWS5, and T3B85FyW2.5 as 0.67, 0.53, and 0.66 % for 3, 6,
and 9-storey isolated frames under Gazli, again Gazli, and Salvador earthquakes,
respectively (see Figures 4.13(c), 4.14(b), and 4.15(a)). Secondly, the use of the
greater effective damping ratio (as 15 and 25 %) typically resulted in lower
interstorey drift ratio. For example, the lowest interstorey drift ratio was occurred as
0.78 % in the isolation system of T3B825FyW5 (under Cape earthquake), as 0.67 %
T2B25FyW10 (under Salvador earthquake), as 0.67 % T3B25FyW10 (under Gazlh
earthquake) for 3-storey isolated frame as shown in Figure 4.13.
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Figure 4.13 Maximum interstorey drift ratio of 3-storey storey frames

As for 6-storey isolated frame, the isolation system having the greater effective
damping ratio achieved the lowest interstorey drift ratio as 1.08 % T2.5B25FyW2.5
(under Cape earthquake), 0.53 % T2.5815FyWS5 (under Gazli earthquake), 1.52 %
T3B25FyWS5 (under Northridge earthquake) as shown in Figure 4.14. In the isolation
system of T3B15FyW2.5 (under Cape earthquake), T26825FyW10 (under Gazli
earthquake), T2.5B25FyW2.5 (under Northridge earthquake) obtained the lowest
interstorey drift ratio as 1.21, 0.83, and 1.71 % for 9-storey isolated frame as shown
in Figure 4.15. An example of exception is B =5 % isolation system of T3B5FyW2.5
which resulted in slightly the lowest interstorey drift ratio as 0.62 and 0.66 % for 6
and 9-storey isolated frames under Salvador earthquake (see Figures 4.14(a) and

4.15(a)).
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Figure 4.14 Maximum interstorey drift ratio of 6-storey frames
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Figure 4.15 Maximum interstorey drift ratio of 9- storey frames

Moreover, the isolation systems having moderate and the greatest effective damping
ratio tended to more uniform interstorey drift ratio distribution especially when Fy/W
= 2.5 (see Figures 4.16-4.18). Similarly, it occurred as 0.83 % (T26825FyW10) in
case of the greatest Fy/W ratio for 9-storey isolated frame subjected to Gazli
earthquake (see Figure 4.15(c)), whereas 1.21 % (T3B15FyW2.5), 1.71 %
(T2.5825FyW2.5), and 0.66 % (T3B5FyW2.5) in case of the lowest Fy/W ratio for 9-
storey isolated frame subjected to Cape, Northridge, and Salvador earthquakes,
respectively as shown in Figure 4.15(c). The most uniform interstorey drift ratio
distribution observed when 9-storey frame equipped with the isolation system having
the greatest isolation period and greater effective damping ratio as shown in Figures

4.16-4.18. Furthermore, the greatest, lowest, and again lowest level of Fy/W
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(namely, 10 and 2.5 %) presented the most uniform distribution for 9-storey isolated
frames (see Figures 4.16-4.18), respectively. When compared to other isolation
systems, the lowest interstorey drift ratios were achieved in Figures 4.16(a), 4.17(a),

and 4.18(a) for 9-storey isolated frames.
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Figure 4.16 Variation of the interstorey drift ratio against storey height of 9-storey
isolated frames under Salvador earthquake for Fy/W=0.025
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Figure 4.17 Variation of the interstorey drift ratio against storey height of 9-storey

isolated frames under Salvador earthquake for Fy/W=0.05
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Figure 4.18 Variation of the interstorey drift ratio against storey height of 9-storey

isolated frames under Salvador earthquake for Fy/W=0.10



4.3.3 Roof Drift Ratio

The maximum roof displacement demand of the 3, 6, and 9-storey base isolated
frames under four ground motions were determined and normalized by the building
height so the effect of the shape factor was removed. The obtained roof drift ratios of
3, 6, and 9-storey isolated frames subjected to four earthquakes and average of them
were given in Figures 4.19, 4.20, and 4.21, respectively. It could be clearly seen that
the frames supported with the FPB having different isolation parameters (i.e., the
isolation period T, effective damping ratio B, and yield strength parameters ratio
Fy/W) had successfully reduced the roof drift demand, but 8 and Fy/W were more
decisive than T. In addition to isolation parameters, the characteristic of the
earthquakes and number of storeys had notable effect on the variation of the roof
drift ratio. For example, the greater isolation period was convenient for reduction of
the roof drift ratio, but an example of exception testified under Northridge
earthquake. The isolation system of T2.5825FyW 10 and T3825FyW 10 presented the
lowest roof drift as 1.75 and 3.72 under Gazli and Northridge earthquakes for 3-
storey isolated frame (see Figure 4.19(c)), respectively. It was for T2.5825FyW 10 as
1.95 and 2.45 (under Cape and Northridge earthquakes), T3B35FyW2.5 as 0.90 (under
Salvador earthquake) for 6-storey isolated frame (see Figure 4.20(c) and 4.20(a)),
furthermore, T3B15FyW2.5 as 1.69 (under Cape earthquake) and T3BSFyW2.5 as
1.68 and 0.55 (under Northridge and Salvador earthquakes) for 9-storey isolated
frame (see Figure 4.21(c)). Conversely, the isolation systems having the lowest
isolation period with the greatest yield strength ratio and effective damping ratio
rarely, if ever, introduced the lowest roof drift. For instance, T2B825FyW10 had as
3.06 and 1.65 for 3-storey isolated frame under Cape and Salvador earthquakes (see
Figure 4.19(c)) and as 0.92 for 9-storey isolated frame under Gazli earthquake (see
Figure 4.21(c)). T2B25FyW2.5 had as 1.02 for 6-storey isolated frame under Gazl
earthquake (see Figure 4.20(a)). The greater effective damping ratio provided
remarkable reduction on the maximum roof drift, irrespective of building storey and
characteristic of the earthquakes. For example, when the effective damping ratio
increased from 5 to 25 %, (keep the other parameters constant, as T = 2.5 s and Fy/W
= 10 %), the roof drift ratio decreased from 1.92 to 1.75 for 3-storey isolated from

under Gazli earthquake (see Figure 4.19(c)).
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Figure 4.19 Maximum roof drift ratio of 3-storey frames
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Figure 4.20 Maximum roof drift ratio of 6-storey frames
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Figure 4.21 Maximum roof drift rati of 9-storey frames



Similarly, the roof drift decreased from 2.43 to 1.96, and 2.93 to 2.45 for 6-storey
isolated from under Cape and Northridge earthquakes (see Figure 4.20(c)),
respectively. Moreover, the lowest average roof drift of 2.65, 1.66, and 1.38
experienced in the isolation system of T3B25FyW10, T2.5825FyW10, and
T2.58615FyW10 for 3, 6, and 9-storey isolated frames (see Figure 4.19(c), 4.20(c),
and 4.21(c)), respectively. The isolation system having greater yield strength ratio
had lower roof drift demand, especially for 3-storey isolated frame demand,
irrespective of the characteristic of earthquakes (see Figure 4.19(c)). For example,
when 3-storey frame equipped with T3B25FyW10 instead of T3B25FyW2.5 and
subjected to Northridge earthquake, it was decreased the roof drift from 4.0 to 3.72.
As for 6-storey isolated frame, the isolation system of T2.5B825FyW10 enabled to
reduce the roof drift from 2.20 to 1.96 with respect to T2.5825FyW2.5 under Cape
earthquake. However, the lowest yield strength ratio is also effective only for 9-
storey isolated frame subjected to Cape, Northridge, and Salvador earthquakes for
the isolation system of T3BI5FyW2.5, T3B5FyW2.5, and again T3B5FyW2.5,
respectively (see Figure 4.21(a)).

4.3.4 Relative Displacement

The relative displacements can be determined as the difference between the roof and
base displacement of frames, therefore it can be accepted as appreciable parameter in
the seismic response evaluation of the frames. The maximum relative displacements
of 3, 6, and 9-storey base isolated frames were computed accordance with the
corresponding earthquakes through the nonlinear analysis (see Figures 4.22, 4.23,
and 4.24). It could be clearly observed that the base isolated frames with different
1solation parameters had remarkably improved the relative displacement. Since the
assigned stiffness of the isolator is low, the model having greater period and lower
Fy/W easily enables to horizontal flexibility and provides also lateral movement of
the structure (see Table 3.3), thus FPB effectively reduced the relative displacement.
The increase of the isolation period (namely from 2 to 2.5 and 3 s) effectively
culminated in mitigation of the maximum relative displacement. For example, when
the effective damping ratio and yield strength ratio were constant (namely 15 and 5
%, respectively) and the isolation period increased from 2 to 3 s, the relative

displacement decreased from 10.78 to 7.99 cm, 26.16 to 17.71 cm for 3 and 6-storey
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isolated frame under Northridge earthquake (see Figures 4.22(b) and 4.23(b)),

respectively.
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Figure 4.22 Maximum relative displacements of 3-storey frames
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Similarly, the increase of the isolation period from 2 to 3 s decreased the maximum
relative displacement from 37.12 to 27.22 cm (see Figure 4.24(a)) for 9-storey
isolated frame under Northridge earthquake when the effective damping and yield
strength ratios were constant (as 5, 2.5 %, respectively). The variation of the
effective damping ratio remarkably affected the relative displacement demand
especially a certain value that was also steady on the reduction of the relative
displacement. For example, 25 % of B is very effective for the reduction of the
relative displacement demand of 3-storey isolated frame under Cape, Gazli,
Northridge, and Salvador earthquakes, 6 and 9-storey isolated frames under Cape and
Gazl1 earthquakes as well. 15 % of B was decisive for 3 and 6-storey isolated frames
under Northridge earthquakes, and 5 % of B can be only esteemed for 9-storey

isolated frame under Northridge and Salvador earthquakes.
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Figure 4.23 Maximum relative displacements of 6-storey frames

Hence, the utilization of the greater value of the effective damping ratio in the
isolation systems contributed to the relative displacement reduction as 6.81, 15.13,
and 35.05 cm that can be monitored in the average maximum relative displacement
of 3, 6, and 9-storey frames with T2B25FyW10, T2.5825FyW2.5, and
T2.5815FyW10, respectively (see Figures 4.22(c), 4.23(a), and 4.24(c)). The effect
of the yield strength ratio on the relative displacement can be observed in Figures
4.22-4.24. The isolation system of T3B25FyW5, T3B15FyWS5, and T2B25FyW5
having moderate yield strength ratio (namely 5 %) emphasized the relative
displacement as 6.24, 7.99, and 4.15 cm for 3-storey isolated frame under Cape,
Northridge and Salvador earthquakes (see Figure 4.22(b)).
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Figure 4.24 Maximum relative displacements of 9-storey frames

As for 6 and 9-storey isolated frame, the lower yield strength ratio exhibited the
lowest relative displacement for all earthquakes. For example, the isolation system
having the yield strength ratio of 2.5 % (Cape, Gazli, and Salvador earthquakes) and
5 % (Northridge earthquake) for 6-storey isolated frame, furthermore, 2.5 % for 9-
storey isolated frame under all earthquakes provided the lowest relative displacement

(see Figures 4.23 and 4.24).

