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ABSTRACT

Earthquake protection by base isolation of bulldings has attracted
considerable attention in recent years. The main concept ~here is to
isolate the structures from ground Iinstead of the conventional
techniques of strengthening the structural members. This new design
methodology appears to have considerable potential in preventing damages
to the structures and non-structural elements. Loose contents in the

building are also protected.

In the present study, -earthquake protection of medium rise
reinforced concrete framed building by base isolation has been studied -
both analytically and experimentally. Model laminated rubber bearing
(LRB) has been designed for seismic isolation of a three storeyed r.c.
framed building during Shake Table test. Analytical studies are carried
out to asses the suitability of pure friction isolator (P-F), lead
rubber bearing (LLRB), sliding-elastomer bearing (EDF) for seismic

isolation of medium rise r.c. framed buildings.

Stability theories of [RB, proposed by different investigators,
have been studied in connection with design of model LRB. Static testing
of model bearing has been carried out to determine bearing parameters.
Compressive test has been carried out to determine the vertical
stiffness of the model bearing, which should have a very large value to
avoid rocking and other unwanted mcdes of vibration. Shear test of model
bearing under reversible lateral load shows that shear force-

displacement relationship is non-linear in nature.

Shake Table Tests of the three storeyed base isolated 1/6th scale
model has been carried out to assess the effectiveness of the base
isolation in controlling the response of the superstructure. Additional
loads are attached to each floor level for gravity load simulation.
Simulated earthquake motions generated from a time scaled average
spectra for alluvial soill, have been wused as the input table
acceleration histories. The model did not suffered any damage, even when
i1t was subjected to high peak table acceleration of the order of 0.55g.
Higher modes contribution in the seismic response of isolated structure

are effectively filtered out by model bearing.



Relative performances of P-F bearing, LRB, LLRB and EDF bearing in
controlling the response of a three storeyed r.c. structure, subjected
to unidirectional earthquake motion is studied. Geometry and post
yielding stiffness of =all LRB based isolation system are kept same,
while coefficient of friction in P-F and EDF isolators are considered to
be 0.1. The bilinear hysteretic behaviour of LRB and lead rubber bearing
are represented by equivalent linear stiffness and damping factor.
Frictional force developed at the sliding interface is modelled by rigid
plastic model. Superstructure is idealized as a rigld body and flexlible
model to understand the effects of flexibility of superstructure on
overall response of base isolated buildings. Koyna (Long., 1967) and
El-Centre (N-S, 1840) accelerogram is used as 1input excitations to
understand the behaviour of base 1isolated building subjected to
earthquakesg with different characteristics. A unified solution algorithm
has been developed for analysis of base isolated building supported over

selected isolation systems, based on Newmark's method in predictor-

corrector form.

Effects of superstructure flexibility on the base displacement for
LRB, LLRB and EDF isolation systems are not significant, although
acceleration response increases slightly, when the flexibility of
superstructure has been taken into account. But, both base displacement
and acceleration response for P-F bearing are largely influenced by
flexibility of the superstructure. It is observed that base isolation
technique is more effective in controlling the response of the structure
for earthquake excitation with most of 1its energy contents in high
frequency range. Fourier decomposition of roof acceleration for both
excltations show that LRB acts as low pass filter and higher modes
contribution is lowest for this system as compared to LLRB and EDF

bearing. P-F is not able to filter out high frequency contribution in

the response.

When isolated structure experiences multidirectional motion due to
asymmetry in the structure and/or due to multidirectional excitation, it
becomes very difficult to compute the response of the base isolated
structure by modelling the hysteretic behaviour of LRB based isolation
systems by bilinear model and that of sliding systems by rigid plastic
model. In the present study, hysteretic non-linear model developed by

Wen and modified visco-plastic model developed by Constantinou ei al.

v



have been considered for modelling different types of isolation system
under both unidirectional and bidirectional motions. Close form solution
of stiff differential equation of hysteretic model for forces mobilized
in non-linear elements of different isolation systems are obtained.
Experimental shear force-displacement relationship obtained from
uniaxial test of present study and that obtained by other investigator
from both uniaxial and biaxial tests, have been simulated. Simulated
hysteresis loops of different isolation system under both uniaxial and
biaxial motion are found to be in good agreement with experimentally

obtalned hysteresis loops.

A unified solution algorithm has been developed for computation of
response of medium-rise base isolated structures, considering non-linear
behaviour of isolation systems, subjected to general plane motion. This
solution algorithm is based on Newmark’s method in predictor¥corrector
form. The centre of mass of all the floors and the base are assumed to

be on the same vertical axis.

The response of a three storeyed r.c. framed building supported
over ejther - P-F bearing, LRB, LLRB or EDF system, subjected to
bidirectional motion of Koyna earthquake (1967), has been studied.
Comparison of response of isolated structure in a particular direction
for unidirectional and bidirectional excitations reflects the effects of
biaxial interaction between orthogonal components of restoring force of
isolation bearings. Response of solution algorithm and the computer
programs developed in this study are 1in good agreement with that

obtained from the more complex numerical studies reported in the

literature.

Slender shape of model LRB used for isolation of the test structure
during Shake Table test, induced rocking mode of vibration in the
overall response of the isolated structure. When, an additional rocking
degree of freedom 1is incorporated only at the rigid base of the
superstructure, computed response obtained from flexible model is found
to be in close agreement with the experimental response of the model.
Thus, response of the base isclated medium-rise framed buildings can be
predicted reliably by solution algorithm and computer programs developed

in the present study.
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Vector of residual force in superstructure
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¢ = Residual force in rigid body

G = Shear modulus of elastomer

g = acceleration due to gravity
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CHAPTER 1

INTRODUCTION

1.1 General

In conventional medium-rise buildings, the fundamental frequency of
vibration is in the range of frequencles where earthquake energy is
maximum. This means that the building acts as an amplifier of the ground
vibrations and the accelerations experlenced at each floor level
Increase to the top. This also causes additional stresses in the frame
and more interstorey drifts which may cause damage to the columns
between floors. The amplified accelerations at each floor act on the
contents and occupants of the floor. It can cause severa damage to these
contents and non-structural elements even when no damage occurs to the
structure 1itself. Earthquake resistant design of structure can be

broadly classified into two categories (i) Conventional Earthquake

Resistant Design (1i) Non-conventional Earthquake Resistant Design.

These are briefly discussed here.

1.1.1 Conventional Earthquake Resistant Design: Conventional design
of practice for seismic safety of structure permits mobilization of
inelastic action in its suitable components, which will provide that
structure with significant energy dissipation potential to enable it to
withstand a severe earthquake without collapse. This inelastic action is
typically Intended to occur in especially detailed critical reglions of
the structure, usually in the beams,_adjacent to the bcam-column Jjoints.
Inelastic behaviour in these reglons, while able to dissipate
substantial energy, also results in often'significant damage to the
structural member and although the regions may be well detalled, their
hysteretic behaviour will degrade with repeated inelastic cycling. The
interstorey drifts required to achleve significant hysteretic energy
dissipation in critical regions are large and would usually result in

substantial damage to non-structural elements such as infill walls,



partitions, doorways, and ceilings.

1.1.2 Non-conventional Earthquake Resistant Design: To overcome Lhe
shortcomings inherent in the philosophy of conventional earthquake
resistant design a number of innovalive approaches have been developed.
An overview of non-conventional systems for earthqdake resistant design
is presented In Fig.1.1. In passive control, the behaviour of the
structure depends on characteristics of the input motion. Earthquake
protection of structures by passive control. can be divided into two
classes - (a) Base Isolation Techniques and (b) Energy Absorbing
Devices. In base Iisolation technique the superstructure is decoupled
from foundation by means of selsmic isolation system{ which reduces the
transmission of damaging earthquake motion to the building. Energy
absorbing devices control seismic response of the bullding by
dissipating earthquake energy transmitted to the building. These devices
are placed in suitable position in different floor levelis of Lthe

building.

Active control is other form of non-conventional earthquake
resistant design in which earthquake input and response motion are
measured by sensors and response of the building are controlled by
adding a force using external energy supply or changing the dynamic

stiffness and damping characteristics of the structure.

In this study, earthquake protection of medium-rise r.c. framed

buildings using base isolation technique is studied.

1.2 Base Isolation

A recent break through In earthquake engincering called "Basc
Isolation"” is likely to revolutionize the way buildings are engineered
in earthquake-prone areas. Buildings are mounted on rubber-steel-
combination pads or on other isolators that during an earthquake, preve-
nt most of the damaging horizontal component of the ground vibration
from being transmitted to the buildings. Contrary to conventional
design, lcose contents of the buildingé and non-structural components
are also protected, therefore, bulldings can be expected to remain

functional even after an earthquake.



Base lisolation is based on a new principle: rather than tying a
building firmly to its foundation, the two are decoupled, which permits
the building to float on top of isolation systems during earthquakes.
Figure 1.1 shows three of the existing base isolated buildings construc-
ted in New Zealand, Japan, U.S.A. respectively and Table 1.1 gives a
directory of base isolated structures constructed in different parts of
the world. This new principle opens the door to further research and

improvements in our search for better seismic safety.
1.2.1 Basic Elements of Base Isolation System

[t is helpful when reviewing current world wide development 1in
seismic isolation to first identify the basic elements of a practical
base isolation system. These are - (a) Flexible mounting (b) Energy

absorbing device and (c) Rigidity for low lateral load.

m Flexible Mounting: The elastomeric bearings are made of many
alternate elastomer layers and reinforcing steel plates and their
performance as bridge bearings are well proved because these bearings
can accommodate thermal exoansion and creep movement of bridges. It is
possible to support buildings on elastomeric bearings and in excess of
150 examples exist in Europe and Australia, where buildings have been
successfully mounted on these pads. To date laminated rubber bearing
made from elastomer or natural rubber has been used not only for seismic
protection but also for vertical vibration isolation due to traffic and
other disturbances. By increasing the thickness of the elastomer layer
in the bearing, desired lateral flexibility and period shift can be

attained for achieving safety against earthquakes.

A laminated rubber bearing is not ohly a means of ‘introducing
flexibility into a structure, but it certainly appears to be most
practical and the one with widest range of application to date. Other
possible devices Include rollers, sliding bearing, sleeved plles,

rocking foundations, air cushions and coil springs.

The reduction in lateral force with increasing period (flexibility)
is shown schematically in the acceleration response spectra of

Fig.1.1(a). Substantial reductions in base shear are possible as the



perlod of vibratlon is lengthened but the degree of reduction depends on

the initial fixed base period and the shape of response spectra curve.

However, the additional t'lexibility needed to lengthen the period
will also give rise to large relative displacements across the flexible
mount. Fig.1.1(b) shows an idealized displacement response curVe from
which displacements are seen to increase with increasing perlod (flexib-
ility). These displacements can be reduced if additional damping is
introduced at the level of the isolators (Fig.1.1(b)).

m Energy Absorbing Device: One of the most effective means of
providing a substantial level of additional damping 1is through
hysteretic energy dissipation. The term hysteretic refers to the offset
in the loading and unloading curves under cyclic loading. The work done
during loading 1Is not completely recovered during unloading and
difference is lost (dissipated) as heat. Fig.1.1(c) shows an idealized
force-displacement loop where the enclosed area is a measure of the

energy dissipated during one cycle of motlon.

Elastomers or natural rubber exhibit this property to some extent.
By the addition of special purpose flillers éo these materials, it s
possible to Increase their material hysteresis without unduly affecting
their mechanical properties. Such a technique gives a useful source of
damping but so far, It has not been possible to achleve the same level
of energy dissipation as it is possible with the plastic deformation of
a metal or utlilizing frictional energy dissipation. Mechanical devices
which use the plastic deformation of metals or frictional couple to
achieve supplemental damping have been developed. Hydraullic damping has
been used successfully in many special purpose structures. Potentially
high damping forces are possible from viscous fluid flow, but
malntenance requirements and high initial cost have restricted the use

of this particular device.

g Rigidity for Low Lateral Loads: While lateral flexibility is
required to isolate agalnst seismic loads, it is clearly undesirable to
have a structural system which will vibrate perceptively under

frequently occurring loads such as minor earthquakes or wind loads.

Speclally formulated elaslomers or nalural rubber take advantage of
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the dependence of shear modulus on stratn amplitude to provide initial
resistance to wind. At low strains, these elastomers and natural rubber
exhibit high moduli than their moduli at high strains. Softening occurs
with increasing straln and thé desired isolation is then achieved. This
behaviour is evident from the Fig.1.1(c). In pure friction isolation

system this can be achieved by selecting coefficlent of friction

appropriately.
1.3 Identification of the Problem

Medium-rise multistoreyed building is chosen for base isolation for
earthquake protection, since shorter buildings could easily be made
strong enough to resist the fixed base inertia forces, while taller ones
would not benefit because they would already have periods comparable to

the two seconds typical of present day lsolated structures.

In conventional seismic design of a fixed base structure the
designer accepts a priorl that the ground motion will impart to the
structure a certain amount of energy. Thls energy must be dissipated If
it 1s not to cause high floor accelerations or strong drifts, and it is
generally achleved through i{nelastic deformation of the structural
framing membgrs as discussed earlier. This leads to the paradoxical
conclusion that the integrity of the structure is assured only by
deliberately 1nflictin§ damage on it. However, seismic isolation makes
use of the idea of prevention rather than cure. The energy is largely
prevented from entering the structure by decoupling the latter from the
ground motlon, thereby reducing both the ductility demand and the floor
accelerations. Deslign for this double benefit is not possible in fixed

base structures.

The perfect isolators would completeiy separate the structure from
the ground by mounting it on a medlum with no shear resistance, such as
invicid fluld or perfect roller bearings. The ground movement then could
not influence the movement of the structure at all. Practical versions
of such devices have not yet been developed and prdbably never will be,

however substantial but imperfect separation can be achieved by

flexible mounting.



In the present study, the performance of four isolation system have
been studled for selsmic isolation of medium-rise multistoreyed framed
reinforced concrete bulilding. These bearings are (1) Laminated rubber
bearing (2) Lead rubber bearing (3) Pure sliding bearing and (4) Sliding-
elastomer bearing. These four isolation systems are chosen, because they
are relatively simple in construction and cost effective, and these
would be suitable for technologically developing countries. The dynamic
response of the 1isolated system must be predictable for selsmic
isolation Lo be successlul. Keeplng Lhis In view, simple yet accurate
mathematical models have been Investigated for modelling the structure
and in particular the Iisolators. A 1/6th scale three storeyed base
isolated reinforced concrete model was tested on the computerlized shake
table facilities of University of Roorkee. Measured responses are

compared with the computed response for validatlion of analytical models.

1.4 Objectives

The work has been undertaken for earthquake protection of medium-
rise multl storeyed r.c. framed bullding by base 1solation, with
followlng obJectlives: ‘

(1 ) to review the literature, covering various base isolation systems

developed and behaviour of base Isolated buildings.
(11 ) to develop seismic lisolation systems suitable for medlium-rise
buildings.

(111) to perform earthquake simulator tests of a model base isolated

r.c. frame building.

(iv ) to investigate analytical methods suitable for simulation of beha-

viour of bulldings isolated by different base lsolatlon systems.

(v ) to develop the necessary computer programs for analysls of

response of base lsolated bullding.

(vi ) to validate the analytical model by comparing the computed

responSe with the experimental response.

1.5 Scope of the Study

To develop efficlent and cost effective Isolation system and to

understand the behaviour of base isolated bullding following tasks were
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undertaken:
1.5.1 Experimental study

(1 ) Investigation of avallable stability theories for LRB, design of
the LRB model for selsm!c isolatlon of the test model and its
testing to determine isolator parameters which Influonce the

behaviour of base isolated system.

(11 ) Free vibration testing of the base Isolated test model to determi-

ne dynamic characteristics of the isolated system.

(1i1) Earthquake simulator testing of the base isolated test model on a

computerized shake table for observation of its dynamic behaviour.

1.5.2 Analytical study

(1 ) Mathematical ideallzation of the bullding-isolator system for
prediction of 1{ts dynamic behnvloﬁr. The 1isolated bullding is
{deallzed as (1) rigid body model, (11} lumped mass model, (i1})
3-D model (3 dof per floor). Non-linecar behaviour of lsolators is

modelled in light of experimental observations.

(11 ) Development of computational algorithm for analysis of dynamlc
responses of the bullding isolated by various isolation systems

for both unidirectional and general plane motion.

(111) Development of simplified equivalent linear method of analysis for

practlcal design purpose.

(1v ) Comparative study of behaviour of the LRB isolation system with

that of the other isolation systems.

Validation of analytical models Iinvestigated in this study, by
correlating the analyllcal results with experimental resulls and

results of other Investigators.
1.6 Outline of the Thesis

A review of carller investigatlions on different types of base isol-
ation systems developed in different parts of world, analytical and
experimental behaviour of the base Isolators and base isolated bullding

as a whole under dynamic loading condition are presented in Chapter 2.
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Chapter 3 describes the design and testing of the selectod
isolators for the base isolated test structure for determination of

important parameters.

Chapter 4 presents free vibratlon test and earthquake stmulator
test of the base isolated test model. Base isolated test structure
supported on sclected Isolnlion syalom are subjected Lo a arlificially
generated earthquake Input motlon. Measured responses of the test

structure are presented in this chapter,

Chapter 5 presents the analysis of base isolated building under
uniaxial excitation. Tn this chapter the building is idealized as rigid
body model and lumped mass model. Force-displacement characteristics of
isolation systems are idealized by conventional hysteretic models.
Computed responscs of base isolated test model is compared with measured

responses of earthquake simulator tests.

Chapter 6 presents the analysis of base isolated bullding for
general plane base motjon. For modelling bidirectional motion of
non-linear lIsolation elements, the coupled differentlal equation have
been used. Medlum-rise multistorey shear bullding 1s ldeallzed as
simplified 3-D model In the analysis. The response obtained from the
solution algorithm developed In the present study are compared with that

reported in the literature.

The conclusions of the present work and suggestion for future

studies are included in Chapter 7.



