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Abstract

The paper discusses the finite element analysis of the force deformation characteristics of high
damping rubber bearings, lead rubber bearings and natural rubber bearings. The dynamic response of
structures isolated using bearings is also presented. The general purpose finite element program
ABAQUS has been used for the numerical predictions under monotonic loads. For computing the
dynamic response, a simplified model of the rubber bearing in the form of elasto-plastic system is
used. This equivalent model is implemented using the computer code CASTEM-2000 and the dynamic
response is obtained. The numerical results are found to match well with the experimental results.

1. INTRODUCTION

The use of seismic isolation for structures has been gaining worldwide acceptance as an
approach to aseismic design. Seismic isolation is achieved by providing suitable devices
called base isolation devices between the superstructure and the foundation. The principle of
base isolation is to reduce the structures natural frequency by using devices with low
horizontal stiffness at the base to decouple the structure from the ground, Me Entee [1]. The
basic feature of a base isolation system is that the superstructure vibrates almost like a rigid
body due to the combination of the flexibility and energy dissipation mechanisms of the
components of the base isolation system. The flexibility of the base isolation system is usually
achieved by providing elastomeric bearings made of laminated rubber bearings reinforced
with steel. The energy absorption devices make use of the phenomena of hysteretic damping
for the energy absorption. These hysteretic dampers utilise the yielding properties of the steel
present in the bearings. In some isolation devices like the lead/rubber bearing, the yielding of
lead is made use of for realising hysteretic damping.

Seismic isolation of Nuclear Power Plants (NPP) has been addressed by Plichon and Jolivet
[2] who concluded that base isolation would result hi reduction hi seismic induced load and
hence economical structural design. Two French built Pressurised Water Reactors employ
base isolation systems. The plants are at Koeburg in South Africa and Cruas in France.
Seismic base isolation of LMFBRs has been addressed by Me Entee [1]. Fast Breeder
Reactors (FBR) operate at high temperature which induces high thermal stresses during
transients. Hence the thickness has to be minimised to limit the thermal stresses which is
contradicting the requirements of conventional aseismic design of making the structures more
rigid. It is possible to meet this contradictory requirement by adopting seismic isolation.
Seismic base isolation has been adopted for the ALMR project, Me Entee [1].

A variety of base isolation devices including Laminated Rubber Bearing (LRB), frictional
bearing etc. have been developed. Among the isolation systems that have gained acceptance
for practical implementation, LRB isolation pads are most widely used. Full scale and reduced
scale isolation devices have been developed and tested in countries like Italy, Japan, and
USA. Many experimental and numerical studies are required on isolation pads to substantiate
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the adequacy of design and service conditions so that they can be used for FBR applications.
The major studies include deformation characteristics, aging behaviour and damping of
isolation pads. In this context IAEA is sponsoring Coordinated Research Programme (CRP)
on "Intercomparison of Analysis Methods for Seismically Isolated Nuclear Structures" under
the auspices of International Working Group of Fast Reactors (IWGFR). India, having a long
term R&D interest in the development of seismic isolation bearings, is participating in this
CRP along with the countries, Italy, USA, Japan, South Korea, Russia and European
Commission. In this CRP, the participants were provided with experimental data on the base
isolation devices and the dynamic response of structures isolated with these base isolation
devices. The participants were asked to work on these benchmark problems. The analysis
methods and results were periodically discussed in the Research Coordination Meetings
(RCM). The results worked out by us for the benchmark problems are presented in the
following sections.

2. EXPERIMENTAL INPUT DATA

2.1 Italian data

Italy has supplied experimental results on HDRB such as deformation characteristics under
combined compression & shear and vertical loads obtained on single bearing (Fig. 1). The
main geometrical details of isolation bearing are given below

Along with this, the experimental results on rubber specimen have also been supplied so as to
define material properties for rubber. These include results of (nominal stress and nominal
strain) uniaxial, biaxial and planar test data on simple rubber specimen (Fig. 2a-2c).
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FIG. I. High damping rubber bearing (Italy).
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2.2 Japanese data on Natural Rubber Bearing

Japan has supplied geometrical (Fig. 3) and test data on Natural Rubber Bearing (NRB) &
Lead Rubber Bearing. Also the derivative of strain energy as the function of strain invariants
(I, & I2) has been supplied to characterise the rubber material (Fig. 4). The details of
geometric data of the NRB is given below:

Thickness of rubber sheet =5.7 mm
Number of rubber layers = 25

Total thickness of rubber layers - 142.5 mm =

FIG. 3. Natural rubber bearing (Japan).
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FIG. 4. Strain energy density function (Japan).

