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I" _ ... (LImIt: zoo~ The Structural Engineers Association of California (SEAOC) and the
International Conference of Building Officials have adopted guidelines and regulations for
the design of seismic-isolated structures. These guidelines and regulations specify pro-
cedures for the analysis and design of isolated structures. These procedures include a
static analysis method for establishing minimum Iimit~s of design, and a dynamic analysis
method which include,. response spectrum and time history analysis methods. This report
presents a comparison of results of the static and response spectrum analysis methods to
results of nonlinear dynamic analysis for a class of seismic-isolated structures. The
structures include 1-story (stiff) and 8-story (flexible) superstructures on stiff and
medium soil sites and isolation systems described by twenty-two different generic nonlinear
hysteretic models, which are representative d a wide range of elastomeric isolation systems.
It is shown that when the response spectrum analysis procedure is properly applied, the
static and response spectrum analysis procedures predict results which match the mean of
time history results for the bearing displacements and shear forces at the base of the
building. However, the static and response spectrum analysis procedures can significantl)
undertlredict the shear force in the upper stories even for the case of low effective
damping in the isolation system. (Authors' abstract).
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PREFACE

The National Centtlr for Earthquake Engineering Research (NCEER) was established to expand and
disseminate knowledge about earthquakes. improve earthquake-resistant design, and implement
seismic hazard mitigation procedures to minimize loss of lives and property The emphasis is on
structures in the eastern and central United States and lifelines throughout the country that are found
in zones oflow, moderate, and high seismicity.

NCEER's research and implementation plan in years six through ten (1991-1996) comprises four
interlocked clements, as shown in the figure below. Element I, Basic Research, is carried out to support
projects in the Applied Research area Element II, Applied Research, is the major focus ofwork for
years six through ten Element III, Demonstration Projects, have been planned to support Applied
Research projects, and will be either case studies or regional studies Element IV, Implementation, will
result from activity in the four Applied Research projects, and from Demonstration Projects

ELEMENT I
BASIC RESEARCH

• seismic huarcs and
ground motion

• Soils and geotechnical
engineering

• Structures and systems

• Risk and reliability

• Protective and intelligent
systems

• Societal and economic
studies

ELEMENT II
APPLIED RESEARCH

• The Building Project

• The Nonstructural
Components Pr".lect

• The llt.Unea Project

• The Highway Project

ELEMENT III
DEMONSTRATION PROJECTS

C... studl..
• Active and hybrid control
• Hospital and data proceasing

facilities
• Short and medium span bridg..
• Water supply systems In

Memphis and san Francisco
Regional Studies

• New York City
• Mluls.lppI Valley
• San Francisco Bay Area

ELEMENT IV
IMPLEMENTATION

• COn~hope
• EclucatlonITralnlng cou,...
• Publleatlons
• Public Awarene.s

Research in the Building Project focuses on the evaluation and retrofit of buildings in regions of
moderate seismicity. Emphasis is on lightly reinforced concrete buildings, steel semi-rigid frames, and
masonry walls or infills. The research involves sma1l- and medium-scale shaketable tests and full-scale
component tests at several institutions. In a parallel effort, analytical models and computer programs
arebeingdeveloped to aid in the predictionofthe responseofthesebuildings to various typesofground
motion.
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Two ofthe short-term products ofthe Building Project win be. monograph on the evaluation of
lightly reinforced concrete buildings and a state-of-the-art report on unreinforced masonry.

The protective and intelligent Iylteml pl'OIraDl constitutes one ofthe important areas ofresearch
in the Buildinl Project. Current tasks include the foUowing:

1. Evaluate the performance offuU-scale active bracing and active mass dampers already in place
in terms of performance, power requirements, maintenance, reliability and cost.

2. Compare passive and active control strategies in terms ofstructural type, degree ofeffective
ness, cost and long-tenn reliability.

3. Perform fundamental studies of hybrid control.
4. Develop and test hybrid control systems.

This report addresses the guidelines and regulations for the design ofseismic-isolated stnlctJlres
recently adopted by the Structural Engineers Association of California and the International
Conference ofBuildingOfficials. The staticandresponse spectrum ana/ysismethodsprovidJ!din the
guidJ!lines are assessed by comparing their reSlllts with those obtainedfrom nonlinear dynamic
analysisfor a class ofseismic isolated stnlctures. This comparison is discussed in terms ojcenter
bearingdisplacements. corner bearingdisplacements. andshearforce distribution over the building
height over a widJ! range ojstnlcturalproperties andelastomeric isolaJion system characteristics.
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ABSTRACT

The Structural Engineers Association of California (SEAOC) and the International Conference

of Building Officials have adopted guidelines and regulations for the design of seismic-isolated

structures. These guidelines and regulations specify procedures for the analysis and design of

isolated structures. These procedures include a statk analysis method for establishing minimum

limits of design. and a dynamic analysis method which includes response spectrum and time

history analysis methods.

This report presents a comparison of results of the static and response spectrum analysis methods

to results of nonlinear dynamic analysis for a class of seismic-isolated structures. The struetures

include I-story (stim and 8-story (flexible) superstructures on stiff and medium soil sites and

isolation systems described by twenty-two different generic nonlinear hysteretic models. which

are representative of a wide range of elastomeric isolation systems.

It is shown that when the response spectrum analysis procedure is properly applied. the static and

response spectrum analysis procedures predict results which match the mean of time history

results for the bearing displacements and shear forces at the base of the building. However, the

static and response spectrum analysis procedures can significandy undcrpredict the shear force

in the upper stories even for the case of low effective damping in the isolation system
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SECTION I

INTRODUCTION

Seismic isolation is a relatively old concept that in recent years is being rapidly accepted

throughout the world due to current advances in seismic isolation technology. The concept of

seismic isolation (or base isolation) is based on the ability to provide a discontinuity between the

structure and foundation. This discontinuity decouples the ground vibrations from the structure,

causing a reduced level of response than would have been obtained from a fixed-base structure.

By decoupling the structure from the foundation, the lateral accelerations are reduced and hence

the lateral forces are reduced. This decoupling is produced by the introduction of flexibility to

the isolated structure. This flexibility shifts the fundamental period of the isolated structure to

a period higher than the predominant periods of the seismic excitation. At this higher period, the

response accelerations are significantly lower than the response accelerations at the fixed-base

period. A consequence of the increased flexibility is an increase in the displacement of the

system. This displacement needs to be controlled within acceptable design limits through

damping or energy dissipating mechanisms.

Conventional fixed-base structures must resist seismic lateral forces through inelastic defonnation

of the structural system. Inelastic defonnation causes an increase in the natural period of the

structure and its ability to dissipate energy. The combined result of these effects is a reduction

of inenia forces at the expense of dama~e to the structural system and to the non-structural

components, including possible human injliry. This damage can lead to liability suits and very

costly repairs or demolition and rebuild costs.

The option of providing an isolation system can signifICantly reduce costs associated with

eanhquakes. The isolation system can be designed to limit the inelastic response to the isolation

elements and therefore allow the structure to be designed as an elastic or nearly elastic system.

Since the isolation system reduces the forces transmitted to the superstructure, the components
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with 31 different bilinear hyf,teretic propenies using a comprehensive collection of 29 pairs of

horiZOnlal eanhquake motions. The isolation system propenies covered the entire range of

interest in seismic isolation, that is, effective periods of 1 to 4 seconds and effective damping of

6% to 39% of critical. In general, the study confirmed the validity of the static analysis

procedure on the determination of the isolation system displacement.

The study of Kircher and Last.kari (1989) neglected the following effects:

1.

3.

Superstructure flexibility. This prevented the calculation of shear force distributions in

the superstructure.

Bi-directional interaction effects in the isolation bearings. For hysteretic softening

systems, the neglect of this interaction typically results in underestimation of the isolation

system displacement (Mokha, 19(3). The amount of underestimation is greatest in

systems with high characteristic strength and low stiffness.

The bilinear hysteretic models used did not strictly apply to frictional systems since they

alI had a yield displacement of 0.5 inches.

The constraints of the Kircher and Lashkari study have been relaxed in a subsequent study of

Theodossiou and Constantinou (1991) which concentrated on sliding isolation systems. This

study follows the approach established in the study of Theodossiou and Constantinou (1991), but

concenlrates on the same generic bilinear hysteretic isolation systems as the study of Kircher and

Lashkari (1989).