Table 1.1 (a) Directory

of VWorldwide
by Buckle and Mayes(1990)

Base-isolation Activity (1)

Country Constructed Facilities Activity Organizations
BELGIUM D* Appolonia
CANADA coal shiploader, Prince Univ. British Columbla, Vancouver
Rupert B.C. Pall Dynamics, Montreal
Swan Wooster Engg., Vancouver
Khanna Consultants Intl.
CHILE ore shiploader, Guacolda | University of Chile
CHINA houses (1975), Central Research Inst. of Bullding
welgh station (1980), and Construction, Beljing
4-gtory dormitory,
BelJing (1981)
ENGLAND nuclear fuel reprocessing| Malaysian Rubber Producers
plant Research Association
Rubber Consultants, Ltd.
Imperial College of Science and
Technology, London
University of Southhampton
FINLAND Imatran Voima Company
FRANCE houses (1977-1982) Centre National de la Recherche
3-story school, Lambesc Scientifique, Marscille
(1978) Centre d'Etudes Nuclealres de
nuclear waste storage Saclay
facility (1882) Electricite de France
nuclear power plants Sple Batignolies
Cruas and Le Pellirin
GERMANY GERB-Gesellschaft fur Isolierunge;
Berlin; Kraftwerke Union;
Engineering Decision Analysis;
Polensky and Zolher, Frankfurt
Jupp Grote
GREECE of fice bulldings, Athens University of Patras
HUNGARY Technical University of Budapest
ICELAND bridges Iceland Highway Dept.
INDIA University of Roorkee
Bhabha Atomlec Research Center
IRAN/IRAQ nuclear power plant,
Kanun River (1978)
12-story bullding. Teheran
(1968)
Israel Israel Institute of Technology
Haifa




Table 1.1 (b)

by Nuckle nnd Mayes(1990)

Directory of Worldwide Base-isolation Activity

Country Constructed Facilities Activity Organizations
ITALY® 3 viaducts Autostrade, Roma
TESIT, Milano
Polytechnic of Milan
JAPAN® 4 houses/spartments Talsel Corp., Tokyo Kenchiku.
7 research laboratories Okumura Corp., Ohbayashi-gumi,
2 museums Ltd., Oiles Industry, Sumitomo
5 offlce bulldings Construction, Takenuku Komutan
Co., KaJima Corp., Shimizu
Construction Co., Ministry of
Construction, Univ. of Tokyo. ,
Tohoku Univ., CRIEPI/Federation
of Electric Power Companies
MEXICO 1 4-story school, Mexico City | Gonzales Flores, Cons. Engr.
(1974)
MIDDLE storage tanks for liquid
EAST propane and butane®*
NEWZEALAND 2 office buildihgs Auckland Physics and Engg. Lab., DSIR
and Wellington(1882 and 1983)| University of Auckland
37 bridges Ministry of Works and Devp.
2 Industrial struclures Beca, Carter, Hollings & Ferner
(chimney and boller) Holmes, Wood, Poole & Johnstone
RUMANTA Polytechnic Institute of Jassy
U.S.S.R. 1 7-story building, Sevastopol
SOUTH AFRICA |1 nuclear power plant, Koeberg
SWITZERLAND Swiss Federal Inst. of Tech.
Zurich Selsma A.G.
U.S. A, 6 bridges Dynamic Isolatlon Systems
3 buildings Unlv. of Californla, Berkeley
3 industrial structures Reild and Tarics/Base Isolation
Consultants Forell/Elsesser,
Reaveley Englneers, California
and Illinols Departments of
Transportation
YUGOSLAVIA 1 3-story school (1969), Univ. of "Kirtl and MetodiJ"
Skopje

»

Both Italy and Japan also have a large number of partially
isolated bridges which are not included in above tabel.

These flve tanks are only partially isolated for selsmic loads and

have therefore not been counted in above table
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CHAPTER 2

REVIEW OF LITERATURE

2.1 Introduction

The idea of protecting buildings by base isolation is so appealing
that Inventors have found it irresistible and number of ways tou do this
have been patented or proposed. The goal of all isolation system develo-
ped so far is to reduce the accelerations in the buildings below the
ground accelerations. In low or medium-rise buildings this is achieved
by Incorporating flexibility at the foundation level by the use of base
isolation. Recent developments in rubber technology have made the idea
of base isolation a practical reality. in this Chapter a brief review of

selsmic base isolation and its applications to buildings are presented.
2.2 Early Development on Isolation System

Frank Lloyd Wright designed the Imperial Hotel in Tokyo in 1921 and
possibly this was the first bullding constructed using seismic isolation
concept. Under the site was an 8 ft layer of fairly good soil and below
that a layer of soft mud. This layer appeared to Wright as a good cushi-
on to relleve the terrible shocks. The building performed extremely well

In the devastating 1923 Tokyo earthquake.

Fintel and Khan(1968) developed a new approach of earthquake resis-
tant design, called the soft first storey method, in which the first
storey column is allowed to yield during an earthquake, producing an
energy absorbing action and controlling displacements. However in this
approach, large sideways in the first storey level could produce severe

damage, causing collapse of the building a distinct possibility.

In the‘process of search for better isolation system many types of

roller bearing system have been proposed, and several have been patented

14



and tested [Capse(1984)]. Since the ground movement can be in any direc-
tion, it is necessary to use spherical bearings or two crossed layers of

rollers. The rollers and the spherical bearings are very low in damping

provide wind restraint and energy absorbing capacity is needed. Since a
roller isolation system could sit unattended, unﬁaintained for séveral
decades in the basement of building, it is likely that its performance
when called on could be disastrous. When steel presses against steel for

a long period, there is a possibility of cold welding which could cause
the system to become rigid after a time.

A three storeyed concrete building was constructed 1in Skop e,
Yugoslavia in 1969 for a elementary school. This building rests on large
blocks of natural rubber for earthquake‘protection. In contrast with
more recent rubber bearings, these blocks are completely unreinforced S0
that the weight of the building causes them to bulge sldeways. The
vertical stiffness of the system is about the same as the horizontal so
that the building will bounce and will rock backwards and forwards. It
Is unlikely that this approach will be used again.

2.3 Recent Isolation Systems and Their Behaviour

2.3.1 Laminated Rubber Bearing: Many isolation system have been pro-
posed since the turn of the century to achieve the seismic isolation of
structures, but so far only a very limited number have actually been
implemented. Among the isolation systems that have galned acceptance,
the most common is the laminated rubber bearing systenm (Fig. 2.1). The
bearings are made by vulcanization bonding of rubber/elastomer sheets to
thin steel reinforcing plates. The steel feinforcement increases the
compressive stiffness of the unit while maintaining the desired low
horizontal stiffness. Their action under selsmic loading is to Isolate
the building from the horizontal components of the earthquake ground
motion, while the vertical components are transmitted to the structure
relatively unchanged. Vertical accelerations are not normally a problem
for most bulldings. Laminated rubber bearings (LRBs) are suitable for
medium-rise reinforced concrete buildings. For buildings up to seven
storeys wind load will not be important and also uplift on the bearings
will not occur. The LRBs are similar to bridge bearings and experience

with these gives confidence in their longevity, reliability, and
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resistance to various environmental degradations.

When a combined system of building éupported over LRB is modelled
as a linear viscously damped system, very simple solution will result.
If the flxed base fundamental {requency ol the bullding 1s much higher
than thaf of the lsolated, say 3 Hz as compared with 0.5 Hz for the
isolated case, the first mode of the isolated building is mainly a rigid
body mode with all deformation in the rubber. The second mode has a fre-
quency about 50 % to 100 % above the first f{ixed base frequency [ Kelly
(1986)]. The seismic input to the structure can be treated as an equiva-
lent lateral load which s proportional to the rigld body mode. Since it
s a characteristic of a linear vibrating system that all modes are
mutually orthogonal, this meéns that all modes higher than the first
will be orthogonal to the input motlon, so that 1If there are high
energiles in the earthquake ground movement at the frequencies of these
higher modes, this energy can not be transmitted into the bullding.
Thus, the isolatlion system works not by absorption of these energies but

by deflecting them.

ISOMETRIC VIEW
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Fig.2.1 Laminated Rubber Bearing [Aiken et al.(1989)]

16



A simple form of rubber bearing isolation system was used for a
three storey school In the small town of lambese near Marscilles in
France [Delfosse(1977, 1880)]. In this bullding there are no wind
restralnts or additional elements to enhance damping and the period of
the isolated bullding is around 1.70 sec. Since this schcol has been
completed, the designer of the isolation system, Glilles Delfosse, has
built three houses in the neighbouring community of Saint-Martin de
Castlllon..Delfosse has alsce designed an isolatlion system (GAPEC) of
this kind for a three storsy bullding for Lhe slorage of radloactlive
waste [Delfosse and Delfosse(1984)]. If it were not lsolated, Lhe perlod
of the structure would be 0.30 sec and the peak acceleration would have
been 0.61g. With lsolators the period becomes 0.73 sec and acceleratlion
is reduced to 0.33g. In recent yearé there has been a considerable

amount of research Into improving rubber compounds used in the bearing
[Derham(1982)].

Base isolated bullding have colncident periods in both lateral
directions and in torsion. They can also have coincident periods in pure
vertical mode and rocking mode. Analytical study of torsional and later-
al modes coupling [Pan and Kelly (1983)] and vertlcal and rocking modes
coupling [Pan and Kelly (1884)] shows that with the degree of damping
that 1s possible in rubber/elastomer bearlngs the {nfluence of such
coupling is unlikely to be of importance. The use of base isolation for
unsymmetrical bulldings would be very benellcial in that the bearings
could be located to balance the centre of mass and the centre of
resistance, 1t would thus cancel Lhe negative structural effects of the

configuration [Nakamura et al.(1988)].

Skinner et al.(1992) have studied analytically the effects of the
degree of isolation on the modal profiles and periods, and on the seism-
ic motions and loads, of a linearly isolated system and the effects of
{solator nonlincarity in the selsmic response calculation. They observed
that, by the time lsolation factor 'I' (the ratlo between the flexlibill-
ty of the isolator and the flexibility of the structure) has been
increased to 2.0, the mode shapes are anlready close Lo thelr completely
isolated (I = a) profiles. To study the effects of non-linearity,
isolator has been modelled as bilinear hysteretic and a lisolator non-
linearity factor was defined. It has been established that non-linearity

factor, If not suppressed by high elastic phase lsolatlon factor, can
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give rise to substantial higher mode contribution to seismic loads and

to large increases in floor acceleration spectra at shorter periods,

Mizukoshi et al.(1992) carried out experimental studies in order to
find the effect of geometric shapes on shear failure limit characterist-
ics. The ‘geometric shape of laminated rubber bearing with circular
section is determined by two shape factors - primary and secondary shape
factors. The tests were conducted to grasp the effect of the primary and
secondary shape factors of the rubber bearings on the faillure limit
characteristics. The test results have shown that the influence of the
geometric shapes were significant on shear deformation capacity of

rubber bearings under high axial pressure.

2.3.2 Lead Rubber Bearing: Pioneering works on base Isolation was
carried out in New Zealand since early 1870's [Skinner et al.(1975,
1976), Skinner(1984)]. Damping that is inherent in wusual rubber
compounds as well as neoprene is rather low at that time, for use in
aselsmic design. Research in New Zealand resulted in the development of
several energy absorbing devices that could enhance damping in rubber
bearing. Of these the laminated rubber bearing with lead core (LLRB) as
shown in Fig.2.2 is one of the most highly developed in the late 1970’s
[Robinson and Tucker(1977)]. The lead plug produces a substantial
increase in damping from approximately 10 % of critical damping in the
avallable rubber to about 20 % and also increases the resistance to wind
loading. The building in which these isolators are used is in Wellington
which is in a region of high seismicity. The building is four stories

high and has a reinforced concrete frame [Meggett(1984)].

Analytical studies of the response of bulldings supported over
LLRB isolation system has been carried out [Lee and Medland(1978)].
Earthquake simulator tests of a model building on LLRB have been carried
out by Kelly and Hodder(1982). The theoretical studies and the
experimental results show that the lead plugs generally reduce the base
displacement but increases the response contribution of higher modes.
There have been problems with the lead working into the rubber and
problems with the lead plug fracturing thereby reducing its
effectiveness. Extensive studies were carried out by Robinson(1982) to

understand the behaviour of this system and improve its performance.
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Fig.2.2 Lead Rubber Bearing [Aiken et al.(1989)]

A comprehensive serles of tests on such bearings were carried out
in New Zealand [Built(1982)]. The test series revealed a problem of
substantial reduction in energy dissipation with reductions in load
carried by the bearing. The tests also showed a deterioration of damping
properties with the number of cycles caused by fracture of lead plug.
Mitigation of these problems was achieved by confining the lead plug by
colls or steel washers [Tyler and Robinson(1985)] and by reducing the

thickness of individual rubber layers.

LLRB isolation system got wide acceptance in Japan and about ten
numbers of base isolated buildings were constructed in Japan in mid
1980's. Extensive testing of this isolation was carried out {Shimoda et
al.(1988), Hirasawa et al.(1988)]. These studies show that the equiv-
alent damping ratio and equlvalent stiffness are function of the strain
level and the vertical load. These also Indlcate that the equivalent
damping ratios are more affected by the vertical load than the strain
level, while the equivalent stiffness are more affected by the strain
level than the magnitude of the vertical load. Detalled analytical work
of base isolated building supported over LLRB was carried out by
Miyazaki et al.(1988). It indicates that the maximum acceleration and
displacement response are almost the same, these neither depend on floor
levels nor on the input waves. The maximum acceleration and displacement
response depend on intensity level of earthquake input. This lisolation

system shows the better performance when subjected to severe excitatlion.
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2.3.3 High Damping Laminated Rubber Bearing: High damping LRBs was
used for the first time for seismic isolation of Foothill Communitles
Law and Justice Centre, in San Bernardino County, California [Derham et
al.(1985)]. This happened to be the first base isolated building in the
United States. The site of the bullding is 20 km from the San Andreas
fauit. The isolators are made from highly filled natural rubber which
has mechanical properties that make 1t ideal for base»!solation system
with high damping property. Its shear stiffness is high for small
stralns but decreases by a factor of about four or five as the strain
Increases, reaching a minimum value at a shear strain of 50 %. For
strains greater than 100 % the stiffness begins to increase again. Thus
for small loading caused by wind or low intensity seismic loading the
system has high stiffness and as load intenslity increases the stiffness
drops. For very high load, say above the maximum credible earthquake,
the stiffness increases again providing fail-safe action. The damping
follows the same pattern but lesc dramatically, decreasing from an
Inftial value of 20 % to a minlmum of 10 % and then increasing again. In
the design of the system the minimum values of stiffness and dampling are
assumed and the response is takeﬁ to be linear. The high initial
stiffness 1is invoked only for wind load design and the large strain
response only for fall-safe actlon. These characteristics of the

bearings make the structure distinctly different from other base
isolated buildings.

In Japan, experimental work on base isolation by lamlinated high
damping rubber was carried out [Takeda et al.(1988)]. In this study,
several tests were performed on the base isolated building with
laminated high damping rubber, which was developed aiming at isolating
both of micro vibration and earthquake. As for micro vibration it is
important to conslder vertical vibration as well as horlizontal vibratlion
which 1s dominant in earthquake. Therefore, the high damping rubber is
designed alming at isolating vibration in vertical direction also. The
forced vibratlon tests were carried out In wide frequency range from 4
Hz upto 400 Hz and earthquake observation were also made at this
bullding. This study showed that during an earthquake, this base
Isolation system {solates the building proper from the earthquake, while
during normal times 1t effecti: *ly isolates the bullding from traffic
vibrations and machinery and equipment vibrations. Therefore, its use in

buildings close to railway tracks and bulldings and terminals above
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subways, is considered promising.

Aiken et al.(1989) carried out experimental and analytical studies
of low shape factor (LSF) elastomeric seismic isolation bearings. These
bearings were designed for a selsmic isolation application to provide
horizontal and vertical isolation. This dual requirement led to a
bearing desigd with a shape factor smaller than usual for a bearings
designed to provide horizontal isolation only. Bearings were
manufactured from both filled, high damping and natural rubber compound.
An extensive series of test was under taken in the test set-up shown 1in
Fig. 2.3(a) to investigate the performance characteristics of bearings
with dowelled and bolted end connections. On the basis of the test
results a number of comparisons were made of different bearings. The
influence of axial load and shear strain on bearing characteristics of
shear stiffness, vertical stiffness, and damping behaviour were
investigated, with particular emphasis on evaluating the consequences of
a low shape factor. Fig. 2.3(b) and 2.3(c) show two force-displacement
hysteresis loops of a high damping LRB for two different shear strain
levels and vertical loads. The shear tests demonstrated that the LSF
bearings posses stable stiffness and damping properties. The bearings

also showed a general reduction of stiffness with increasing axial load.

Suzuki et al.(1992) developed a high damping seismic isolation
system using ferrite mixed high damping laminated natural rubber, which
is temperature Iindependent viscous in nature. They also developed
"equivelent linear method’ for practical design of isolation system, the
accuracy of which 1s verified by shake table testing. A damping factor
of the order of 10 % was provided by high damping ferrite rubber

isolator.

An extensive series of tests were carried out by Aiken et al.
(1892) to identify the mechanical characteristics of two types of high
damping isolation bearings and one type of LLRB. Cyclic horizontal
displacement tests, varying the fest parameters of shear displacement
amplitude, axial load and loading frequency were performed on all of the
bearings. Fundamental bearing stiffness and damping characteristics were
studled in terms of shear strain, axial load, and rate of loading. In
general, 1t wés found that variations iﬁ axial load and rate of loading

did not significantly affect bearing stiffness and damping properties
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for moderate shear strain levels. The ultimate-level shear tests
achieved bearing shear strain in excess of 500 percent before failure
occurred. The tension fallure tests revealed the very large tension

capacity of bolted high-damping bearings.

Serino et al.(1992) carried out shake table testing of a 394 kN
isolated mock-up for studying performance of high damping steel-
laminated rubber bearings under seismic inputs, alongwith development of
non-linear model of isolation system. Signiflcant reductions of the peak
acceleration ( upto 90 % ) have been observed during the seismic tests,
which have also demonstrated the small influence of the bi- and tri-

axlal interaction effects in the lsolation bearings.

2.3.4 LRB with Additional Energy Absorbing Device: Extensive studies
were carried out [Skinner et al.(1975)] in New Zealand on hystéretic
dampers. These dampers used in parallel with isolation systems acts as
energy absorbers which limit the quasi-resonant build-up of structural
deformations and forces. These dampers utilize solid steel beams to
deform plastically in various combination of torsional, flexural and
shear deformations. The design schemes for use of rubber bearings in
parallel with hysteretic dampers for effective earthquake protection of
bulldings and other types of structures were suggested [Skinner
et al.(1975)]. Experimental works on use of bars and curve plates of hot
rolled mild steel as energy absorbing device for controlling displaceme-
nt was carrled out [Stiemer and Zhou(1984)]. The proposed devices were
used {n parallel with {isolation systems {in buildings or other
structures. They were designed to deform elastically under minor loads
such as wind load and deform plastically when subjected to major
earthquake loadings to provide necessary damping for controlling

displacement.

Yasaka et al.(1988a) carricd out experimental studies to develop
LRB and steel rod damper for isolating a acoustic/ environmental
vibration laboratory building from ground ©borne micro tremors,
earthquake motlon and vibration induced by strong winds. Vertical spring
of rubber bearing was to be determined so as to have a natural frequency
of 5 Hz to cut off ground borne micro-tremor by more than 20 dB. The
post yleld spring of the system correspond to a natural frequency of 0.5

Hz. The steel rod damper was made from mild steel with yield stress 2.87
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Lf/cmz. Relnforced concrele deformalion restrainer was used to protect
the steel rod from local damage at the fixed end. Measurement of micro
tremor, éarthquake and wind observations have established its
satisfactory performance. The steel rod damper alongwith its restoring

force characteristics is shown in Fig. 2.4,
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I'ig.2.4 Hysleretic Behaviour of Steel Rod Damper [Yasaka et al.(1988)]
(a) Steel Rod Damper and (b) Force-Displacement Loop

Teramura et al.(1988) developed natural rubber bearing and special
steel bar damper fitted with spherical bearings. They used this system
for construction of 5§ storeyed High Tech R&D centre bullding. Thelr
analytical studies showed that the building would behave satisfactorily

in severe earthquakes, particularly against high frequency earthquakes.

Aoyagl et al.(1988) carrted out experimental and analytical studies
on seismic isolation of a four-storey reinforced concrete building. The
selsmic lisolation device consists of LRB and elasto-plastic steel
dampers. The elastoplastic dampers consists of four spiral steel bars
which allow to provide almost same functional characteristics for every
direction. Based on vibration test, earthquake response observation and
numerical analysis of the base isolated bullding they concluded that in
the large deformation region of isolation devices, the natural period
becomes longer considerably and large damping as designed and
acceleration response during earthquake differs accordingly to the

frequency characteristics of the ground motion.

