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1.1. INTRODUCTION

In conventional seismic design acceptable performance of a structure during
earthquake shaking is based on the lateral force resisting system being able
to absorb and dissipate energy in a stable manner for a larger number of
cycles. Energy dissipation occurs in specially detailed ductile plastic hinge
regions of beams and column bases, which also form part of the gravity load
carrying system. Plastic hinges are regions of concentrated damage to the
gravity frame, which often is irreparable. Nevertheless, this design approach
is acceptable because of economic considerations provided, of course, that
structural collapse is prevented and life safety is ensured.

For important structures, such as hospitals, police stations, etc., the
conventional seismic design approach may not be applicable. Since these
structures must be designed to remain functional after an earthquake, they
are typically designed with sufficient strength so that inelastic action is either
prevented or minimized. Apart from being a costly design approach, it is often
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insufficient in safeguarding against damage or failure ofimportant secondary

systems, which are needed for continuing serviceability.
Moreovet, a large number of older structures have insufficient lateral

strength and lack the detailing required for ductile behavior. Seismrc

retrofitting of these structures is necessary and may be achieved by conven-

tional seismic design, although often at significant cost and with undesirable

disruption of architectural features.

Alternate design procedures have been developed that can, when properly

applied, to eliminate or significantly reduce seismic damage to structures^.

Seismic isoiation represents the most effective of these procedures.'-'
Seismic isolation is based on the premise that it is possible to separate

a structure from its foundation through the introduction of a mechanical

system which is characterized by rigidity under service loads, and flexibility
and energy absorption capability under seismic loads. The system acts as

a filter that reflects seismic energy away of the structure, reducing thus

seismic inertia forces at the expense, however, of large displacements at the

isolation system level. Reduction of these displacements to acceptable levels

is accomplished through dissipation of seismic energy.

Seismic isolation is a new technology with relatively few applications,

which amount to about 200 buildings and250 bridges, worldwide. However,

these applications mostly involve monumental structures, and for the United
States many are retrofit applications for historic buildings. Examples are

the Salt Lake City and County Building, Oakland City Hall, U.S. Court
of Appeals in San Francisco, San Francisco City Hall, San Bernardino
Country Medical Center, New San Francisco International Airport Terminal,
Liquefied Natural Gas (LNG) Facility in Greece, C-1 Computer Center

Building in Japan and the bridges over the Corinth Canal in Greece. Figure 1

shows a view of the U.S. Court of Appeals building in San Francisco. This
five-story, 32,500 m2 floor area building was constructed in 1905. It survived

the 1906 San Francisco earthquake but it suffered damage in the 1989 Loma
Prieta earthquake. It has been seismically strengthened and isolated by 256

isolation bearings at its foundation.4 Figure 2 shows a view of the layout
of 212 isolation bearings of one of two identical LNG storage tanks during
construction in Greece in 1995. The isolation system is located about 20 m
under the ground surface. It supports the steel LNG storage tank and a

protective prestressed concrete tank of70 m diameter and32 m height.

The subject of seismic isolation is described in numerous publications,
of which large but not complete lists may be found in the books of Skinner

et al.l ,Kellyz and Soong and Constantinou.3 These books present the theory,

state-of-the-art and state-of-practice in seismic isolation. The present chapter

serves the role of addressing the analysis of seismic isolated structures. It
primarily describes the work of the authors in the mathematical representation
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Fisure t. View of U.S. Court of Appeals building in San Francisco'

Figure 2. View of isolated LNG storage tank facility under construction in 1995.
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of seismic isolation hardware and in the development of the class of
computer codes 3D-BASIS for the nonlinear dynamic analysis of isolated
structures.

1.2. SEISMIC ISOLATION HARDWARE, BEIIAVIOR AND
MATHEMATICAL REPRESENTATION

The basic elements in a practical seismic isolation system are flexibility
to lengthen the period and produce the isolation effect, energy dissipation
capability to reduce displacements to practical design levels, and means for
rigidity under service loads. Examples of practical isolation systems are high
damping elastomeric bearings, lead-rubber bearings, elastomeric bearings in
combination with energy dissipating devices and sliding bearings with or
without restoring force capability.