4.3.5 Absolute Acceleration

The corresponding maximum absolute acceleration values of the frames with the

isolation system for all earthquakes can be observed in Figures 4.25-4.27. In
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addition, the variations of the absolute accelerations versus storey height under
Salvador earthquake were illustrated in Figures 4.28-4.30. The absolute acceleration
was affected by the variation of the isolation parameters. Firstly, the moderate and
greatest isolation period (namely 2.5 and 3 s) successfully exhibited the lowest
absolute acceleration for nearly whole isolation systems of 3, 6, and 9-storey frames
under all earthquakes. The isolation system of T3B25FyW2.5 presented the lowest
value of the maximum absolute acceleration of 2.43 m/s for 3-storey isolated frame
under Gazh earthquake, 3.36 and 3.01 m/s for 6-storey isolated frame under Cape
and Northridge earthquakes, (see Figures 4.25(a) and 4.26(a)), respectively. The
lowest value of the maximum absolute acceleration of 9-storey isolated frame under
Gazl earthquake reported as 2.85 m/s” for the isolation system of T2.5325FyW2.5
(see Figures 4.27(a)).
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Figure 4.25 Maximum absolute accelarations of 3-storey frames
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Figure 4.26 Maximum absolute accelarations of 6-storey frames

The lowest average values of the maximum absolute acceleration as 3.33, 3.56, and
2.58 m/s” observed in the isolation system of T2.585FyW2.5, T3825FyW5, and
T3B25FyW2.5 for 3, 6, and 9-storey isolated frames, respectively. Moreover, the
isolation system having greater isolation period exhibited the most uniform absolute
acceleration distribution with respect to the other isolation systems. For example,
when the B and Fy/W remained constant as 5 % and the isolation period increased
from 2 to 3 s, the absolute acceleration of 9-storey isolated frame under Salvador
earthquake at uppermost was decreased from 4.77 to 3.52 m/s” as shown in Figure
4.29(a). Secondly, when the variation of the absolute acceleration assessed in terms
of the effective damping ratio, it was clearly observed that the greater effective
damping ratio (namely, 15 and 25 %) was mostly decisive for mitigating the storey
absolute acceleration also obtaining the lowest roof absolute acceleration for the
isolated frames. For example, the utilization of the effective damping ratio as 25 %
instead of 15 % that was reduced the roof absolute acceleration as 10.75 % when the
isolation period and yield strength ratio were constant (namely, T =2.5 s, Fy/W =10
%) for O-storey isolated frame under Salvador earthquake as shown in Figures
4.30(b) and 4.30(c). The isolation system of T2.5B815FyWS5, T3B825FyW2.5, and
T2.5B15FyWS5 yielded the lowest value of the maximum absolute acceleration as
2.57, 3.36, and 4.18 m/s’> for 3, 6, and 9-storey isolated frames under Cape
earthquake (see Figures 4.25(b), 4.26(a), 4.27(b)), respectively. Thirdly, at a glance it
was noted that the mitigation of the yield strength ratio enabled the maximum

absolute acceleration to reduce in all examined frames.
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Figure 4.27 Maximum absolute accelarations of 9-storey frames



In other words, the absolute acceleration demand of the isolation system including
the lower yield strength ratios such as 2.5 and 5 % was substantially lower than yield
strength ratio of 10 %. For example, the isolation system of T2.5815FyWS5,
T3B25FyW2.5, T2.585FyW5, and T2B15FyW5 having the lower yield strength ratio
succeeded the lowest absolute acceleration as 2.57, 2.43, 2.73, and 3.33 m/s? for 3-
storey isolated frame under Cape, Gazli, Northridge, and Salvador earthquakes,
respectively as shown in Figure 4.25. Similarly, the isolation system of
T3B25FyW2.5 testified the lowest absolute acceleration as 3.36 and 3.01 m/s* for 6-
storey isolated frame under Cape and Northridge earthquakes (see Figure 4.26(a)).
As for 9-storey isolated frame, the reduction of the yield strength ratio from 10 to 2.5
% mitigated the average absolute acceleration from 4.21 to 3.87 m/s> when the
isolation period and effective damping ratio constant as T = 3 s, B = 25 % (see

Figures 4.27(a) and 4.27(c)).
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Figure 4.28 Variation of the absolute accelaration against storey height of 9-storey

isolated frames under Salvador earthquake for Fy/W=0.025

The variation of the absolute acceleration against height of the examined frames
considering the isolation parameters (isolation period, effective damping ratio, and
yield strength ratio) was presented in Figures 4.28, 4.29, and 4.30. It was shown that
the reduction of the effective damping ratio and yield strength ratio provided the
distribution of absolute acceleration uniformly tended as well as the increase of the
isolation period. For example, the use of T3B15FyW2.5 instead of T3B15FyW10
reduced the roof absolute acceleration as 12.80 % (namely from 4.14 to 3.61 m/sz) as
shown in Figure 4.28(b) and 4.230(b), respectively. As the effective damping ratio

decreased from 25 to 15 and then 5 % reduced the roof absolute acceleration from
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4.43 (see Figure 4.30(c)) to 4.14 (see Figure 4.30(b)) and then 3.96 m/s’ (see Figure
4.30(a)) in the isolation system of T3B25FyW10, T36815FyW10, and T3B5FyW10,

respectively.
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Figure 4.29 Variation of the absolute accelaration against storey height of 9-storey

isolated frames under Salvador earthquake for Fy/W=0.05
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Figure 4.30 Variation of the absolute accelaration against storey height of 9-storey

isolated frames under Salvador earthquake for Fy/W=0.10

4.3.6 Base Shear

For the 3, 6, and 9-storey frames equipped with various isolation systems of FPB
subjected to different real ground motions, the maximum base shear demand values
were computed and plotted in Figures 4.31, 4.32, and 4.33, respectively. The use of
FPB considerably reduced the base shear demand especially for 6-storey frame. To
evaluate the effectiveness of the isolation parameters and earthquake characteristic

on the base shear demand that was normalized by the building weight (namely 1290,
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2540, and 3686 kN). The normalized base shears were varied between 0.068-0.347 in
all frames and depicted in Figures 4.31-4.33. Besides the variation of the yield
strength ratio from 0.025 to 0.10, shifting the isolation period from 2 to 3 s also

caused steady reduction on the maximum base shear of the 3, 6, and 9-storey isolated

frames.
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Figure 4.31 Normalized Base Shears of 3-storey frames
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When T3B5FyW10 containing the greatest yield strength ratio was implemented for
3, 6, and 9-storey frames as isolation system subjected to Northridge earthquake that
ensured the lowest base shear demand (as 0.141, 0.082, and 0.085) with respect to
the other isolation systems, as shown in Figures 4.31(c), 4.32(c), and 4.33(c),
respectively. Furthermore, the isolation system of T3625FyW10 having the
maximum Yyield strength ratio presented the lowest base shear demand as 0.099,
0.110, and 0.086 (see Figures 4.31(c), 4.32(c), and 4.33(c)) for 3, 6, and 9-storey
isolated frames under Gazli, Cape, and again Gazli earthquakes, respectively. The
lowest value of the effective damping ratio as 5 % can be accepted as dramatically
determinative isolation parameters for the assessment of the base shear demand since

it exhibited the lowest base shear.
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Figure 4.33 Normalized Base Shears of 9-storey frames

For instance, the lowest normalized base shear as 0.141 obtained thanks to the
isolation system of T3B5FyWI10 for 3-storey isolated frame under Northridge
earthquake, 0.082 and 0.067 for 6-storey isolated frame under Northridge and
Salvador earthquakes. Similarly, the lowest normalized base shear as 0.087 and
0.084 for 9-storey isolated frame under Cape and Northridge earthquakes, (see
Figures 4.31(c), 4.32(c), and 4.33(c)) respectively.

4.3.7 Base Moment

The variation of the maximum base moment demand in the 3, 6, and 9-storey frames
equipped with twenty-seven different isolation systems for four different earthquake
records was plotted in Figures 4.34, 4.35, and 4.36, respectively. It was clearly
pointed out that the utilization of FPB effectively diminished the base moment.
Similar to the base shear demand, the enhancement of the isolation periods
significantly decreased the base moment of 3, 6, and 9-storey isolated frames,
regardless of the earthquake characteristics. For instance, when the isolation period
increased from 2 to 3 s in case of BSFyW2.5, the base moment decreased from 3139
to 1446 kNm, 7783 to 5378 kNm, 12850 to 5474 kNm for 3, 6, and 9-storey isolated
frames under Northridge earthquake (see Figures 4.34(a), 4.35(a), and 4.36(a)),
respectively. The lower effective damping ratio produced the lower base moment for
3-storey isolated frame. The isolation system of T3B5FyWS5 having the lowest
effective damping ratio gave the lowest value of the maximum base moment as 1374
kNm for 3-storey isolated frame subjected to Northridge earthquake (see Figure
4.34(b)).
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Figure 4.34 Normalized Base Moments of 3-storey frames
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Accordingly, it was computed as 3011 kNm for 6-storey isolated frame subjected to
Gazli earthquake (see Figure 4.35(b)). Moreover, the base moment of 2033 kNm was
recorded for 9-storey isolated frame subjected to Salvador earthquake (see Figure
4.36(b)). T3BSFyWS5 case caused significant reduction on the average value of the
maximum base moment as 9.37, 15.47, and 37.33 % with respect to the isolation
system of T3B25FyWS5 for 3, 6, and 9-storey isolated frames, respectively. The
moderate and lowest yield strength ratios were capable of reducing the base moment
of 3, 6, and 9-storey isolated frames. For instance, the utilization of T3B85FyW2.5
yielded the lowest base moment as 1369 kNm (see Figure 4.34(a)) for 3-storey
isolated frame under Salvador earthquake. Accordingly it was estimated as 4834,
5378, and 2426 kNm for 6-storey isolated frame under Cape, Northridge, and
Salvador earthquakes (see Figure 4.35(a)). Furthermore, the lowest base moment
testified as 5474 kNm for 9-storey isolated frame under Northridge earthquake as
shown in Figures 4.36(a).