Higashino et al.(1988) designed LRB and viscous dampers for seismic
Isolation of building and analyzed their performance against actual
earthquake. Viscous dampers developed employs the shear deformation of

viscous fluld. The viscous fluid used Is called SA-P. The fluild |is
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mainly composed of poly-butene and its viscousity is very high. The
ozone proof, water proof, acld proof and bacteria proof characteristics
of viscous fluld was found to be good according to the accelerated aging
test. Effectiveness of this lisolation system was confirmed by the
earthquake observation tests. Suzuki et al.(1992) developed a simple
viscous damper, which is shown in Fig. 2.5 alongwith its restoring force

displacement characteristics.
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Fig.2.5 Hysteretic Behaviour of Viscous Damper [Suzuki et al.(1992)]
(a) Viscous Damper and (b) Force-Displacement Loop

Izumi et al.(1988) studied the effectiveness of LRB and oll damper
for seismic lisolation of two buildings both experimentally and
analytically. They observed that the oil damper provides certaln
advantages since 1t has a rellable damping effect for not only large

amplitude of motion but also small amplitude of motlon.

Shimosaka et al.(1988) developed a new isolator consisting of LRB
and ball screw type dampers with magnetic damping device. They clainm
that using magnetic damper the relalive base displacement may be
attenuated by 20 or 30 % compared with the cuse ol olher conventional
hysteretic dampers. They studied the seismic responses of a seven
storoyed bullding lsolated by employing lominated rubbers wilh oll
damper and laminated rubbers with magnetic dampers and also the selsmic
response of non-isolated one. Results show that the displacement
response spectra from both isclated cases have narrower band peaks than
the non-isolated one, while the acceleration response spectra belonging

to both isolated cases have wlder band characteristics as compared with
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that of the non-lsoluled one.

Nokamura et al.(1992) developed a "Soft-Landing Mechanism' in a
effort to develop a base isolation system designed to reduce the seismic
forces acting on nuclear fuel facilities and to secure the safety of
such facilities even in case of excessively slrong ground motlion. The
soft-landing base (Fig. 2.6) has a sliding surface on which the superst-
ructure is set to land softly by using the subsidence of rubber bearing
accompanying lateral deformatlon !n an earthquake. Soft-landing functio-
ns without applying large acceleration to the superstructure and reduces
the deformation of the rubber bearings. Soft-landing load supporting

function prevents buckling caused by the deformation of the rubber

bearing.
Superstructure
rSlul Bar Dnaper
Rubber, - f 4 ﬁ“St. inless
Beuarienrg / ﬂ\{_t:el plate
: — ﬁ —IN Soft Landing
! i
Fig.2.6 Base Isolation System with Soft-landing Mechanism
[Nakamura et al.(1992)]
2.3.5 Pure Friction System: Pure friction (P-F) Isolallon system are

the simplest of all seismic isolation system developed so far. The
Isolation mechanism in this system Is purely sliding friction. There has
been a large amount of theoretical studies of pure friction isolation
system. Mostaghel and Tanbakuchi(1983), Kelly and Beucke(1983), Younis
and ToadJ-bakhsh(1984) studied the behaviour of pure (rictlon base
Isolation system under unidirectional horizontal sinusoidal and
carthquake excitations. These studleg established Lthe effectiveness of
pure sliding isolation system In controlling the level of acceleration

and displacement response. For low coefficient of friction, the
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acceleration does not vary with the frequency content of the ground
motion. This implies that this system can be effectlively used for all
kind of sites. Lin and Tadjbakhsh(1986) studled the effect of vertical
acceleration on the horizontal response of \isolation system. They
concluded that the force of friction and horizontal displacement
response are significantly affected by the vertical ground motion and
later on this study was extended by Liauw et al.(1888) to incorporate

the effect of soll flexibility. .

Arya et al.(1978), Arya(1984) carried out tests, where the perform-
ance of half-sizo singlo storey brick bulldings were subJected to shock
loading on & rallway wagon impact facility. Secveral types of model
buildings were tested, including both isolated and non-isolated, and it
was concluded that the buildings with a sliding isolation system

performed better than a conventlonal building.

In China, this system was Incorporated for construction of four
numbers of earthquake resistant masonry buildings. The approach adopted
there is providing a separation layer under the floor beams above a wall
foundation [L1(1984)]. A thin layer of speclially screened sand is lald
on the sliding surface and the bullding constructed on this. Since
low-rise concrete block or masonry bulldings are very stiff and heavy
structures, they are very susceptible to earthquake damage, but the
presence of the sliding layer allows a degree of f(lexlblility which

reduces the selsmic risk.

Tyler(1977) carried out tests on PTFE ( Poly Tetra Flouro Ethelene)
/stainless steel sliding bearing under earthquake condlitlons. Represent-
ative normal loads were applied together with a sliding actlion, giving a
maximum acceleration of 0.2g and a maximum velocity of 36 cm per sec,
i.e. motlons equivalent to a moderate to severe earthquake. At OOC
friction was found to have maximum coefficient which fell from 17 to 134
as the normal pressure was Increased from 15 to 25 MN/mm2° At ZOOC
corresponding values were reduced from 15 to 10 %. Maximum ffictlon
generally occured In the first cycle of loadling after which values fell.
After two 5 cycles the range of coefficlent friction was typically from
g to 5 %. Tests on the lubricated PTFE layers showed coefflclent of

friction less than 2 % under the above test conditlons. The malintenance

of this low value, over the years, would depend on the effective
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retention of the grease.

Mokha et al.(1980) carried out extensive testing to model the
frictional properties of sheet type Teflon-steel interfaces in relation
to théir application in silding bearings for base isolated bullding and
bridge structures. A serles of laboratory experiments in the test set-up
shown in Fig. 2.7(a) has been conducted on Teflon-steel interfaces to
determine the effcct of sliding veloclly, sliding acccleratlon, bearing
pressure, type of Teflon, and surface finlsh on frictional
characteristics of sliding bearings. It was found that sliding
acceleration has inslgniflcant c¢ffecls on the recorded values of
frictlonal force. However, sliding veloclity and becaring pressure have
important effects as shown in Fig. 2.7(b). Further, the breakway
friction coefficlent ( before Initiation of sliding)decreases with
increasing bearing pressure (Fig. 2.7(c)]. At the Initlatlon 6? sliding,
the ratio of breakway to sllding values of friction was 1.5 to 4.5,

Constantinou et al.(1990) developed a mathematical model of
frictional behaviour of Teflon sliding bearings for conditions of
Interest In base isolation. The calibration of the modei is based on
extensive experimental data that were presented by Mokha et al.(1990).
This model 1s capable of accounting for: (1) wunidirectional and
multidirectional motion at the teflon steel interfaces; (2) velocity and
pressure dependence of coeffliclenl of sliding friction and (3) breakway

( or static) friction effects.

2.3.6 Combined Systems: Sliding-elastomer base Isolation systenm
(Gueraud et al. (1985)}) developed under ausplcees of Electricite De
France (EDF). This system is standardized for nuclear power plants in
reglons of high selsmicity and ts constructed by the French company
Framatome. Typically the power plant is bullt over a bgge monolithic
concrete raft that covers several thousands of square meL;es. This base
raf't 1s supporled by hundreds of Isolutors that are In Lurn supported by
a foundation raft built directly on the ground. The main component of
EDF (Fig. 2.8) syslem consisls of a laminated ncoprence pud topped by a
lead bronze plate which Is in frictional contact with stainless steel
plate (u = 0.2) anchored to the structure. The EDF basec isolator, which
essentially uses an elastomeric bearing and f{rlctlon plate In series. At

lower level of ground excitation, lateral flexibllity of the neoprene
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pad lengthen the period of the structure above to achlieve selsnmic
Isolation. However, slip in frictional lInterface provides additional

safety at high level of excitatlions.
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Fig.2.8 EDF Isolation System Fig.2.9 R-FBI Isolation System [Mostaghel
[Gueraud et al.(1985)] : and Khodaverdian (1987)]

Mostaghel and Khodaverdian(1987) developed the resilient-friction
base isolator (R-FBI). This base isolator consists of concentric layers
of Teflon coated plates that are in frictional contact with each other
with a central rubber core is fltted but not bonded to the siidlng
plates (Fig. 2.9). The rubber core distributes the lateral displacement
across the helght of the lsolator and carries no gravity loads. The
Interfaclal friction force acts both as the structural fuse and as
energy absorber. This system combines the beneficial effects of friction
damping with that of the resiliency of rubber to filter out the high
energy carrying frequencies of the ground motlons, thus providing

Isolation over a wide frequency range.

Su et al.(1989) proposed a new isolation system named as Sliding
Resilient-Friction (SR-F) basc isolalor combining the desirable features
of the EDF base lsolator and R-FBI system. It was suggested tc replace
Lhe elastomeric bearings of FEDF base isolation system by the R-FBI
units. That 1s, the upper surface of the R-FBI system In the modified
design Is replaced by a friction plate. As a result, the structure can

slide on its foundation in a manner similar to that of EDF base isolati-
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on system in the event of severe ground excitation and thus provides
“additional safety. Analytical study confirms that the SR-F lIsolator

performs remarkably well under a variety of severe loading condlitlions.

Kawomura el al.(1988) developed w sliding type basce lsolation
system to reduce horizontal seismic acceleration, which was named TASS
system (TAISEI SHAKE SUPPRESSION SYSTEM). TASS system ls (Fig. 2.10)
generally composed of sllding bearing, bearing plates and horizontal
springs. Sliding bearings are placed on bearing plates and support the
welght of the super structure. llorizontal springs are [ixed between the
superstructure and foundation, .conneclting both parts. Slip occurs
between sliding bearings and bearing plates and Coulomb damping is
generated to absorb selsmic energy. llorizontal springs are used to

reduce selsmlic displacement responsc.
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Bearing plate over steel
Fig.2.10 TASS Isolation System Fig.2.11 FPS Isolation System
[Kawamura et al.(1988)] . [Zayas (1989)]

Zayas et al.(1983) developed Friction Pendulum System (FPS) using
principle of simple pendulum for achleving selsmic isolation is shown in
Fig. 2.11. The FPS uses geometry and gravity to achieve the desired
selsmic lsolation results. It is constructed of materials with
demonstrated longevity and resistance to environmental deterioration.
Mokha et al.(1991) carried out shake table study of the FPS installed
in a six storey, quarter scale, 52 Kip model structure. The lisolated
structure is found to be capable of withstanding strong earthquake

forces of different frequency content. The system 1s shown to have
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quantifiable properties. Analytical technlques have been presented

w hich provide accurate prediction of response.

GERB [Huffmann(1985)], a company specializing in vibration isolati-
on has developed a new system for the three dimensional earthquake
protection of whole structures, based on hellcal springs with definite
linear flexibility of similar order in all three dimensions and velocity
proportional visco-dampers, also highly effective in all degrees of
freedom. A five storey steel frame bullding supported over GERB
Isolation system have been tested on shake table of Earthquake Research
Institute at SkopJe and the test results have shown the effectiveness of

this system in minimizing structural response.

Caspe and Reinhorn(1986) developed an isolalion system known as
Earthquake Barrier System, which uses woven Teflon-steel inter-faces
under very high pressure (about 8,000 psi) in an attempt to reduce fric-
tion to_very low levels. Restoring force and energy absorption capacity
are provided by a combination of high friction interfaces and steel

beams designed to yleld in bending.
2.4 Optimum Isolation Damping

Optimun viscous lisolation damping in 1isolatlon mechanism for
minimum acceleration response of base-isolated structures subjJected to
statlonary random excitation was investigated by Inaudi and Kelly(1992).
In this study optlimum damping has been obtalned based on minimum peak
acceleration response to Gaussian excitation. The minimlzation of
acceleration varlances renders very simllar values for the opt imum
damping values and thls Is because of the fact that the peak factor lis
not sensitive to changes in the isolation damping. The results obtained
In this study show that the optimum isolation damping decreases with an
increase In the number of degrees of freedom. An lncrease In the dampling
of the superstructure produces an increase in the optimum damping value
while an increase In the flexibility of the superstructure tends to
decrease the optimum damping and amplify the peak floor accelerations.
The low-pass [llter churacteristlcs of a buse-isolaled structure are
deteriorated by a heavily damped lsolatlon systenm. Special care should
be taken in defining the isolation damping when designing an lisolated

structure for sensitive equipment protectlon.

32



Shustov(1892) observed that the damping force is an active driving
force, although it is mostly éonceived as a force of inelastic resistan-
ce durlng an earthquake type of excliatlon. The negative pushing effect
In damping mechanism is immedlate, where as Its positive dissipating
effect needs more time to fully develop. It was concluded that the low
damping base lIsolatlion would perform better than high damping system

because there will be greater frequency separation in the former.

2.5 Base Isolation on Soft Soil

Although, the concept of base isolation is gaining widespread
acceptance in different parts of the world, a question is belng raised
over the performance of base isolated bullding located at soft soil
sites as to the effect of a low-site natural frequency on isclated
structures. To address these concerns, Kelly(1991) carrled out an exper-
imental study on shake table at the Earthquake Simulator Laboratory of
Earthquake Englneering Research Center of the Unlversity of California
at Berkeley. Two different lsolation systems were uscd. in the shake
table tests. One isolatlion system was designed to provide the model with
a natural period that corresponds to the period of a proposed nuclear
facllity. The second system made use of a newly developed high damping
rubber with a low shear modulus which provides a frequency about twenty
five percent lower than that given by the first system. This allowed the
assessment of (1) the benefits of lengthening the period of isolation
system where the site is particularly soft and (i1i) the practicality of
long-period isolation systems based on elastomeric components. The test
serles has shown that the base lsolation systems can be used at soft-
soll sites under circumstances where the isolator loads and, consequent-
ly, the Isolator slzes are sufficlently large to accommodate the

resulting large displacement.
2.6 Comparative Study

Fan et al.(1990) carried an extenslve comparative study for evalua-
ting performances of various lsolation systems. This study reveals that
the acceleration time histories of a structure with Pure Friction system
and the R-FBI/SR-F lisolators show many sharp peaks. These sharp peaks
are generated by the slip-stick and reversal transitlons for which the

discontinuous changes of frictlion force ecxert shock loadings on the base
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of the structures. The contlnuous bul non-lincar transitlions of the Pure
Friction and the R-FBI/SR-F system generate high frequency components in
the absolute acceleratlon time histories. While, acceleration responses
with the LRB system, show relatlvely smooth time variations. 1t was also
observed that the acceleration response provided by the EDF system s

smoother in comparison to those of the Pure friction and the R-FBI/SR-F

systems.

2.7 Concluding Remarks

Base lisolatlion systems reviewed in the previous sectlons can be
broadly classified as (1) laminated rubber bearings (LRB) (ii) lead
rubber bearings (LLRB) (1tt) high dumping LRBs (iv) LRBs with additlionai
energy absorbing devices (v) Pure sliding systems (P-F)(vi) Comblned
systems. Fig.11 shows broad classification of different types.of recent

seismic isolation systems and energy absorbing devices.

In mid seventies LRBs were used in France for selsmic lsolation of
bulldings although inherent damping available in elastomer Is low. In
New Zealand and Japan, additional energy absorbing devices were develop-
ed, which act in parallel with LRBs for supplemental damping for restri-
cting base displacement within sacceptable 1imit. Most of the energy
absorbing devices utilize plastic deformation of metals, although other
forms of energy absorbing devices llke oll dampers, viscous dampers,
friction dampers have also been developed. Presence of energy absorbing
device makes the connectlion detalls al the base of the isolated bullding
more complicated and some of the energy absorbling devices have to be

replaced after experliencing an earthquake.

LLRB and hligh damping LRB comblnes the function of lisolator and
energy absorbing device In one unit and therefore, connection detalls at
the basement are relatively simple. Experiments carried out on LLRB
revealed that a deteriorations of damping properties with the number of
cycles caused by fracture of lead plug. Higher mode responses increase
in both LLRB and high damping LRB. It was also observed that the low
damping base l1solation would perform better than high damping system

because there will be greater frequency separation in the former.

Pure sliding systems are very slimple in construction but sharp

pecaks arc scen In the response of lsolated structure because of stick-
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slip behaviour of this system and this phenomenon imparts shock type of
loading in the isolated structure. EDF combines LRB and P-F bearing in
series and thereby posses advantages of both LRB and P-F bearing.

Combined systems which includes isolators like R-FBI, TASS and FPS
systems are hlighly sophisticated systems and Implementation of this
category of lIsolation system for seismlc isolation of structures in

developing countries 1like ours 1s not practical consldering cost

effectiveness at present.

Based on the above study, LRB with moderate damping (around 10 to
16%) is found to be suitable for seismic isolation of medium-rise framed
bulldings. Experimental and analytical studies are carried out to
evaluate the behaviour of medium-rise r.c framed bullding isolated by
LRB. Analytical studles are also carried out to assess the sultability
of LLRB, P-F bearing, EDF bearing for selsmic isolation of medlum-rise
r.c. framed bullding.

35



Setsmic

Isolation

System

Pure Sliding
system

‘ Combined System I

Ll R -D

Je

LLumlna]ted Rubber

Simple LRB

Lead Rubber §
- g

» Natural
Rub ber

.8 Neoprene

e Simple lead
cofe

e Confined
core

High Dampi
9 LRB PinTg

RB +Energy
br ng Devtce .‘.-

e Carbon Ffiller
e Ferrite Filler
¢ Others

s Steel bar damper
s Viscous damper

e Oil damper
e Spring damper
e Friction damper
s Magnetic dampe

e Sand layers

¢ Carbon layers
Teflon/stainless
steel interface

¢ Others

Fig.2.12 Broad Classification of Base Isolation System

EDF
R-FBT
TASS
SR-F
FPS
GERB
Others




CHAPTER - 3

DESIGN AND TESTING OF SEISMIC ISOLATION BEARING

3.1 Introduction

Properly designed isolators in a base isolated structure provide
necessary flexibllity and energy dissipation capacity to safe guard the
building agalnst the damaging horlzontal components of earthquake
motion. The laminated rubber bearing used for seismic isolation of
structures arc development of eclastomeric bridge bearings and thelr
process of manufacturing arc simlilar. The dlfference between these two
types of bearings are in proportions of rubber and steel and in maximum
lateral deformation capacity for which they are designed. In this
chapter design and testing of lamlnated rubber bearing for the r.c.

framed test structure (as described in the Chapter 4) are presented.

3.2 Essentials of a Seismic Isolation System

Design principle of seismic isolation bearings are similar to that
of the mountlngs of bulldings for lsolation from ground borne road and
rail vibration. However, there are number of uncertaintles that are
related with selsmlic events and consequently there are number of

specific requirements which must be met by a practical base 1solation

system. These are listed below:

1. The base lsolators must support the vertical load of the structure

with a large safety factor.

2. The lsolators must be stiff cnough vertically to prevent significant

amplification of any vertical component in the earthquake.

3. The shear stiffness of the isolators must be low enough to filter out

the majority of the frequency components in an earthquake at a site.

4. Durlng an earthquake the bullding will move sideways on the

Isolators. At the extremes of these movements the bearings must
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continue to support the vertical load of the structure.

5. The damping in the isolators must be sufficlient to prevent a build-up

of amplitude In the structure durlng an earthquake.

6. Motion of the base isolated structure during strong winds should not

be sufficient to disturb the occupants.

7. The lisolation should not cause excitation of higher modes In the

structure or contents.
8. The lsolators should be, If possible, be intrinsically fire resistant.

9. The isolators should have a lifetime at least equal to that of the

structure.
3.3 Design of Laminated Rubber Bearing

The deslign of laminated rubber bearing for selsmlc Isolation must

ensure following three parameters:

( 1) the horizontal stiffness of the bearings, so that the specified

horizontal Qatural frequency can be achleved.

{ 11) the vertical stiffness of the bearings, so that no undesirable

vertical or rocking mode will occur,

(111) the stability of the bearings under combined vertical load and
lateral displacement. This combined 1loading condition must be
checked to ensure that a reasonable factor of safety exists

agalnst instabllity caused by extreme loadlng.