1.2.1. Elastomeric Bearings

Elastomeric bearings represent a cornmon means for introducing flexibility
into and isolated structure. Figure 3 shows the construction of two such
bearings. They consist of thin layers of natural rubber which are vulcanized
and bonded to steel plates. Natural rubber exhibits a complex mechanical
behavior, which in the simplest possible description may be characterized
as one of combined viscoelastic and hysteretic behavior. Low damping
natural rubber bearings exhibit essentially linear elastic and linear viscous
behavior to large shear strains (horizontal displacement divided by total
rubber thickness). The equivalent damping ratio is typically less than 0.05 of
critical for shear strains in the range of 0 to 200Vo.3

Lead-rubber bearings are constructed of low damping natural rubber with
a preformed central hole. A lead core is press-fitted in the hole. Figure 4
shows a lead-rubber bearing cut in half to expose its internal construction.
The lead core deforms in almost pure shear, yields at low level of stress (8

to 10 MPa in shear at normal temperature) and produces hysteretic behavior
which is stable over a number of cycles. Unlike mild steel, lead recrystallizes
at normal temperature (about 20"C), so that repeated yielding does not cause
fatigue. Lead-rubber bearings exhibit characteristic strength which ensures

rigidity under service loads. Figure 5 shows an idealized force-displacement
relation of a lead-rubber bearing. The characteristic strength, Q, is related to
the lead plug area, Ao, and the shear yield stress of lead, oyl

O : A^ovt (1)
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Figure 3. Construction of elastomeric bearings.

The post-yielding stiffness, Kr, is typically higher than the shear stiffness of
the bearing without the lead core:

x,: {f e)' 2t"
where A, is the bonded rubber area, Xt is the total rubber thickness, G,
is the shear modulus of rubber, and / is a factor larger than unity. Under
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Figure 4. View of lead-rubber bearing cut in half to expose internal structure.
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Figure 5. Idealized force-displacement relation of elastomeric bearing.
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proper conditions, f , may be equal to or less than 1.15. Moreover, the elastic
stiffness, Kr, ranges between 6.5 to 10 times the post-yielding stiffness.

A mathematical model appropriate for modeling hysteretic behavior as

that of lead-rubber bearings has been incorporated in the 3D-BASIS class

of computer programs for dynamic analysis of isolated structures.5-7 In this
model, the forces along the orthogonai directions which are mobilized during
motion of the bearing are described by:

FY-FY
Fr : q ^ U*(l * a) Fv Zr, Fu : d-=-U y(l * a) Fv Zr, (3)^ D,, D,,

in which c is the post-yielding to pre-yielding stiffness ratio, Fv is the yield
force and D, is the yield displacement, as illustrated in Figure 5. Z, ard Z,
are dimensionless variables governed by the following system of differential
equations which was proposed by Park et al.6:

DyZi +yluiZilzi + fruiz? +yluiZilzi t fluizizi - AtJi:Q (4)

where in one equation i : x, j = y and in another i : l, j : x.
Parameters A, B andT are dimensionless and U", t/r, and (J",Uy,represent,

respectively, the displacements and velocities that occur at the isolation
element. Constantinou et al.9 have shown that when motron commences and
displacements exceed the yield displacement, Equation 4 has the following
solution provided that A l$ * y) : I

Zx : cos?, Zy : sinp (5)

where 0 is the angle specifying the instantaneous direction of motion

o : tarfr (Uy lu*) (6)

Equations 5 and 6 indicate that the interaction curve of the element is circular.
High damping rubber bearings are made of specially <;ompounded rubber

which exhibits equivalent damping ratio of about 0.10 to 0.20 of critical.
Figure 6 shows representative force-displacement loops of a small scale

bearing (bonded area A, : 52258 mm2, rubber thickness t/ : 8.25 mm)
under scragged conditions. Scragging is the process ofsubjecting the bearing
to a number of cycles of motion so that certain internal structures of rubber
are severed and the bearing attains stable properties with low stiffness. It
has been assumed in the past that the scragged properties when attained
they become permanent. However, recent studiesl0 demonstrated that high
damping rubber recovers, either fully or partially, its virgin properties within
a short time interval after testins. The extend of recoverv depends on the

elastomeric comoound.
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Figure 6. Force-displacement loops of high damping rubber bearing.