The experimental results include combined compression & shear and compression with
different offset shear strain.

2.3 CRIEPI Lead Rubber Bearing Data Supplied By Japan

The main geometrical and other details of the CRIEPI Lead Rubber Bearing are given below:

Thickness of rubber sheets
Number of rubber layers
Total thickness of rubber layers
Thickness of steel plate
Number of steel plates
Diameter of rubber sheet
Diameter of inner hole
Design vertical load
Shear modulus of rubber
P
Vsteel

= 4.9 mm
= 25
- 122.5 mm
= 3.1 mm
= 24
= 876 mm
= 98.0 mm
=1500kN
= 6.0 MPa
= 200 GPa
= 0.271
= 17500 MPa
= 0.44

The experimental results on rubber specimen have also been supplied to define material
properties for rubber. These include results of strip biaxial test data where the derivative of
strain energy as the function of strain invariants (I, & I2) are given. The other data include test
results on combined compression & shear and compression with different offset shear strain.
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2.4 Korean data on High Damping Rubber Bearing

Korea has supplied experimental results on HDRB such as deformation characteristics under
combined compression & shear on single bearing. The main geometrical and other details of
the KAERI HDRB are given below:

Thickness of rubber sheets
Number of rubber layers
Total thickness of rubber layers
Thickness of steel plate
Number of steel plates
Thickness of steel end plates
Diameter of rubber sheet
Diameter of inner hole
Design axial stress
Design horizontal deformation

= 1.2 mm
= 29
= 34.8 mm
= 1.6 mm
= 28
= 30 mm
= 156 mm
= 10.5 mm
= 2.55 MPa
= 34.8 mm (100% shear strain)

The experimental results on rubber specimen have also been supplied so as to define material
properties for rubber. These include results of (nominal stress and nominal strain) uniaxial,
biaxial, planar and confined volumetric test data on simple rubber specimen.

2.5 ALMR High Damping Rubber Bearing Data Supplied By USA

The main geometrical and other details of the ALMR HDRB (1:8 scale) are given below:

Thickness of rubber sheets = 2.3 mm

Number of rubber layers =75
Total thickness of rubber layers = 34.5 mm
Thickness of steel plate =1.9 mm
Number of steel plates =14
Thickness of steel end plates =33 mm
Diameter of rubber sheet =153 mm
Diameter of inner hole =20 mm
Design axial stress = 44kN
Shear modulus of rubber = 1.4MPa

3. ANALYSIS PROCEDURE

In the first stage of the CRP, a single isolation bearing is analysed to predict the deformation
characteristics under monotonic loadings. The loading combination for Italian HDRB are
combined compression & shear and pure compression. For Japanese case , they are combined
compression & shear and compression with different offset shear strain. For the KAERI
HDRB, ALMR HDRB and CRIEPI Lead Rubber Bearing, the loading combinations are
combined compression and shear with 100% design vertical load. In the second stage of the
CRP, the dynamic response of structures isolated with the above bearings is computed.
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3.1 Material Characterisation Of Rubber

The Laminated Rubber Bearing (LRB) is formed by alternated vulcanised rubber layers and
steel shims. This rubber bearing has the features necessary for seismic isolation viz., high
stiffness in vertical direction to take care of vertical load and low horizontal stiffness to
reduce the acceleration load to the superstructure under seismic conditions. The LRB undergo
large finite deformation before they fail. Rubber materials do not follow linear stress strain
law and exhibit hyperelastic behaviour.