The study provides a set of nonlinear time history analysis results using the comprehensive

colIection of 29 pairs of components in the Kircher and Lashkari (1989) study and a set of linear

response spectrum analysis results. The response spectrum results and the SEAOC/UBC static

analysis limits on bearing displacements and shear force distribution are compared to the results

of nonlinear time history analysis and conclusions are drawn.
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SECTION 2

SEAOCIUBC DESIGN REQUIREMENTS FOR ISOLATED STRUCTURES

2.1 General Requirements

Since the design techniques of different seismic isolation systems vary, the SEAOC/UBC

guidelines only provide general requirements and limits that are expected to prevent an unrealistic

design. The design requirements allow the use of two different procedures for determining

seismic design quantities. The first procedure is called the slatic analysis procedure and provides

a simple method of calculating lower bound limits for design. The Slatic analysis procedure may

be used alone in a few cases, where the structure is located away from active faults, is relatively

stiff. and is of regular configuration. For all other cases, the guidelines require the second

procedure, a rigorous dynamic analysis procedure to determine response quantities.

2.2 Static Analysis Procedure

The SEAOC/UBC regulations specify the following design displacement for the isolation system:

where:

D =
IOZN S, T,

B
(2.1 )

0 = Design displacement in inches at the center of rigidity of the
isolation system in the direction under consideration.

Z = Seismic Zone coeffICient (Table 2-1)

N = Near-field response coefficient (Table 2-11)

S, = Site coefficient for soil profile (Table 2-11I)

T. = Period of isolated structure

B Effective damping coefficient (Table 2-IV)
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The period of the isolated structure is given by

where:

W = Total seismic dead load

K....= Minimum effective stiffness of the isolation system

g = Acceleration due to gravity

TABLE 2-1 Seismic Zone Coefficient Z

Seismic Zone 0 I 2A 2B 3 4

Z 0.05 0.1 0.15 0.2 0.3 0.4

TABLE 2-11 Near-Yield Response Coef'ficient N

Closest Distance. ~ to ~ > 15 km ~= IOkm ~<5 km
an Active Fault'

N 1.0 1.2 1.5

'Coefficients other than those listed shall be based on linear interpolation.

TABLE 2-111 Site Coefrldent S.

Soil Profile Type S. S2 S, S4

5. 1.0 1.5 2.0 2.7

2-2
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TABLE 2·IV Coefficient B Related to Effective Damping

Effective Damping p < 2% 5% 10% 20% 30% 40% >50%
(Percent of Critical)1

B 0.8 1.0 1.2 1.5 1.7 1.9 2.0

·Coefficients other than those listed shall be based on linear interpolation.

The regulations specify a total design displacement. DT• based on the geometrical dimensions of

the base, that is intended to account for torsional displacement at the comer bearings:

(2.3)

in which e =eccentricity. y = distance between the center of isolation system rigidity and the

point of interest. band d =plan dimensions of the structure.

For verification of the isolation system stability. the regulations require that the bearings be

designed for a displacement SO% larger than this total design displacement. Dy- This

displacement is called the total maximum design displacement. OUt' and is defined as the

displacement. including torsion, in the maximum credible eanhquake:

(2.4)

The regulations specify the design base shear. Vb' at or below the isolation interface that

corresponds to the design displacement:

v =• (2.5)

where K..... = maximum effective stiffness of the isolation system. The factor of 1.5 is used to

approximate the relation between nominal strength and design a1lowables. For elements above

the isolation interface, the regulations specify the following minimum shear force. V$. and
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interstory drift ratios:

(2.6)

max illlerslory drift ralio ~
0.010

RW1

(2.7)

where RW1 is a reduction factor based on the type of sbUctural system.

The distribution of forces over the height of the sbUcture is specified by

Fx
Vs w~

= -- (2.8)•
Ew;
i_I

where WI' w. represent the ponion of total seismic dead load assigned to level i or x. Inherent

in equation (2.8) is the assumption of constant acceleration over the entire height of the isolated

structure.

2.3 Dynamic Analysis Procedure

2.3.1 Conditions for Use

The dynamic analysis procedure is classified as time history analysis or as response specnum

analysis. The time history analysis is the most rigorous analysis procedure since linear or

nonlinear behavior can be modeled. while for response specnum analysis. only linear systems or

equivalent linear systems can be modeled. The dynamic analysis procedure is required for design

of the following structures:

I. The structure is located within I~ km of an active fault.
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2. The structure is located on a soil profile with a site factor 53 or 5. (soft or very soft soils).

3. The structure is located in seismic wne number 0, 1. 2A. or 2B.

4. The structure above the isolation interface is greater than 4 stories or 65 feet. in height.

5. The isolated period of the structure is greater than 3 seconds.

6. The isolated period of the structure is less than 3 times the elastic fixed-base period of

the structure above the isolation system.

7. The structure above the isolation system is of irregular configuration.

Furthennore. a time history analysis is required under the following conditions:

I. The structure is located on a soil profile with a site factor S•.

2. The isolation system limits the maximum credible earthquake displacement to less

than 1.5 times the design-basis earthquake displacement.

3. The effective stiffness of the isolation system at the design displacement is less

than one third of the effective stiffness at 20 percent of the design displacement.

4. The isolation system is not capable of producing a restoring force at the total design

displacement of at least O.025W greater than the lateral force at 50% of the total design

displacemem.

S. The isolation system has force-deflection properties which are dependent of the rate of

loading or dependent of vertical load and bilateral load.

2.3.2 Response Spectrum Analysis

The regulations specify that the response spectrum analysis shall be performed using a damping

value equal to the effective damping of the isolation system or 30 percent of critical. whichever

is less. Response spectrum analysis used to detennine the total design displacement and the total

maximum displacement must include simultaneous excitation of the model by 100 percent of the

most critical direction of ground motion and 30 percent of the ground motion on the orthogonal

axis.
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Isolated structures with an isolated period, T. greater than 3.0 seconds, or located on a soil type

profile of S3 or S~, or located within 15 km of an active fault or located in Seismic Zone No. I,

2A or 2B require properly substantiated, site-specific spectra for design. The regulations specify

that all other isolated structures not requiring site-specific spectra be designed using r:sponse

spectra based on spectral shapes of Figure 2-1. These: design spectra must not be taken as less

than the normalized response spectra given in Figure 2-1 for the appropriate soil type. scaled by

the seismic zone coefficient.

•
zc

/'/-.SOIL PROFILE TYPE 53~
z : ;\c SOIL. PROFILE TYPE 52
~

IIJ --ff SOIL PROFILE TYPE
..Jc IIJ 5,a:: u

IIJ U
..J C
W
u 02uc z "~ "0 ' .....J II: ....
C Co:) ....
a:: ....-~ :2 "u ;) ---r ! --- - -ttl JC

C
:IE

0
0 0.5 1.0 U 2.0 2.5 3.0

PERIOD. SECONDS

FIGURE 2·) Normalized Uniform Building Code Response Sped... Shapes
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2.3.3 Time History Analysis

The regulations specify that time history analysis be perfonned with pairs of horizontal ground

motion time-history components, selected from at least three recorded events. These motions

must be scaled such that the square root sum of the squares (SRSS) of their 5'percent damped

spectra does not fall below 1.3 times the 5-percent damped spectrum of the design basis

earthquake by more than 10 percent in the period range of T I, as detennined by equation (2-2),

for ~riods from T, minus 1.0 seconds to T( plus 2.0 seconds. The duration of the time histories

must be consistent with the magnitude and source characteristics of the design basis earthquake

(or maximum credible earthquake). Time histories developed for sites within 15 km of a major

active fault must incorporate near-fault phenomena. The maximum response of the parameter

of interest calculated by the three time history analyses must be used for design.

The time history analysis must account for the following in detail:

1. Spatial distribution of isolators.

2. Torsional effects.

3. Effect of overturning/uplift forces.

4. Effects of vertical load, rate of loading and bi-directional interaction on the force

deflection properties of the isolators.