In the design of laminated rubber bearing, a number of trials are
necessary to find out an optimum size of elastomer layers, steel shims
and the bearing as =a whole, which will satisfy the above three
requirements. Model LRB has been moulded by vuicanizing elastomer layers
with powdered carbon fillers and m.s. plates. Carbon fillers are added

to increase the dampling provided by the bearing.

Base lIsolated bulldings are generally designed for a natural
frequency of 0.5 Hz for deflecting energy assoclated with higher modes
of vibratlion, while keeping the base displacement within the acceptable
I1imit. For 0.5 lz prototype frequency corresponding model (1/6th scaled)
frequency = V Scale factor x 0.5 = 1.225 Hz
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Assumed elastomer propertles are:

Hardness IRHD = 50
Shear modulus G = 600 kN/m2
Elongation at break > 400 %

i

Plan dimension of the bearling 80 mm x S0 mm

Numbers of bearings supportling test model 6

3.3.1 Horizontal Stiffness: The simple single degree-of-freedom nat-

ural frequency (fo) of the base isolated model structure is glven by

1
£= ==

A
e« |5
©

where, my is the total mass of the model structure and Kh is the total
horizontal stiffness of the bearings. Substituting the values of fo and
M in the Eqn.(3.1), glves Kh= 302.53 kN/m.

Therefore, horizontal stiffness of single bearing kh

Kn

kh " ho. of bearings = 65.422 kN/m

Again, the horlzontal stiffness kh is given by simple shear formula

G A

b
khx: _1— ..... (3.2)
r

where, 1r is height of rubber in the bearing and A,_ is area of the

b
bearing. The equation assumes that lateral deformation of the bearings

is due to shear. Substituting the values of kh, G and Ab in (3.2), glves
I =74 mm,
r

3.3.2 Vertical Stiffness: To achleve high vertical stiffness of the
bearings, 19 layers of elastomer, each of 4 mm thick, 1s selected. The

elastomer layers are scparated by 2 mm thick mild stcel shims. The comp-

ression stiffness can be calculated from the relation

where, EC= bearing compression modulus. The commonly used equation for

the compression stiffness of rubber [Gent and Lindlay(1959)] is
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E = E ( 1+ 2k S%) (3.4)

.....

where, E = Young’s modulus = 2.3 MPa for IRHD 50

"k = material modifying factor = 0.75 for IRID SO
S = shape factor, which is the ratio of one loaded area of
a single rubber laycr to its unloaded faces
= 5.625
From (3.3) compressive stiffness kv = 12043.42 kN/m 1s obtained.

Therefore, ratio of the compressive stiffness to shear stiffness is
equal to 184. This ratio is of Importance in the design of bearings as
the vertical stiffness has to be many times greater than the horlizontal
stiffness to minimize the rocking and other unwanted modes of vibration.
Corresponding ratlo of the vertical and horizontal frequencies of the
base isolated building will be 13.56. Photo 3.1 shows model laminated
rubber bearing designed for seismic {solation for the test model.
Detalls of the model laminated rubber bearing alongwith lts attachments

for connection are shown in Fig.3.1.

3.3.3 Stability-Buckling Load: For estimation of buckling load of
multilayer elastomeric bearing, number of theories were proposed by
different investigators. Some of these theories are briefly discussed in
connection with the calculation of buckling load of the model elastomer-

ic isolation bearing for test structure.

Haringx(1848-49) devcioped a stabilily theory for steel hellcal
springs and subsequently applied to the rubbers by Gent(1964). Taking
Into account the shear and flexural stiffness, the buckling load of the

bearlng is expressed as:

e 1
where, Pg =CA, , P = — =" and (EI)CPF =5k,

I = combined height of the elastomer layers and the steel shims

Isolation bearings are generally qulte squat, with height of the

bearings comparable to its lateral dlmension., This leads to a reasonable
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approximation for Pc given by

In Harlngx theory as exlended by Gent for application to laminated
elastomeric bearing restraint provided by the steel shims sgainst
lateral expansion of elastomer layer was not taken into account. Koh

and Kelly (1989) defined effective shear and flexural rigldity as:

_ 1
(GAb)eff = GAb T; ..... (3.7)

where, 1r = the total thickness of all elastomer layers.

The scalling factor 1/1r is to account for the presence of the steel

plates, which are assumed to be rigid as compared to the elastomer and

y (ol 1
(EI)eff = EI g’ (S7, v) T e (3.8)

r

where, g’(Sz, v) s a dimensionless function, v is Poisson’s ratio.

I, tanh n n )
g (52, v) = 96 5% 3 ! [ 1 - —_r ] = 0.7425 S° ..., (3.9)
4 4 nn
n=1 n n
r r
For a square shaped bearing, thus,
(EI) .. =2.23 S° r2(CA ) (3.10)
off . veer e .

where, r = radius of gyration, n, = number of layers.

(GAb)effand (EI)eFF as defined above, can be wused for more

realistic estimate of buckling load.

Derham and Thomas(1883) proposed the following relation for estima-
tion of buckling load of multilayer elastomeric bearing taking {nto

account the rigidity provided by the steel shims.
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g
G Ah, [/1 ¢ matrey 1)‘-1]

P s - (311)

¢ 2h

6 a2q
where, f = 1 > + 1
n h
D 1 a ’
q= I — tanh (n_nb/a)
4 5 r
n=1 n n_nb

r r r

where, h 1s the thickness of one rubber layer, h,= h + thickness of one

t
steel shim, a is the shorter side, b is the longer side, n. is the

numbers of layers and ] = nr X ht'

Stanton et al.(1988) carried out extensive analytical and experime-
ntal studles on the stabllity of laminated elastomeric bearing. They
observed that buckling load of the bearing s strongly influenced by
axial deformations in addition to flexural and shear deformations.
Existing theorles ignore the effect of axial deformation and become very
conservative in' predicting the buckling load. Based on analytical and
experimental studies they proposed the following empirical relation for

‘the estimation of buckling stress.

oL ————————— (3.12)
1.92 k1 1.33
1 r‘ e p—

SVY1+ 2b/a S (S +2) (1 + b/dn)

where, a and b are the width and length of the bearing, kl Is the effec-

tive length factor, lr s the total rubber thickness and S = shape

factor in unloaded conditlion.

Buckling load of the model LRB estimated from formulae proposed by
different Investigators are listed in Table 3.1. As the maximum column
load Is 16 kN, therefore, the elastomeric isolatlion bearing have a high
factor of safety agalinst the buckling and a high safety factor is
Justified 1in the 1light of prevailing wuncertainties, namely the
difference between the theoretical and measured stiffnesses and
difficultlies inherent in characterizing the muterial bchaviour. Further,

it Is also necessary to avoild rocking and vertical modes of vibration of
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the slructure.

Table 3.1 Predicted Buckling Load of Model LRB
S1. No. Investigator Buckling Load {kN)
Gent 27.92
Koh and Kelly 43. 88
Derham and Thomas 10.94
Stanton etpal. 67.11

Thomas(1882) observed that the factor of safety agalnst buckling of

LRB 1is proportional to mass of the structure above, for a particular

natural frequency. Therefore, design of LRB with high factor of safety

very difficult Model
s designed with 19

against buckling is

for small loads.

LRB for

selsmic 1isolation of test structure

layers of
elastomer to achleve high factor of safety and required frequency of

Isolated system simultaneously. In this process, shape of the bearing

became slender, unlike that of the prototype isolatlon bearing.

3.4 Testing of Elastomer

3.4.1 Hardness: (as per Indian Standard 1S 3400, 11I) The internatio-

nal standard hardness test 1s based on measurement of the indentatien of

a rigld ball into the rubber specimen under specifled conditions. The

measured Rubber

indentation is

(IRID). The

covered Into

International

that

Hardness

Degrees scale belng so chosen zero represents a

material having an elastic modulus O and 100 represents a material of

infinite elastic modulus. A dlrect reading of hardness in IRHD was
thereby recorded as 48 to 50 for elastomer used in the moulding of model

bearing.

3.4.2. Tensile Stress-Strain Properties: (as per 1S 3400, I) In this

test, test plece of dumb-bell shape has been stretched by a movable grip

of tensile testing machine at a constant rate. Readings of the load and

elongation were taken during the uninterrupted stretching of the test

plece when 1t breaks. Tenslle strength was calculated by dividing the

load at break by Inltial area of cross-section of the test-plece. The

elongation at break was calculated by subtracling inltial distance

43



between reference lines on the dumb-bell test plece from the distance
between the same lines at break point and expressing the result as
percentage of the initial distance. Tensile strength and elongation at

break were found to be 18.57 MPa and 425 % respectively.

3.4.3 Compression Set at Constant Strain: (as per IS 3400, X) A Test
plece in the shape of a cylindrical disk has been subjected to a consta-
nt straln under compression in compression device for a glven time (24
hrs) and 1t was allowed to recover for a given time. The difference
botweon origlnal thlckness and thlckness aftoer rocovery is oxprossod ag
percentage of Initlally applied compression. Compression set was found

to be 19.35 4.

3.4.4 Adhesion of Rubber to Metal: (as per IS 3400, XIV) The Lest
consists of measuring the force required to cause separation of a rubber
part adhering to a metal surface. The angle of separation is 80. Before
the load is applied, the rubber was stripped from the metal plate for a
distance of approximately 1.5 mm by using a sharp knife. The tab so
formed was placed in the grip, which 1s then moved at the rate of 50 mm/
min until separation was complete. The maximum force required to cause
separation over the distance of 25 mm was recorded. The adhesion value
was expressed in N/mm of width. Adhesion value was found to be 14.81

N/mm.

Test results of elastomer testing are summarized in Table 3.2.

Table 3.2 Properties .of Elastomer

Average ! Tensile | Elongation| Compression| Adheslon
Hardness| Strength| at Break Set Strength
(IRHD) {MPa) (%) (%) (Mpa)
49 18.57 425 19.35 14.91

3.5 Analysis of Shear Force-Displacement Hysteresis Loops

The parameters influencing the performance of laminated rubber
bearing are obtalned from analysis of shear force-displacement
hysteresis loops. Depending on axial load and shear strain level, the
bearing stiffness has been found to be highly non-linear in some

‘Instances. It has been found that bearing undergoes a substantlial change
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of stiffness from Lhe small slraln to farge slrain portion of hysterestis

loop. Two different shear stiffnesses have been defined for laminated

rubber bearings by Aiken et al.(19839).

The effective {overall) stiffness of the bearing based on the

values of peak force and peak displacement is defined as:

Fmax - F‘mln
( Kh)eff = aoTa e (3.13)
max min
where, F , F , d , d are the maximum and minimum values of
max min max min

shear force and displacement respectively.

A stiffness Kt may be deflned as the slope of the tangent to the
hysteresis loop at zero displacement, Is expressed as:
F' - F.
o o

Kt = '+—"-'-—: S e (314)
d ~-d
(o] (o]

where, d; , d; are the positive and negative displacement data on either

side o d = 0O on the displacement axis and F; , F; are corresponding

force values on the hysteresis loop. Figure 3.2 shows the definition of

( Kh)eff and Kt'

The hysteresls loop are also analyzed to obltain the equlvalent
viscous damping ratio of bearings. A hysteresis loop is a plot of force
against dlsplacement, and the area contained within such a loop
represents the energy dissipated by the bearing. The equivalent damping

ratio of the bearings is evaluated from the following relation.

where, W

d dissipated energy ( hystereslis loop )

=
i}

Stored ( elastic ) energy

1 A
2 ( Kh)eff dmax

3.6 Static Tesling of Model Laminated Rubber Bearing

The aim of the tests carried out was to assess the performance of
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designed isolation bearing, which will be used for earthquake simulator
testing of the test structure and therefore, tests performed were non-
destructive in nature. Further, elastic properties, damping properties

and stiffness of the model bearing are estimated in this sectlion,

3.6.1 Test Set-up: The testing of model bearing was carried out in
a specially designed test rig, In which it is possible to apply vertical
and lateral loads slmultancously to the bearing. For studying the
behaviour of the bearing under the lateral load, two bearings have been
placed one above the other with a mild steel spacer plate In between
" them and lateral load was applied to the plate by a reverslble hydraulic

Jack. Vertical and lateral displacements were measured by dial gauges of

least count 0.01 mm.

3.6.2 Compressive Load Test: Test set-up for compressive load test
Is shown in Photo 3.2. Compressive load was applied gradually with an
increment of 5 kN and corresponding axlal deformation was measured with
four dial gauges. Maximum compressive load applied was 50 kN and at this
load slight lateral bulging was notliced. Compressive stress-strain
behaviour of the isolation bearing subjected to vertical load Is shown
in Fig.3.3, which shows that compressive stress-straln choaracteristic of
model bearing s nearly linear and therefore, it is expected that
buckling load will approach the predicted critical load obtained from
formula proposed by Stanton et al.(19839). Compression modulus of bearing

was found to be 126 MPa from Fig.3.3.

3.6.3 Shear Test: Shear test of seismlc isolation bearing is the
most important of all because parameters determined in Lhis test will
govern Its performance during scismic events. In thls Lest, two bearings
have been placed one above the other to facilitate application of
varying reversible lateral load under constant vertical load, which
simulate structural load on bearing. The test was carried out for two
different vertical loads. Maximum shear strain level was restricted to
55 % because this is the predicted maximum bearing strain under
earthquake input to be excited during earthquake simulator testing of
the test model. Test arrangement of shocar test is shown in Photos 3.3

and 3.4.
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Figure 3.4 shows shear stress-straln characteristic of the
isolation bearing, whlch ls nonlincur In character and the shear modulus
G decreases with increasing strain level. The value of G.at 25% and 50%
strain level are 0.63 MPa and 0.57 MPa respectively. Figure 3.5 shows
the horizontal shear force-displacement hysteresis loops under
reversible lateral load for a vertical 10 kN and 20 kN vertical loads
respectively and In both the cases maximum shear straln is limited to
584. Shear stiffness of the bearing as rcvealed by the test hysteresls
loops is highly nonlinear. It is clear that the bearlng undergoes a
substantial change of s«tiffness {rom low to high strain levels. The
valucs (Kh)eff and KL fer Test-1 are 93.37  and 89.26 kN/m respectively
and that for Test-2 are 88.70 and 82.80 kN/m respectively. Damping ratlo
obtained for Test-1 and Tesl-2 are 0.104 and 0.137 respectively. Thus,
damping ratio Increases with the increase of verllical load. Test results

of static testing of laminated rubber bearing are summarized tn the

Tables 3.3 and 3.4.

Table 3.3 Elastlc Propertlies ¢l the Bearing

Parameter Maximum Strain Value
Level (%) (MPa)
Compression )
Modulus E S 126
c
Shear 25 0.63
Modulus G SO_“’ 0.58

Table 3.4 Results of Shear Test

Test| Vert. | 7% | Frow | %nax, | ¢ a k) K 4
Shear 0, o, h'eff t eq
No. | Load T o in! Foin | 9min | F d-
(kN) () (kN) (m) 0 o) (kN/m) (kN/m) (%)
) (kN) | (kN)
3.29 | 0.040] 0.49 | 0.015
1 10 55 | 360 |-0.0971-1 92 |-0 con| 93:37 | 89.26 | 0.104
3.05 | 0.040] 0.61 | 0.018" -
2 20 55 |37 |-0.007|-1.a5 |-0.007/ 9870 | 82.80 | 0.137

3.7. Concluding Remarks

In this Chapter, deslign procedures of laminated rubber bearing has

been discussed in connection with selsmic isolation of 1/6th scaled
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three storeyed, two bay r.c. framed building. The formulae for
estimation of buckling load of the elastomeric bearlng proposed by
different 1investigators have been studied. Testing procedure of
elastomer and multilayer elastomerlc bearing are described and test

results are presented.

Buckling load predicted by the llarfngx theory as extended by
Gent(1964) are highly conservative as thls theory do not take restraint
provided by the steel shims into conslderation. When bearing parameters
are modified [Koh and Kelly(1989)] to tuke into consideration the
restraint provided by the steecl shims, results predicted by this theory
Improved notlceably. Formula proposed by Derham and Thomas(1983)
estimates critical load nearly equal to that obtained by using modified
bearing parameters in Harlngx formula. But the buckling load predicted
by the formula proposed by Stanton et al.(1989) glves much higher value
of buckling load because they have taken the effect of axial

deformations in addition to restraint provided by the steel shims.

Shear modulus assumed In the deslign of elastomeric bearing is very
close to that obtained from the test results, but the horizontal
stiffness of the bearing calculated from the shear formula differs from
that obtained from the test results by nearly 20 %. This is due to the

fact that the contributlon of slde covers to the shear stiffness was not

taken into account. Shear modulus and lateral stiffness decreases with
increasing strain level and increasing vertical load. Damping provided

by the model laminated rubber bearing increases with increasing vertical
load.
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Photo 3.1 : A model of Laminated Rubber Bearing

Photo 3.2 : Test Set-up for Compressive Load Test



Photo 3.3 : Test Set-up for Shear Test - Front View

Photo 3.4 : Test Set-up for Shear Test - Side View
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CHAPTER-4

SHAKE TABLE TESTING OF BASE ISOLATED TEST MODEL

4.1 Introduction

This chapter describes the tests performed on 1/6th scaled three
storeyed r.c. tesl model supported over LRB isolation system. The
earthquake simulator facilities and control system are described
briefly. The Instrumentation of the test model 1is detalled. The
simulated earthquake motions and the measured response nf the model are
presented. This Chapter concludes with analysis and discussion of the

experimental results.
4.2 Detalls of the Test Structure

4.2.1 Similitude and Scaling: A scale factor of 1:6 has been consld-
ered for the present experimental investigation considering the size of
the avallable shake table (3.5 m x 3.5 m) and its load carrying capaclty.
Scaling is performed to satisfy geometrical and gravity load simulation
requirements. Additional concrete blocks are placed on the model to
simulate the gravity load so as to have almost same stress level in the
columns of the model as that of the prototype. The total weight of test
model 1is 11 kN while the additional load provided for gravity load
simulation 1s 52 kN. The scaling relatlonships for gravity load
similitude are presented in the Table-4.1. '

4.2.2 Construction and Connection Details: A three storey_two.bay
reinforced concrete framed model 1is constructed for the experiment.
Photos‘4.1 and 4.2 show two stages of construction of the test model.
Material used for fabrication of test model are M20 grade of concrete
and Fe250 steel reinforcement. The dimensions of elements‘of the test

model are obtained by geometrical scaling of the corresponding elements
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of the prototype, which are designed for Zone-V as per selsmlc zoning

Table-4.1 Seismic Scaling Relationships

) -
Parameter Scaling 176 _lgzg{zcmodel

length g &

mass 52 36

displacement S 6

acceleration 1 1

stress 1 ! '

strain |1 1

force : 52 36

area 52 36

time Vs 2.45

map of Indla. The design of the model elements are also checked for the
handling stresses due to shifting the test structure from the place of

construction to the shake table.

The storey height of the model is 0.67 m. The total height of the
test model 1s 2.38 m. The basement slab has a plan area of 2.30 m x 1.30
m and the other floors and roof have a plan area of 2.07 m x 1.07 m.
Figure 4.1 shows the plan and elevation of the model. The basement beam
are designed as lInverted T-beam lo proVYde necessary bearing area f{or
the isolation bearings. Basement, {loor and rool slabs of thickness of
30 mm, beams of size 70 mm x 100 mm and columns of size 70 mm x 70 mm
are provlded. Detalls of reinforcements are provided in the Fig.4.2.
Hooks of 12 ¢ m.s. bars with appropriate development lengths are

provided for 1lifting of the model.