Mathematical models capable of describing the complex virgin stage
to scragged stage properties of high damping rubber bearings are not yet
available. It is common to perform multipte analyses with stable hysteretic
models and obtain bounds on the dynamic response. The model of Equations
3 and 4 is useful for such analyses provided that shear strains are below
a limit of approximately 1.5 to 2.0, depending on the rubber compound.
Beyond this limit the bearings exhibit stiffening behavior with tangent
stiffness approximately equal to twice the tangent stiffness prior to initiation
of stiffening. The interested reader is referred to Tsopelas et al.7 for a model
with stiffening behavior at large strains.

To illustrate the establishment of model parameters from test data of
prototype bearings, Figure 7 shows experimentally determined properties of
the high damping rubber bearing of which loops are shown in Figure 6. These
properties are the tangent shear modulus, G, and the equivalent damping ratio,
f (defined as the energy dissipated in a cycle of morion divided by 4n and
by the maximum kinetic energy) under scragged conditions. with reference
to Figure 2, G,is related to the post-yielding stiffness K,.
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Figure 7. Mechanical properties of high damping rubber bearing.

where A, : bonded rubber area. The results of Figure 7 demonstrate that
the tangent shear modulus and equivalent damping ratio are only marginally
affected by either the frequency of loading or the bearing pressure, within
the indicated range. Moreover, the bearings exhibit a high damping ratio.

The parameters of the model of Equations 3 and 4 may be determined
by use of the mechanical properties of G and { at a specific strain, say the
one coresponding to the design displacement D. The post-yielding stiffness
Ko is determined from Equation 7, whereas the characteristic strength, Q,
may be related to the mechanical properties by assuming bilinear hysteretic
behavior:

O_
nl KoDz

(2-nl)D-2D,
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rubber thickness. The yield force, F), is given by

Fv:Q+KpDy

and the post to pre-yielding stiffness ratio is given by

K,D,
Fv

(i0)

The mechanical properties at shear strain of 1.0 and bearing pressure of
7.0 MPa are G : 0.50 MPa and f : 0.16. For the small scale bearing of
which the experimental loops are shown in Figure 5, A, : 52258mm,,
Et : 8.25 mm so that Ko : 316.1 N/mm, 0 : 10123N (for D, :
0.10 Xt : 8.25 mm), Fr : 12736N and a : 0.205. The experimentai
loops of force vs displacement can now be simulated by using the model

of Equations 3 and 4, with A : 1 and F : y : 0.5. The simulated loops

are shown in Figure 8, where it may be observed that the loop at shear

strain of 1.0 agrees well with the corresponding experimental one. However,

the analytical loops at lower peak shear strain have constant characteristic
strength, whereas the experimental ones have a strength dependent on the

amplitude of strain. Nevertheless, the model produces acceptable results on
the peak response of an isolated structure when its calibration is based on the
mechanical properties at a strain corresponding to the design displacement.

1.2.2. Sliding Bearings

Sliding bearings limit the transmission of force to the isolated structure to
a predetermined level. While this is desirable, the lack of restoring force
results in significant dispersion in the peak displacernent response and results
in the development of permanent displacements. To avoid these undesirable
features sliding bearings should be used in combination with a restoring
force mechanism. One of the simplest ways to introduce restoring force is
by providing a spherical sliding surface as in the Friction Pendulum or FPS

bearings.3'I 1- 13

Figure 9 shows a cross-sectional view of an FPS bearing, whereas Figure 10

shows a view of a disassembled and of an assembled small scale FPS bearings
in the laboratory ofthe authors. The sliding surface is spherical with radius of
curvature R. Tsopelas et al.7'13 modeled the behavior of FPS bearings using

Equation 4 with yield displacement D, being very small (typically less than
2 mm) and

(e)

NN
F* : |U* * p.,NZ*. Fy: iUy * 1t,NZr,KK (11)
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Figure 8. Analytically predicted force-displacement loops of high damping rubber
bearing.
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Figure 9. Cross section view ofFriction Pendulum (FPS) bearing.

where &r is the coefficient of sliding friction and N is the normal load on
the bearing. The normal load.consists of the gravity load, I4z, the effect of
vertical ground acceleration, Ur, and the additional seismic load P, due to
overturning moment:
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Figure 10. Views of assembled and disassembled smali scale FpS bearinss.

where g is the acceleration of gravity. It should be noted that for flat sliding
bearings R is infinite and Equations 11 collapse to the model described in
Constantinou et al.t which was experimentally verified by Mokha et al.r4