2.3.4 Lower Bound Limits for Dynamic Analysis Procedure

Certain lower bound limits confine the response values obtained through a dynamic analysis

procedure. When the factored lateral shear force on structural elements, detennined using either

response spectrum analysis or time history analysis, is less than the lower bound limits, then all

respon~ parameters, including member forces and moments must be adjusted upward

proportionally. The lower bound limits are described relow.
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2.3.4.1 Isolation System and Structural Elements Below the Isolation Interface

1. The total design displacement of the isolation system shall not be taken as less

than 90 percent of 0T as specified by equation (2.3).

2. The total maximum displacement of the isolation system shall not be taken as less

than 80 percent of On. as specified by equation (2.4).

3. The design lateral shear force on the isolation system and structural elements below the

isolation interface shall not be taken as less than 90 percent of Vb as prescribed by

equation (2.5).

2.3.4.2 Structural Elements Above the Isolation Interface

I. The design lateral shear force on the structure above the isolation interface. if regular in

configuration, shall not be taken as less than 80 percent of Vs as prescribed by equation

(2.6), nor less than the limits listed below:

a. The lateral seismic force of a fixed-base structure of the same weight. W. and a period

equal to the isolated period, T(.

b. The base shear corresponding to the design wind load.

c. The lateral seismic force required to fully activate the system (eg. yield level of a

softening system, ultimate capacity of a sacrificial wind-restraint system or the static

friction level of a sliding system).

EXC..:PTION: The design Ialeral shear force 011 the SlruClure above the isolation in1erface. if regular in

configuration. may be laken as less lhan i«> percent of V$. but IIOlless dlan 60 percent of V$. when time

history analysis is used for design of the SlrUCture.

2. The design lateral shear force on the structure above the isolation interface, if irregular

in configuration. shall not be taken as less than Vs as prescribed by equation (2.6), nor

less than the limits listed above in Ia. lb and Ie.
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EXCEPTION: The design lateral shear force on Ihc SlnlCture above die isolation interface. if irregular

in configuration. may be laken as less !han Vs. but not Jess than 80 percent of Vs. when time history

analysis is used for design of lhe Sll'uCture.

2.3.4.3 Drift Limits

Maximum interstory drift corresponding to the design lateral force must not exceed the following

limits:

1. The maximum interstory drift ratio of the Sb1lct~ above the isolation system.

calculated by response spectrum analysis. shall not exceed 0.015/Rw,'

2. The maximum interstory drift ratio of the Sb1lct~ above the isolation system.

calculated by time history analysis considering the force-detlection characteristics of

nonlinear elements of the lateral force resisting system. shall not exceed 0.020/Rw,'

3. The secondary effects of the maximum credible eartl1«luake lateral displacement

(delta) of the structure above the isolation system combined with gravity fon:es

shall be investigated if the interstory drift ratio exceeds 0.01OIRWI'
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SECTION 3

MODELS OF STRUCTURE AND ISOLATION SYSTEM

3.1 Introduction

The study of Kircher and Lashkari (1989) established a procedure for evaluating the

5EAOC/UBC regulations. In this procedure, a comprehensive collection of 29 pairs of scaled

earthquake motions are used in time history analyses of an isolated structure supported by 45

isolators. The earthquake motions are representative of Seismic Zone 4 and soil conditions S\

or 52' The results of the time history analyses are used to obtain statistical response quantities

for comparison to the results obtained by the procedures of the SEAOC/UBC regulations.

This study follows the procedure established by Kircher and Lashkari (1989) but accounts for the

following which were neglected in the Kircher and Lashkari study:

I. Flexibility of the superstructure. and

2. Bi-directional interaction effects at the isolation bearings.

In this way. a new collection of nonlinear time history analysis results is created for comparison

to the results obtained by the static and response spectrum analysis procedures of 5EAOC/UBC.

This new collection of results includes data on the distribution of shear force over the height of

isolated structures. Furthennore. the new collection of results on the bearing displacements is

considered more accurate than the results of Kircher and Lashkari (1989) because they were

obtained with a more realistic model of the isolation system. A description of the supersttucture

and isolation system models, together with the results on the effects of bi-directionai interaction

are presented in the succeeding sections.
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3.2 Superstructure Configuration

The superstructure models used in this study were representative of one and eight story moment

resisting frames. The plan view of the structure (shown in Figure 3-1) consisted of four bays by

eight bays, creating a rectangular configuration. Each bay was square, measuring 20 feet by 20

feet. The height of all stories was 12 feet.

r
I I I

-+-+-+-
I I I

-+--.--4--
I I I
I I I--.--.--.-149'1

-~--,-+-
I I I

- ....--.--+--
I I I
I I I

- ....--.--.--
I I I

-+-+-+-
I

o
N

)(

ao

ISOLATION
BEARING (TYP.)

L

'-----~ T

~ 4 II 20' I: 80·---l

Figure 3-1 Plan View or the Base or the Building Models and Location of the
Isolation Bearings

Both the I-story and the 8-story superstructures had equal stiffnesses in the transverse and

longitudinal directions. In the 8-story superstructure, the farst three stories had the same stiffness,

the next three stories had 0.75 times the stiffness of the frrst three stories and the top two stories
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had half the stiffness of the first three stories. The weight of each floor was 1280 kips (based

on dead plus seismic live load of 100 psf). This created a total weight (including the base) of

2560 kips for the 1-story superstructure and 11520 kips for the 8-story superstructure. The mass

on each floor, including the base, was asymmetric so that an eccentricity of 5% of the longest

plan dimension (longitudinal) was created.

The horizontal stiffness and weight of the superstructure created a fundamental period of 0.2

seconds for the I-story fixed-base superstructure and of 1.14 seconds for the 8-story fixed-base

superstructure under elastic conditions. These values are representative of moment resisting type

frames with the heights used. The distribution of stiffnesses to the columns was selected in such

way as to result in a torsional period of 0.58 times the translational period. in the absence of

eccentricities.

The propenies of the 1-story and 8-story superstructures are tabulated in Tables 3-1 and 3-11,

respectively. The free vibrational dynamic characteristics of the two fixed-base superstructure

systems are listed in Tables 3-111 and 3-IV. They were obtained in dynamic analysis of the

systems based on a shear type representation with three degrees of freedom per floor. The

fundamental period of the two structures in the transverse direction is slightly larger than 0.2

seconds and 1.14 seconds because of the effect of the mass eccentricity in the longitudinal

direction. The dynamic characteristics of the 8-story superstructure account for nine out of

twenty four modes. The contribution of the higher modes was assumed insignificant since they

correspond to periods of less than 0.19 seconds.

3.3 Isolation Systems

S~nce most commercially available isolation systems (softening systems) can be reasonably well

modeled by bilinear behavior, the nonlinear force-deflection characteristics of the isolation

systems used in this study were modeled by bilinear hysteretic elements. These isolation systems

used, were identical to the systems analyzed in the Kircher and Lashkari (1989) study. Specific

isolation systems were selected for this study that were applicable to only SI and Sz type (stiff
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TABLE 3-1 Properties for l-story Structure

Story Weight ROlalional Stiffness ROIlltionaI Eccentricity
I (Kips) Inertia (Kipslin) Stiffness (ft)

Roor (Kips·in-sec~ (Kips-in)
LongillJdinaJ TIWlSvcrse

1 1280 1272642.5 3271.0 3733792620 8 0

Base 1280 1272642.5 8 0

TABLE 3·11 Properties for 8-story Structure

Story Weight ROlational Stiffness ROlational Eccc:ntricity
I (Kips) Inertia (Kipslin) Stiffness (ft)

Roor (Kips-in·sec~ (Kips-in)
LongillJdinal Tnnsvc:rse

8 1280 1272642.5 1700.9 1997933160 8 0

7 1280 1212642.5 1100.9 1997933760 8 0

6 1280 1272642.5 2551.3 2996900640 8 0

5 1280 1272642.5 2551.3 2996900640 8 0

4 1280 1272642.5 2551.3 2996900640 8 0

3 1280 1272642.5 3401.8 3995867520 8 0

2 1280 1272642.5 3401.8 3995867520 8 0

1 1280 1272642.5 3401.8 3995867520 8 0

Base 1280 1272642.5 8 0
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TABLE 3·111 Dynamic Charaderistics or I-story Superstrudure (Including S % mass
Eccentricity)