A steel plate of size 200 mm x 200 mm and 2 mm thick has been
attached to the basement slab directly below each column. The model 1s
simply resting over the lsolatlon bearings with only frictlional contact
between the stalnless steel topping of the bearings and steel plates
below each of the columns. There is no possibility of slip at the
interface 1in general, because of high coefflicient of friction.
Development of tenslon in the isolation bearing s prevented by this
arrangement In case of slight uplift of the basement slab from bearings

due to the rockling mode of vibration.
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A mlild steel base plate of slze 2.55 m X 1.35 m and 8 mm thick,
stiffened by grids of ISMC 100 channels is fabricated for shifting model
structure to the Shake Table and to facilitate necessary connections
between lsolated structure and the Shake Table. During fabrication of
base plate necessary restraints are provided to prevent bending of the
base plate due to welding works. Photo 4.3 shows the arrangement for

shifting of the test structure and placing it on the Shake Table.

Isolatlion bearlings are connected to base plate, which in turn ls
connected to the shake table firmly by high tension bolts as shown in
the Fig.4.3. Conncctlon detail of addlitional loads for gravity load

simulation and slab panels is shown in Flg.4.4.
4.3 Earthquake Simulator Faclilities and Control System

A digitally controlled shake table facility capable of reproducing
specified real earthquake accelerogram or simulating synthetic
accelerogram compatible with a speciflied deslign spectra for Llesting
structures is avallable in the Depurtment of Earthquake Englneering,
University of Roorkee. The driving mechanism of the table 1is of
servo-hydraulic type. The size of the table is 3.5 m x 3.5 m. This table
can give motion in a plane containlng vertical and one horizontal
direction. The table 1s driven by three actuators, two vertical and one
horizontal. A square grid pattern of bushes of special alloy steel ls
provided at 400 mm c/c on the top plate of the shake table platform for
mount ing model/prototype on the table. Thils shake table can support a
pay load of 200 kN. The zero-period acceleration (ZPA) can be upto 3g
depending on payload.

The digltal control of table Is done by Micro PDP 11/23 computer.
It contalns 2 dlgital to analog converters (DAC) and 16 analog to
digital converters (ADC) Lc monltor the motlion of the table and the test
structure. Photo 4.4 shows the control panel and data acqulisition
system. The table is controlled by monltoring the desired acceleration

in a closed loop system by the computer.

4.4 Free Vibration Test

Free vibration tests of the isolated structure have been carrled
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~out to determine its dynamic characteristlics. Frce vibration tests have
been performed after placing it on the Shake Table. The Shake Table was
Inactive during free vibration tests, with motion prevented by locking
it against the surrounding foundatlon. Static lateral load was then
applied to the structure to the predetermined level. Once the required
lateral load was appllied, the free vibration in the structure was
initiated by suddenly releasing the load. Photo 4.5 shows the
arrangement of a free vibratlion test. This procedure was undertaken with
the load applied at first floor level. Practical constralnts prevented
pulling the model from higher levels, nonetheless, 1t was hoped that by
pulling at this level, free vibration response would be induced in

atleast first two modes of the model.

The entire structure was pulled back for a base displacement of 7.5
mm, which corresponds to a shear strain of 10%, approximately,and then
released. Absolute roof acceleration of the test structure was recorded
by a Force Balance Accelerometer. Usling the successive acceleration
peaks, an and an+] in the recorded roof acceleration response hlstory
‘damping (Cb) avallable In the isolation system can be estimated from the

following formula.

Sy =g In— (4.1)

The fundamental frequency of vibration ls obtained from Fourler
amplitude spectra of the roof acceleration. The estimation of damping

and fundamental frequency from the free vibratlon record are glven
Section 4.6.

4.5 Shake Table Test

Shake Table testing of ©base tisolated model subjected to
unidirectional slimulated earthquake motlions has been carried out to
study the effectiveness experimentally of the isolation system designed
In the present study in controlling Lhe ovcrﬁll response of the lsolated
structure. In the following sections, details of simulation of
earthquake excltations, Instrumentation of the test model and filtering

of the acquired signals have been presented.
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4.5.1 Simulated Earthquake Motion: A time scaled average spectra
(Fig.4.5) representative of alluvial soll [Moharz(1976)] is selected for
synthesizing earthquake motion for Shake Table testing of base Isolated
model. A spectrum compatible motion simulated on the Shake Table
platform by multifrequency waves wusing random vibration theory
[Kimura and Izumi(1989)] as required response spectra (RRS) |is
broadband. A record of 20.48 sec is generated with a rise and decay time
of 2 sec each having 100 samples/sec. The spectrum compatible motion is
generated by an iterative procedure using a software. An ampl itude
modulated random signal with the specified rise and decay time |is
obtained initlally as drive signal. This drive signal is given as the
Input to the shake table and response of the table is recorded from the
accelerometers fixed on the table. These accelerometers are connected
with antialiasing filter with a cutoff frequency of 33 Iliz. The filtered
signal is then are sampled by sample and hold clrcult. These sampled
data are quantified by the analog to digital converter (ADC) and
recorded in the memory of the computer. Thus recorded motion have a
bandwidth of 33 Hz. The test response spectra (TRS) ls computed from the
recorded table motion. TRS is compared with RRS and any deficliencies and
excesses In the TRS are removed by sultably adjusting the drive signal
from the acquired table motion data. The adjusted drive signal is again
used as Input Lo Lhe Shake Table and the entire steps of readJustment of
drive signal as described above is performed till a good match between
TRS and RRS is obtalned. The drive signal thus generated ls esscentially
a voltage waveform which is to be given as input to the servo valve for
controlling the flow of servo oil in the pressure side of double acting
actuators. Various level of zero period acceleration (ZPA) are obtalned
by changing gain of the stored voltage waveform generated by the
1terat1veAmeLhod to produce a spectrum compatible table motlon. Thus as
the galn Increases an almost similar table acceleration history 1Is
created except for the possible feedback from the table and model
interaction. The galn of voltage waveform in Test runs 1, 2 and 3 are

1.5, 2 and 5 respectively.

Flgures 4.6 and 4.7 show Lhe measured table acceleratlon historles
alongwith their respective Fourier amplitude spectra for Test runs - 1
and 2 respeclively. The peak tuble acceleration for Test runs - 1 and 2
are recorded as 0.18g and 0.23g respectively. Frequency components of

both the accelerograms are In Lhe same range, between 0 to 16 lz, as
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these are simulated from the same spectira. The table acceleration
history of the Test run - 3 1s nol recorded due Lo malfunctloning of
the particular channel acquiring the response. The peak table
acceleration of the Test run - 3 is eslimated to be of the order of
0.55g to 0.60g, because the gain of voltage waveform in this test run is
© 2.5 times higher than that of the Test run - 2 and also the frequency

contents of the accelerogram expected to be almost same as that of the

Test runs - 1 and 2.

4.5.2 Instrumentation: The test model has been instrumented with
Force Balance Accelerometers (FBAs) to record the response of the
structure to all input excitations. A total of 6 channels of data have
been acquired to record the model response. One accelerometer was placed
at each floor level of three storeyed model and one accelerometer was
placed at the basement floor Lo measurc the horizontal acceleration. The
callbrations of the accelerometers are performed prior to the testing.
The callbration factor used by the data acquisillon system through out
the test is conservative i.e. the measured acceleration is always on the
lower side of the acceleration produced. The setting of antiallasing
filters are 50 Hz for free vibration testing and 33 Hz for the

earthquake type excitation.

4.5.3 Filtering of Acquired Signal: All data have been passed throu-
gh sfgnal conditioners that removed all frequency components of the
signals above 33 Hz at the time of data acquisition. Subsequent
filtering durlng data reduction used Bullerworth low pass [lller of the
order - 6 [Lam(1979)] to remove all frequency components above 16 tz.
This cut-off frequency was chesen for the followlng two reasons - (1)
the first three modes of vibration of the test model was contained below

16 Hz, and (i1) Fourier amplitude spectra of test slignals were small
above 16 Hz,

Photos 4.6 shows the arrangements of shake table testing of the

base Isolated test model.

4.6 Results and Discussion

In this sectlion, measured response of a isolated three storeyed r.c.

framed test model obtained from free vibratlon test and shake table
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tests for three wunidirectional simulated earthquake motlons are
presented. Fourler amplitude spectra of absolute roof acceleration
histories of three test runs and amplitude envelops and linear
acceleration response spectra of measured table acceleration for Test

runs 1 and 2 are also plotted for analysis of the test results,

Figure 4.8(@)shows the absolute roof acceleration history recorded
during free vibration test. The ripples around the amplitudes of the
record indicate the presence of rocking mode of vibration. The slender
shape of the bearing 1s responsible for this phenomenon. Damping
calculated from the logarithmic decrement of acceleration history is
found to be 8.50 ¥% of critical damping. This damping value corresponds
to very low level of strain and it is expected that damping will
increase for high level of struin during Shake Table Tests. .Flgure 48(b)
shows the Fourler amplitude plolL of roof acceleration. The fundamental
frequency and the second mode frequency of the lsolated model are found
to be 1.75 Hz and 6.3 Hz respectively, have been indicated in this
figure.

Flgures 4.9 to 4.11 show the absolute acceleration response
historles at the each floor levels and base for the three test runs.
Flgure 4.12 shows the Fourier amplitude spectra of the absolute roof
acceleration of the isolated test model. Compurison of Fig.4.6(b) with
4.12(a) and Fig.4.7(b) with 4.12(b) show that the high frequency
components of the tablé acceleration histories of the Test runs -1 and 2
have been filtered out by model LRB and it essentially, behaves as a low
pass fllter. In the three test runs, the fundamental frequency of the
Isolated system Is found to be same with a value of 1.5 Hz and this
value ls much lower than that indicated by free vibratlon test. This may
be due to the non-linear behaviour of the LRB model. There was also no
damage in the model bearing or superstructure during high level of table
acceleration (peak of the order of 0.55g). In the Test run - 3 residual
slip of the order of 5 mm has been observed between top plates of the

bearings and steel plates provided below each column.

Figures 4.13(a) and (b) show the linear acceleration response
spectra calculated from measured table acceleratlion of the Test run 1
and 2 using 8.5% damping provided by the model bearing. The measured

peak roof acceleration is ulso shown on the spoctra with the time
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periods of the isolated test structure. It is observed that measured
maximum values are underestimated by linear spectra by approximately
15%. The'higher experimental values may be attributed to slight uplift
of the structure from bearings due to rocking and non-linear behaviour

of the isolation system.

Figures 4.14(a) and (b) show the amplification envelops for the
Test runs 1 and 2. The amplification envelops are plots of maximum
horizontal storey acceleration for each level divided by the maximum
horizontal table acceleration versus the storey height. All the peak
storey acceleration values used for these plots did not necessarily all
occur at the same time. Amplification factor for the Test runs 1 and 2
are found to be 0.52 and 0.54 respectively as shown In Figs.4.12(a) and
(b) and this shows the effectiveness of the model isolation system in

controlling the level of response transmitted to the test structure.

4.7 Concluding Remarks

In this chapter, the response of a three storeyed r.c. framed test
model isolated by model laminated rubber bearing, recorded during free
vibration test and shake table test are analyzed. On the basis of this

study following conclusions are drawn:

o High frequency components of table acceleration are effectively

filtered out by model LRB, which behaves as a low pass filter.

o The behaviour of the model LRB is essentially non-linear in nature

with high stiffness at low strain level,

o] Rocking mode contribution 1is present in the response of the

isolated structure, because of slender shape of the model LRB.

o No damage have been observed in the model bearing or superstructu-
re, although small amount of residual slip has been noticed in the
interface between top plates of the bearings and steel plates

provided below each column.

0 Model LRB, designed 1n this study, 1is found to control the
motion transmitted to the test model effectively.

|
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Photo 4.1 : Construction of the Test Structure - Stage I

Photo 4.2 : Construction of the Test Structure - Stage II



Photo 4.3 : Placing of the Tegt Structure on the
Shake Table

Photo 4.4 : Control Panel and Data Acquisition System
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Photo 4.5 : Free Vibration Testing of the Test Structure

Photo 4.6 : Arrangement for Shake Table Test
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CHAPTER-5

BASE ISOLATED BUILDINGS SUBJECTED TO UNIDIRECTIONAL MOTION

5.1 Introduction

In this chapter, the computed response of medium-rise reinforced
concrete shear type buildings supported over either pure friction
bearing (P-F), laminated rubber bearing (LRB), lead rubber bearing
(LLRB) or sliding-elastomer bearing (EDF) isolation system, subjected to
unidirectional seismic ground motions are studied. The computed response

of isolated system subjected to general plane motion are presented in
the Chapter-8.

The bi-linear hysteretic behaviour of LRB and LLRB are represented
by equivalent linear .stiffness and damping factor. Frictional.behaviour
of sliding isolation system is modelled by Coloumb’'s rigid plastic
model. The governing equations of motion for friction based isolation
syétem are highly non-linear and stiff. The criteria for stick-slip
transition and vice versa are discussed in detail because these are
crucial to the accuracy of the response analysis. The detalls of
procedure adopted for avoiding difficulties 1in phase transition in
Coloumb’s model are presented. The superstructure is first idealized as
a rigid body and then as flexible model (lumped mass model) to assess
the effect of building flexibility on the overall response of the
isolated system. To understand the effect of amplitude and frequency
content of earthquake motion on the response of base isolated structure

- Koyna (long.) accelerogram(1967) and El-Centro(NS) accelerogram (1840)

. are taken as the base excitation motion.
A unified solution algorithm for the analysis of medium-rise r.c.

shear buildings supported over either - P-F bearing, LRB, LLRB or EDF

isolation system has been developed. This solution algorithm is based on
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Newmark's method in predictor-corrector form. This method of analysis is
very direct and elegant which requires the solution of 1individual

coupled equation in staggered fashion.

The peak absolute acceleration signifies the force that it
experiences and is the maln source of damage to the structure, the
internal equipments and secondary systems. The peak relative base
displacement is the most important parameter for the design of the life
line connection to the ground. The deflection of the structure |is
directly proportional to the stresses and base shear in the columns. In
this study, the peak absolute acceleration at the base and the roof
levels, the maximum base displacement and the maximum structural
deflection responses for selected base isolated systems are evaluated.
‘Fourier amplitude spectra of absolute acceleration histories are
obtalned to determine predominant frequency of different base isolation
systems. A comparative study of response of a building with different

isolation systems have been made.
5.2 Equations of Motion

In this section, the equations governing the motion of base
isolation systems and the criteria used for transition of motions for
the frictional base Iisolators are discussed. A three storey shear

building (Fig.5.1) will be considered for response calculation, although
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Fig.5.1 Structural Model of Three Storeyed
Buse Isolated Building
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the formulation is presented for general multi storey

buildings. In the rigid body model,

shear type

the entire mass m, of this system is

Included In the rlgid block supported over lsolation system. By applyling

Newton's second law of motion to the base isolated structure, the

equations of motion are derived and the results for various bacse

Isolation system are described in the following sections.
S.2.1 Superstructure Idealized as Rigid Body Model

m LRB/LLRB Isolation System: Figure 5.2 shows the schematic and free

body diagrams of a rigid body supported over the LRB/Lead rubber
isolation systen.

T

Keq Ceq
L S— * 9

Z AN my J(ug*"b )
22 Ceq K T
7] . eq

é =

o

i-l'g (a) Schematic diagram (b) Free body diagram

Fig.5.2 Schematic Diagram and Free Body Diagram of Rigid
Body Supported on LRB/LLRB

The governing equations of motion of the rigid body system is given
as,

2

u 2 ceqwequb + wequb = --ug ..... (5.1)

where, uy u and ub are relative bearing displacement, veloclty and

acceleration with respect "to the ground. The

frequency of the bearing we

equlvalent natural circular

q and Its equivalent damping ratio ce are

defined as,
2 Keq Ceq
weq = ﬁ;_ and ZCqueq = _E; ..... (5.2)
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Here, Ceq and Keq are the equivalent dahplng and the equlvalent horlzon-
tal shear stiffness of the bearing. For equivalent linearizatlon of
bilincar restoring force system of LRB/LIRB isolation system “"Geometric
Stiffness Method" presented by Jennings(1968) for elasto-plastic system
is adopted. Flgure 5.3 shows a typical bilinear hysteresis loop.

Equlvalent stiffness Keq is given.as,

K u + K [u ~u_ |
K, =Sy P brax by (5.3)
q bmax
—Y—
K | kp(ubmax‘uby)
g~y iy Ay SR
/ eq /|
/ K
L
Upy Ubo ¥b max
©
v
S R
© (Ubmax ™ Yby )
Displacement —
Fig.5.3 Bilinear Hysteresis Loop
Ke + K (dr - 1)
= P T — (5.4)
d
r
u
where, d bnax
r u
by
in which, d_ 1s the ratio of maximum bearing displacement (u ) and
r bmax

bearing displacement at yield point (uby).

Equating, energies dissipated by equivalent linear and yielding

isolation system results,

2 =4 K u [u -u ]

2m cqueq Ybmax a by  bo byt (S.5)
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where,

K
P -

Yoo ™ Ybmax " K; (meux ub,y)

Substituting, (5.4) and (5.8) in {5.5) and subsequent simplificattion
glves,

[AV]

1 ~ « (dr - 1)
<eq "R T ald -1) d ST (5.7)
r r

where, « Is the ratlo of post ylelding—stiffness (Kp) to pre ylelding
stiffness (Ke). Kp for both LRB and LLRB isolatlon systenm corresponds to
a natural frequency of 0.5 Hz of the isolated structure. The ratio of Ke

to Kp varles from 2.5 to 4 for LRB, while the same varlies from 7 to 10
for LLRB.

m P-F Isolation System: Figure 5.4 shows the schematlic and free body
diagrams of a rigld body supported over P-F isolator.
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(d) Schematic disgram (b) Free body diagram

Fig.5.4 Schematic Diagram and Free Body Diagram of Rigid
~ Body Supported on P-F Bearing

The governing equations of motlon of the rigld body during the
sliding phase is given as,

uS+ ug sign (uS) = - ug

where, uS Is the relative slip displacement between rigid body and the
ground, Ug Is the horizontal ground acceleration, p is the friction
coeffliclient, g 1s the acceleration due to gravity, sign(ﬁ% is a function

which 1s equal to +1 when ug Is positive, and -1 .when us negative.
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For the non-sliding phase governing cquatlon become

For the non-sliding phase to continue, the force acting at the base
of the structure must be less than equal to frictional resistance at the

frictional interface l.e.
|mt ug] s um g
or, |ug| s pg L (5.10)

must be satisfied, when L.H.S of the lnequallty (5.7) Just exceeds R.H.S,
sliding commences. In otherwords, at the inltlation of sliding the
frictional resistance and disturbing force aro equal in magnilude but
opposite In sign [Mostaghel and Tanbakuchi(1983)]. Therefore, In the
first interval of sliding phase,

In sliding phase, when ug becomes equal to zero and simultaneously

Eqn. (5.10) is satisfled, then structure sticks to the lsolator,

a EDF Isolation System: Figure 5.5 shows the schematlic and frce body
diagrams of rigid body supported over EDF isolatlion system.

N
; xq (.l L a0
m, (Ug+ Up+Ug)
/ _#_\z_:j——‘ LIS S R
1S .
- . .
b Cam U MMy g sign(Ug)
(a) Schematic dlagram () Free body dlagram

Fig.5.5 Schematic Diagram and Free Body Diagram of Rigid
Body Supported on EDY Bearing
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The governing equations of motion of rigld bedy supported over

EDF isolation system in sliding phase are given as,

. 2 .
zceqwequb + wequb = pug sign (wg)y (5.12)
U, t+oHg sign(us) = - ug - [P (5.13)

where, ub is the displacement in LRB and ug Is the slip displacement at
the sliding interface.