The isolation pads which undergo large deformation under seismic excitations thus exhibit
strong nonlinear behaviour. Further the behaviour is complicated by the interaction of time
dependence and sources of nonlinearities, Christensen, [3]. Thus the numerical modelling
need to take care of high material and geometrical nonlinearities The hyperelastic material is
characterised by the existence of strain energy function U, measured per unit volume of
reference state, which is a function of deformation gradient.

For the present analysis, the Finite Element code, ABAQUS 5.6-1, [4] has been used. Rubber
material can be characterised by using ABAQUS by two important forms of strain energy
density functions viz polynomial and Ogden form. They are described briefly here. The
polynomial form is given by

2
- 3 ) J

Where I, and h are independent invariants of strain and are given by

I = X1 + X1 + X2 (2)
1 1 2 3 V J

I = XZX2 + X2X2 +X2X2 (3)
2 1 2 2 3 1 3 v '

A-J - principal extension ratio, Cy, Dj - material constants, N - order of the polynomial Jei -
elastic volume ratio.

The second term D{ becomes zero for fully incompressible material which is
approximately true for rubber like materials. Rubber material undergoes little change in
volume at stress levels that cause deformation and thus they can be treated as incompressible
and subject to the constraint, I3 — 1, where I3 = 'k/ A,22 A,/ . Considering N=l, the strain
energy density function reduces to the form suggested by Mooney i.e.

U = C,a,-3) + C2(I2-3)(4)

which is first two terms in the expansion of U as a double power series about the values I ,=3
and 12=3 for the undeformed state. For moderate strain Mooney form is used. For high strain
region, higher order terms in the strain energy function are required. The Ogden strain energy
density function is given by

el - I ) 2 ' (5)

[j<, a, Di are material constants.
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The fundamental difference of Ogden from polynomial form is that the strain components can
have fractional powers and also the coupling between the principal extension ratios is absent
in case of Ogden form.

3.2 Analysis Methodology

There are three major steps in the analysis methodology which are given below.
• The material constants of the strain energy density function for rubber material have to

be found from experimental results from simple rubber specimen. Generally, three or
more test results are required to determine the material constants. They are uniaxial
tension, biaxial tension, planar tension (Pure shear) and volumetric test. From these
experimental data of nominal stress vs. nominal strain, the material constants are fit by
least square method. Alternatively the material constants can be found if derivative of
the strain energy density function with respect to strain invariants (I,, I2) are given. In
this report two forms of strain energy functions (Polynomial and Ogden) have been
employed and their behaviour is compared.

• Normally 3-D finite element modelling is adopted to analyse the laminated rubber
bearing. In addition to 3-D modelling of 180 deg sector of the isolator, two more models
viz. axisymmetric model and single layer model are used because of the following
reasons viz. i)the isolator is axisymmetric in geometry and the loading is asymmetric
which can be applied through fourier component (n=l) ii) the behaviour of every rubber
layer along with the steel plate is similar. The axisymmetric and single layer models are
employed here to study the effectiveness in predicting the deformation behaviour of the
isolator

• Calculation of displacements using the above FE models for various load cases and
comparison with experimental results.

The above procedure is adopted for the analysis of all beaings.

4. NUMERICAL ANALYSIS OF RUBBER BEARING

4.1 Determination of Material Parameters for Rubber of Italian HDRB

The experimental data provided by Italy to evaluate material constants viz. uniaxial tension,
biaxial tension and planar tension (Fig 2a-2c) are used to determine the material constants
appearing in the strain energy density function (eqn. 1 & 5). ABAQUS has been used to
determine the material parameters for the present analysis for polynomial and Ogden forms
with N=2.

4.1.1 Finite Element Model

The hybrid C3D8H element and reduced integration element, C3D8R of ABAQUS have been
used to model rubber and steel shims respectively. The finite element model consists of 2880
nodes and 1248 elements. Fig 5 shows the finite element mesh used for the analysis. For
axisymmetric model, the elements, CAXA8H1 and CAXAR1 of ABAQUS have been used to
model rubber and steel plates respectively. The model consists of 370 elements and 1380
nodes. For single layer model, the area resisting the combined compression and shear load is
same for both single layer and full isolator. Hence a single layer of rubber is modelled and the
deformation behaviour for combined compression (50 kN) & shear upto 400% shear strain
has been obtained. For this single layer model, 3-D element of C3D8H is used. The
deformation obtained by single layer model has been scaled up by the number of rubber layers
(12) for the purpose of comparison with full model.
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4.1.2 Finite Element Analysis

The isolator is first compressed with vertical load and then sheared to the required level by
keeping the vertical load constant. The following three types of analyses have been completed
by using both polynomial and Ogden forms of strain energy density function.