The coefficient of friction of sliding bearhgs depends on a number
of parameters, of which the composition of the sliding interface, beanng
pressure and velocity of sliding are the most important. For interfaces
consisting of polished stainless steel in contact with PTFE or pTFE-based

composites, the coefficient of friction may be described by3'7,9,

lf,s : fmax - ("f'nu* - F^in) exp(-alUl)

where

( l3)

(14)u:(u:+ul1r/z
is the magnitude of the instantaneous velocity. Parameters ,f-in and ,f.*
describe, respectively, the coefficient offriction at essentially zero and large
velocities of sliding and under constant pressure, as depict in Figure 11.
Parameters ,f-o*, ,f-in and a depend on the bearing pressure, although the
writers found only the dependency of /*o* on pressure to be ofsome practical
significance. A relation found to approximate well experimental data13 is

4rux : f^u" o - (f^u o - ,f-u* o)tanh(ef) ( 1s)
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OF SLIDING

Figure 11. Dependency of coefficient offriction on velocity and pressure.

where the physical significance of parameters .f,r* , and lnax p is illusfated
in Figure 11. Moreover, p is the instantaneous bearing pressure, which is
equal to the normal load N @quation 12) divided by the contact area.

Al-Hussaini et al.Lz reported shake tests results of a 7-story quarter length
scale structure supported by eight FPS bearings. The structure had a weight
of.2I2 ki.{ and the bearings had radius of curvature R : 248 mm and
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and horizontal displacement of tested FpS

parameters .fma^ o :0.12, f^ax p = 0.05, -froin : 0.04, e : 0.012 (Mpa)-1
and a : 0.0429 sec/rnm. under static conditions, one interior bearins was
subjected to a pressure of about 220 MPa, whereas one exterior bearin! was
subjected to a pressure of 120 MPa. In a test with the 1971 San Fernando
earthquake, record at Pacoima Dam, component S74W, the bearings were
subject to the displacement and axial force histories shown in Figure 12.
The significant variation of the axial load should be noted. The recorded
and analytically predicted bearing force-displacement loops are shown in
Figure 13, where the analytical prediction is seen to be very good.

1.2.3. Fluid Dampers

Fluid dampers are devices for dissipating energy. They may be classified
into viscous shear dampers and inertial fluid dampers depending on their
operating design. viscous shear dampers or viscoelastic fluid dampers operate
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Figure 13. Comparison of analytical and experimental force-displacement loops of
tested FPS bearings.

on the principle of shearing and deformation of highly viscous fluids.15 These
fluids, e.g., silicone gel, exhibit strong viscoelastic behavior (that is, they
exhibit significant stiffness in addition to damping) so that their mechanical
characteristics, and those ofthe damper, are strongly dependent on frequency
and temperature. Moreover, they operate at low pressures (less than 2 MPa),
making these devices ratherlarge forthelevelrequired of outputforce. Makris
4 o1.15'16 developed analytical models for viscoelastic fluid dampers in the
form of the fractional Maxwell model:
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where F is the force produced by the damper, [/ is the displacement and q
is the order of differentiation in the range (0,1). However, it is acceptable to
model the damper by the Kelvin model when the response of the structure
contaias frequencies within a nanow band, centered at a frequency Q:

F +L# : c"#

dUF:KI(Q)U+C(O):.
dt

(16)

(17)
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Figure 14. Construction of fluid inertial viscous damper.

where K1 and C are, respectively, the storage stiffness and damping
coef8cient ofthe device at frequency Q.

Inertial fluid dampers produce force by forcing fluid (rypically silicone oil)
through orifice passages.3'17'18 The force depends on the size and shape of
the orifices. Figure 14 shows the construction of a fluid inertial damper. The
force acting on the piston is the product of pressure differential across the
piston head and rod area. Operating pressures of 15 to 70 MPa are cornmon,
thus minimizing the effect of fluid viscosity, since high inertial fluid pressures

dominate the output. A lengthy description of the construction and behavior
of inertial fluid dampers may be found in Soong and Constantinou.3 Herein
it is sufflcient to mention that it is possible to shape the orifice passages in
such a way as to produce an output force of the type