In the Eqn.(5.12) inertia force experienced by LRB is neglected,
since bearing mass is very small as compared to the base mass. It should
be noted that here Eqn.(5.12) can not be integrated by Newmark’s method
due to absence of second order derivative terms in the left hand side of

the same equation. Adding (5.12) and (5.13), and rearrangement results,

.. . 2 e
U+ 2 ceqwequb + wequb ug uo (5.14)

In sliding phase, rosponses of rigld body wnd base tsolator are evaluat-

ed by solving (5.13) and (5.14). The total displacement Uy Is given as,

In non-sliding phase governing equation becomes,

u =uw_=0 (S5.186)
s s

.. . 5 -
u o+ 2 Ceqwequb + wequb = ug ..... (5.17)

For non-sliding phase to continue, the force acting at the base of
the structure must be less than or equal to frictional resistance at the

frictional Interface i.e.
|mt(u8 + ub)l S pm g
or, |u8 + ub] MR (5.18)

must be satisfled. When L.H.S of the Inequality (5.15) Jjust exceeds

R.H.S, sliding commences. In otherwords, at the initiation of sliding
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the frictional resistance and disturbing force are equal In magnitude

but opposite In sign. Therefore, In the first interval of sliding phase,

sign(u ) = -
s = -

|(u8 +uy

In sliding phase, when U becomes equal to zero and simultaneously

(5.18) is satisfled, then structure sticks to the lisolator,

5.2.2 Structure Idealized as Flexible Model (Lumped Mass Model)

w LRB/LLRB Isolation System: The governing equations of motlion for
lumped mass analytical model medium-rise shear bullding (ng.5.2)
supported over LRB/lead rubber bearing system are glven as,
. ' 2 . -
u +

p 2 Ceqwequb + wequb = -y, -1 1“1“1 ..... (5.20)

Mu+Cu+Ku=-=-Mdr ug + ub) ..... (5.21)

where, ceq and weq are the equivalent damping factor and equivalent
angular natural frequency as defined in the Section 5.2.1, uy i{s the
relative displacement of each floor with respect to the base, K Is the
superstructure stiffness matrix for horizontal floor dlsplacements
relative to the base and this can be directly written. Thus, the
stiffness matrix dimenstion is NxN, where N ls the degrees of freedonm,
The superstructure mass matrix M is diagonal with the masses my, M,

m respectively the masses attached at floor levels. The structural
damping !s assumed to be hysteretic, frequency Iindependent with the
matrix of equivalent viscous damping C specified In terms of the

stiffness matrix as,

C=l2g /0l K (5.22)

where, ceq is the materlal damping ratlo, the clrcular frequency, w is
taken as equal to the first natural frequency of the building and r is
earthquake influence coefficient vector [Clough and Penzien(1986)]. The

mass ratlo oz1 i{s deflined as,

81



, m, =m_ + rT Mr

where, mi is the mass of ith floor, mb is the mass of the basement and

mt is the total mass.

m P-F Isolation System: The governing equations of motion for lumped

mass analytical model of multistorey shear building supported on pure

sliding isolation system during sliding phase are given as,

ug * g sign(us) = -ug —i

M=

1“1“1 ..... (5.23)

Mu+Cu+Ku=-Mr ( ug + us) [ (5.24)

For the non sliding phase, governing equations of motion are

and the deformation of the structure is governed by Eqn.(5.24). For non-

sliding phase to continue, the force acting at the base of the structure

must be less than or equal to frictional resistance at the frictional

interface i.e.

o
~
E
2
+
3
c
IA

19 tig T MMt

1A

; i] ug (5.28)

must be satisfied. When L.H.S. of the inequality (5.28) Just exceeds

R.H.S., sllding phase commences. In the first interval of sliding phase,

82



In sliding phase, when &S becomes equal to zero and simultaneously

Eqn. (5.28) is satisfied, then structure sticks to the isolator.

m EDF Isolation System: The governing equations of motlon for lumped
mass analytical model of multistorey shear building supported over

EDF isolation system are given as,

2§eqwequb + wequb = ugsign(v) ... (5.28)
. . . . N
u g+ g sign(us) = -u —ub-i}zila.lui ..... (5.29)
Mu+Cu+Xu=-Mpr (u +u +u) ... (5.30)
g b s

Adding (5.28) and (5.29), and rearrangement gives,
.. 5 N
u * 2 ceqwequb + Yoqlp = TUp u s Toegus (5.31)

i=1

In sliding phase, responses of superstructure, base and base isola-
tor are evaluated by solving (5.29), (5.30) and (5.31). In non-sliding

phase governing equations of motion become,

uS = US =0 (5.32)
.. 5 N ..

u, ot 2 ceqwequb + wequb = —ug —1§1aiui ..... (5.33)
Mu+Cu+Ku=-Mr ( Ug *ouy Y, (5.34)

For non-sliding phase to continue, the disturbing force acting at
the base of the structure must be less than equal to the frictional
resistance at the frictional couple i.e

N

ug+ ub+i§1aiui = ug

must be satisfied. When L.H.S of the inequality (5.35) just exceeds

R.H. S, siiding phase Jjust commences. In the first interval of sliding

phase
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.. .. N .
{u+u + 2% au)
g =

|Q;+ ;; +

In sliding phase, when ug becomes equals to zero and simultaneously

Eqn. (5.35) is satisfied, then structure sticks to the isolator.

5.3 Method of Solution

An implicit-implicit partitioned Newmark's method in predictor-
corrector form [Paul(1982), Zienkiewicz et al.(1988)] is used for direct
integration of governing equations of motion. This method of analysis is
very direct and elegant which requires the solution of‘ individual
coupled equations in staggered fashion. The complexity due to the
presence of frictional interface in pure sliding system and sliding-
elastomer system and transitions from non-sliding phase to sliding phase
and vice-versa which makes the system of governing equations of motion
highly non-linear and stiff respectively, can be solved by this method
efficlently.

The algorithm for solution of equations of motion in sliding phase
of the building supported over EDF isolator for rigid body idealization

using Newmark’s method in predictor-corrector form is shown below.

1. Initialize

W0, g

L e LW

A e

n=20

sign(u) = - - g )
(RN

2. Set time step counter n = n+1
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3.

(92}

Begin predictor phase in which,

(1) 2

(ub)n+1 = (ub)n+1 = (ub)n + At(ub)n + At (1—23)(ub)n/ 2
(u)  CE = (u) e at(ier) ()
b n+1 b'n+1i b'n b'n
oM s @) =) s at(u) + atP(1-28)(u ) s 2
s 'n+l s 'n+l s’ n s'n s'n
oM S B =) v (e (u )
s 'n+l s ' n+1 s'n s'n
Set iteration counter i = 1 and assume the sliding acceleration u_

Evaluate residual forces using equation

(1)_ () o) ()2 (1)
g (Us)n+1 (Ub)n+1 2Cweq(ub)n+1 weq(ub)n+1

Form the effective stiffness matrix using the expressjion

K = 1/(At%8) + ¥ 2¢0 /(AL B) + w°
Yo eq

*
or update K whenever At changes.

Solve
* 3 1
K- A(ub)(l): & )

Enter corrector phase in which,

(u )(i+1) = , (1) (1)

blner T Wplpep *oALw)

Uy (1+1) (i+1) _  ~ 2
(ub)n+1 = [(ub)n+1 (ub)n+1]/(At B)
o (i+1) e (1) ST
(ub)n+1 = (ub)n+1 + y At(ub)n+1
oD L L0 L g sign(u )

s 'n+l g b He g S

{(i+1) _ ,~ 2,77 (i+1)

(us)n+l = (us)n+1 + B At (uS)n+1
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(; )(i+1) = (5 )(i) i+l

s n+l B us n+1] tT At(us)n+1

8. Compute
9 -
/(Uz R 2 (i+1) /( 2y ()
b s s
€, =
V/(u N 2 (1+1)
10. If Cu z tolerance, set 1 = i+1 and go to step-5, otherwise continue.
11. Set
- (1+1) - (i+1)
(Ub)n+1 - (ub)n+1 ’ (Us)n+l - (us)n+1
T _ ooy (i+1) _ (i+1)
(ub)n+1 - (Ub)n+1 ’ (us)n+l = s)n+1
(i+1) s - (i+1)
( b)n+1 - (Ub)n+1 ’ (us)n+1 = ( s)n+1
QS
sign(u_) = —
U |
s

for use in the next time step, go to step-2.

The same algorithm can alsoc be used for LRB/LLRB and P-F isolation
system by assigning coefficient of friction at the sliding interface and
stiffness of LRB/LLRB - a very large value respectively. This algorithm
s then extended for lumped mass model for taking into account the

structural flexibility.

Using predictor-corrector algorithm as described above, a FORTRAN -~
77 program ISODYN-1D is developed for numerical solution of the
equations of motion of structure supported over selected {solated
systems. A time step of At = 0.02 to 0.1 sec is used in the non-sliding
phase away from the transition points because further reduction of time
step do not change calculated response notliceably. For accuracy of
results in the transition zone and in the sliding phase finer time step
of the range 0.002 to 0.0001 sec was used for response calculation and
it was observed that step reduction beyond 0.0005 sec does not change
computed response. Since sliding phase occurs for very small duration of

time, a uniform fine time step was used in this phase. Further, at the
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time interval in which phase change takes place, exact transition point
is located (approximately) by linear interpolation (Fig.5.6). It 1is
observed that the accuracy of analysis 1is increased by locating the
transition points, but it is also noted that if time step considered is
of the order of 0.0005 sec, then no noticeable change in response is
achieved by locating exact transition point. Therefore, in this study a
time step of 0.0005 sec is selected for numerical integration of

equations of motion in transition zone and in sliding phase.

] G lo
(u,)nN/ s

~——
| at
-

-t
ol

Fig.5.6 Location of Approximate Phase Transition Point

5.4 Validation of Analytical HModel and Solution Algorithm

The validity of analytical model and solution algorithm used is
demonstrated herein by comparison with analytical and experimental
results obtained by Suzuki et al.(1992) from Shake Table tests of 1/3rd
scale one mass model isolated by LRBs alongwith steel rod dampers. A
band-fixed iron ingot weighing 13.3 t was supported on four numbers of
isolators. The post yielding stiffness and damping ratio of LRB have
been considered as 3.53 kN/cm and 0.035 respectively. The initial
elastic stiffness of 16.4 kN/cm and yield strength of 3.8% have been
considered for LRB in series with steel rod dampers. The ground motion
considered was time scaled El-Centro N-S component (1940) with peak
ground acceleration of 3.02 m/sz. Figures 5.7 shows the measured and
simulated displacement and acceleration response histories. Both

measured and simulated responses are found to be in close agreement.

Three storeyed r.c. framed model (1/6th scale) weighing 63 kN was
isolated by six numbers of model LRBs, for Shake Table Test in the
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present study. The detalls of the experimental observations are provided
in the preceding Chapter. The model LRBs designed in this study are
exceptionally slender in shape unlike that of prototype bearing, because
of relatively small load of the model. Experimental observations
Indicate the presence of rocking mode of vibration in the response of
the test structure and this happens due to slender shape of the model
bearing. Therefore, for simulation of response of the test structure,
one additional degree of freedom is considered only at the rigid base
and response are computed from the lumped mass model. Figure 5.8 shows
both measured and simulated absolute roof acceleration histories of the
test model and both are found to be in good agreement. Figure 5.9 shows
the plots of frequency vs transfer function (ratio of FFTs of roof
acceleration and table acceleration histories) for both measured and
computed acceleration histories. Both measured and computed response
indicate that fundamental period of the isolated structure 'is 1.5 Hz.
Higher modes contribution are more in computed response as compared to

that of measured response.
5.8 Results and Discussion

In this section, the response of both rigid body model and lumped
mass model of a isolated three storey r.c. shear bullding subjected to
two representative earthquake excitations, are evaluated by solution
technique discussed in the preceding section. Performances of selected
base lsolation systems are studied. The three storey isolated building
conéidered for analysis is geometrically similar to the test model ( 1/6
scale ) used in experimental study. Plan and elevation of r.c. framed
structure alongwith details of elements, are shown in Fig.5.10.
Parameters of different isolation system are provided in the Table 5.1.
The natural frequencies of the structure ( fixed base ) are as: w =

1

20.62 rad/sec, w,= 57.08 rad/sec and Wy = 87.07 rad/sec. The equivalent

viscous damping ratio of 0.05 is taken in the first mode of vibration.

LRB, LLRB and EDF bearing are considered to have same geometry
with same post yielding stiffness, which corresponds to a frequency of
0.5 Hz. The coefficient of friction in P-F bearing and EDF bearing is
consldered to be 0.1. This happened to be the mean coefficient of
friction of Teflon/stainless steel sliding interface, which is widely

used in friction based isolation systems developed in different parts of

88



the world. In the analysis, six numbers of bearings are considered for

all four isolation systems with a bearing located under each column of

the r.c. frame.

Table 5.1 Values of parameter used for various base isolators

K K K £ C m j
e P eq eq eq
Base Isolator| .\ omy|(xN/mm) | (kN/mm)| (Hz)

(1) (2) (3) (4) (5) (6)
P-F - - - - - 0.1

LRB 6.6875 | 2.225 | 2.967 | 0.575 | 0.133 -

Lead Rubber |15.575 2.225 3.975 0.666 0.240 -

EDF 6.875 2.225 2.967 0.575 0.133 0.1

To understand the effects of amplitude and frequency contents - El-
Centro(N-S) accelerogram(1940), and Koyna(long.) accelerogram(1967) are
considered. The El1-Centro(N-S) accelerogram has peak ground acceleration
of 0.33g and has most of its frequency content between 1 Hz and 3 Hz.
Koyna (Long.) accelerogram has peak ground acceleration of 0.63g and has
most of its frequency content between 2.5 Hz to 8.5 Hz. The recorded
acceleration are as such used and no effort has been made to normalize
the accelerograms either with respect to peak ground acceleration or

spectral intensity.

The responses of three storey shear building with various base
isolators are evaluated. The instantaneous absolute base acceleratlon,
the roof acceleration, the relative base displacement are computed and
time history of these responses are plotted. Variation of the peak
absolute base acceleration, roof acceleration, the peak relatlive base
displacement, the peak roof displacement relative to base with different
post ylelding time period are evaluated for LRB, LLRB and EDF isolation
_systems. Further, to study the sensitivity of responses of EDF isolator
to the coefficient of friction, variation of peak absolute base
acceleration, the peak absolute roof acceleration, the peak absolute
relative base displacement, peak absolute relative roof displacement
with equivalent time period { corresponding to equivalent stiffness )} of
isolated structure for different values of u are computed. The frequency
decompositions for roof acceleration time histories for the base

isolated structure and the fixed base one are examined.
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5.5.1 Rigid Body Model: For the purpose of understanding the charac-
teristic of selected 1isolation system clearly, effect of structural
flexibility was not considered. Secondly, computed responses from rigid
body model can be compared with the responses of more refined analytical

model in connection with the development of simplified analytical model

for practical design purpose.

Figures 5.11 and 5.12 show relative base displacement time
histories of the rigid body supported over selected base isolation
systems subjected to Koyna and El-Centro earthquake excitations. Base
displacement time history of the P-F Isolationsystem can be
differentiated from that of the other isolation systems due to the
presence of distinct characteristics in which sliding and non-sliding
phase occurs alternately before returning finally to non-sliding phase,
This system produces lowest base displacement amongst all isolation
systems discussed in this study for both earthquake inputs. The
displacement level in LLRE s less than that in LRB and this is due to
the presence of lead core, which reduces the bearing displacement.
Displacement in LRB of EDF bearing is less than that in LRB alone
because slip occurs in the sliding interface but total displacement is
comparable to that of LRB. In EDF bearing system, total base
displacement oscillates around slip displacement. Comparison of Fig.5.11
with Fig.5.12 revealed that displacement level of all isolation systems
studied, wunder Koyna excitation, are less than that under El-Centro

excitation although peak ground acceleration of the former excitation is

greater.

Figures 5.13 and 5.14 show absolute acceleration time histories of
the rigid body supported on various base Isolation systems subjected to
Koyna and El-Centro excitations. Acceleration history of P-F isolation
system contain high frequency components which are not present in the
acceleration histories of other isolation system. Peak absolute
acceleration of the structure is limited to ug irrespective of the types
of ground motion. Acceleration histories of LRB and LLRB 1isolation
systems are smooth as compared to that of P-F isolation system. Absolute
acceleration histories of EDF isolation system are relatively smooth asg
compared to that of P-F isolator and also there is a limit on peak
absolute acceleration transmitted to the structure irrespective of

amplitude and frequency content of earthquake excitations. Comparison of
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Fig.5.13 and Fig.5.14 revealed that acceleration level of LRB and LLRB
under Koyna excitation are less than that under El-Centro excitation.
Further, acceleration levels of friction based 1isolators are less

sensitive to the amplitude and frequency content of earthquake

excitations.

5.5.2 Lumped Mass Model: Figures 5.15 and 5.16 show relative base
displacement time histories computed from lumped mass model with one dof
per floor of three storey shear bullding subjected teo Koyna and
El-Centro earthquake excitations. Roof displacement histories 1in
isolated building with LRB, LLRB and EDF bearing are nearly cverlapping
with respective base displacement histories. While roof displacement
histories for P-F bearing is found to oscillate about base displacement
histories, although displacement level in both cases are nearly same.
Displacement at base level for P-F lsolated system as obtained from this
model is much higher than that obtained from rigid body model, although
pattern of displacement histories are similar under both the
excitations. Displacement at base level for LRB as obtailned from this
model is slightly lower than that obtained from rigid body model. For
LLRB and EDF isolation system, computed base displacement from both the
analytical model give almost same level. Slip displacement 1in EDF
isolation system under Koyna excitation is nearly 2 mm when computed
from this analytical model, where as it is only 0.2 mm when computed
from rigid body model although sliding commences nearly at the same time

in both the models.

Figures 5.17 and 5.18 show absolute base acceleration time histori-
es of varicus lisolated system studled, under Koyna and El-Centro
excltations. It is seen from these figures that in P-F isolation system
maximum level of base acceleration is not restricted to upg, and this
happens due to flexibility of the structure above. In EDF isolation
system, base acceleration is found to oscillate about ug acceleration
level. Absolute acceleration response time histories for LRB and LLRB as
obtained from this model are almost similar in pattern with slightly

higher amplitude as compared to that obtained from the rigid body model.

Figures 5.19 and 5.20 show absolute roof acceleration time
histories of structure supported over various isolation systems studied,

subjected to Koyna and El-Centro excitations. Maximum acceleration
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amplification takes place in case of P-F 1isolation system. This
amplification is more in case of isolated systenm subjected to Koyna
excitation than that subjected to El-centro excitation. This happens
because Koyna accelerogram contains high frequency components and P-F
isolation system can not fllter out these components. This is not that
prominent 1In case of EDF isolator under both these excitations. The
level of acceleration amplification is very low in case of LRB and LLRB
isolation system and acceleration time histories are smooth in case of
these isolation system. Absolute roof acceleration histories for fixed
base structure 1s also provided for the sake of comparison and it can be
seen that maximum level of acceleration of all isolated structures are

much lower than that of fixed base structure (F-B).