1

= = = =

FIG. 5. Finite element mesh ofHDRB.

The HDRB is applied with a vertical load of 50 kN (design vertical load) through the dummy
node. Subsequently, the bearing is sheared by applying shear force through the same dummy
node keeping the vertical force constant at 50 kN. The displacement of the top end plate is
extracted with respect to applied shear force. The applied shear force has been increased till
the required level of deformation (upto 400%) is reached. A typical deformed shape of
isolator under this loading condition is given in Fig 6. The load displacement curve and its
comparison with experimental results is shown in Fig 7 for 3-D model, axisymmetric model
and single layer model for polynomial form of strain energy density function. Fig 8 gives the
same results for Ogden form of strain energy density function.

FIG. 6. Deformed shape ofHDRB mesh.

The HDRB is next compressed with a vertical load of 100 kN (200% of design vertical load
and then sheared, keeping the vertical load constant as explained above. The load
displacement curve is shown in Fig 9. The figure also shows the load displacement curve for
both polynomial and Ogden forms of strain energy density functions. The effect of
compressive force on combined compression and shear is shown in Fig. 10.
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A vertical load upto 1200% of design load (600 kN) is applied next. For this case, analysis
with only 3-D model is done. The vertical load displacement curve is shown in Fig 11.

4.2 Determination of Material Parameters for Rubber of KAERI HDRB

From the test data provided the material constants were found by the automatic curve fitting
capability available with ABAQUS, as explained above. The material parameters are obtained
for both polynomial and Ogden strain energy density function forms using ABAQUS.
4.2.1 Finite Element Model

As indicated in 3.2, considering the symmetry in geometry and loading conditions a 180°
sector of the isolator only was modeled. The hybrid C3D8H element and reduced integration
element C3D8R of ABAQUS have been used to model the rubber and steel shims
respectively. The finite element model consisted of 12367 nodes and 6152 elements.
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4.3 Determination of Material Parameters for Rubber of ALMR HDRB

The analysis methodology followed are similar to the one followed for the KAERI HDRB.
The Polynomial N=2 option was used. The results show, as with KAERI, the comparison of
the calculated results with that of the experiment is good. Details of calculations are given in
reference [6].
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4.4 Determination of Material Parameters for Rubber of CRIEPIHDRB

As in the case of KAERI HDRB model, considering the symmetricity of geometry and
loading, modelling of half of the isolator is sufficient. The C3D8H and C3D8R elements of
ABAQUS have been used to model rubber sheets and steel plates respectively.
For modeling the lead core, the post yield stress strain relationship for lead is given by Hirata
[7]-

<yt = 4.0(1.0+0.096 Iog10(s\) )st'
0.31

where at and st are the tensile true stress and true strain of the lead respectively and s\ is the
true strain rate of the lead. Since the data on the strain rate was not available, two models for
lead as given in Yoo [8] were adopted where the initial yield stresses were assumed as static
and dynamic yield stresses respectively representing the soft and hard lead properties. Also
C3D8H elements were used for modelling the lead and interface between the rubber and steel
is taken to be continuous without any sliding. The derivative of the strain energy density
functions as the function of I, and I2 is used to model the constitutive behaviour of rubber. The
material behaviour is modelled by this derivatives through the user subroutine, UHYPER
available with ABAQUS.