B
Mode

I 2 =h 3
l- T - l- T T -c_
~ "- ~ ~ "- ~

I I J 0000 0.~47 6.898 E-05 0.~49 0.000 0.000 II 0.000 .(I.04Z1 8,837 E-04

Period
(sec) 0.201 0.200 0.116

Frequency
(Hz) 4.970 4.998 8.637

Modal
damping 0.03 0.03 0.Q3

ratio

TABLE 3·IV Dynamic Charaderistics or 8-story Superslrudure (Including S % mass
Eccentricity)

G
Mode

I 2 3

l- T - L T - I l- I T I - Ic_
~ "- ~ ~ ~ ~ ~ ~

M 0.000 0.285 3,440E.(J:5 0.286 0.000 0.000 0.000 .(I.OI13 4.598 E-04

7 0000 0.268 3.237 F..(J:5 0.269 0.000 0.000 0.000 .{).OI00 4.326 F..()4

" 0.000 0.235 2.142 E.()5 0.236 0.000 0.000 0.000 .(1.0176 3.798 F..()4

5 0.000 0.204 2.466 E.(J:5 0.70S 0.000 0.000 0.000 .{).0I53 3.296 F..()4

4 0.000 0.165 1993 E.()5 0\66 0.000 0.000 0.000 .{).0\24 2.6M E.()4

3 0.000 0.119 1.442 E.(J:5 0.120 0.000 0.000 0.000 .(1.0019 1.927 E.()4

2 0.000 0.082 0.986 E.()5 0.0112 0.000 0.000 0.000 '{)'(1061 1.317 E.()4

I 0.000 0.04\ 0.500 E.(J:5 0.042 0.000 0.000 0.000 .{).003\ 0.668 F..()4

Period
(sec) 1.147 1.140 0.651

Frcqucncy
(Hz) 0.872 0.877 1..537

Modal
damping 0.03 0.03 0.03

ratio
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TABLE J-IV Continued

Mode

Floor 4 S 6

L T - L T - L T -"- "- "- "- "- "- "- "- "-

II 0.000 .{I.290 -3.~E~ .{I 291 0.000 0.000 0.000 0.236 2.I~E~

7 0.000 .{I.lM ·1.919 E~ .{11M 0.000 0.000 0.000 .{I 023 .{I.279 E~

6 0000 0032 0.316 E~ 0.032 0.000 0.000 0.000 .{I.257 ·3.101 E.{IS

5 0.000 0.154 1.1511 E.{IS 0.154 0.000 0.000 0.000 .{I.m -2.713 E~

4 0.000 0.2]1 2.795 F..{IS 0232 0.000 0.000 0.000 .{I.m .{I.OJ4 E.{IS

3 0.000 0.242 2.926 E~ 0.243 0.000 0.000 0.000 0.119 2.113 F.~

2 0.000 0.1911 2.392 E.{IS 0.199 0.000 0.000 0.000 0.241 2.996E~

I 0.000 0.111 1.341 F.~ 0.111 0.000 0000 0.000 0.171 2.065 E~

P~nod (lee) 0.424 0.422 0.266

I',..,quency
(H,) 2.357 2.371 3.756

Modal
damping 0.03 0.03 0.03

ralio

TABLE J-IV Continued

Mode

Floor 7 8 9

l. T - L T - L T -"- "- "- "- "- "- "- "- "-

I 0.237 0.000 0.000 0.000 0.022 ....614 E-44 0.000 .{I.22) ·2.692 E-05

7 .{I.023 0.000 0.000 0.000 0.012 ·2.659 E-44 0.000 0.254 3.063 E-05

6 .{I.2511 0.000 0.000 0.000 .{I.OO2 .{I.516 E-44 0.000 0.111 2.270 E-05

5 .{I.22S 0.000 0.000 0.000 .{I.012 2.413 E-44 0.000 .{I.124 ·1.493 E.Q5

4 ~J.Oll 0.000 0.000 0.000 .{I.OI7 3.735 E-44 0.000 .{I.259 -3.129 E-05

3 01119 0.000 0.000 0.000 .{I.OII 3.911 E-44 0.000 .{I.025 .{I.~ E.Q5

2 0.249 0000 0.000 0.000 .{I.OIS 3.197 E-44 0.000 0.117 2.131 E-05

I 0.171 0.000 0.000 0.000 .{I.OOI 1.192 E-{)4 0.000 0.190 2.297 E.Q5

Pcnod (sec) O.26S 0.241 0.191

F~

(Hz) 3.778 4.1s.. 5.241

Modal
dampinc 0.03 0.03 0.03

ralio
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and medium) soils. Each isolation system had a different "characteristic" strength (or yield force)

and post yielding stiffness in onier to create a set of isolation schemes that range from almost

linear to highly nonlinear. It is ex.pected that these isolated building models would represent the

dynamic characteristics of a significant portion of feasible isolation schemes.

The idealized bilinear hysteretic model of the isolation systems is shown in Figure 3-2. The

model is characterized by the initial and unloading stiffness, KI , the post-yielding stiffness, Kl ,

the yield force. f y and the yield displacement, Dy• For a particular displacement amplitude, D,

the isolation system may be described by equivalent linear-viscous properties in accordance with

the SEAOC/UBC guidelines. These properties are the effective period. TI , given by equation

(22) with Km ... equal to Kerr and the effective damping ratio, ~

(3.1)

where WI) =area enclosed by the hysteresis loop.

The analyzed isolation systems were selected from Kircher and Lashkari (1989). All had a yield

displacement Dy = O.S in. Their force-displacement characteristics are dep:C!ed in Figures 3-3

and 3-4. Their nonlinear properties and equivalent linear propenies are given in Tables 3-V and

3-VI. The equivalent linear properties are based on the design displacement, D, as calculated by

the static analysis procedure of SEAOC/UBC. It may be seen that the propenies of the analyzed

isolalion systems cover the period range of 1.5 to 3 sees and the effective damping range of 6

to 39% of critical.

3.4 Nonlinear Time History Analysis

Nonlinear time history analyses were perfonnc:d with computer code 3D-BASIS (Nagarcljaiah et

ai, 19(1). Each of the 45 isolators was explicitly modeled by a smooth bilinear hysteretic

element with bi-directional interaction capability. All 45 isolators had identical properties.
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TABLE 3-V Properties of Isolation Systems Analyzed on Stifl' Soil Profiles (St)

Equivalelll Linear Design Puameterli in Nonlinear Analysis
lsolalion Propc:nies ParamtUrS
Sysaem

Period Damping 0 rI.uJ 1't»tCa Dr KType F_
(sec) Ratio (%) (inches) It' (inches) a. J

Number T Y;

3 1.5 1 5.6 0.25 0.05 0.5 0.39216

4 1.5 IS 4.5 0.20 0.07 0.5 0.23214

5 1.5 31 3.5 0.16 0.10 0.5 0.1 (XXX)

6 2.0 6 7.9 0.20 0.Q3 0.5 0.38288

1 2.0 16 5.8 0.15 0.05 0.5 0.18868

8 2.0 30 4.1 0.12 0,01 0.5 0.085034

9 2.5 10 8.3 0.14 0.03 0.5 0.23504

10 2.5 21 6.1 0.10 0.05 0.5 0.089286

II 3.0 16 8.9 0.10 0.03 0.5 0.13889

12 3.0 39 6.4 0,073 0.05 0.5 0.038983

TABLE 3-VI Properties of Isolation Systems Analyzed 00 Medium Soil Profiles (S2)

Equivalenl Linear Design Puameu:rs in Nonlinear Analysis
Isolation Properties Puameu:rs
System

Period Damping 0 rmuJ 1't»tCa 0,Type F_ K
(sec) Ratio (%) (inches) It' (inches) a. J

Number "1V"' T;

2 1.5 8 1.9 0.36 0.07 0.5 0.27992

3 1.5 11 6.4 0.29 0.10 0.5 0.16102

4 1.5 37 4.9 0.22 0.15 0.5 0.053030

5 2.0 9 10.4 0.21 0.05 0.5 0.22222

6 2.0 11 8.6 0.22 0.01 0.5 0.13228

7 2.0 31 1.0 0.18 0.10 0.5 0.061538

8 2.5 6 14.5 0.24 0.Q3 0.5 0.2SOOO

9 2.5 IS 11.2 0.18 0.05 0.5 0.12150

10 2.5 26 9.3 0.15 0,01 0.5 0.064935

11 3.0 9 15.1 0.18 0.03 0.5 0.16447

12 3.0 22 11.8 0.13 O.OS 0.5 0.Q70796

13 3.0 37 9.8 0.11 0.07 0.5 0.030722
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The model of isolation bearings in this study differed from the model used by KiJcr.cr and

lashkari (1989) in the following aspects. First. the transition from elastic to the post-yielding

range is smooth rdther than abrupt. Second. the forces in the two orthogonal directions of each

bearing exhibit circular interaction. The significance of these differences is investigated next.