4.3.7 Hysteretic Behaviour and Energy Dissipation

The hysteretic curves of 3, 6, and 9-storey frames subjected to Gazli earthquake was
illustrated in Figures Al, A2, and A3, respectively. The obtained curves were in
agreement with the bi-linear force-deformation as shown in Figure 2.15(c) [76].
When the isolation parameters were computed in the light of the Eqns. 3.7-3.11, the
twenty-seven different isolation systems were obtained and also the position of the
hysteretic curve shifted while it abided by the original force-deformation curve.
Among the isolation systems, it was observed that when the yield strength ratio was
fixed, the dissipated energy by the isolators enhanced with the increase of the
1solation period, irrespective of the effective damping ratio and yield strength ratio.
On the other hand, it decreased with the increase of the yield strength ratio in case of
the isolation period remained constant. Moreover, the isolation period of 2 and 3 s
had the smallest and largest hysteresis curves, further the other isolation period
remained between them as shown in Figures A1-A3. The utilization of the lower
yield strength ratio in the isolation system culminated in expansion on the hysteretic
curve. In addition, the isolation system having the greatest isolation period and the
lowest yield strength ratio (as 3 s and 2.5 %) remarkably obtained the largest

hysteretic curve. For example, the isolation system of T3B25FyW2.5 associated the
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largest hysteretic curve as shown in Figures Al(a) and A2(a) for 3 and 6-storey
isolated frames under Gazli earthquake, respectively. Similarly, 9-storey isolated
frame reached to the largest hysteretic curve in case of T3B25FyW2.5, as shown in
Figure A3(a). When the influence of the effective damping ratio on the hysteretic
curve evaluated, it was observed that the isolation system including greater effective
damping ratio mitigated the area of the hysteretic curves for 3 and 6-storey isolated
frames (see Figures Al and A2). Nevertheless, 9-storey frame equipped with the
isolation system having the lower effective damping ratio is very capable for the
enlargement of the hysteretic curves (see Figure A3). The amount of the dissipated

energy by the isolators could be computed by Equation 4.1 [130].
Eloop = 4'(DmaxFy_Fmany ) 4.1)

where Eioop, Dmax, Fy, Fmax, and Dy are the amount of the dissipated energy,
maximum displacement, yield force, maximum force, and yield displacement of the
isolator, respectively. By using Equation 4.1, the amount of the dissipated hysteresis

energy of each isolation systems computed and presented in Table 4.4.

Table 4.4 Total dissipated energy Eloop (kJ) with isolation systems for 3, 6, and 9-
storey frames under Gazli earthquake

Isolation Frames
Systems 3-storey 6-storey 9-storey

FyW FyW FyW FyW FyW FyW FyW FyW FyW

2.5 5 10 2.5 5 10 2.5 5 10

T2B5 759 749 737 670 597 509 733 649 538
T26815 7.67 844 724 581 532 528 681 6.04 531
T26825 775 7.54 737 558 564 549 656 5.64 547
T2.585 7.69 7.68 7.59 921 845 724 819 696 6.06
T2.5815 844 844 823 899 775 647 888 744 6.06
T2.5825 855 839 808 813 7.00 7.07 852 7.16 5.66
T3B5 885 825 788 926 934 871 1280 1090 8.93
T36815 922 920 872 1010 949 798 948 819 7.02
T36825 9.68 949 891 1090 9.63 891 936 7.82 633

It was observed that the higher isolation period and lower yield strength ratio
effectively gave the maximum energy dissipation. As for the effective damping ratio,
the greater effective damping ratio presented the higher dissipation energy for 3 and

6-storey isolated frame as shown in Table 4.4. Conversely, the lower effective
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damping ratio generally caused the higher dissipation energy for 9-storey isolated
frame. For example, the greatest dissipated energies as 9.68 and 10.90 kNm were
experienced in the isolation system of T3B25FyW2.5 for 3 and 6-storey isolated
frames under Gazli earthquake. Similarly, T3B85FyW2.5 case testified the greatest
dissipation energy as 12.80 kNm for 9-storey isolated frame under Gazli earthquake.
Ultimately, the effectiveness of the isolation systems of FPB for low and mid-rise
buildings could be very easily tuned by conducting the suitable isolation parameters

(namely the isolation period, effective damping ratio, and yield strength ratio).

4.4 Case-3 (HDRB)

In this case, the seismic performance of 3, 6, and 9-storey steel frames equipped with
HDRB having various design properties such as the isolation period T, effective
damping ratio B, and post-yield stiffness ratio A were examined. Thus, the nonlinear
response of the base isolated frames were assessed through isolator displacement,
interstorey drift ratio, relative displacement, absolute acceleration, base shear, base

moment, hysteretic curve, and energy dissipation.

4.4.1 Isolator Displacement

When 3, 6, and 9-storey frames were hit by five different earthquakes, the isolator
displacements of those were determined using nonlinear time history analyses and
then presented in Figure 4.37-4.39. Moreover, in order to better investigate the
effectiveness of HDRB having different design properties, the variation of average
percent values of isolator displacement of 3-storey frame with each isolation system
with respect to that of the case T2B5A3 are given in Table 4.5. It can be obviously
shown that the changing of the design characteristic of the isolator had significantly
varied the isolator displacement demand of HDRB by ensuring horizontal
displacement of case study isolated frame structures. As post-yield stiffness ratio A
gets lower, initial stiffness k; become less, and utilization of T as 2.5 and 3 s
produced more flexible bearing as well (see Table 3.4). Furthermore, the maximum
isolator displacement increased in case of the isolation models consisted of the

greater 3 and T with less A.
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Figure 4.37 Maximum isolator displacement of 3-storey frames

The isolation period of T as 3 s definitely became favourable in terms of the isolator
displacement independently height of the building and active earthquakes. When 3
and A are fixed to comprehend the effect of T on the isolator displacement, and it was
observed that the use of T3B15A6 instead of T2B15A6 enhanced the isolator
displacement from 24.52 to 28.15 cm (see Figure 4.37(b)), 21.19 to 27.49 cm (see
Figure 4.38(b)), 18.57 to 28.48 cm (see Figure 4.39(b)) for 3, 6, and 9-storey frames
subjected to Cape earthquake, respectively. When the isolator displacement of the
case study frames were evaluated considering the effect of the damping ratio it was
noticed that the use of  (namely 10 and 15 %) increased the isolator displacement.
For instance, the increase of the effective damping ratio from 5 to 15 % in the
isolation system of T =3 s and A = 6 enhanced 3-storey base-isolated frames’ isolator
displacement from 11.62 to 12.05, 26.27 to 28.15 cm, 50.58 to 52.45 cm under

Salvador, Cape, and Tabas earthquakes, respectively as shown in Figure 4.37(b).
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Figure 4.38 Maximum isolator displacement of 6-storey frames

The moderate value of B as 10 % also satisfied the maximum isolator displacement
of 6-storey isolated frame with T3B10A3 as 60.39 cm under Tabas earthquake (see
Figure 4.38(a)). The maximum average isolator displacement of 28.34 cm was
experienced for 9-storey frame with T3B15A3 that has the greatest effective damping
ratio as 15 % (see Figure 4.39(a)).
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Figure 4.39 Maximum isolator displacement of 9-storey frames

Table 4.5 Variation of the average seismic demand values in percentage based on the
case T2B5A3 in 3-storey frames

Isolation Iso. Int. Str.  Roof. Rel. Abs. Base Base
System Disp. Drift R. Drift R.  Disp. Acc. Shear = Moment
(%) (%) (%) (%) (%) (%) (%)

T2B5A3 0 0 0 0 0 0 0
T2610A3 0.4 -7.9 -1.7 -8.4 -0.2 -3.0 -5.2
T2B15)\3 0.6 -14.4 -3.2 -15.5 -5.9 -6.0 -11.3

T2.5B5A3 118 -34.1 1.6 314 221 -26.1 -25.5
T2.581003 11.4 -37.6 0.6 346  -245 -29.3 -28.8
T2.581503  10.4 -44.3 -0.8 374 -234 -32.7 -31.1
T3B5A3 21.7 -50.8 54 -47.8  -37.8 -49.5 -42.5
T3B81003  21.4 -53.3 4.6 -50.2  -359 -44.4 -44.1

T3B15A3 21 -55.3 3.9 -51.7 -37.3 -46.5 -45.4
T2B5)16 -1.9 -3.5 2.2 -3.0 11.9 -1.9 -1.9
T2B1006  -1.6 -9.7 -3.2 -8.5 0.9 -4.4 -4.7

T2B1516 1.4 -23.8 -5.0 -25.8 -1.1 -23.6 -24.4
T2.58506 104 -38.2 -0.3 -35.0 -8.7 -27.1 -27.4
T2.581006 10.1 -41.4 -1.2 -37.8  -16.1 -30.1 -30.4
T2.581506 9.1 -46.1 -2.9 -420  -124 -32.6 -31.1
T3B5)6 20.7 -53.5 4.1 -49.6  -18.8 -44.4 -44.0
T3B1006 209 -55.2 39 -51.6  -31.8 -46.2 -45.1
T3B81506  20.4 -57.7 3.1 -53.5  -289 -47.6 -45.2
Key: Negative values show an decrease of the maximum average values

The less post-yield stiffness ratio, A generally presented more isolator displacement
than the isolation system including highest value of A. For instance, when A
decreased to 3, the maximum isolator displacements of 21.89 and 25.67 cm occurred

for 3 and 9-storey frames equipped with T3B5A3 under Gazli earthquake, 52.5 and
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59.53 cm obtained for 3 and 9-storey frames with T3B15A3 under Tabas earthquake
as depicted in Figure 4.37(a) and 4.39(a), 27.45 and 22.76 cm acquired for 6 and 9-
storey frames with T2B815A3 under Northridge earthquake as depicted in Figure
4.38(a) and 4.39(a), respectively. Furthermore, the isolation systems of T3B5A3,
T3B10A3, T3B815A3 have the lowest post-yield stiffness ratio (namely A = 3) also
succeeded the average maximum increment on the isolator displacement percentage
as 21.7, 42.6, 57.7 % versus T2B5A3 for 3, 6, and 9-storey base-isolated frames as
shown in Figures 4.37(a), 4.38(a), and 4.39(a), respectively.