4.4.1 Finite Element Analysis & Results

The finite element model of the LRB is applied with 1500kN of compressive force.
Subsequently it is sheared to the required level by keeping the compressive force constant.
The numerical results are compared with the results of cyclic loading test with 200% shear
strain and cyclic loading test with 300% shear strain. The comparison shows that the model
with hard lead option compares more closely than the soft lead option when the cyclic shear
strain is 200% whereas the model with soft lead compares well with experiment when the
cyclic shear strain is 300%. This indicates that at larger strain the bearing softens more than
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the present numerical model's predictions. For the calculation with compression with different
offset strain, the isolator is first sheared to the required level of offset shear strain.
Subsequently the isolator is subjected to compression keeping shear forces constant. The
analysis has been repeated for different offset shear strains of 0%, 50%, 100% and 200% as in
the case of NRB reported in Selvaraj [9].

In order to see the effect of the vertical load on the displacement due to horizontal shearing
loads, a parametric study was done by changing the vertical stress from 0% to 200% of design
vertical stress. The results indicate that the effect of increasing the vertical load on the
horizontal displacement due to shear loading is not substantial.

4. 5 Numerical Analysis Of Japanese Data Of Natural Rubber Bearing (NRB)

4.5.1 Finite Element Model

For Japanese NRB, only 3-D model and single layer model are studied. The C3D8H and
C3D8R elements of ABAQUS have been used to model rubber sheets and steel plates
respectively. Fig 12 shows the finite element mesh used for the analysis.

FIG. 12. Finite element mesh of NRB.

4.5.2 Finite Element Analysis & Results

The finite element model of the NRB is applied with 200 tons of compressive force, through
the dummy node. Subsequently it is sheared to the required level by keeping the compressive
force constant. The load displacement behaviour of the isolator is extracted and shown in Fig.
13a. For the case of offset shear strain, the isolator is first sheared to the required level of
offset shear strain. Subsequently the isolator is subjected to compression keeping shear forces
constant. The analysis has been repeated for different offset shear strains of 0%, 50%, 100%
and 200%. The deformation behaviour under all conditions have been extracted and shown in
the Fig.Bb. The results of analyses of Japanese data are similar to that of the numerical results
of Italian data. Details of the analyses results are given in reference [6].
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5. DYNAMIC RESPONSE OF SEISMICALLYISOALTED STRUCTURES

For obtaining the dynamic response of the base isolated structure, using finite element
analysis, it becomes computationally prohibitive to model the rubber bearing in full detail as
done for studying the quasi-static behaviour of the bearing. The nonlinear behaviour of the
rubber and the hysteretic damping make the modeling computationally demanding. Alternate
methods for modeling the hysteretic damping are available in the literature, reference [10,11].
In these methods, the restoring force of the hysteretic damper is expressed numerically in
terms of nonlinear first order differential equation. The dimensionless parameters of the
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nonlinear differential equation are obtained from the experimental data of the bearing. A
recent publication, reference [12] gives different methods of modeling hysteretic damping. In
this analysis, an equivalent model simulating the hysteresis of the actual bearing is employed
in place of the rubber bearings.

5.1 Description of the MISS Structure

MISS (Model of Isolated Steel Structure) is a five storied steel built up framed structure with
a rectangular base of 2.1 x 3.3 m. The structure is made of steel sections HEB 100 and HEM
140. Six vertical columns (HEB 100) are bolted on a base frame made of HEM140. Four
horizontal frames (HEB 100) can be bolted to the columns to achieve an interstory distance of
either 0.9m or 1.1 m. Fig. 14 shows the framed structure of MISS. The schematic of MISS is
shown in Fig. MISS can support up to 20 concrete masses each weighing 12.8 kN. The
isolation system for MISS is formed by 6 High Damping Rubber Bearings (HDRBs)
fabricated with a soft compound (G=0.4 Mpa). The isolators have an overall diameter of 125
mm and are made of 12 rubber layers with a thickness of 2.5mm (30 mm total height), and 11
steel shims lmm thick bonded to the rubber layers. Experiments were carried out on MISS for
the following configurations, viz.l) Cl - no masses and fixed base, 2) C2- 16 masses (4 for
each floor) and fixed base, and 3) C3-16 masses (4 for each floor) and isolated base.