3.4.1 Comparison of Smooth 3D-BASIS Model and Ideali7.ed Bilinear Hysteretic
Model for Isolation Bearings

The idealized bilinear hysteretic model shown in Figure 3-2. exhibits an abrupt change from

elastic to post-yielding stiffness at displacements equal to Dy and (D - 2Dy). The actual behavior

of elastomeric isolation bearings is ruther different. The change in stiffness occurs smoothly over

a finite displacement interval. This smooth transition between the two stages is realistically

modeled in comr'lter code 3D-BASIS.

In order to investigate the significance of this difference in modeling bilinear hysteretic behavior.

analyses were performed with the smooth and the idealized bilinear hysteretic models. To avoid

masking the results. the superstructure of the isolated system was considered rigid and the

excitation was applied in only the longitudinal (l) direction so that the response occurred in only

that direction. Note that mass eccentricity exists only in the longitudinal direction (see Figure

3-1 ).

Isolation system type No. 7 (1'1 = 2.0 sees. ~ = 31 %) for medium soil type (52) was analyzed

with excitation being the components No. 25-1' and No. 26-1' of the scaled earthquake motions

used in the nonlinear time history analyses (sec Table 4-11 for details). A comparison of

responses obtained by the two models is shown in Figures 3-5 and 3-6. Evidently. the hysteresis

loops trace nearly identical paths with only very small difference in the calculated peak response.
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3.4.2 Comparison of Uniaxial and Biaxial Interaction Models ror Isolation Bearings

The significance of the bi-directional interaction effect in sliding isolation bearings has been

demonstrated by Mokha et ai, (1993). In general, consideration of this effect results in larger

bearing displacements. This conclusion is expected to hold true for all bilinear hysteretic (non

stiffening) isolation systems since they differ from sliding systems with restoring force in only

the level of the yield displacement.

Figure 3-7 illustrates the differences between models of isolation bearings with and without

hidirectional interaction. A valid model for isolation bearings should exhibit identical force

displacement characteristics in all directions, as it would have been the case for a circular rubber

bearing. In this case. the yield surface (or curve) is circular. A model without due regard to the

bi-directional interaction effects consists of two uniaxial bilinear hysteretic elements placed along

the principal directions of the bearing. Effectively in this case, the yield surface is square as

shown in Figure 3-7. The implications are apparent. For motion along a direction other than the

two onhogonal ones, the yield force and yield displacement are larger than Fy and Dy,

respectively. Effectively. the model without bidirectional interaction effects exhibits more

chamcteristic strength. The result is a reduction in bearing displacement.

To demnnstmte the significance of neglecting the bi-directional interaction effects, the I-story

isolated structure was analyzed with and without due regard for the bidirectional interaction

effects. Analyses were performed for isolation system types No.6, 8 and 12 on soil type 5. and

isolation system types No.5. 7. 9 and 13 on soil type 52 (see Tables 3-V and 3-VI). The

excitation consisted of the collection of scaled pairs of earthquake motions as described in section

4. Detailed results for each earthquake motion and isolation system type are presented in

Appendix A. Table 3-VII presents a summary of the results in terms of the mean and mean plus

one standard deviation (a) of the bearing displacements and structural shea force. It may be

observed that bearing displacements in the case without bidirectional interaClion are typically less

(exception is system type No. 13, soil type 52) than the case with bidireclional interaction effects.
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Differences as high as 18% demonstrate the significance of accounting for the bidirectional

interaction effects.

3.5 Response Spedrum Analysis

Response spectrum analyses were performed with computer code ETABS (Wilson et ai, 1975).

The excitation was specified by the design spectrum with proper modification in order to account

for the difference between the actual modal damping ratios in the isolated structure and the 5%

damping ratio in the SEAOC/UBC design spectra. Details of this modification are presented in

section 5.

The response spectrum analysis was perfonned with simultaneous excitation of 100 percent of

the ground motion in the most critical direction and 30 percent of the ground motion in the

orthogonal axis as described in the SEAOC/UBC regulations. The effective stiffness of the

isolation system was modeled in ETABS by four shan columns with identical propenies and

spaced appropliately as to match the rotational properties of the 45 isolators. Each column had

one quaner the effective stiffness of the entire isolation system in the transverse and longitudinal

directions.
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SECTION 4

STATISTICAL EVALUATION OF DYNAMIC RESPONSE FOR A SET OF
RECORDED PAIRS OF HORIZONTAL EARTHQUAKE COMPONENTS

4.1 Basis for Statistical Approach

The SEAOC/UBC guidelines require the use of a minimum of three appropriate pairs of

horizontai earthquake time histories for nonlinear analysis and that the maximum ~sponse of the

parameter of interest shall be used for design. Instead of using the maximum response, this

report uses statistical quantities such as mean values and standard deviations to compare with the

results of the static and response spectrum analysis methods. Also. this repon uses more than

the required number (three) of appropriate time histories for analysis.

The statistical approach is based on the wod done by Kircher and Lashkari (1989), where

statistical quantities (mean values and mean plus one standard deviation) were used in order to

quantify the variation in response results and to manage the large volume of data produced.

These statistical quantities were used for judging the validity and applicability of SEAOC design

requirements. Since nine to ten pairs of appropriate time histories were used for analysis, it is

expected that this method of reporting reslJlts will better rep~sent the level and variation of

response parameters due to the variations in the ground motions. All the major assumptions and

principles used in the Kircher and Lashkari (1989) report are adopted for this study.

4.2 Ground Motions

The ground motions used in this study are the same eanhquake time history accelerograms used

by Kircher and Lashkari (1989). According to them, appropriate earthquake time histories should

be consistent in amplitude and frequency content with the design spectra currently required by

seismic codes. The time histories were selected from the records used by Seed et al (1974) to

develop site-dependent spectra. The results of the Seed study have been used as the primary
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basis for the ATC-3 design spectra (Applied Technology Council. 1978), the seismic criteria of

the Blue Book (SEAOC, 1990b) and lhe Uniform Building Code (lCBO, 1991).

The Seed study developed site-dependent spectra for soil types S., S2 and S1 by calculating mean

and mean-plus-one-standard deviation spectra of nonnalizecJ acceleration time history records.

The Seed study selected horizontal eanhquake records with peak ground acceleration (PGA)

values of O.05g or greater from available data up to and including the San Fernando eanhquake

of 1971. From these many records, only records with both horizontal components exceeding

O.lOg PGA were considered appropriate for nonlinear analysis in this study. After neglecting the

less significant records and considering only stiff and medium soil types. the following number

of recanls remained in each group:

I. Stiff soil sites - J{) pairs (20 reconls), representative of soil type SI

2. Medium soil sites - 9 pairs (I R reconls), representative of soil type S2

No records greater than O.lOg PGA for soft soil sites were available, so this site condition was

not evaluated. Rock sites were not evaluated since they are classified whh stiff soil sites as S.

type soils, and the records for rock sites may be considered too weak for dynamic analysis use.

The information involving each pair of horizontal earthquake time history is provided in Table

4-1 for stiff soil sites and in Table 4-11 for mediu~ soil sites.

The PGA and peak ground velocity (PGV) values given in Tables 4-1 and 4-11 were taken directly

from the California Institute of Technology data (CIT, 1975). In cenain cases the PGA values

reponed in the Seed study differed from the CIT data. No explanation could be found for these

discrepancies. eJtcept that some values reported in the Seed study may have been for

"uncorrected" records.