F : ClUl"sgn(U) (18)

where a is in the range of 0.3 to 1.2. Of significance in seismic applications
are devices with parameter cv equal to unity (linear viscous dampers) or less.
The latter are useful in applications of high velocity seismic input. A notable
example of application are the 184 nonlinear (a : 0.3) inertial fluid dampers
in the isolation system of the San Bernardino County Medical Center in
California.le Each of these dampers has 3.75 m length, stroke of *0.6 m and

output force of 1425 kN at velocity of 1.5 m/s. Taylor and Constantinou20
tested reduced-scale prototypes of these dampers. Figure 15 shows the
experimentally determined force-velocity relation at ambient temperature
of 0 to 49"C. The solid line shows the analytically constructed relation using
Equation 18 with C : 33 kN(s/mm)0'3 and cv : 0.3. The insensitivity of
properties of the device to ambient temperature, which was a requirement for
this project, was accomplished by proper selection of materials and material
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F'igure 15. Constitutive relation of tested scaled fluid damper for San Bernardino

County Medical Center.

volumes so that physical changes in the physical and mechanical properties

of the fluid were compensated by volume changes so that fluid pressures were

practically unaffected.

1.3. DYNAMIC ANALYSIS OF SEISMICALLY ISOLATED
STRUCTURES

For seismically isolated buildings it is common to perform analysis assuming

elastic behavior of the superstructure, that is, the part above the isolation
system. A formulation of the problem of calculating the time history of
dynamic response of isolated structures has been incorporated in the class

of computerprograms 3D-BASIS.5-7 The equations of motion of the elastic

superstructure are written in the form

VtU + CU + KU: -vtR(Un +Ue) (19)

where M, C and K are the combined mass, damping and stiffness matrices

of the superstructure (may consist of a single building or multiple buildings),
U is the vector of displacements with respect to the isolation basemat, Ug is

the ground acceleration vector, U5 is the displacement vector of the center of
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mass of the isolation basemat with respect to the ground, R is a transformation
matrix and a dot denotes differentiation with respect to time. The equation

of motion of the isolation basemat is eiven bv

nrlrlu + R(ub + Ur)) * Mn(tr + il") + f : o (20)

in which Mu is the mass matrix of the isolation basemat and f is a vector
containing the forces mobilized in the isolation elements. These forces are

related to the state of motion of the isolation basemat, which is described by
vector U5 and Equations 3, 4, 1 1, 17 and 1 8, and the location of each isolation
element. These equations are easily solved by first reducing Equations 19

and 20 to first order form and then integrating using a predictor-corrector
scheme. Altematively, the equations may be solved by treating vector f il
Equation 20 as a known load vector, solve the remaining linear equations
and then update the estimate on the vector / in an iterative procedure.
The latter approach has been followed in the class of computer programs
3D-BASIS.

1..3.1. Analysis of a LNG Storage Tank Facility

The LNG storage tanks in Greece (Figure 2) were analyzed using computer
code 3D-BASIS-ME. Figure 16 shows the geometry of one of these tanks
and the layout of the 2I2 isolation bearings. These bearings are of the FPS

type (Figure 9) with radius of curyature R : 1.88 m. A mathematical
representation of the structure, which was used in calculating displacement
demands for the bearings, is illustrated in Figure 17. In this model, the
superstructure is modeled by three simple systems which, respectively,
represent the outer concrete tank, the steel-tank system and the sloshing fluid.
This model is valid in the horizontal plane. A different representation was
employed in the vertical direction in order to represent the vertical flexibilities
of the superstructure.

Each isolation bearing was explicitly modeled in accordance with the
layout of Figure 16. Pressure and velocity dependencies of the coefficient
of sliding friction were modeled in accordance with Equations 13 and 15

(see also Figure I l). Moreover, each bearing model was assigned randomly
selected parameters within a range consistent with experimental data so that,
on the average, the coefficient of friction was the least expected during the

lifetime of the facility. Analyses were performed with a number of scaled

earthquakes that were representative of the seismicity of the site for a return
period of 10,000 years. Each of these earthquakes included two horizontal
and one vertical components.
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Figure 16. Geometry of isolated LNG storage facility.
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Figure 17. Mathematical representation of isolated LNG facility for calculation of
bearing displacement demands.

Figure 18 shows a representative result from these analyses. The figure

shows the displacement orbit calculated for an exterior bearing in one

of the scaled earthquakes. It may be seen in this figure that the bearing

displacement is primarily along a single direction, that is, the direction of
strongest horizontal earthquake component.