4.4.2 Interstorey Drift Ratio

The interstorey drift ratio can be admitted as an engineering demand parameter
(EDP) to meet the limiting criteria of structural and non-structural members that are
restricted in accordance with SEAOC included Operational (SP-1) as 0.5 %,
Occupiable (SP-2) as 1.8 %, Life Safety (SP-3) as 3.2 %, and Near Collapse (SP-4)
as 4 % [129]. Interstorey drift could be calculated as the translational displacement of
successive storey over associated storey height. The maximum interstorey drift ratios
were computed for the isolated frames with various isolation systems under five
earthquakes and plotted in Figures 4.40-4.42. In addition, the interstorey drift ratio
against height of the base-isolated frames with different isolation systems under
Northridge earthquake was presented in Figures 4.43 and 4.44. The effectiveness of
the proposed isolation systems was evaluated whether the corresponding
performance levels was satisfied or not. First, the increase of T mitigated the

maximum interstorey drift ratio of the isolated frames (see Figures 4.40-4.42).
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Figure 4.40 Maximum interstorey drift ratio of 3-storey frames

When T reached to 3 s, § and A fixed as 5 % and 3, the maximum interstorey drift
ratios of 2.52, 3.03, and 2.54 % (T2B5A3) dropped to 0.69, 0.99, and 0.90 %
(T3B5X3) which met the limiting criteria of SP-2 for 3, 6, and 9-storey base-isolated
frames under Northridge earthquake, as described in Figures 4.40(a), 4.41(a), and
4.42(a), respectively. Similarly, the utilization of T3B5A6 instead of T2B5A6
mitigated the interstorey drift ratios from 2.47 to 0.64 % (see Figure 4.40(b)), 2.96 to
0.96 % (see Figure 4.41(b)), 2.46 to 0.85 % (see Figure 4.42(b)) for 3, 6, and 9-
storey isolated frames under Northridge earthquake, respectively, the reduced
interstorey drift ratios met the limiting criteria of SP-2. The Operational performance
level of SP-1 was observed if only 3-storey frame with the isolation period of 3 s
under Gazli and Salvador earthquakes (see Figures 4.40(a, b)). It was also valid for 6

and 9-storey isolated frame buildings under Salvador earthquake as show in Figures

4.41 and 4.42.
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Figure 4.41 Maximum interstorey drift ratio of 6-storey frames
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Figure 4.42 Maximum interstorey drift ratio of 9-storey frames
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The isolation systems having greater isolation period represented more uniform drift
distribution, and also lower interstorey drift ratio under Northridge earthquake as
shown in Figures 4.43 and 4.44. Secondly, the greater effective damping ratios (as 10
and 15 %) significantly produced less interstorey drift ratios. For instance, the
minimum interstorey drift ratios of 0.42, 0.55, 0.54 % were acquired for 3-storey
frame with T3B15A6, T3B10A6, T3B15A6 (see Figure 4.40(b)) under Gazli, Cape,
Northridge, respectively. It was as 1.00 % by T2.5815A3 (see Figure 4.40(a)) under
Tabas earthquakes thereby the performance level of SP-1 and SP-2 satisfied.
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Figure 4.43 Variation of the interstorey drift ratio against storey height of 3-storey
isolated frames under Northridge earthquake for A = 3
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Figure 4.44 Variation of the interstorey drift ratio against storey height of 3-storey

isolated frames under Northridge earthquake for A = 6

When subjected to Cape, Gazli, Tabas, and Northridge earthquakes, 6-storey frame
with T3815A6 provided the minimum interstorey drift ratios of 1.02, 0.85, 2.05, 0.88

%, respectively, as shown in Figure 4.41(b). Similarly, when 9-storey base-isolated
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frame equipped with T3B1516 and hit by Cape and Gazli earthquakes the minimum
interstorey drift ratios of 1.08 and 0.87 % obtained (see Figure 4.42(b)) and they are
in convenient with SP-2. Figures 4.43 and 4.44 described that the use of the effective
damping ratios of 10 and 15 % not only mitigated the interstorey drift but also
provided more uniform drift distribution. For instance, when subjected to Northridge
earthquake the interstorey drift ratios at roof storey of the corresponding 3-storey
base-isolated frames experienced as 0.55 % for the isolation system of T2B5A3 (see
Figure 4.43(a)), which are decreased up to 0.51 % for the isolation system of
T2B10A3 (see Figure 4.43(b)), and 0.40 % for T2B15A3 (see Figure 4.43(c)).
Furthermore, compared to T2B513, the average value of the maximum interstorey
drift ratio reduction of 3, 6, and 9-storey base-isolated frames with T2310A3 occurred
as 7.9,5.2,4.5 %, and T2B15A3 ensured as 14.4, 10.6, 9.2 % (see Table 4.5). Thirdly,
the increase of the post-yield stiffness ratio A decreased the interstorey drift
particularly 3 and 6-storey frame (see Figures 4.40 and 4.41). For instance, when
subjected to Cape earthquake, 3, 6, and 9-storey base-isolated frames with
T2.5810A3 produced the interstorey drift ratios as 0.81, 1.44, and 1.35 %, whereas
T2.581006 caused as 0.69, 1.33, and 1.31 %, respectively. In addition, the lowest
average value of the maximum interstorey drift ratios of 3 and 6-storey frames with
T3B1516 computed as 0.56 and 1.05 %, respectively, whereas it was as 1.13 % for 9-
storey frame with T3B15A3. Moreover, the use of greater A exhibited the more
uniform interstorey drift distribution and reduced it as well, as clearly shown in

Figure 4.44(c).

4.4.3 Relative Displacement

The relative displacement can be found by subtracting the top storey displacement
from the bearing displacement, and it can also be used as one of the most influential
EDP for the seismic performance assessment. After subjecting a set of earthquakes
the maximum relative displacements were computed, and given in Figures 4.45-4.47.
The increase of the isolation period considerably mitigated the relative
displacements. For instance, when subjected to Cape, Gazli, Tabas, Northridge, and
Salvador earthquakes, the lowest relative displacements were obtained as 3.33, 2.58,
5.71, 3.42, and 1.18 cm for 3-storey frame with T3B5A6, T3B15A6, T3B15A3,
T3B1516, and again T3B15)16, respectively, as shown in Figure 4.45. Moreover, the
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lowest average value was as 3.31 cm for 3-storey frame with T3681516 provided 53.5
% relative displacement reduction with respect to T2B5A3 as shown in Figure 4.45(b)
and Table 4.5. When considered 6-storey frame, the lowest relative displacements of
7.45, 6.33, 16.86, 7.21, and 6.50 cm were actualized for the isolation systems of
T3B5)6, T3B15A3, T2.561506, T3B15A3, and T3B10A3 (see Figure 4.46). As an
example of 9-storey building with T3B15A3, T2.5815A3, T3B15A3, T3B5A3, and
T3B15A3 provided the lowest relative displacements as 8.79, 10.75, 26.46, 11.65, and
5.45 cm for 9-storey building, respectively, (see Figure 4.47). The maximum relative
displacement decreased and also behaved more uniform distribution over the storey
height in the case of HDRB designed by the greater isolation period as shown in
Figures 4.48 and 4.49.
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Figure 4.45 Maximum relative displacement of 3-storey frames
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Figure 4.46 Maximum relative displacement of 6-storey frames

When it enhanced from 2 to 3 s and the others are fixed (namely, B = 10 % and A =
3), compared to T2B810A3, the utilization of T3B10A3 provided the greatest relative
displacement reduction as 67.7 % at roof storey level of 6-storey building (see Figure

4.48(b)).
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Figure 4.47 Maximum relative displacement of 9-storey frames

The performance of the isolated frames with the greatest effective damping ratio was
found to be superior to that of the low and moderate effective damping ratio. The
isolation system of T3B15A3 succeeded the lowest relative displacements of 5.71 cm
in the event of 3-storey frame hit by Tabas earthquake (see Figure 4.45(a)), it was as
7.21 and 6.33 cm for 6-storey building hit by Northridge and Gazli earthquakes (see
Figure 4.46(a)), 5.45, 8.79, and 26.46 cm for 9-storey building under Salvador, Cape,
and Tabas earthquakes (see Figure 4.47(a)), respectively.
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Figure 4.48 Variation of the relative displacement against storey height of 6-storey

isolated frames under Northridge earthquake for A = 3.

Furthermore, the utilization of the moderate and greatest value of 8 provided more
uniform relative displacement distribution with storey level. For instance, when B of
5 reached to 10, and then 15 %, keep the other isolation parameters constant (namely,
T =2 s and A = 6), the maximum relative displacement at roof storey mitigated from

25.59 to 24.21, and then 22.43 cm for 6-storey frame hit by Northridge earthquake,
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as shown in Figure 4.49 (a, b, and c), respectively. The greatest average relative
displacement reductions occurred as 46.2 and 41.1 % when 6 and 9-storey frame
with T3B15A3 respectively, as 53.5 % for 3-storey frame with T3B15A6 (see Table
4.5). A set of A (as 3, 6) had been proposed to characterize the response of the
examined frames with HDRB. T3B1516 including A as 6 which provided the lowest
average value of the maximum relative displacements as 3.31 cm for 3-storey frame
(see Figure 4.45(b)). However, it was obtained as 9.15 and 15.72 cm for 6 and 9-
storey frame with T3B815A3 as shown in Figure 4.46(a) and 4.47(a), respectively. The
use of less A proved the relative displacement reduction for 6-storey frame and

assisted to ensure more uniform relative displacement distribution as shown in Figure

4.48(c).
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Figure 4.49 Variation of the relative displacement against storey height of 6-storey

isolated frames under Northridge earthquake for A = 6
4.4.4 Absolute Acceleration

The case study frames with HDRB subjected to a set of earthquakes and then the
maximum absolute accelerations computed and plotted in Figures 4.50-4.52.
Furthermore, the change of one storey to another is described for 9-storey frame in
Figures 4.53 and 4.54. Firstly, it was generally provided the lowest absolute
accelerations when 2.5 and 3 s utilized as the isolation period independently height
of the buildings and active earthquakes as well. When subjected to Cape and Tabas
earthquakes, the lowest maximum absolute accelerations of 1.65 and 2.29 m/s” for 3-

storey frame with T3810A6 were achieved (see Figure 4.50(b)), respectively.
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Figure 4.50 Maximum absolute acceleration of 3-storey frames