The sets of eanhquake records for stiff and medium soil types had a large proponion of records

obtained from the San Fernando eanhquake of 1971. The Seed study investigated the potential

biasing of results that can occur if the spectra are dominated by one specific eanhquake (San
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Fernando) and conclu<bi that the results were not unduly influenced. On this basis. Kircher and

Lashkari (1989) treated those eanhquake records as representative of the SEAOC/UBC design

spectra for soil types S. and S2'

4.3 Scaling by Peak Ground Velocity

For this study, Seismic Zone 4 was the only zone considered since it contains the highest

seismicity and is the most likely zone for isolation applications. The effective PGA for Seismic

Zone 4 is O.4g. This is the acceleration value specified for scaling of the nonnalized response

spectra of Figure 2-1. The unsealed records used in this study had a variety of PGA values. most

of them less than O.4g. As a result. scaling the records was necessary to insure that the response

spectra be consistent with Seismic Zone 4 design spectra.

In this study, sealing in accordance with the roy was the only method used to scale earthquake

time histories. Scaling in accordance with the PGA has been e~amined by Kircher and Lashkari

(19R9) and by Theodossiou and Constantinou (1991). In these reports. it was found that the

response of an isolated structure is primarily influenced by the amplitude and frequency content

of the velocity domain of the design spectrum. As a result, scaling by roy is considered a more

appropriate method than scaling by PGA for an accurate representation of the amplitude and

frequency content of ground motion at periods greater than 1.0 second.

Each pair of earthquake components (applied simultaneously in orthogonal directions) was scaled

by a common factor such that the average PGY of the two components was equal to either 18

in/sec for stiff soil sites or 22.5 in/sec for medium soil sites. These values were adopted from

the Kircher and Lashkari (1989) report. This scaling method differs from the Seed (1974) study

where each component was scaled (nonnalized) individually. rather than together. Since the

parameters of interest are the mean of the maximum values between IJ'ansversc and longitudinal

components. this common scaling factor is justified.
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The scaling factors for the ground motions used in this report are listed in Table 4-111. For the

scaling method used in this study, the report by Theodossiou and Constantinou (1991) shows the

following:

I. The mean spectral acceleration values of either the L or the T components of the scaled

motions approximate well, the Seismic Zone 4 design spectra at periods larger than

second.

2. The mean of the square root of the sum of squares of the spectral values of the Land T

components of the scaled motions are larger than or equal to 1.3 times the Seismic Zone

4 design spectrum at periods larger than I second.

In this respect. the scaled motions are representative of the Seismic Zone 4 design spectrd.

4.4 Dynamic Nonlinear Time History Results

Analyses were perfonned for 44 structure/isolation system models (1-story and 8-story

superstructures with ten types of isolati(;n systems for soil type SI and twelve types of isolation

systems for soil type S2) under the excitation of the 19 pairs of PGV scaled motions. The

response quantities calculated for each pair of ground motion were peak displacement in the

longitudinal (L) and transverse (T) directions at the center of mass and at the comer bearing.

peak base shear and story shears (normali7.ed by the total weight of the structure) and the peak

story drift ratios (for a story height of 12 feet). It should be noted that the time history analysis

results on the base shear force and story shear forces were not reduced by factors 1.5 and Rw,.
respectively. to obtain the design level forces. The results of the analyses are presented in Tables

A-I through A-XXlla in Appendix A and Tables B-1 through B-XXII in Appendix B. The tables

also present values of the ratio of peak corner displacement to peak center of mass displacement

as well as means and standard deviations (CJ) of the calculated response quantities.
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TABLE 4-111 PGV Scaling Fadon 01 the Earthquake Components

SOIL PROFILE EXCITATION EARrnQUAKE STATION SCALING
TYPE NUMBER NUMBER FACfOR

11 LOWER CALIFORNIA (117) 2.821

IMPERIAL VALLEY
12 EL CENTRO (117) 1.300

13 PARKAELD (014) 1.881

14 SAN FERNANOO (110) 2.034

15 SAN FERNANOO (135) 2.429
SI

16 SAN FERNANOO (208) 2.237

17 SAN FERNANDO (211) 2.345

18 SAN FERNANDO (466) 1.769

19 SAN FERNANDO (253) 1.852

20 SAN FERNANDO (199) 2.612

21 WESTERN WASHINGTON (325) 2.970

22 EUREKA (022) 1.875

23 EUREKA (023) 1.854

24 FERNDALE (023) 4.813

25 SAN FERNANDO (241) 2.120
Sz

26 SAN FERNANDO (458) 1.892

27 SAN FERNANDO (264) 4.352

28 SAN FERNANDO (267) 4.945

29 PUGET SOUND (325) 5.389
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SEcrlON S

RESULTS OF RESPONSE SPECTRUM ANALYSIS PROCEDURE

5.1 Introdudion

The response spectrum analysis procedure of SEAOC/UBC is eumined in this section. The

computer program ETABS (Wilson et ai, 1975) is implemented for response spectrum analysis.

Of the 22 isolation systems analyzed in this repon, six do not pass all the SEAOCJUBC criteria

for response spectrum analysis. These criteria specify that response spectrum analysis may not

be perfonned if the effective stiffness of the isolation system at the design displacement is less

than one third of the effective stiffness at 20 percent of the design displacement. These isolation

systems that do not pass the requirements for response spectrum analysis are listed in Table 5-1.

All the isolation systems that fail SEAOC/UBC criteria have an effective damping ofthe isolation

system greater than or equal to 30 percent of critical. All isolation systems with effective

damping values less than 30 percent of critical passed this effective stiffness criteria. In an effort

to thoroughly evaluate the SEAOC/UBC response spectrum procedure, these isolation system

types were included in all analyses.

It may be easily shown that for the bilinear hysteretic system shown in Figure 3-2, the condition

for the effective stiffness at the design displacement to be less than one third of the effective

stiffness at 20 percent of the design displacement is equivalent to

F.... < 2D F
D +D ',

S-l

(5.1 )



Funhermore, the condition for the effective damping. p, to be larger than 30 percent of critical

is equivalent to

2D F
2D +0.31tD ',

(5.2)

It may be recognized that equations (5.1) and (5.2) produce nearly the same result when DID,

> to and D > 5 inches. Accordingly, the stiffness-based criterion of SEAOC/UBC for allowing

response spectrum analysis is equivalent to the condition that the effective damping of the

isolation system be less than 30 percent of critical.

TABLE 5-1 Isolation Syslems that Fail Criteria Allowing Response Spectrum
Analysis (W =weight)

Effective ¥I Effective
Isolation Effective Stiffness at Stiffness at

Soil Type System Type Damping Design 20% of Design
(% of Critical) Displacement Displacement

(Wlinch) (W/inch)

5 31 0.0457 0.0495

5.
I( 30 0.0255 0.0267

12 39 0.0114 0.0138

4 37 0.0449 0.0536

S2
7 31 0.0257 0.0264

13 37 0.0112 0.0130

S.2 Calculation or Modal Damping Ratios (or Isolated Structures

For the response spectrum analysis it is required that response specua consistent with the modal

damping ratios of tile isolated structure be used. This requires modifICation of the 5%-damped

design spectra of the SEAOC/UBC regulations.
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The isolated structure consists of the superstructure, which is assumed to have classically damped

modL:, and the isolation system with usually high equivalent viscous damping. The entire system

has non-classically damped modes. In general, it is possible to determine the exact modal

damping ratios of the non-classically damped structure (Constantinou and Symans, 1992).

Herein, a simplified procedure which allows for hand calculations, is employed. In this

procedure, the eccentricities in the superstructure and isolation system are neglected so that the

translational and torsional motions are decoupled. Subsequently, the isolated structure is reduced

to a two-degree of freedom system for determining the modal damping ratios in the first two

translational modes of vibration. Finally, the modal damping ratio in the torsional mode is

determined by assuming that the structure is rigid so that only the isolation system contributes

to the stiffness and energy dissipation capability of the structure.

5.2.1 Modal Damping Ratios in the First Two Translational Modes

The multistory superstructure is replaced by a single degree of freedom (SOOF) representation

so that the entire system is represented by two degrees of freedom (one for the superstructure and

one for the isolation system), as shown in Figure 5-1.

FIGURE 5-1 Two-degree-of.freedom Representation of Multistory boIateei Structure
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The superstructure is described by mass, m, height, h, frequency co., and damping ratio, ~:

(1) = r;-. ~;;
(5.3)

~. = C
2mro.