5.2 Natural Frequency of MISS

Computer code CASTEM-2000 has been used for determining the natural frequencies of
MISS. The fundamental frequencies for configurations Cl and C2 are found to be 8.8 Hz and
2.78 Hz. The mode shape is shown in Fig. 15 . The connection between the column and the
beam of MISS is actually a bolted connection. For modeling this bolted connection, the
stiffness properties of the members adjacent to the bolted connection are modified so that the
resulting natural frequencies match with the experimentally measured frequencies. The other
way of modelling the bolted connection are to introduce springs with appropriate rotational
stiffness in either direction at the connection and do the analysis.

5.3 Dynamic Response of MISS

The input excitation to MISS is shown in Fig. 18 and Fig.21. The analysis for configuration
C2 does not involve consideration of any nonlinear nature. The displacement response of
MISS at the measurement point 13 is shown in Fig. 19.

5.3.1 MEP Model for Bearing of MISS

For obtaining the equivalent model, the method proposed by Forni et.al [13 ] (called the
Multilinear ELasto-plastic model - MEP model) is used, hi this model, the hysteretic nature of
the rubber bearing is modeled by a simple elasto-plastic system. An elastic spring is coupled
with an elasto-plastic member , Fig. 16 . While the elastic spring simulates the stiffness of the
rubber bearing, the elasto-plastic member through its plastic deformation simulates the
hysteretic damping of the rubber bearing. For arriving at the properties of the elastic spring
and the elasto-plastic member, the experimental data of the rubber bearing is made use of.
This analysis methodology is incorporated using the computer code CASTEM-2000. The
results of CASTEM-2000 for the case of the isolator used in MISS for 100% shear strain, are
shown in Fig. 17. Similarly, the MEP model for other cases (for varying shear strains) are
obtained.
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FIG. 14. MISS steel frame.

i<7G. /5. Deformed shape of MISS in C2 configuration.
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5.3.2 Dynamic Response of MISS in C3 Configuration

For the input excitation shown in Fig. 18 , configurations C3 of MISS is analysed
incorporating the above MEP model and the results are shown in Fig. 20. It is worth
observing that the deformed shape of the frame at any time instant is more of a rigid body
movement of the entire frame. Fig.22 shows the response of MISS for the input excitation of
Fig. 21.

5.4 Dynamic Response Of CRIEPI Rigid Mass Mockup

A rigid mass of 17.9 tonnes is isolated through 8 bearings. The schematic of the rigid mass is
shown in Fig.23 The natural frequencies of the rigid mass system are obtained as 4.3 Hz and
42.0 Hz for the horizontal and vertical directions respectively. The input base excitation is
shown in Fig. 24.
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FIG. 22. Response of MISS to excitation shown in Fig. 11.
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FIG. 23. Model of CRIEPI rigid mass mockup.
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FIG. 24. Input excitation to CRIEPI rigid mass mockup.

The vertical stiffness of the bearings are modeled by a simple elastic spring. The response of
the rigid mass for this base excitation is shown in Fig.26 For modeling the horizontal response
of the bearing, an equivalent MEP model is first arrived at , as explained in the previous
section. The response of the rigid mass when subjected to base excitation in the horizontal
direction, is shown in Fig. 25.

6 INTERCOM7ARISON OF RESULTS

6.1. Discussion of Analysis Results for Italian data

The numerical predictions are quite good under combined compression and shear in the
region of normal working range (100% vertical load and 100% shear strain) of an isolator for
both forms of strain energy density functions. The numerical predictions under pure
compression is also good upto 100 kN (200% of design vertical load). The numerical
predictions by polynomial form of strain energy density function is more closer to
experiments than Ogden form under combined compression & shear and vice versa for pure
compression case. The prediction by single layer model is also good and more closer than 3-D
and axisymmetric models.

The experimental results of HDRB show more hardening at high strain region than the
numerical predictions under combined compression and shear. It has been reported Ishida, [5]
that the hardening of isolator with high damping rubber increases with increase in strain rate
at high strain region. In this context, the effect of strain rate on the load deformation
characteristic of HDRB has to be seen as a factor to explain the deviation of numerical results
from the experimental results at high strain region.
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FIG. 25. Horizontal displacement response of rigid mass.
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FIG. 26. Vertical displacement response of rigid mass.