T3B5)3 also introduced the lowest absolute acceleration as 2.30 and 2.78 m/s* when
6-storey frame hit by Cape and Salvador earthquakes (see Figure 4.51(a)). When
subjected to Gazli and Tabas earthquakes, the lowest maximum absolute
accelerations occurred as 2.08 and 3.39 m/s* for O-storey frame with T3B15A3 as
seen in Figure 4.52(a), respectively. The use of the isolation periods of 2.5 and 3 s
not only decreased the absolute acceleration but also was capable of uniform
absolute acceleration distribution as shown in Figure 4.53 and 4.54. 3, 6, and 9-
storey base-isolated frames with T3BS5A3, T3B15A3, and T3B5A6 introduced the
greatest value of average absolute acceleration reduction as 37.8, 36.4, and 32.6 %,
respectively. The lower effective damping ratio reduced the maximum absolute
acceleration especially in 6 and 9-storey frames. When B reached to greatest value of

15 %, T3B15)A3 yielded the lowest maximum absolute accelerations as 1.66 and 1.33
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m/s* for 3-storey frame hit by Northridge and Salvador earthquakes (see Figure
4.50(a, b)), 1.85, 2.55 m/s” for 6-storey frame (see Figure 4.51(a, b)), 2.08 and 3.39
m/s” for O-storey frame hit by Gazli and Tabas earthquakes (see Figure 4.52(a, b)),
respectively. When 6 and 9-storey frames with T3B10A3 under Northridge
earthquake, the lowest absolute acceleration obtained as 2.29 and 2.73 m/s” as seen
in Figures 4.51(a) and 4.52(a), respectively. Thirdly, when used less post-yield
stiffness ratio in the design of HDRB that mitigated the maximum absolute
acceleration. For instance, when T and B3 regarded as 2 s and 10 %, and A decreased
from 6 to 3, the maximum absolute accelerations were diminished from 4.20 to 3.92,
3.77 to 3.59, 3.87 to 3.72 m/s> (see Figures 4.50, 4.51, and 4.52 for 3, 6, and 9-storey
frames hit by Northridge earthquake, respectively.
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Figure 4.51 Maximum absolute acceleration of 6-storey frames
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Figure 4.52 Maximum absolute acceleration of 9-storey frames
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Figure 4.53 Variation of the absolute acceleration against storey height of 9-storey

isolated frames under Northridge earthquake for A =3

Furthermore, 9-storey with T3810A3 under Northridge earthquake provided the

lowest absolute acceleration as 2.73 m/s’ (see Figure 4.52(a)) and more uniform
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distribution as shown in Figure 4.53(b). In addition, the roof absolulte acceleration
was experienced as 3.87 m/s* for 9-storey isolated frame with the isolation system of
T2B10X6 (see Figure 4.54(b)) while it was reduced to 3.73 m/s’ in the isolation
system of T2B10A3 (see Figure 4.53(b)). Similarly, the lowest roof absolute
acceleration was obtained as 2.34 m/s* for O-storey isolated frame with the isolation

system of T3B5L6 (see Figure 4.54(a)).
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Figure 4.54 Variation of the absolute acceleration against storey height of 9-storey

isolated frames under Northridge earthquake for A = 6

4.4.4 Base Shear

The effectiveness of HDRB having different design properties was assessed through
nonlinear analyses in which 3, 6, and 9-storey buildings hit by a series of
earthquakes, and then the base shear demands of those were computed. The base
shear demands of those were divided by corresponding total weights of 1290, 2540,
and 3686 kN to compare the significance of the isolation systems of HDRB
regarding the earthquake characteristics. The base shear ratios were in the range of
0.045-0.354 in all frames and depicted in Figures 4.55-4.57 where can be seen the
use of HDRB substantially mitigated the base shear demand, depending on the
number of storey of the structures. Compared to the lower isolation period, the
greatest isolation period remarkably mitigated the base shear, irrespective of the
earthquake characteristics. For instance, when Gazli and Northridge earthquakes hit
the 3-storey frame with T3B815A6 the lowest normalized base shears of 0.085 and
0.108 were obtained as shown in Figure 4.55(b).
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Figure 4.55 Maximum base shear of 3-storey frames
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Figure 4.56 Maximum base shear of 6-storey frames
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Figure 4.57 Maximum base shear of 9-storey frames
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Similarly, when subjected to Cape, Gazli and Northridge earthquakes, it was as
0.114, 0.098, and 0.099 for 6-storey frame (see Figure 4.56(b)), 0.102, 0.084, and
0.081 for 9-storey frame (see Figure 4.57(b)), respectively. The use of B as 10 and 15
% reduced the base shear demand. For instance, when increased 3 from 5 to 10 % in
the isolation of 3, 6, and 9-storey frames with T2B5A3 and hit by Cape earthquake,
the normalized base shear mitigated from 0.215 to 0.210 (see Figure 4.55(a)), 0.209
to 0.201(see Figure 4.56(a)), and 0.187 to 0.183 (see Figure 4.57(a), respectively.
The greater post-yield stiffness ratio of 6 was more decisive on the base shear
demand as shown in Figures 4.55-4.57. When subjected to Cape earthquake the
normalized base shear of 3, 6, and 9-storey frames with T3B815A3 introduced as
0.112, 0.117, and 0.105 while T3B15X6 case reduced it up to 0.107, 0.114, and 0.102
(see Figures 4.55-4.57). Similar trend can also be testified in Tables 4.5 where the
average base shear reductions of the isolation systems are given in comparision with
T2B5A3. The use of A as 6 in the isolation models such as T3B15A6 reduced the

average base shear as 47.6 % for 3-storey frame as shown in Table 4.5.

4.4.4 Base Moment

The base moment demands of the examined structures were plotted in Figures 4.58-
4.60. Moreover, the average value of the maximum base moment reductions was
given in Table 4.5. It was evidently proved that the base moments of the frames with
HDRB fluctuated depending on the isolation parameters. HDRB sufficiently reduced
the base moment in case of T enhanced to 2.5 and then 3 s. The lowest maximum
base moment of 3-storey frame with T3B15A3 was introduced as 1513 and 957.8
kNm (see Figure 4.58(a)) under Tabas and Northridge earthquakes, it was as 5632
and 3337 kNm for 6-storey frame (see Figure 4.59(a)), respectively. The isolation
systems having greater effective damping ratio mitigated the base moment. For
example, 3, 6, and 9-storey frame with T3B15A3, T3B15A6, and T3B10A6 provided
the average value of the minimum base moment as 962.8, 3737.2, and 7175.2 kNm,
respectively. The influence of A on the base moment demand could be monitored in
Figures 4.58-4.60. Compared to T2B5A3, T2B5A6 reduced the maximum base
moment from 1821 to 1722, 6000 to 5824, 14520 to 14100 kNm in case of 3, 6, and
9-storey frame hit by Cape earthquake, respectively, as shown in Figures 4.58-4.60.
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Figure 4.60 Maximum base moment of 9-storey frames
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In addition, the greatest average base moment reductions recorded as 45.4, 36.6, and
37.5 % when designed 3, 6, and 9-storey frames with T3B815A3, T3B1516, and
T3B10A6 cases as shown in Table 4.5, respectively. The isolation systems having
greater isolation period and effective damping ratio provided the lowest maximum
base moments which was also obtained both value of A (i.e., 3 and 6). Therefore, it

can be said that A was less decisive than the T and 8 as shown in Figures 4.58-4.60.

4.4.5 Hysteretic Behaviour and Energy Dissipation

When subjected to Gazli earthquake the hysteretic curves of 3, 6, and 9-storey frames
with eighteen various HDRB obtained and given in Figure B1. Those hysteretic
curves were compatible with the typical bi-linear hysteretic force-displacement
relationship (see Figure 2.15(a)) [76]. The isolation parameters significantly
influenced the hysteretic characteristics of 3, 6, and 9-storey frames depending on the
characteristics of ground motions. The utilization of the greater isolation period not
only enlarged the area of the curves and also changed those behaviours. When 3 and
A were fixed, the minimum and maximum oblique hysteretic curves were plotted for
T of 2 and 3 s, respectively. The hysteretic curves including moderate value of T
(namely, 2.5 s) located between them (see Figure B1). Furthermore, when HDRB
designed with T =3 s and B =5 %, T385A3 was remarkably enlarged the hysteretic
curves reached to the strains of 0.206 m, 0.240, and 0.245 m corresponded to the
forces of 43.12, 90.91, and 142.10 kN for 3, 6, and 9-storey buildings under Gazlh
earthquake, respectively, as shown in Figure B1. The less 3 tended to be depicted the
larger hysteretic curve independently height of the buildings in case of T and A were
fixed. Similarly, the larger hysteretic curves obtained when the examined isolated
frames designed with less A as seen in Figure B1 (a, c, and e). For instance, 9-storey
frame with T2.585A3 instead of T2.585L6 that was increased the displacement and
force of the hysteretic curve from 0.185 to 0.190 m and 155.74 to 160.74 kN as
shown in Figure Bl(e, ). In addition, the reduction of A made the hysteretic curve
described linear behaviour while the shape of the hysteretic curve seemed to have
been angular in case of A enhanced to 6. For 3, 6, and 9-storey frames equipped with
HDRB and hit by Gazli earthquake, the amount of the dissipated energy computed
by Equation 4.1 [130], and given in Table 4.6.
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Table 4.6 Total dissipated energy Eloop (kJ) with isolation systems for 3, 6, and 9-

storey frames under Gazli earthquake

Isolation 3-Storey Frame  6-Storey Frame  9-Storey Frame
System A=3 A=6 A=3 A=6 A=3 A=6
T2R5 274 2.09 6.22 461 10.70 8.04
T2R10 403 298 8.66 5.87 14.10 10.40
T2R15 6.27 4.88 12.80 7.37 19.00 12.50
T2.5R5 3.52 276 7.70 5.97 13.20 10.00
T2.5R10 475 3.64 9.98 7.71 17.50 12.90
T2.5R15 6.49 4.46 1460 9.29 23.20 15.30
T3R5 394 3.04 9.59 7.49 14.20 10.60
T3R10 521 394 12.80 9.67 19.00 13.60
T3R15 7.09 4.80 17.40 11.70 26.20 16.40

The utilization of both greater T and  with less A was necessary to obtain more and
more energy dissipation as shown in Table 4.6. Firstly, compared to the isolation
system of T2B5A3, it was observed that T2.5B85A3 and T3B5A3 cases increased the
dissipated energy as 28.5 and 43.8 % for 3-storey frame, 23.8 and 54.2 % for 6-
storey frame, and 23.4 and 32.7 % for 9-storey frame, respectively. The influence of
3 on the amount of the dissipated energy can be evaluated by Table 4.6 For instance,
when 3, 6, and 9-storey frames hit by Gazli earthquake T3B15A3 ensured the
maximum dissipated energies as 7.09, 17.40, and 26.20 kJ, respectively. The use of

less A let the dissipated energy to be increased as shown in Table 4.6.
4.5 Case-4 (FD, LRB, FPB, HDRB, and Combination of those)

Evaluating the effectiveness of the isolator characteristics of LRB, FPB, HDRB and
slip load of FD in Cases 1, 2, and 3, as a final part, Case 4 was introduced. In this
case, single and combine uses of energy dissipation devices (i.e., FD) and base
isolation devices (i.e., LRB, FPB, HDRB) were adopted to examine the overall
performance of the seismic protective systems. The most favourable isolation
parameters of the isolators and slip load of FD were used to design more efficient
protective systems. For this, the nonlinear seismic response of the considered case
study frame (i.e., 5 OMF) with and without the seismic protective systems have been
evaluated through time-history analyses in terms of displacements (i.e., storey,

bearing and relative displacements), roof drift, interstorey drift ratio, absolute
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acceleration, base shear, base moment, hysteretic curve, and dissipated energy. They

were comparatively discussed below.