(5.4)

The isolation system is described by its total horizontal stiffness, ~, and viscous damping

conSlant, c", or in more convenient terms. the isolation system frequency,~, and damping ratio,

1;.,:

(5.5)

(5.6)

It should be noted that the damping ratio, E;.., is exactly the effective damping of the isolation

system. p, as given by equation (3.1) (per SEAOC/UBC) and frequency ro.. is related to the

isolaled-stnJcml'e period, T., equation (2.2). by

2x

1;
(5.7)

The analysis of this simple two-degree-of-freedom system has been presented by Kelly (1990).

The two frequencies of the system are:
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where,

'1 = (5.9)

Expansion of equation (5.7) by using binomial series. results in the following simple asymptotic

expansions:

(5.10)

"" • OJ JI + 1£
(5.11 )

, 1- Y

where,

£ • [::l (5.12)

These expansions are valid for small E and they are COITeCt to order E.

The shapes in the two free-vibrational modes of the system were obtained by Kelly (1990) to be

(correct to order E):

{..} . {:::} . {~}

{t,j • {::} • {- ~[1 -:1-1)<J}
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Funhennore, the corresponding modal damping ratios were dctennined by an approximate

procedure involving energy considerations to be:

11-1.2 (5.15)

Expanded in asymptotic expansions correct to order E. equation (5.15) yields:

; _ ; Jt-YE
I "1 +Y£

~ '" r;, 1 +;. y.f£ ](1- YE)l ~ ~ 2

(5.16)

(5.17)

In the above equations, ;1 represents the modification of the isolation system damping, ~, and

~2 represents the modification of the structural damping. 1;.. as a result of the flexibility of the

superstructure. The effect of the superstructure's flexibility is to reduce the isolation system

damping while the effect of the isolation system is to significantly increase the structural

damping.

5.2.2 Modal Damping Ratio in the Torsional Mode

The isolated structure is assumed rigid and undergoing torsional free vibration. In the absence

of eccentricities, motion occurs about a venical axis passing through the geometric center of the

base (see Figure 3-1). The equation of motion is

where

M = total mass of the structure (including the basemat)
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r

K., ICy =

radius of gyration of structure (= 51.64 ft. for the plan dimensions

of Figure 3-1)

viscous damping constants of individual bearings in the orthogonal

x and y directions

elastic stiffness of individual bearings in the orthogonal x and y

directions

coordinates of bearing i

Equation (5.18) may be written as

(5.19)

from where the rotational frequency, CJ>e, and corresponding damping ratio,l;e. are determined to

be:

(5.20)

(5.21)
Ce

~ =
2JMr 2Ke

Considering that all bearings have identical propenies in all directions. C. =Cy =C; and K. =
Ky = Kj , so that

(5.22)

~ =

5-7
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where

A ,.
(5.24)

r N

with N = number of bearings (= 4S). It may be ~ognized that the expressions next to constant

A on the right side of equations (5.22) and (5.23) are, respectively, the frequency CI\ =27t/T. and

damping ratio Ea = p. Accordingly, the torsional period of the isolated structure, T., and the

corresponding damping ratio are:

(S.25)

(5.26)

For the configuration of isolation bearings shown in Figure 3-1, constant A equals to 1.14. We

thus conclude. that in the analyzed configuration, the torsional period is less but the

corresponding damping ratio is more than those of the translational mode.

5.3 ModirK'ation of Response Spectra for Response Spectrum Analysis

The 5% damped response spectra required for the response spectrum analysis has to be modified

to incorporate the damping ratio values of the various modes of the isolated sttueture that are

different from 5%. The SEAOC/UBC guidelines do not describe a procedure for modification

of the response spectrum. Herein. two procedures are employed for the rmdification of the

response spectra.

5.3.1 Modification of Response Spectra Based 011 Modal Dampinl Ratios in tile First Three
Modes

The first three modes of the isolated structure are the ftrst translational mode with period T. =

27t1ro. and damping ~. (eqs. S.1O and 5.16), the torsional mode with period T. and damping E,.
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(eqs. 5.25 and 5.26) and the second translational moJe with period T2 =27t/~ and damping ~2

(cqs. 5.11 and 5.17). For example. Table 5-11 lists the characteristks of some of the isolated

structures analyzed on soil type S•. For the range of periods of the spectrum above 0.85 seconds.

the 5%-damped response spectrum was reduced (divided) by 'ador B (see Table 2-IV) in

relation to the damping ratio in the first and secood (torsional) modes. This modification

is consistent with the static ar.alysis procedure of SEAOC/UBC which. in essence. is a single

mode spectr,tl analysis. Since the first two modes have different periods. the 5%-damped

spectrum was modified by different factors in the neighborhoods of periods T. and T&-

For periods less than 0.85 seconds. modification of the spectrum by the factor B is inappropriate

since this region of the spectrum is primarily controlled by the peak ground acceleration and not

the peak ground velocity (Newmark and Rosenblueth. 1971). It should be noted that factor B

is an appropriate modificalion factor in the velocity· controlled region of lhe response spectrum.

lhe region in which the fundamental period of isolated structures typically falls.

The region of periods less than 0.85 seconds contains the period of third mode (second

translational moc·.:) T2 =27t/~ (eq. 5.11) which is considerably less than the fundamental period

of the superstructure (see Table 5-11). The modification of the response spectrum in this region

of the spectrum was based on the modification factor. B'. proposed by Newmark and Rosenblueth

(1971) for the acceleration-controlled region of the spectrum. These modification factors are

listed in Table 5-111.

Of panicular interest is to nOIe in Table 5-11 that the first damping ratio of the 8-story structure

is considembly less than the effective damping of the isolation system. The modification

(division) of the response spectrum by factor B was based on the first mode damping ratio. ~I'

and not the effective damping of the isolation system. Il As an example. Figure 5-2 shows the

modified response spectrd used in the response spectrum analysis of two of the 8-story isolaled

structures.
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TABLE 5-111 ModirlCP.~ion Fador B· UItd in Aa:dention-Controlled Reaion of
Response Spectrum

Damping Ratio Factor B·
(%)

0 0.406

I 0.500

2 0.605

5 1.000

7 1.368

10 1.733

20 2.167

30 2.400

>30 2.400

5.3.2 Modification or Response Spectra Bued on Modal Danapilll Ratio of the First
Mode Only

In this approach, the ~sponse spectra are modified by factor B (Table 2-IV) only in the period

range greater than 0.8T., whe~ T 1 is the period of the isolated struetUJe in accordance to the

SEAOCIUBC guidelines. This is consistent with the recommendations in the 1991 AASHTO

Specifications (AASHTO. 1991). However,the rrouction employed to the S%-dampcd specuum

was based on the first mode damping ratio, ~I' and nol the effective damping of the isolation

system, p.

Figure 5-3 shows the modified response spectra in accordance with this method for the same

systems as those of Figure 5-2 (No.7 and 10, soil type 51)' Modification of the response spectra

by this approach gave nearly identical peak responses of isolated struet~1 u the approach

described in section 5.3.1. For example, Table S-IV compares the response of the B-story
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structure. isolation system type 7 on soil type S, and isolation systems types 5 and 7 on soil type

52 as calculated by the two procedures of modification of the response spectrum. The results of

the two procedures are indeed nearly identical. Apparently. the reason for this good agreement

is the fact that the response of the linearized model of the isolated structure is primarily

controlled by the first mode of vibration of the isolated structure. It should be noted that the

domination of response by the first mode of vibration is not always realistic. For example.

isolation system type No. 7 on soil type 52 is highly nonlinear and the time history analysis

clearly demonstrates the strong panicipation of the higher modes of vibration. This behavior

cannot be captured in the response spectrum analysis.

TABLE 5·IV Comparison of Response Spectrum Analysis Results for the 8.story Structure
Computed by two Different Methods of Modificatioo of Response Spectrum.
Weight =11520 kips, Height =12 ft.

RESPONSE RASE CORNER
Sf>ECTRUM SOiL ISOLATION CENTER REARING l.~ wSTDD

MODIFICATION TYPE SYSTEM I>ISPL DlSPL .u«SH£d SH~ DItIn' (S)
METIfOD TYPE (inches) (inches) WVOlrt' mIG'" HDGIrt'

7 5.52 7.70 0.143 0.130 0.306
5. 10 5.91 8.28 0.097 0.088 0.206

RASED ON
FIRST MODE 5 9.6X 13.55 0.251 0.229 0.538

ONLY 52 7 6.73 9.43 0.173 0.157 0.370

7 5.51 7.65 0.142 0.130 0.305
5. 10 5.91 8.26 0.097 0.088 0.206

BASED ON
FIRST THREE 5 9.67 13.49 0.251 0.229 0.538

MODES S2 7 6.71 9.36 0.173 0.157 0.370

5.4 Results of Respoose Spectrum Analysis Procedure

The results of the response spectrum analysis procedure are summarized in Tables 5-V to 5-VIII.