1.3.2. Analysis of a Building Complex

Long buildings are usually separated by joints which allow thermal and

moisture movements to occur without overstressing masonry walls. Figure
19 shows the layout of one suchbuilding complex. It consists of four six-story
buildings separated by expansion joints of 50 mm width. The four buildings
are supported by 153 lead-rubber bearings with the properties listed in Table 1.

The basemats of these four buildings are connected together at the isolation

system level forming a large T-shaped basemat.

At the time of analysis and design of this structure, the capability of
dynamic analysis of an isolated building complex was not readily available

to the structural engineering community. Accordingly, each building was
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Table 1. Properties ofLead/Rubber Bearinss

Bearing type

Dimensions (mm)

Bearing height (mm)

Lead core diameter (mm)

No. of rubber layers

Rubber layer thickness (mm)
Characteristic strength (kN)
Yield displacement (mm)
Post yielding stiffness (kNimm)
No. of bearings in part III
No. of bearings in complex

380 x 380 460 x 4ffi
220.00 220.00

70.00 100.00

13.00 13.00

9.50 9.50
30.22 64.1r
5.23 7.06
1.05 1.66

19.00 3.00
55.00 25.00

540 x540 530 x 530

220.00 220.00

90.00 0.00

13.00 13.00

9.50 9.50
49.06 0.00
4.35 1.00

2.O5 1.15

10.00 0.00
61.00 12.00

Table 2. Calculated Maximum Response of Part m of Isolated Building Complex

Complex Individual

Direction of ground motion
Response direction

Structure shear / weight

Peak floor
acceleration at C.M.

GJ

Peak interstory drift ratio
at comer column
(70 of column height)

Corner bearing peak displacement (mm)

6
)
A

3

2

1

6

A

J

2

1

0.240 0.023

0.284 0.044
0.261 0.038
0.24& 0.026
0.233 0.022
0.216 0.015
0.205 0.012

0.122 0.012
0.128 0.013
0.129 0.012
0.126 0.013
0.100 0.012
0.050 0.005

128.00 3

0.181 0.001

0.228 0.003

0.206 0.002
0.189 0.001

0.186 0.001

0.194 0.002
0.t9't 0.001

0.097 0.010
0.102 0.011

0.102 0.010
0.098 0.009
0.079 0.009
0.039 0.003

133.00 3

is neglected (analysis as individual part). The reason for this difference rs

torsional response of the complex which tends to amplify the response at
the farthest located columns from the center of mass of the basemat. Despite
these differences, the design of the isolation system fulfilled all requirements
of this project and there was no need forredesign of the isolation system. This
complex was the first hospital facility to be designed as seismically isolated
in 1988. However, the project was canceled and the hospital was never built.
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Figure 18. calculated displacement orbit of exterior bearing of LNG storage facility.

analyzed individually without accounting for interaction between the inter-
connected buildings. Analysis capability became available when computer
code 3D-BASIS-M (a precedent to code 3D-BASIS-ME) was developed by
Tsopelas et a1.21 Dynamic analysis of the isolated building complex was
performed and representative results are presented in Table 2. The complex
was analyzed for a particular earthquake component applied in the X direction
as shown in Figure 19. The calculated peak response of part III is presented in
Table 2. Moreover, part m was analyzed alone without due account given to
the interaction with adjacent parts. This calculated response is also presented
in Table 2.

It may be observed in this table that the response of part Itr of this
structure is affected by interaction with adjacent parts. Particularly, the
superstructure acceleration, shear force and drift response ofpart III is larger
when interaction is accounted for (analysis as complex) than when interaction
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Figure 19. Layout of isolated four-building hospital complex.

1.4. CONCLUSIONS

Seismic isolation has reached sufficient level of maturity so that widespread

application can be expected. The development of the class of computer
codes 3D-BASIS has been instrumental in the advancement of this design
approach from theory to practice. While these computer programs were

originally developed for research purposes, they were made available to the
profession and have been widely used in the dynamic analysis of seismically
isolated structures. Commercial computer programs, such as ETABS V.6

of Computer and Structures, Inc. of Berkeley, California, have been recently
modified to include capabilities for analysis of seismically isolated structures.
This represents another significant step towards the application of seismic

isolation.
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