6.2. Numerical Results & Discussion for KAERI data

Calculations were performed for combined compression and shear with 100% design vertical
load. Three sets of calculations with rubber modeled using Polynomial N=2, Ogden N=2 and
Ogden N=3 forms of strain energy density functions were performed. In the above
calculations the vertical stress was held constant equal to 2.55 MPa (design vertical stress). In
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order to see the effect of increasing the vertical load on the displacement due to horizontal
shearing loads, a parametric study was done by changing the vertical stress from 0% to 200%
of design vertical stress. Details of above calculations are given in reference [6].

From the results, it can be seen that Ogden N=3 gives more closer results than the polynomial
N=2 and Ogden N=2. Similarly for the large strain case also, the comparison of the
calculation results with shear failure test results show that Ogden N=3 was able to give better
results than the other two models. The results of Polynomial N=2 and Ogden N=2 are almost
similar. The effect of increasing the vertical load on the horizontal displacement due to shear
loading is not substantial which indicates that the compressibility effect is not very high.

6.3 Finite Element Analysis & Results for CRIEPI data

The finite element model of the LRB is applied with 1500kN of compressive force.
Subsequently it is sheared to the required level by keeping the compressive force constant.
The numerical results are compared with the results of cyclic loading test with 200% shear
strain and cyclic loading test with 300% shear strain. The comparison shows that the model
with hard lead option compares more closely than the soft lead option when the cyclic shear
strain is 200% whereas the model with soft lead compares well with experiment when the
cyclic shear strain is 300%. This indicates that at larger strain the bearing softens more than
the present numerical model's predictions. For the calculation with compression with different
offset strain, the isolator is first sheared to the required level of offset shear strain.
Subsequently the isolator is subjected to compression keeping shear forces constant. The
analysis has been repeated for different offset shear strains of 0%, 50%, 100% and 200% as in
the case of NRB reported in Selvaraj [9].

hi order to see the effect of the vertical load on the displacement due to horizontal shearing
loads, a parametric study was done by changing the vertical stress from 0% to 200% of design
vertical stress. The results indicate that the effect of increasing the vertical load on the
horizontal displacement due to shear loading is not substantial.

6.4. Finite Element Analysis & Results of Natural Rubber Bearing

The finite element model of the NRB is applied with 200 tons of compressive force, through
the dummy node. Subsequently it is sheared to the required level by keeping the compressive
force constant. The load displacement behaviour of the isolator is extracted and shown in
Fig.l3a. For the case of offset shear strain, the isolator is first sheared to the required level of
offset shear strain. Subsequently the isolator is subjected to compression keeping shear forces
constant. The analysis has been repeated for different offset shear strains of 0%, 50%, 100%
and 200%. The deformation behaviour under all conditions have been extracted and shown in
the Fig.l3b. The results of analyses of Japanese data are similar to that of the numerical results
of Italian data. Details of the analyses results are given in reference [6].

6.5 Results of dynamic response of MISS

For the dynamic response of MISS, the results of the present analysis match well with the
experimental results as shown by the comparison in Fig. It is significant observing that the
response of MISS is more like the rigid body response. The maximum displacement obtained
is around 40 mm in the direction of excitation which is slightly higher than the experimentally
observed displacement. The relative displacement between the top of the frame and the base is
around 6 mm.
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7. CONCLUSIONS

The force-deformation behaviour of the Italian HDRB, Japanese Lead Rubber Bearing and
NRB, KAERI HDRB, ALMR HDRB have been predicted using finite element analysis. The
results indicate good comparison with experimental results. For the static analysis of the
rubber bearings, the single layer model has been found to be computationally effective. The
results of the single layer model are found to be match well with the experimental results. The
dynamic response of structures isolated with bearings has been carried out in two stages. In
the first stage a simple multiple elasto-plastic model for simulating the hysteresis of the
bearing has been obtained. This MEP model is used in the second stage for getting the
dynamic response of the isolated structure. The results thus obtained are found to match
closely with the experimental results.
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