Figures 5.21 and 5.22 show the Fourier amplitude plot of absolute
roof acceleration of bullding supported over various isolation system
studied and fixed base structure. Fourier amplitude plot of roof
acceleration with P-F 1isolation system show that energy containing
frequencies are widely spread under both the earthquake inputs although
two maln peaks are seen at 3.75 Hz and 9.5 Hz. Fourier amplitude plot of
roof acceleration for LRB isolated system shows that major peak occurs
at 0.55 Hz under both the excitations and amplitude of this peak is
higher for El-Centro excitaticn than that with Koyna excitation but
there 1s second prominent peak at 9.5 Hz under Koyna excitation. For
LLRB the major peak occurs at 0.6 Hz for both the inputs and Fourier
amplitude at thls frequency is less than that in the LRB but high
frequency amplitudes are higher in this case. For EDF bearing there are
three distinct peaks at 0.6 Hz, 4.25 Hz and 8.5 Hz. For Koyna excitation
Fourier amplitude is larger at second frequency. The high frequency
components are contributed by the small sliding phase of the motion
although high frequency responses are less when compared with P-F
isolation system. For F-B structure the main peak occurs at 3.3 Hz,

which happened to be its lowest natural frequency.

Figures 5.23 and 5.24 show the variation of the structure isolated
by EDF lsolation system against equivalent time period of the lisolated
structure for different values of coefficient of friction under Koyna
and El-Centro excltations respectively. In the practical range of
equivalent time period (2.5 sec to 4.0 sec) the responses are not

sensitive to the variation of coefficient of friction, when the isolated
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structure is subjected to Koyna earthquake. Further, the responses are
slightly sensitive to the varlation of coefficlent of frictlion, when the

same structure is subjected to the El-Centro earthquake excitation.

Figures 5.25 nd 5.26 a comparison of show the variation of
responses of bullding supported over three different isolation system
with post ylelding period Tp under Koyna and El-Centro excitations
respectively. In practical range of isolated period (1.5 sec to 2.5 sec)
the behaviour of LRB and EDF isolation system are very close to one
another under Koyna excitations and this is because of the fact that
very little slip takes place an the latter bearing. Base displacement
spectra for LLRB is lylng at lower level than that of the LRB and EDF
isolation system, while the base acceleration, roof acceleration and
roof deflection spectra of the same are lying at higher level when
compared with that of the other isolated systems under Koyna excitation,
Behaviour of EDF bearing under El-Centro excltation is quite different
from that of LRB and this 1s because of the fact that substantial amount
of slip takes place in this bearing which provides additional safety.
Level of maximum base acceleration, maximum roof acceleratlon and
maximum roof deflection are least for EDF bearing, while maximum total
base displacement is on the higher side in the practical range of
isolated period. The level of responses for LLRB are similar also under

El-Centro excitation.
5.6 Concluding Remarks

In this chapter, behaviour of & three storeyed r.c. shear f{rame
building supported over P-F system, LRB, LLRB and EDF isolator subjected
to Koyna (Long.) and El-Centro (N-S) accelerogram have been studied. The
bilinear hysteretic behaviour of LRB and LLRB have been idealized by
equivalent linear stiffness and damping factor, while frictional
behaviour of sliding systems have beenidealized by Coulomb’s rigid
plastic model. Responses of the building have been obtalned by
idealizing the bullding as (1) rigld body model (2) lumped mass model
with one dof per floor. On the basis of the detalled analysis of
responses and discussion made in the previous section following

conclusions are drawn:
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Analytlical responses obtained from analytical model and solution
algorithm presented in this Chapter are in good agreement with the

analytical and experimental responses reported in literature.

Base displacement histories obtalned from rigid body model for
LRB, LLRB and EDF bearing give qulite good estimate as compared to
that obtalned from lumped mass model. For P-F isolation system the
pattern of displacement histories obtained from rigid body model
is same as that obtalned from lumped mass model but level of
displacements are different. Base acceleration histories of
structure obtained from rigid body model give lower level of
acceleration as compared to that obtained from the second

analytical model.

In the responses of structure 1isolated by thls system, energy
containing frequencies are widely spread, because P-F isolation
system can not filter out high frequency components of earthquake

motion,

LRB system results smooth acceleration response histories and it
Is because of the fact that it filter out high frequency

components effectively.

Presence of lead core in the LLRB reduces bearing displacement but
the contribution of higher modes to the response of the structure

increases.

EDF isolation system results lowest level of acceleration
transmitted to the structures but higher mode contributlons
Increases slightly due to small amount of slip in the sliding
interface. Displacement in LRB of this system is lower but total

displacement is found to be more than that in LRB alone.

For Koyna type of high frequency accelerogram EDF bearing behaves
as LRB in the practical range of Tp but it provides additional

safety for El-Centro types of motlons.

EDF isolation system is not sensitive to the coefficient friction
undar Koyna Lype of enrthquuke oxclitnllonn, while the same s

‘slightly sensitive to the same under the El-Centro types of motion
In the practical range of time period Ta
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CHAPTER-6

BASE ISOLATED BUILDINGS SUBJECTED TO GENERAL PLANE MOTION

6.1 Introduction

In this chapter, the response of medium-rise r.c. shear type
buildings supported over either P-F bearing, LRB, LLRB or EDF isolation
system subjected to general plane motlion are studied. The floors and
basement slab of the bullding are assumed to be infinitely rigid in
plane. The superstructure of the building is idealized as an elastic 3-D
model with 3 dof per floor. The isolation bearings are modelled taking

into account their non-linear characteristics.

Seismic isolation systems developed so far, comprise of mainly,
LRBs that can be represented by models with bilinear characteristics or
sliding bearings that can be represented by models with rigid plastic
characteristics. When lIsolated structure experliences multidirectional
motion due to asymmetry in the structure and/or due to multidirectional
excltation, 1t becomes very difficult to compute the response by
conventional models. In the present study, a hysteretic model proposed
by Bouc(1967), and subsequently developed by Wen(1976) will be used.
Hysteretic force in the LRB and LLRB was computed by expression proposed
by Wen(1980). While that in sliding isolation systems were computed
using modified visco-plastic model developed by Constantinou et al.
(1990). This model 1is based on extensive series of tests on
teflon/stainless steel sliding Interface. Teflon undergoes a small
elastic shear deformation (0.1 mm to 0.2 mm) before sliding commences at
the Interface. although, this model can not reproduce rigld plastic
behaviour, the small shear deformation of the teflon renders a finite
but high elastic stiffness to the hysteretic loop, which can be
reproduced by the hysteretic model.
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A unifled solution algorithm have been developed for computation of =~
iresponse of structure isolated by varisus isolation systems, subjected
to general plane motion. This solution algorithm is based on Newmark's
method 1in predictor-corrector form. The forces mobilized in the
non-linear elements of different isolation system are computed from
close form solutlon of stiff differential equatlon of hysteretic model.
The analytical model and the solution algorithm have been implemented in
the computer program ISODYN-3D. Comparison with experimental results and
results from other numerical schemes are presented to verify the

accuracy of simple solution algorithm developed in the present study.

6.2 Non-linear Hys(eretic Model of Isolation Systems

Relative bearing displacement and velocity in X and Y directlons

with respect to ground are designated by u and u

bt * b3 b1 * b3
respectively. The lsolation bearings are considered to be rigid in the

vertical direction. Therefore, the instantaneous direction of

displacement '6, ' and veloclty 'Ub' are given by

b

u
eb = tan—l[ TEE ] ..... (8.1)
Ub1
2 2 .1/72
Ub = Uy ¥ Uy ) (8.2)

The direction of the resultant force at the bearing is opposite to
the direction of motion. The forces mobilized in the non-linear elements
of different isolation systems considered in the present study, are

glven as follows:

6.2.1 Sliding System: Forces moblilized in the sliding interface in

two orthogonal direction are expressed as

fl = pSWz1 ..... (6.3a)
fz =0. (6.3b)
fa =pMNe, (6.3c)



where, W is the total load at the frictional Interface, z1 and 23 are
hysteretic dimensionless constants in X and Y directions respectively
and M {s the coefficient of sliding friction, which depends on bearing

pressure and instantaneous sliding velocity at the sliding interface.

Equation (6.3) is identical to Coulombs’s friction force model
discussed In the preceding chapter. Here, sign function is replaced by z
and it takes values of t 1 during sliding (ylelding) phase. During

non-sllding (elastic) phase, the absolule value of z Is less than unity.

Constantinou et al.(1990) modelled the coefficient of sliding fric-
tlon on the basls of extensive experimental work by the following

expression
H=u - Ap exp(-a’ |Ub|) ..... (6.4)

where, Hoax Is the maximum coefflicient of friction at large veloclty of
sliding, Ap 1s difference between Hoax and sliding value at very low

velocity and a' Is a constant which takes care of variation of bearing

pressure at sliding interface.

6.2.2 Laminated Rubber Bearing: : Hysteretic component of restoring

force developed in laminated rubber bearing is expressed ag
f=(l-a) YKz
(]

where, Ke is the Initlal stiffness matrix (3x3) of LRB considering 3 dof
of the base, Y is the yleld displacement of the bearing, « is the ratio
of post ylielding to pre ylelding stiffnesses and z is the 3x1 vector of

hysteretic dimensionless constant.

In addition to thls, non-hysteretic component of stiffness provided
by rubber/elastomer has also been taken into account. The contributlon
of torsional moment which develops at the bearing, due to the total
torque exerted to the superstructure supported by bearings s

insignificant [Constantinou Mokha(1989)]. Therefore, z, Is consldered

to be equal to zero.
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6.2.3 Lead Rubber Bearing: Restoring force provided by lead core In

the LLRB are expressed as

F
= q Y -
fl o Uy + (1-a) Fy Zy e (6.6a)
¢ Y
f2 = 0. s (6.6Db)
Fy
f3 = o —; Ups + (1-a) Fy g e (6.6¢)

where, Fy is the yleld force in lead core, Y is the yleld displacement,
o 1s ratio of post yleldling to pre ylelding stiffnesses and Z, and Zq
are hysteretic dimensionless constants 1in X and Y directions

respectively.

In addition to this, non-hysteretic component of stiffness provided
by rubber/elastomer has also been taken into account, whlle Its
hysteretic part 1is neglected as it 1s very small compared to that

provided by the lead core.

The dimensionless hysteretic constants zl and Zq can be calculated

from the following coupled differential equations [Park et al,(1986)]

Au_, =0 ...(6.7a)

2. 4! .
+ 7' |u tBTup aZ 247 A,

Yz, o' |2, 20 Bluy,Zy b3%3 1%

' '. " 2 l. l. ‘

Yzt 7' [uyazglzgt Buygzyr 07 |uy, 2y f2gr Bluyy2 207 Augy = O (6. 70)
where, 7', B' and A are the dimensionless constants which govern the
general shape of the hysteresis loop and Y represents a displacement
quantity. Constantinou and Adane(1987) have shown that when A = 1 and
B'+ v'= 1, the model of Eqn.(6.7) reduces to a model of viscoplasticity

and In this case Y represents the yleld displacement.

The Eqns.(6.7a) and (B6.7b) are extenslon of the one dimensional
hysteretic restoring force. The hysteretlc behaviour represented by
Eqns. (6.7a) and (6.7b) can be illustrated by Fig.6.1(a), which has shown
a simple displacement path. In this case the variables In Eqns.(6.7a)

and (6.7b) are expressed as
2, =z cosOb, 2,2 nlnob. Upy * chosob and Uy ™ Ubslnob ... (6.8)
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ﬂ 0 /1”—

(a) - (b)

 Fig.6.1 Hysteretic Behaviour under Linear Path [Park et al.(1986)):
(a) Linear Displacement Path and (b) Hysteretic Behaviour

in which Ub and z are resultant untaxlial displacement and hysteretic
dimensionless constant respectively. Substituting Eqn.(6.8) into (6.7)
and subsequent simplification results following equation.

2—

AUb =0 . (6.9)

Yz + 7'|sz|z + B Ub pA
The hysteretlic property prescribed by the above formulation is
shown in Fig.6.1(b). Considering the signs of Ub and z in Egn.(6.9) are

the same, the equation simplifies to the following form.

dz Z[Ub] Ub
+ z -

In the present study, hysteretic dimensionless constant z is

calculated from Egn.(6.11) and then 2y and Z, with proper sign are

calculated using Eqn.(6.8) and these values are used in turn to compute

hysteretic component of restoring force using Eqn.(6.3) to (6.8).

The hysteretic dimensionless constant z, for unldirectional

response in X-directlon can be computed from Eqn.(6.8) by replacing z

and Ob by 21 and u respectively.

bl
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6.3 Verification of Hysteretic Model

For verificatlion of hysteretic model discussed In the preceding
sectlon, simulated hysteretic loops are compared with the experimental
results obtalned from both uniaxial test of present study and unlaxlial
and biaxial tests carried out by other investigators. The slope of the
tangent at zero dlsplacement of experimental hysteresis loop (Kt) was
considered as post ylelding stiffness Kp for LRB and LLRB isolation
system. For simulation of hysteretic behaviour of LRB, the ratio of post
ylelding stiffness to pre ylelding stiffness a« of the order of 0,25 to
0.4 and the ratio of maximum displacement and ylelding displacement (dr)

in the bearing of the order of 5 to 7 are found to be appropriate,

Experimental and simulated loops of model LRB obtained in the
present study from uniaxlal shecar test are shown in Flg.6.2. The maximum
shear strain during this test is restricted to 55 %, because this is the
expected moximum straln level duﬁlng earthquake simulator testing of
base lisolated test model for a vertical load of 20 kN. For the
simulation of the hysteretic behaviour, the value of « and dr are
considered to be 0.333 and 6 respectively. [lgure 6.2 shows that

simulated loop Is In good agreement with experimental loop.

Hysteretic behaviour of LLRB 1is simulated consldering « equal to
0.1 to 0.14 and ylelding shear force as 5 to 6 % of vertical load over
bearing., Figure 6.3 depicts hysteresis loop for LLRB obtained by
Robinson et al.(1982) from unlaxial shear test and simulated loop for
110 mm maximum horizontal displacement and a vertical load of 3.15 MN.
This bearing was used for base isolation of William Clayton Bullding
situated In Wellington, New Zealand. The simulated loop is found to

match the experimental loop closely.

Figure 6.4 shows hysteresis loops of high damplng LRB obtained by
Alken et al.(1983) from horizontal shear test subjected to uniaxial
sinusoldal Input and simulated loop for 1004 maximum strain and a
vertical load of 31.455 kN. In this case, a is taken equal to 0.285 as
the initial stiffness is more in high damping LRB as compared simple LRB

and dr is taken equal to 6. The simulated loop ls In good agreement with

that obtained from the experiment.
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llysteretlc behaviour of a frictional system is shown In Fig.6.5 in
which frictional force-displacement relation as observed by Mokha et al.
(1990) from testing of Teflon/stainless steel interface and simulated
behaviour under unldirectional sinusoidal input are presented. The
frequency of sinusoidal input was 0.16 Hz with a amplitude of 1 in. For
simulation of hysteretic behéviour, Y Is equal to 0.001 in, a’ is equal
to 0.6 sec/in, “max Is equal to 11.93% and Ap is equal to 8.27% are
considered. Both simulated and experimental force-displacement loop are

in good agreement.

Yasaka et al.(1988b) carried out blaxial tests on 1/7 th scale
steel bar damper of 17 mm diameter and effective height of 100 mm. The
steel damper had a lateral elastic stiffness of 2.53 kN/mm, yleld force
of 2.806 kN, yleld displacement of 1.11 mm and « is equal to 0.023. The
bidirectional motion is given by

U, u sin wt L (6.12a)

Upa = U stn2wt (6.12b)

in which w = 1.57 rad/sec. Figure 6.6 shows that the simulated
hysteresis loops in X and Y dlrections with u equal to 14.65 and 28.3
mm are found to be In good agreement with corresponding experimental

hysteresis loops in X and Y directions.

Figure 6.7 shows the bi-axial hysteretic behaviour of Teflon/
stalnless steel interfaces - both simulated and experimental observation
of Test-3 and Test-6 performed by Mokha et al.(1993) in X and Y
directions. The out of phase sinusoidal excitatlions represented by
Eqn. (6.12) are considered as input in X and Y directions. For simulation
of hysteretic behaviour: Ay = 0.0811; Hoax = 0.12; a'= 0.4 sec/in in the
direction parallel to lay and Ax = 0.094; Hoag ™ 0.14; a'= 0.454 sec/in
in the direction perpendicular to lay are considered. The bearing
pressure in the interface was 500 ps!. In the Test-3, peak displacements
In X and Y directions are 1.781 in and 1.728 in respectively with a
frequency of 0.5 rad/sec, while in Test-6, peak displacements in X and Y
directions are 1.779 In and 1.728 in respectively with a frequency of
2.22 rad/sec. Both simulated loops and experimental loops in X and Y
directions are found to be In good agreement. Further, comparison of

shape of the hysteresis loop In Flgure 6.5 and shape of the hysteresis
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‘loop (X - dir) 1in Figure 6.7 show that biaxial interaction is
significant.

6.4 Equation of Motion

In this study, the superstructure is assumed to be a three
dimensional multi-storey elastic shear frame with three dof per floor.
This three dof are two translational motion in X and Y directions
respectively and a rotation about 2Z axis. Figure 6.8 shows the
structural model of a three storey shear frame building. The three dof
are assocliated with the centre of mass of each floor and the base. The
floors and the base are assumed to be infinitely rigid in its plane. The
centre of mass of all the floors and the base are assumed to be on the
same vertical axis. The asymmetry in floor plan (if any) is identical
for all the floors.

The governing equations of motion of elastic superstructure for

3-D model of isolated multi-storey shear bullding are expressed as
Mu+ Cu+ Ku=-MR U e (6.13)

where, M, C and K are mass matrix, damping matrix and stiffness matrix
of size NxN of the superstructure, defined as in Kan and Chopra(1977),
N is three times number of the floors, and R Is the matrix of size Nx3
of earthquake influence coefficient [Clough and Penzien(1986)]. Here,
u, u and u represent the floor acceleration, velocity and displacement
vectors (Nx1) relative to the base, u is the absolute base

bt
acceleration.

The equations of motion of the base for P-~F bearing, LRB and LLRB

Isolation systems are given as

ﬁ£ ﬁg + Cb &b + Kb u f = - Mb ﬁ; - RT M Q' ..... (6.14)

where, Mb is the diagonal mass matrix (3x3) and each of the diagonal
elements is having a value of m Cb is the damping matrix (3x3) of
viscous isolation elements, Kb is the resultant stiffness matrix (3x3)
of non-hysteretic part of isolation elements and f is the vector (3x1)
containing hysteretic part of restoring force of isolation system. hg ,
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ﬁb , and Uy represent the base acceleration, velocity and displacement
vectors (3x1) relative to the ground. The absolute base acceleration u

bt
iIs given by

The equations of motion of the base for EDF isolation system are

glven as:
u U 4K u o= - M (u+u) - R M (6.16)
My b K Y "y g s T e :
u=—u—u——1-f-l(RTMu] ..... (6.17)
s g b mt mt

where, ﬁb , ub , and ub are the acceleration, velocity and .displacement
vectors (3x1) of the LRB in EDF isolation system and uS ,’uS and uS are
the sliding acceleration, velocity and displacement vectors (3x1) of the
isolation system. Here, f 1is the vector (3x1) containing forces
mobilized 1in the frictional interface. Hysteretic part of restoring

force In LRB is not considered. The absolute base acceleration H is

bt
given as:
Upy = ug + e S (6.18)
nf
Here, mt = mb +i§1m1

6.5 Method of Solution

The implicit-implicit partitioned Newmark’s method in predictor-
corrector form is wused again for direct integration of individual
coupled equations of motion in staggered fashion [Paul(1982),
Zienkiewicz et al.(1988)]. The solution of differential equations
governing the behaviour of non-linear isolation elements, which are
essentially very stiff, are obtained by using Kamke’s solution in close
form as discussed in the Section 6.2. The algorithm for solution of
governing equations of motion of 3-D elastic shear frame supported over

pure friction, LRB and lead rubber isolation system is shown below:
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1. Initialize

(1) (1)

ub = 0, u =90
ub(1) =0, u (1) _ o
u;(1) PO € DI
n=20

2. Set time step counter n = n + 1
3. Begin predictor phase in which,

(1) _ _ ' 2., te
(ub)n+1 = (ub)n+1 = (ub)n + At(ub)n + AtT(1 2[3)(ub)n /2

(1)

(ub)n+1 = (fJb)n+1 = [ub)n + At(l-af)(ub)n

W = (@ = w0 v st s atl(1-28)(u ) s 2
n+1 n+1 n n n

o (1y o e T

(u)n+1 = (u)n+1 = (u)n + At(1-y)(u )n

4. Set iteration counter i = 1 and assume f = 0 in {I = 1

S. Evaluate residual forces using equation

(1) ")(1) )[1)

_ (1)_ (i (1)
fb = - M (u) i- G U lne1™ Kpluy)y

- Mb(u )n+1- R M U1

6. Form the effective isolator stiffness matrix using the expression

*

_ 2
Kb = 1/(At™R) Mb + 7./(At B) Cb+ Kb

»*
or update Kb if At changes.