4.5.1 Displacement

When the case study frame equipped with a series of passive protective systems and
hit by seven different earthquakes through nonlinear time-history analyses, the storey
displacements of those were determined and then presented in Figures 4.61 and 4.62.
The former presented the maximum displacement demand of the case study frame
with and without the protective systems for all earthquakes while the latter described
the distribution of the displacement against height of the building for all earthquakes.
In addition, the variation of the average percent values of the displacements for each
of the protective systems with respect to that of the fixed base frame are given in
Table 4.7 where can be easily followed the effectiveness of the proposed seismic

protective systems.

Table 4.7 Variation of average local and global deformations for the frames with
protective sysytems

Protective ~ Disp. Rel.  Roof Int. S. Abs. Base Base
System (%)  Disp. Drift Drift Ratio  Acc. Shear Moment
(%) (%) (%) (%) (%) (%)
FD -65.6 -65.6 -65.6 -68.9 -52.4 -43.9 -27.0
LRB 67.0 -843 67.0 -79.2 -86.4 -84.7 -50.8
FPB 399  -71.1 399 -69.2 -78.1 -83.5 -47.3
HDRB 745 -829 745 -76.8 -86.5 -84.1 -50.7
FD+LRB 60.0 -93.1 60.0 -84.5 -88.4 -84.3 -51.1
FD+FPB 292 819 292 -78.7 -80.0 -83.2 -47.7
FD+HDRB 67.7 -924 67.7 -83.1 -89.6 -83.8 -50.9

It was observed that the protective systems remarkably differentiated the
displacement demand of the case study frame. Firstly, the sudden drop in the
maximum displacement demand rooted in the utilization of FD, and what is more, it
is valid for all earthquake responses as shown in Figure 4.61. For example, the case
frame structure was equipped with FD and then subjected to Gazli earthquake, the
greatest displacement reduction was observed as 76.0 % that meant the maximum
displacement mitigated from 18.73 to 4.50 cm as shown in Figures 4.61 and 4.62(¢e).
Each of the storey displacements were gradually rehabilitated by FD, and also

distribution of the displacement became more uniform compared to the fixed-base
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frame as shown in Figure 4.62(a-h). In addition, the average displacement reduction
was recorded as 65.6 % (see Table 4.7). Secondly, the use of the base isolation
devices increased the maximum displacement demands of the case study frame
structure (see Figure 4.61). Compared to FPB, the elastomeric bearing isolators (i.e.,

LRB and HDRB) produced much more displacement demands.
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Figure 4.61 Maximum displacements for the frames with and without protective

sysytems

When subjected to Chi-Chi earthquake, FPB, LRB, and HDRB introduced the
greatest value of the maximum displacement as 45.96, 67.94, and 71.34 cm,
respectively, as shown in Figures 4.61 and 4.62(d). The similar trend almost can be
monitored for the other earthquake responses. As a matter of fact that the average
values of the maximum displacement percentages of 39.9, 67.0, and 74.5 % (see
Table 4.7) were obtained for FPB, LRB, and HDRB whose influences on the

enhancement of the displacement demand were proved.
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Figure 4.62 Variation of the displacement against storey height

In addition, the elastomeric bearings especially LRB were much more susceptible to

exhibiting more uniform storey displacement demand than friction-based devices

(i.e., FD and FPB) as shown in Figure 4.62(a-h). Thirdly, when examined the
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displacement demand considering the combined case, it was observed that the
utilization of the FD with the elastomeric bearings not only increased the
displacement but also exhibited much more uniform distribution than FD, FPB, and
combination of those together as FD+FPB as shown in Figure 4.62. For instance, the
average percentage of the maximum displacement enhancement recognized as 60.0
and 67.7 % for FD+LRB and FD+HDRB, respectively. However, it was as 39.9 and
29.2 % for FPB and FD+FPB, respectively, as shown in Table 4.7. The maximum
bearing displacements induced by the isolation systems are depicted in Figure 4.63.
Since the stiffness of the friction-based isolator was much more than the elastic
bearings (see Table 3.5) the latter was much more prone to lateral movement. Thus,
the greatest bearing displacement was observed when implemented the elastomeric
isolation systems, on the other hand friction-based protective systems introduced the
lowest bearing displacement. For example, the considered case study frame equipped
with FPB and then subjected to Tabas, Cape, Northridge, Salvador earthquakes the
lowest bearing displacements obtained as 31.60, 23.97, 28.31, 10.14 cm,
furthermore, it was as 36.02, 10.27, 35.16 cm for FD+FPB under Chi-Chi, Gazl,
Hills earthquakes, respectively. The greatest bearing displacements testified as 65.15,
11.13, and 50.36 cm cm for HDRB, FD+LRB, and FD+HDRB under Chi-Chi,

Salvador, and Tabas earthquakes, as hown in Figure 4.63.
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Figure 4.63 Maximum bearing displacements for the frames with protective

sysytems

4.5.2 Relative Displacement

The displacement of a point on the structure respect to the ground level adopted as

the relative displacement and acknowledged one of the most reliable seismic
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performance evaluation parameters [131]. The variation of the maximum relative
displacements was presented in Figure 4.64. The equipment of the protective systems
reduced the relative displacement of the considered case study frame structure. When
subjected to Gazl earthquake the use of FD mitigated the relative displacement from
18.73 to 4.49 cm, it was as 0.87, 0.90, 2.96, 2.27, 2.50, and 3.94 cm in case of
FD+LRB, FD+HDRB, FD+FPB, LRB, HDRB, and FPB. In addition, the lowest
relative displacements were presented as 1.34, 2.89, 2.10, and 0.43 cm under Cape,
Chi-Chi, Hills, and Salvador earthquakes, respectively, as shown in Figure 4.64.
Compared to the single use of the protective systems, the effectiveness of the
combine protectives systems was proved by the average relative displacement
demand. For example, the relative displacement was observed as 3.62, 3.94, and 6.66
cm for LRB, HDRB, and FPB while it was as 1.60, 1.75, and 4.18 for FD+LRB,
FD+HDRB, and FD+FPB, respectively.
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Figure 4.64 Maximum relative displacements for the frames with and without

protective sysytems
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Figure 4.65 Variation of the relative displacement against storey height

The variation of the relative displacement demands over the height of the case study
frames were given in Figure 4.65 for all earthquakes. The utilization of FD with the
base isolation systems together not only mitigated the relative displacement of the
fixed-base frame but also perfectly regulated the non-uniform distribution as given in

Figures 4.65(a-h). For example, the protective systems of FD+LRB and FD+HDRB
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subjected Salvador earthquake, mitigated the top storey relative displacement of the
fixed base frame from 27.1 cm to 0.43 and 0.75 cm, respectively, as shown in Figure
4.65(g). Furthermore, the greatest average relative displacement reductions carried
out by FD+LRB, FD+HDRB, LRB, and HDRB as 93.1, 92.4, 84.3, and 82.9 %,
respectively, presented in Table 4.7. Compared to the friction-based protective
systems (FD, FPB, FD+FPB), the success of the elastomeric bearings on the relative
displacement reduction proved by Figures 4.64 and 4.65.

4.5.3 Roof Drift Ratio

The roof displacement divided by the height of the buildings, and called as roof drift
ratio used for the evaluation of the structural damage [132]. The maximum roof drift
ratios of the investigated frames were computed for all earthquakes and presented in
Figure 4.66 where can be observed that the braking effect of FD led to experience the
lowest roof drift under each of the earthquakes. Similarly, both of FPB and FD+FPB
exhibited the lower roof drift. Compared to the friction-based protective systems, the
others caused the greater roof drift as they had lower stiffness than FPB (see Table
3.5). For example, the roof drift of 1.94 was obtained when the case study frame
structure subjected to Tabas earthquake while it was reduced up to 0.61, 2.27, 2.46
for FD, FD+FPB, FPB, conversely it was enhanced to 3.17, 3.29, 3.35, 3.47 for
FD+LRB, FD+HDRB, LRB, and HDRB, respectively.
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Figure 4.66 Maximum roof drift ratio for the frames with and without protective

sysytems

The lowest roof drift of 0.28 for FD under Gazli earthquake were acquired while the
greatest roof drift was as 4.45 for HDRB under Chi-Chi earthquake as displayed in

Figure 4.66. Similarly, the lowest average roof drift reduction was occurred as 65.6
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% 1in case of FD while HDRB caused the greatest average roof drift ratio increase as
74.5 %. FPB induced the average roof drift reduction as 39.9 % while it was as 29.2
% for FD+FPB as listed in Table 4.7. The time-history responses of the roof drift for
the case study frame with and without the protective systems under Northridge

earthquake are given in Figure 4.67.
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Figure 4.67 Time-history response of the roof drift ratio for the case frames with and

without protective sysytems under Northridge earthquake

The use of FD not only reduced the roof drift but also restricted the fluctuation of the
roof drift under Northridge earthquake. In other words, the response of the roof drift
for the fixed base frame was fluctuated between -1.42 and 1.10, and it was ranged
from -0.48 to 0.54 by FD while it was between -1.63 and 2.05 (LRB), -1.64 and 2.22
(FPB), -1.70 and 2.13 (HDRB), -1.61 and 2.05 (FD+LRB), -1.45 and 2.03
(FD+FPB), -1.70 and 2.12 (FD+HDRB as shown in Figure 4.67.