7. Solve

(i)

Kb A(u ) ¢
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8. Enter corrector phase for responses of basement in which,

(u )(i+1) _ (i) (1)

plner T (Mplpey * Aw)
G+ o (ivl) 2
(w)ur = T T - @)1/
o i+1) (1) i+l
(updpgey = (o) g+ v atluy) o
(i+1)

8. Compute (u, ,)

bt ins1  Using Eqn. (6. 15)

10. Evaluate the residual forces for superstructure from Egn. (6.13)

_ (1) (1) (1) o (1+1)
bg = " MUy net T K Unaym MR (gt
11. Form the effective superstructure stiffness matrix using the

expression

K = 1/(At28) M + 3 /7(At B) C + K
»*
or, update K 1if At changes

12. Solve e

13 Enter corrector phase for responses of super-structure in which

(U)(i+1) (1) (1)

n+1 - (U)n+1 + ()
(i+1) (i+1) ~ 2
(u)n+1 = [(u)n+1 - (u)n+1]/(At 3)
Li+1) e (1) o (i+1)
(u)n+1 = (u)n+1 + ¥ At(u )n+1

14. Calculate non-linear forces developed in the isolation system from
Eqn. (6.3) for P-F and FDF isolators, Eqn.(6.5) for LRB, Eqn. (6.6)
for LLRB.
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v 15. Compute
)

g+ uw g v

c ull (i+1)

[l u

16. If £, z tolerance, set i = i+1 and go to step-5, otherwise continue.

17. Set
_ (1+1) B (i+1)
)y = () (Wi = (W
) _ 0 1+1) ) _ oo (1+1)
(ub)n+1 - (ub)n+1 ’ (u)n+1 - (U)n+l
. _ i1 T i)
(ub)n+1 = ( b)n+1 ’ (u )n+l = (u )n+1

for use in the next time step, go to step-2.

The same algorithm can also be extended for 3-D elastic shear frame

building supported over EDF isolation system.

Using the predictor-corrector algorithm as described above, a
FORTRAN-77 program ISODYN-3D is developed for numerical solution of the
equation of motion of the structure supported over selected isolation
system, subjected to bidirectional earthquake excitations. A time step
At = 0.01 sec is used for response calculation of LRB and LLRB isolated
system. For friction based isolation system a time step At = 0.002 sec
is used for response calculation of lisolated structure. Further
reduction of time step size in both cases resulted no noticeable change

in the computed response.

6.6 Validation of Analytical Model

The validity of the analytical model and the solution algorithm
used in ISODYN-3D is demonstrated by comparing the analytical response
of a single storey asymmetric structure supported over sliding isolation
alongwith helical springs acting in parallel, as obtained by Nagarajaiah
et al.(1890) and the results of the present study. The structure has
equal base dimensions of 12,192 mm (L) and is supported on four corner
columns having a height of 4,572 mm. The total weight of the structure
was considered to be 2,135 kN. The weight of floor and base of the
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structure was considered to be equal. The weight of floor and base slab
has been distributed non-uniformly. Centre of mass of both floor and
basement of the structure have been assumed to be on same vertical axis.
Eccentricities e, = ey = 0.1 L of the centre of stiffness of the
superstructure from the centre of mass were considered. The uncoupled
translational period (TS) of the superstructure was considered to be 0.3
sec in both X and Y directions. The uncoupled torsional period (Te) of
the superstructure was considered as 0.58TS. Damping ratio of 0.02 of
critical was used for the superstructure in all modes. Four sliding
Teflon disc bearing under a pressure of 6.9 MPa were used. For this
condition, the bearing properties are Mooy = 0.12, Ap = 0.093 and a’ =
0.0234 sec/mm. The helical springs were designed to provide a rigid body
mode period, Tp' of 3 sec. The ground motion considered was El-Centro
earthquake with N-S component in X-direction and E-W component in
Y-direction. Figure 6.9 shows the comparison of base displacement
response in both X and Y directions. The peak ground displacement (PGD)
of 108.96 mm was used for normalizing the displacement response. This
comparison shows good agreement between response computed by Nagarajaiah

et al.(1990) with the present study.

Nagarajaiah et al.(1991) computed response of similar structure
supported over LLRBs. Eccentricities e, = ey = 0.1 L of the centre of
stiffness of the superstructure from the centre of mass were considered.
The wuncoupled translational period (TS) of the superstructure was
considered to be 0.3 sec iIn both X and Y directions. The uncoupled
torsional period (Te) of superstructure was considered to be equal to
TS. Damping ratio of 0.02 of critical was used for the superstructure in
all modes. Four LLRBs were placed below the columns for seismic
isolation. The properties of bearings were the initial elastic stiffness
of 3.12 kN/mm, the post yielding stiffness of 0.48 kN/mm and the yield
strength of 29.36 kN. The ground motion considered was El-Centro
earthquake with N-S component in X-direction and E-W component in
Y-direction. Figure 6.10 shows the comparison of base displacement
response in both X and Y directions obtained in the present study and
that obtained by Nagarajaiah et al.(1991). The peak ground displacement
(PGD) of 108.96 mm was used for normalizing the displacement response.

This comparison shows good agreement between response computed from both

studies.
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6.7 Results and Discussions

In this section, the response of 3-D model of a three storey r.c.
shear building subjected to Koyna Earthquake with Longitudinal component
In X-direction and transverse component in Y-direction, are computed
based on solution techniques/algorithm discussed in the preceding
sectlion. Performances of selected base isolation systems are studied.
Detalls of the r.c. framed structure considered in this section is same
as that considered in the Chapter-5 (Fig.5.10). Bearing parameters in
both X and Y directions are considered to be same for all isolation

systems studied and these are same as listed in Table 5.1.

Figures 6.11(a) and (b) show relative base displacement histories
and absolute acceleration histories in X and Y directions, of ‘the
isolated structure supported on P-F isolator subjected to bidirectional
Koyna earthquake motion. Figure 6.12 shows relative base displacement
history, absolute roof acceleration history and Fourier amplitude
spectra of absolute roof acceleration in X-direction of the structure
isolated by P-F bearing subjected to only longitudinal component of
Koyna earthquake. Comparison of displacement and acceleration histories
as shown in Figs.6.11 and 6.12 in X-direction shows that Substantigl
biaxial interaction exists in the response in both the directions.
Comparison of Figs.5.21(a) and 6.12(c) shows that modelling friction by
Coulomb’s rigid plastic model excites more higher modes than that
induced by visco-plastic modelling. In visco-plastic model, small amount
of ylelding at the sliding interface has been considered before
initiation of the sliding phase and also there is no discontinuity in
the force-displacement hysteresis loop. Thus, in visco-plastic model
transition from sliding to non-sliding and vice-versa are smooth as
compared to Coulomb’s model and it is for this reason higher modes
contributions are less in the former modelling of friction. Comparison
of Fig.5.15(a) and 6.12(a) shows that pattern of displacement histories
are simllar for both the modelling, while the level of displacement is

higher in the rigid plastic model.

Flgures 6.13(a) and (b) show relative base displacement histories
and absolute acéeleration histories in X and Y directions, of the
Isolated structure supported on LRB system subjected to bidirectional

Koyna earthquake motion. Flgure 6.14 shows relative base displacement
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history, absolute roof acceleration history and Fourier amplitude
spectra of absolute roof acceleration in X-direction of the isolated
structure isolated by LRB subjected to longitudinal component of Koyna
earthquake. Comparison of displacement and acceleration histories shows
that the effects of biaxial interaction is also considerable for LRB
isolation system as shown 1in Figs.6.13 and 6.14. Comparison of
Figs.5.21(b) and 6.14(c) shows that modelling of force-displacement
characteristic of LRB by non-linear model proposed by Wen{1980) excites
more higher mode contribution than that in equivalent linear model. In
equivalent linear model, equivalent stiffness (Keq) considered for
analysis is much lower than the pre-yielding stiffness of the bearing,
while in non-linear hysteretic model, high pre-yieilding stiffness of
the bearing has been taken into account and this high initial stiffness
increases higher modes contributions and at the same time decreases
lower modes contributions in the response of the isolated structure.
Figures 5.15(b) and 6.14(a) show that the pattern of displacement

histories are similar and also level of displacements differs only by

small margin.

Figures 6.15(a) and (b) show relative base displacement histories
and absoluﬁe acceleration histories in X and Y directions, of the
isolated structure supported on LLRB subjected to bidirectional Koyna
earthquake motion.. Figures 6.16(a) and (b) show relative base
displacement histories and absolute acceleration histories in X and Y
directions, of the isolated structure supported on EDF isolatlion system
subjected to bidirectional Koyna earthquake motion. For LLRB and EDF
isolation system, effects of biaxial interaction are also considerable

and variation of response with different modelling of isolation system

are similar to that of LRB.

6.8 Concluding Remarks

In this chapter, response of three storeyed r.c. shear frame
building isolated by P-F bearing, LRB, LLRB and EDF isolator sub jected
to Koyna earthquake with logitudinal component in X-direction and
transverse component in Y-direction, have been studied. The
force-displacement characteristics of the isolation systems have been
modelled by non-linear hysteretic model. Response of the building have

been obtalned by idealizing superstructure as 3-D model having 3 dof per
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floor. On the basis of the detailed analysis of response and discussion

made in the previous sections following conclusions are drawn:

o Simulated shear force-displacement hysteresis loops of different
isolation systems obtained by solution developed in this chapter
are In close agreement with the experimental force-displacement

loops reported in the literature.

o Response of the base isolated structure subjected to general plane
motion, obtained from solution algorithm developed in this chapter
are in good agreement with that obtained from more complex

numerical studies reported in the literature.

o] Effects of biaxial interaction on the response. of isolated
structure are significant for P-F bearing and 1its effects are

considerable for LRB based isolation systems.

o Modelling of force-displacement characteristics of pure friction
bearing by visco-plastic model results in reduction of
contribution Qf higher modes in the response of 1solated structure

as compared to that of Coulomb’s rigid plastic model.

o Modelling of force-displacement characteristics of LRB by non-
linear hysteretic model increases higher mode contributions and
decreases lower mode contributions in the response of isolated
structure as compared to that of equivalent 1linear analysis.

Similar behaviour is also observed for.LLRB and EDF isolator.
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CHAPTER 7
SUMMARY AND CONCLUSIONS

7.1 General

The present work is undertaken to study the response of: base
isolated medium-rise framed buildings =~ ©both analytically and
experimentally. The main objectives of this study are - (i) to develop
suitable 1isolation system for seismic protection and assess its
effectiveness in controlling the response of the test structure by Shake
Table test (i1) to model hysteretic behaviour of seismic isolation
system in light of experimental observations and (111) to develop a
unified solution algorithm, which is simple and practical yet accurate,
and also necessary computer programs for computation of seismic response
of medium-rise base isolated buildings, subjected to both unidirectional
and bidirectional motions. In the course of the study, various other
important factors which influences the overall behaviour of the base
isolated buildings supported over various isolation systems viz bearing
characteristics, effects of flexibility of the superstructure,
characteristics of earthquake excitation, effects of different
hysteretic models, biaxial interaction in general plane motion and
contribution of rocking mode have been examined. The major conclusions

are summarized in the subsequent sections.

7.2 Conclusions
7.2.1 Review of Literature

Seismic Isolation systems developed SO far and their
characteristics, analytical and experimental studies on overall
behaviour of base isolated buildings have been reviewed in this study.
Various base isolation systems developed for earthquake protection of
medium-rise buildings are broadly classified into three categoreies.
Based on the review of literature, laminated rubber bearing (LRB) with

appropriate damping is found to be sultable for seismic isolation of
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medium-rise framed buildings considering its low-pass filter

characteristics and simple construction and connection details.
7.2.2 Design of Model Bearing and its Characteristics

> Maln criterion for design of LRB for seismic isolation, are high
vertical stiffness and low horizontal stiffness. It is very difficult to
achleve these two requirements simultanecusly, while designing model LRB

for seismic isolation of test structure with small loads.

Buckling load of model LRB have been estimated from different
formulae proposed by different investigators. On the Dbasis of
compressive load test on model LRB, it is concluded that buckling load

predicted by Stanton et al.(1989) gives a more realistic value as

compared to other formulae.

Shear test carried out on model LRB show that shear modulus and
shear stiffness decreases with increasing shear strain level (upto 55%
maximum strain) and increasing vertical load. Damping provided by the

model LRB Increases with increasing vertical load.

7.2.3 Shake Table Test

A three storeyed r.c. framed model has been constructed for the
Shake Table test. The dimensions of elements of the model are obtained
by geometric scaling of corresponding elements of the prototype, which

are designed for Zone-V as per seismic zoning map of India.

Response of a base isolated model have been recorded during free
vibration test and shake table test. It is observed that model LRB acts
as a low pass filter which eliminates high frequency components of the
table acceleration. Peak roof accelerations in three test runs are found
to be nearly 50% of peak table accelerations of the respective runs and
this establishes the effectiveness of model LRB in controlling the
response of the test structure. The behaviour of model LRB is non-linear
in nature with high stiffness at 1low strain level. Rocking mode
contribution 1s present in the response of the 1isolated structure

because of slender shape of model LRB.
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7.2.4 Development of Computer Programs and their Validation

Number of computer programs have been written in FORTRAN-77
language on the basis of solution algorithms developed for computation
of seismic response of base isolated medium-rise r.c. framed structures,
subjected to both unidirectional and bidirectional motions. Validation
of computer programs have been performed by comparing the computed
results with the measured response of Shake Table test carried out in

this study and analytical and experimental results reported in the

literature.
7.2.5 Flexibility of Superstructure

Effect of flexibility of the superstructure has been assessed by
idealizing the superstructure isolated by different isolation systems as
rigid body model and flexible model. Base displacement histories
obtalned from rigid body model for LRB, LLRB and EDF bearing, give good
estimate as compared to that obtained from flexible model. Acceleration
time histories for these isolation systems obtained from flexible model
are almost similar in pattern with slightly higher amplitude as compared
to that obtained from rigid body model. Effect of flexibility is maximum
in case of P-F isolation system. Level of base displacement increases
considerably in case of flexible model, although pattern of displacement
histories in both models are similar. Amplification of acceleration is
considerable for this system, although it is less than that of fixed
base structure. Base acceleration response in EDF isolation system is

found to oscillate about ug acceleration level in the flexible model.

7.2.6 Characteristics of Earthquake Excitation

Seismic base isolation is one of the passive control techniques of
earthquake protection of buildings and therefore, characteristics of
earthquake motion influence the response of the isolated structure. Base
displacement level for LRB, LLRB and EDF isolated systems obtained from
flexible model subjected to Koyna earthquake (long.) are less than that
subjected to El Centro (N-S) earthquake, although peak ground
acceleration is more in former excitation as compared to that in later
one. But, this is not so in case of P-F bearing isolated system, because

this system can not filter out high frequency component of the
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earthquake excitations. Amplification of acceleration is more in base
isclated system subjected to El Centro (N-S) excitation. Higher modes
contribution also increases slightly for LRB, LLRB and EDF 1isolators.
For Koyna earthquake (long.) EDF bearing behaves almost as = LRB.
Earthquake protection of buildings by base isolation is more effective
in controlling the response of the structure under earthquake

excitations with most energy contents in the high frequency range.
7.2.7 Hysteretic Modelling of Isolation System

Experimental shear force~displacement hysteresis loops for
different isolation system under both unidirectional and bidirectional
motion have been simulated by solution algorithm developed in the
present study. Simulated hysteresis loops are found to be 1in good

agreement with the experimental hysteresis loops.

Modelling of shear force-displacement characteristics of LRB by
non-linear hysteretic model increases the higher mode contributions at
the same time decreases the lower mode contributions in the response of
isolated structure as compared to that of equivalent 1linear analysis.
Similar behaviour is also observed for lead rubber bearing and EDF
Isolator. Modelling of hysteresis loop of P-F bearing by visco-plastic
model reduces the contribution of higher modes in the response of

isolated structure as compared to that of rigid plastic model.
7.2.8 Biaxial Interaction in General Plane Motion

Influence of biaxial interaction between orthogonal components of
restoring force of isolation bearings is established by change in shape
of hysteresis loops, when the bearings are subjected to bidirectional
motion. Comparison of response of isolated structure in a particular
direction for unidirectional and bidirectional excitations also reflects

the significant effects of biaxial interaction.

Effects of biaxial interaction on the response of 1isolated
structure are more prominent in case of P-F bearing and its effects are

considerable for LRB based isolation systems.
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The computed response based on proposed solution algorithm of the
base isolated structure subjected to bidirectional motion are in good
agreement with that obtained from more complex numerical studies

reported in the literature.
7.2.9 Rocking Mode of Vibration

Normally contribution of rocking mode of vibration 1is not
significant, if vertical stiffness of the bearing is large. The model
LRB designed in this study is exceptionally slender in shape for
providing necessary flexibility for seismic isolation of the test model
and this is responsible for significant contribution of rocking mode, as
Indicated by measured response of shake table testing. When, an
additional rocking degree of freedom is considered only at the rigid
base, response computed from flexible model matches well. with the
measured respdnse of the test model. Thus, response of the base isolated

systems could be reliably pfedicted by analytical techniques developed
in the present study.

7.3 Suggestions for Future Work

Earthquake protection of structures by base isolation is of recent
origin. Different types of new seismic isolation systems are coming up
in different parts of the world. Application of base 1isolation
technique 1is gaining acceptance for controlling seismic response of
structures. This new aseismic design method will be very useful for
earthquake protection of important structures like Fire Station
Buildings, Hospital Buildings, Communication Centres, R&D centres with
sophisticated equipment, bridges and other life line structures, which
should remain undamaged and functional after an earthquake. Therefore,
further research in the field of seismic base isolation are necessary
for ralsing security against earthquake disaster. The most relevant

suggestions for future research work are as follows:

(1) Full 3-D analysis taking into account non-linear behaviour of
individual isolation bearing, can be carried out for computation

of overall response of base isolated structure.

(2) The response of the base isolated structure is dependent on the

characteristics of earthquake motlon, which will occur in future.
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(3)

(4)

(8)

o]

Therefore, probabilistic method of computation of response of base

isolated structure will be more appropriate.

Seismic response of secondary system in a base 1isolated building

is an Important area for future research work.

Rehabilitation of old monumental buildings or buildings with
historical importance by base isolation can be studied as an

alternative to existing retrofitting techniques.

Earthquake protection of other 1life 1line structures by base

isolation can be studied.
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