4.5.4 Interstorey Drift Ratio

The interstorey drift ratio was defined as the displacement difference of the adjacent
storey normalized by the corresponded storey height. It is well associated with the
assessment of the structural damage level [133]. The maximum interstorey drift
ratios were computed for all the frames under earthquakes, and presented in Figure
4.68. In addition, the interstorey drift ratios against storey height of the considered
case study frame with and without the protective systems under all earthquakes were

plotted in Figure 4.69(a-h).
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Figure 4.68 Maximum interstorey drift for the frames with and without protective

sysytems

When subjected to all earthquakes the considered case frame produced immense
interstorey drift ratios were generally beyond the near collapse damage state of 1.8
%, fortunately it was decreased up to the operational limit damage state of 0.8 % in
case of the utilization of FD under all earthquakes. However, one exception was
witnessed for Salvador earthquakes as revealed in Figure 4.68. As for the base
isolation systems, LRB reached the lower interstorey drift ratios and satisfied the
operational limit, even the fully operational limit with 0.35, 0.22, 0.13 % under
Northridge, Gazli, Salvador earthquakes, respectively. The operational limit was
almost obtained for FPB under all earthquakes, but the earthquakes of Chi-Chi and
Hills caused to the life safety damage level due to introducing 0.88 and 0.89 %
interstorey drift. HDRB succeeded the fully operational limit under Cape,
Northridge, Gazli, and Salvador earthquakes as shown in Figure 4.68. The
combination cases substantially provided the fully operational limit. For instance,
when subjected to Northridge earthquake, the maximum interstorey drift ratio of the
case study frame was 1.91 % corresponded to the near collapse damage state while it
was reached to fully operational limit of 0.24, 0.29, 0.25 % by virtue of FD+LRB,
FD+FPB, FD+HDRB, respectively, as displayed in Figure 4.68. In addition, the
lowest average maximum interstorey drift ratio was observed as 0.29 % in case of the
combination of FD with LRB together. The exertion of the isolation devices to
reduce the interstorey drift over the height of the frame can be observed in Figure
4.69(a-h). FD mitigated the interstorey drift ratio to a certain extent, but it could not
describe prominent interstorey drift distribution (see Figure 4.69(a, g)) where FD

could not afford to satisfy the fully operational limit. Fortunately, each of the
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elastomeric bearings provided both uniformly distribution and mitigation of the
interstorey drift. FPB depicted the most uniform interstorey drift distribution under
Cape and Northridge earthquake (see Figure 4.69(b, c)) where the fully operational
damage state achieved. As seen in Figure 4.69(b), compared to FD, the utilization of
the elastomeric bearings or the combination of FD with the base isolation systems
remarkably arranged the interstorey drift distribution and also achieved the damage
state of the fully operational. It should be noted that the combined protective systems
especially FD+LRB and FD+HDRB exhibited better interstorey drift response
regardless of the earthquake records. The average values of the maximum interstorey
drift ratio reductions are presented in Table 4.7 whereby the performance of the
proposed protective systems can be evaluated. Compared to the friction-based
systems of FD and FPB, the elastomeric bearings of LRB and HDRB introduced the
greater reductions as 79.2 and 76.8 %, respectively, but the greatest average

reductions of 84.5 and 83.1 % were governed by FD+LRB and FD+HDRB,

respectively.
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Figure 4.69 Variation of the interstorey drift ratio against storey height
4.5.5 Absolute Acceleration

The maximum absolute accelerations were computed for the case study frame with
and without the protective systems under seven earthquakes and presented in Figure
4.70. When the considered case study frame subjected to the seven earthquake
records, the average maximum absolute acceleration of 1.88 g recorded for the fixed
base frame. The equipment of FD almost reduced by half of the maximum absolute
acceleration independently active earthquakes. For example, Hills and Salvador
earthquakes caused the maximum absolute accelerations of 1.27 and 2.43 g while
they were mitigated up to 0.64 and 0.90 g thanks to FD (see Figure 4.70),
respectively. The elastomeric base isolation systems were much more effective in
reducing the absolute acceleration than the other systems. It was observed that LRB
and HDRB performed the dramatic absolute accelerations as 0.34 and 0.30 g, they
were as 1.02 and 0.80 g for FD and FPB, similarly, 0.28, 0.43, 0.23 g introduced by
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FD+LRB, FD+FPB, and FD+HDRB under Tabas earthquake, respectively.
Therefore, the combined cases were much more favourable in terms of the absolute
acceleration mitigation. Among them, the lowest maximum absolute accelerations
were recorded by FD+LRB under Chi-Chi, Gazli, Hills earthquakes, FD+HDRB
under Tabas, Cape, Nortridge and Salvador earthquakes as depicted in Figure 4.70.
In addition, the variation of the absolute acceleration over the height of the frame
plotted in Figure 4.71. When the response of the protective systems compared in
terms of the storey absolute acceleration demands, it was observed that the frames
equipped with FD and the base isolation systems together were much more
protective than the other protective systems. In addition, the protective systems
except the friction-based ones sharply reduced the absolute acceleration. For
example, FD mitigated the roof absolute acceleration of FB from 2.34 to 1.02 g
under Tabas earthquake (see Figure 4.71(a)) while it was as 0.34, 0.80, 0.30 g for
LRB, FPB, HDRB, respectively. By the way, it was as 0.28, 0.43, 0.23 g for
FD+LRB, FD+FPB, FD+HDRB, respectively.
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Figure 4.70 Maximum absolute acceleration for the frames with and without

protective sysytems
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Figure 4.71 Variation of the absolute acceleration against storey height.

The poor response of FD was also observed on the variation of the absolute

acceleration over the height of the case study frames which mostly tended to non-

uniform distribution as shown in Figure 4.71(a-h). Although the combined cases

exhibited similar trend against the height of the frame for all earthquakes, the most

uniform absolute accelerations plotted for FD+HDRB and FD+LRB. The percentage
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of the average values of the maximum absolute acceleration reductions was
computed and presented in Table 4.7 whereby the effectiveness of the combined
cases on the absolute acceleration reductions were proved. For example, FD+HDRB
presented the greatest reduction percentage as 89.6 %, it was as 88.4 and 80.0 % for
FD+LRB and FD+FPB, respectively. In addition, the contribution of the elastomeric
bearings of LRB, HDRB on the absolute acceleration mitigations were as 86.4 and
86.5 %, respectively. As stated before, FD had the lowest reduction percentage as
52.4 % over the proposed protective systems. It was also worthy to note that each of
the proposed protective systems comparatively advocated the seismic response of the
case study frame. However, compared to the friction-based protective systems of FD,
FD+FPB, the elastomeric isolation systems of FD+LRB and FD+HDRB were much
more favourable since they remarkably improved the interstorey drift mitigation and
distribution, at the same time effectively limited the absolute acceleration. For
example, the average maximum interstorey drift ratios of 0.60, 0.59, and 0.40 %
were experienced by FD, FPB, FD+FPB (see Figure 4.68), also witnessed the
average maximum absolute acceleration of 0.90, 0.41, and 0.38 g (see Figure 4.70),
respectively. However, FD+LRB and FD+HDRB provided the average maximum
interstorey drift ratios of 0.30 and 0.33 % (see Figure 4.68), also produced the
average maximum absolute acceleration of 0.22 and 0.20 g (see Figure 4.70),
respectively. Eventually, it was shown that the friction-based protective systems
could not overcome the absolute acceleration and interstorey drift as much as the

elastomeric bearings.

4.5.6 Base Shear

The base shears of the case study frame with and without the protective systems were
computed for each of the ground motions and then the obtained maximum base
shears divided by the building weight of 1865.3 kN and corresponding normalized
maximum base shears were presented in Figure 4.72. The normalized base shear
value of 0.937 (1747.2 kN) for the case study frame reduced up to 0.538 (1003.1 kN)
by means of FD under Northridge earthquake. It was as 0.132 (246.7 kN), 0.166
(309.6 kN), and 0.135 (251.0 kN) for LRB, FPB, and HDRB, furthermore, FD+LRB,
FD+FPB, FD+HDRB as 0.139 (259.4 kN), 0.170 (317.3 kN), 0.142 (265.2 kN),

respectively, as shown in Figure 4.72. The lowest normalized base shears of 0.130,
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0.132, 0.083, 0.186, and 0.069 were testified for the protective system of LRB under
Cape, Northridge, Gazli, Hills, and Salvador earthquakes, respectively. Furthermore,
it was as 0.186 and 0.213 for FPB and FD+FPB under Tabas and Chi-Chi
earthquakes, respectively. Among the earthquakes, Salvador caused the greatest base
shear reductions with respect to the FB. For instance, LRB, FPB, HDRB, FD+LRB,
FD+FPB, and FD+HDRB were provided as 93.6, 92.0, 93.4, 93.2, 90.7, and 93.1 %,
respectively. The average lowest normalized base shear was obtained as 0.147 for the
protective system of LRB. The greatest reduction percentages of 84.7, 84.3, 84.1 %
were computed for LRB, FD+LRB, HDRB while they were as 83.8, 83.5, 83.2 % for
FD+HDRB, FPB, FD+FPB, respectively, as shown in Table 4.7.

1.25

FB WFD W FPB WLRB W HDRB mFD+LRB mFD+FPB ™ FD+HDRB
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Figure 4.72 Normalized maximum base shear for the frames with and without

protective sysytems

4.5.7 Base Moment

The maximum base moments for each of the protective systems were obtained
through the time history analyses using seven earthquake records and presented in
Figure 4.73. Similar to the response of the base shear, the equipment of the protective
systems substantially mitigated the base moment of FB. The friction-based
protective systems of FD, FPB, and FD+FPB produced moderate reduction
percentage for the base moment as 14.0, 38.8, and 40.3 % while the reductions were
boosted by the elastomeric bearings of LRB and HDRB as 45.5 and 45.0 %, it was
reached to 45.7 and 45.4 % by FD+LRB, FD+HDRB under Northridge earthquake,
respectively, as shown in Figure 4.73. The protective system of HDRB produced the

lowest maximum base moments as 16460 kNm under Cape earthquake corresponded
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to 56.1 % reduction of the base moment of FB. Similarly, FD+LRB provided the
lowest base moments of 16450, 15420, 16490 kNm, the reductions of 45.7, 50.4,
46.1 % under Northridge, Gazli, Hills earthquake. FD+HDRB ensured the reductions
as 50.8, 46.3, 59.7 % equivalent to the maximum moments of 17450, 16650, 14950
kNm under Tabas, Chi-Chi, Salvador earthquakes, respectively. Indeed, the lowest
average base moment was witnessed by means of FD+LRB as 16301 kNm. The base
moment reductions of the protective systems with respect to FB under earthquakes
were computed and given in Table 4.7. The average reduction percentages of the
base moment for the protective systems of FD, FPB, and FD+FPB were obtained as
27, 47.3, and 47.7 %, on the other hand the greatest reductions were recorded
through elastomeric bearings namely LRB, HDRB, FD+LRB, and FD+HDRB as
50.8, 50.7, 51.1, and 50.9 %, respectively.
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Figure 4.73 Maximum base moment for the frames with and without protective

sysytems

4.5.8 Hysteretic Behaviour and Energy Dissipation

A series of protective systems was offered to retrofit the poor steel moment frame
and then performed nonlinear time-history analyses using seven different earthquake
records. In the analyses results, the hysteretic cycles of the protective systems were
generated for all earthquakes, but herein the hysteretic cycles induced by Cape
earthquake are only presented in Figures C1 and C2. It can be observed that the
obtained hysteretic cycles represented similar responses to the force-deformation
behaviour of the each protective system described in Figures 2.10 and 2.15. The
hysteretic cycles were constructed for FD almost described rectangular shape. It was

shown that the hysteretic cycles precisely obeyed to the maximum force of FD
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governed by the attained slip loads of 300, 279, 240, 180, and 111 kN as shown in
Figure C1, respectively. In addition, 1st, 2nd, 3rd, 4th, and 5th storey link element of
FD produced the maximum displacements as 7.6, 9.5, 8.1, 11.0, and 8.3 mm,
respectively. The hysteric cycles of HDRB, LRB, and FPB presented in Figure C2(c,
a, and b), those were similar to Figure 2.15(a, b, and c), respectively. In other words,
the shape of the hysteretic cycles for the friction-based protective systems of FD and
FPB described the rectangular shape while the elastomeric bearings of LRB and
HDRB exhibited the angular shape and linear behaviour, respectively. The
displacement ranged between -0.174 and 0.290 m for LRB, -0.117 and 0.189 m for
FPB, and -0.174 and 0.302 m for HDRB, respectively. Moreover, FD+LRB,
FD+FPB, and FD+HDRB provided the greatest displacements of 0.298, 0.240, and
0.313 m, respectively, as shown in Figure C2(d, e, and f). Note that the maximum
amplitudes of the elastomeric bearings were almost equivalent to the design

displacement of 0.302 m as shown in Table 3.5.

Table 4.8 Total dissipated energy Eloop (kJ) for the frames with protective systems
under all earthquakes

Protective
System Tabas  Cape Northridge Chi-Chi Gazli Hills Salvador
LRB 19.08 11.28 11.54 2454 5.81 18.20 4.77
FPB 17.84 10.00 12.15 19.05 578 17.17 3.37

HDRB 20.07 11.79 11.82 2646  6.05 19.67 4.43
FD+LRB 18.96 11.59 12.18 2412 5.88 18.53 4.99
FD+FPB 17.10  12.88 15.34 1851 5.33 18.56 6.44

FD+HDRB  20.10 12.24 12.59 26.16  6.08 20.06 4.62

When OMF equipped with the protective systems and hit by all earthquakes, the
amount of the dissipated energy could be computed by Equation 4.1 [130], and given
in Table 4.8. The largest energy dissipations were experienced in case of the
utilization of the elastomeric bearings namely, LRB and HDRB under Tabas, Cape,
Chi-Chi, Gazli, Hills, and Salvador earthquakes. When subjected to Tabas, Chi-Chi,
Gazli, and Hills earthquakes, FD+HDRB provided the maximum energy dissipations
as 20.10, 26.16, 6.08, 20.06 kJ, respectively. In addition, FD+FPB dissipated the
greatest seismic energy as 12.88, 15.34, 6.44 kJ by Cape, Northridge, and Salvador

earthquakes, respectively.
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CHAPTER 5

CONCLUSIONS

In this study, the effectiveness of the seismic protective systems was investigated
considering various design parameters. The characterized protective systems (i.e.,
FD, LRB, FPB, HDRB, FD+LRB, FD+FPB, and FD+HDRB) were utilized to
retrofit the case study frames. Two sets of steel buildings were considered as the
benchmark buildings. Each of the upgrading techniques was applied to such building,
and evaluated by means of several engineering demand parameters through the
nonlinear time-history analyses under different ground motion records. The

following conclusions are presented below:

e (ase-1 provided that the utilization of LRB increased the lateral displacement
demand due to the minor stiffness of the bearing, while use of FDs

significantly reduced because of having major stiffness of the friction device.

e The use of LRB and FD together was very effective in diminishing the
absolute acceleration. When compared to other models, in 5-storey OMF with

FD and LRB together led to greatest reduction about 88.1 %.

e Given that LRB lateral movement demand and the braking effect of the FD
simultaneously it was observed that combined use of LRB and FD caused the

greatest relative displacement reduction that of 5-storey SMF with FD and

LRB together was reduced by 92.8%.

e  When the interstorey drift and relative displacement demand of the frames
was compared, it was seen that the use of FD and LRB together exhibited

more uniform drift distribution along the height of the frames.

e In particular, 10-storey SMF with FD and LRB had provided greatest

interstorey drift reduction with respect to the original frame about 84.8 %.
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The greatest interstorey drift ratio of the case study frames was observed in
the middle stories that led to excess the SP3 and SP4 limit state, while
utilization of the structural protective systems eliminated these sudden drift

enhancements and the occurrence of structural damage.

The results showed that the use of only LRB and combined use of FD with

LRB generated minimum base shear demand with respect to the other case.

It was observed that when upgraded with the structural protective systems,
the case study frames would be in the elastic range of the deformation thus
they had structural reliability, otherwise they could not satisfied the

requirement of SP1, SP2 and SP3 limit state.

Case-2 reported that the maximum isolator displacement was observed when
the isolation period and effective damping ratio reached to the greatest value

with the lowest yield strength ratio (i.e., T3B25FyW2.5).

The isolation system of T3B25FyW5 yielded the most uniform drift
distribution along the storey height, especially for 6-storey isolated frame

under Salvador earthquake.

The isolation system of T3B25FyW10, T2.5825FyW10, and T2.5815FyW10
gave the lowest value of the average roof drift for 3, 6, and 9-storey isolated

frames, respectively.

The isolation system having moderate values of isolation parameters (namely
T2.5815FyW5) exhibited significant reduction on the relative displacement,

especially for 6-storey isolated frame under all earthquakes.

The isolation system of T2.5815FyW5 having moderate isolation parameters
exhibited the lowest absolute acceleration as 2.58 and 4.18 m/s” for 3 and 9-

storey isolated frames subjected to Cape earthquake, respectively.

The lowest base shear was obtained in the isolation system of T3B35FyW10

for 3, 6, and 9-storey isolated frames under Northridge earthquake.
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The lower effective damping ratio and yield strength ratio were substantially
capable of reducing the base moment in case of the greatest isolation period,
especially in 6 and 9-storey frames equipped with the isolation system of

T3B85FyW5.

The use of appropriate isolation systems remarkably caused the largest
hysteretic curves and also the greatest dissipation of the hysteresis earthquake

energy, especially for 6-storey frames.

The greater values of isolation parameters generally seemed to be more
favorable when the seismic performance of the isolated frames was compared

in terms of the displacement and drift demands.

Case-3 pointed out that the isolation system composed of the greater T and B
with A (i.e., T3B15A3 and T3B810A3) was more prone to produce the greater

isolator displacement with respect to other isolation models.

The isolation system of T3B15A6 provided the lowest interstorey drift ratio

and also behaved more uniform distribution over the building height.

T3B15A6 gave the most uniform relative displacement distribution over
building height. The lowest value of the average relative displacement proved
as 3.31 cm for 3-storey frame with T3815A6 while it was found as 9.15 and

15.71 cm for 6 and 9-storey frames with T381513, respectively.

3, 6, and 9-storey frames with T3B5A3, T36815)A3, and T3B5L6 succeeded the
lowest value of the average absolute acceleration, respectively. Moreover, use
of greater isolation parameters ensured the more uniform absolute

acceleration distribution over the height of the structures.

The lowest normalized base shear of 0.108, 0.099, and 0.081 were obtained
when 3, 6, and 9-storey frames with T3B15A6 hit by Northridge earthquake.

The use of appropriate HDRB models noticeably provided not only
maximum energy dissipation but also the largest hysteretic curves,
furthermore aforementioned isolation system was liable to typical hysteretic

curve of HDRB.

136



Case-4 proved that the utilization of FD caused the greatest average
displacement reduction as 65.6 %. On the contrary, LRB and HDRB provided

the greatest average displacement increments as 67 and 74.5 %, respectively.

The greatest relative displacement reductions of 93.1, 81.9, and 92.4 % were
experienced in the combined cases of FD+LRB, FD+FPB, and FD+HDRB,

respectively.

It was shown that FD reduced the average roof drift as 65.6 % while it was
increased as 67.0 and 74.5 % by LRB and HDRB because of the horizontal

displacement demand of the elastomeric bearings, respectively.

Although each of the protective systems enhanced the poor seismic
performance of OMF, the fully operational damage state was only satisfied
by the combined cases, which also exhibited the most uniform drift

distribution along the height of the frame.

The success of the combined cases also proved by their absolute acceleration
demands. In particular, FD+HDRB provided the greatest average absolute

acceleration reduction about 89.6 %.

Although the friction-based protective systems of FD, FPB, and FD+FPB
substantially limited the interstorey drift ratio, they could not restrain the

absolute accelerations as much as FD+LRB and FD+HDRB.

LRB and FD+LRB, both of them performed the greatest average base shear
reductions about 84 % which was much more than the single implementation

of FD as 43.9 %.

At the end of the nonlinear analyses, FD, LRB, FPB, and HDRB obtained the

hysteretic cycles being similar to the bilinear model of the protective systems.

The largest energy dissipations of 20.10, 6.08, and 20.06 kJ were recognized
under Tabas, Gazli, and Hills earthquakes thanks to the protective system of
FD+HDRB, respectively.
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Appendix A: Hysteretic Curves for 3, 6, and 9-Storey Frame with FPB
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Figure A.1 Bi-linear force-deformation relation of 3-storey frame with FPB under

Gazl1 earthquake
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Figure A.2 Bi-linear force-deformation relation of 6-storey frame with FPB under

Gazli earthquake
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Appendix B: Hysteretic Curves for 3, 6, and 9-Storey Frame with HDRB
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Figure B.1 The force-deformation relation of 3, 6, and 9-storey frame with HDRB
under Gazli earthquake
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Appendix C: Hysteretic Curves for 5-Storey Frame with FD, LRB, FPB,
HDRB, FD+LRB, FD+FPB, and FD+HDRB
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Figure C.1 The force-deformation relation of 5-storey frame with FD under Cape

earthquake
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Figure C.2 The force-deformation relation of 5-storey frame with LRB, FPB,
HDRB, FD+LRB, FD+FPB, and FD+HDRB under Cape earthquake
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