The results were obtained with the response spectrum modification procedure which is based on

the first three modes of vibration of the isolated structure as described in section 5.3.1. It should
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be recalled that nearly identical results were obtained with the response spectrum modification

procedure which is based on just the first mode of vibmtion. ReganHess of the modification

procedure employed. it is important to reiterate that the modification of the 5%-damped spectrum

for higher damping was done by dividing the 5%·damped spectrum ordinates, in the

neighborhood of the isolation system period. by the coefficient B (see Table 2-IV) of the

SEAQCNBC regulations. Coefficient B was related to the damping ratio of the first mode of

the isolated structure. ~1 (see eq. 5.16. note that ~ = Il). and not the effective damping of the

isolation system, p. As it is evident in equation (5.16), damping ratio ~I is, in general, less than

~. The difference between factors ~I and Il is significant in flexible superstructures.

TABLE S·V Maximum Response Sptetrum Analysis Results for I·story Isolated Structure
with Excitation Represented by Scaled UBC Design Spectra in Seismic Zooe
4, for Slift' Soil Sites (representative of soil type S.). Weight =2S6O kips,
Height =12 ft

BASE CORNER
ISOLATION CENTER BEARING 1.. SlOIr 1M SJVJn'

SYHEM DISPL D1SPL
MSE SHEA. SllEAII l»IfT (.)

WEIGHT ----
I YPE (int'hcs, (lnl:hcs)

WEIGHT HEIGHT

~ 5.64 7.90 0.252 0.127 0.0691

4 4.52 6.33 0.200 O.lOl 0.0551

5 3.53 4.94 0.161 0.082 0.0443

6 7.69 10.80 0.195 0.098 0.0532

7 5.07 7.97 0.147 0.074 0.0401

!< 4.59 6.44 0.117 0.059 0.0320

9 !U)3 11.29 0.135 0.068 0.0369

10 5.9X 8.33 0.098 O,()49 0.0269

11 IU!9 12.84 O.lon 0.050 0.0272

12 6.37 9.21 0.073 0.036 0.0198
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TARLE S·V. Maximum Response Spectrum Analysis Results for I.story Isolated Strudure
with Excitation R~presentedby Scaled UBC Desip Spectra in Seismic Zone
4. ror Medium Soil Sites (repnsentative of soil type Sz). Weipt = 25'0 kips,
Height =12 ft

BASE CORNER
ISOLATION CENTER BEARING l.~ ..~

SYSTEM TYPE DISPL DISPL
MUSlia. SIIIlAa ~ (S)

WDGItT IJ'EIGft' IIDGIIr
(inches) (inches)

2 7.69 10.85 0.351 0.177 0.0961

3 6.23 8.77 0.282 0.142 0.0773

4 4.81 6.78 0.216 0.109 0.0592

5 10.15 14.22 0.263 0.132 0.0720

6 8.39 11.75 0.215 O.IOS 0.0586

7 6.82 9.55 0.175 O.OSS 0.0479

8 14.06 19.89 0.233 0.117 0.0634

9 lO.99 15.52 0.177 0.089 0.0482

to 9.08 12.83 0.146 0.073 0.0399

11 15.32 22.05 0.176 0.088 0.0478

12 11.83 17.09 0.130 0.065 0.0355

13 9.66 13.94 0.108 0.054 0.0295

5-16



TABLE S·VII Maximum Response Spedrum Analysis Results for 8-story boIated
Structure with Exdtation Represented by Scaled UBC Baian Spectra in
Seismic Zone 4. for Stiff Soil Sites (representative of IUiI type S.). Weight
=11520 kips. Height =12 fl

BASE CORNER
ISOLATION CENTER BEARING 1• .noIr wlJOlT

SYSTEM D1SPL D1SPL
alSE SHIlAIl SII.a ,.". CS)

WUGHT ftlGBT BDGBTTYPE (inche.',) (inches)

3 4.94 6.75 0.220 0.203 0.478

4 4.15 5.67 0.184 0.170 0.400

5 3.33 4.55 0.152 0.140 0.330

6 7.32 to.18 0.185 0.169 0.397

7 5.51 7.65 0.142 0.130 0.305

8 4.49 6.25 0.115 0.105 0.246

9 7.91 11.07 0.133 0.121 0.284

10 5.91 8.26 0.097 0.088 0.206

11 9.29 13.26 0.104 0.094 0.221

12 6.76 9.66 0.077 0.069 0.163
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TABLE 5-VIII Maximum Response Spectrum Analysis Results for S.slory IIOIated
Structure with Excitation Represented by Scaled UBC Design Spectra in
Seismic Zone 4, for Medium Soil Sites (representative of IIIOiI type Sz).
Weight =11520 kips. Height =12 ft

BASE CORNER
ISOLATION CENTER BEARING 1.nmr .. ntWr

SYSTEM DISPL DISPL
AU. SBI./d JUM MITT (.)

WDGBf' ffElGBT I11lIGIIT
TYPE (inches) (inches)

2 7.01 9.6] 0.3]9 0.295 0.694

3 5.97 8.20 0.27] 0.250 0.588

4 4.74 6.5] 0.213 n.197 0.462

5 9.67 ]3.49 0.25] 0.229 0.538

6 8.22 11.46 0.210 0.]92 0.45]

7 6.7] 9.36 0.173 0.157 0.370

8 13.74 ]9.26 0.227 0.206 0.484

9 10.93 15.35 0.176 0.]59 0.374

10 9.04 ]2.69 0.]46 0.132 0.310

I ] ]5.90 22.74 0.]82 0.164 0.386

12 12.40 17.73 0.137 0.123 0.289

13 9.87 14.45 0.111 0.100 0.234
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SECTION 6

COMPARISON OF RESULTS

All of the isolated stnlctures in this report were analyzed by a linear response spectrum analysis

and a rigorous dynamic nonlinear time history analysis. Funhennore, results were obtained by

the slatic analysis procedure of SEAOC/UBC.

In order to quantify the results and make comparisons between the analyses, plots of the response

quantities have been created. In section 6.]. comparisons are made between story shear forces

from the analyses and in section 6.2, comparisons are made between center bearing displacements

and comer bearing displacements from the analyses.

6.] Comparison of Results on Story Shear Forces

Plots have been constnlcted to show the variation of story shear force vs. story as determined by

the three analysis procedures. The results are presented as follows. The results of the

SEAOC/UBC static analysis procedure are referred to as "SEAOC STATIC". The results of the

response spectnlm analysis procedure are referred to as "RESPONSE SPECTRUM". The results

of the nonlinear dynamic time history analysis are presented in terms of the mean of the

maximum longitudinal and transverse direction results. This quantity has been used for

comparisons since it represents the absolute maximum result of the nonlinear analyses regardless

of the direction of input excitation. This value is called "MEAN OF MAX L,T". Furthermore,

the mean of maximum L,T plus one Slandard deviation of the results is presented in order to

provide an upper bound to both the response spcctnlm results and the static analysis results. This

quanrity is referred to as "MEAN + I 0". It should be noted that all results on story shear forces

and base shear force were not reduced by factors RW1 and 1.5, respectively, to obtain the design

level forces.
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Figures 6-1 to 6-6 compare the distribution of shear force over story level in the analyzed 8-story

isolated structure. The isolation systems which do not meet the criteria of SEAOC/UBC allowing

the response spectrum analysis procedure (see Table 5-1) have been appropriately labeled in the

figures. The results of Figures 6-1 to 6-6 demonstrate that:

1. The results of the static and response spectrum analysis procedures are, in general, in

close agreement.

2. The results of the static and response spectrum analysis procedures either predict well or

underestimate the mean of story shear forces as predicted by the time history analysis.

The degree of underestimation is significant in all isolation systems which do not meet

the SEAOC/UBC criteria allowing response specuum analysis. In these systems. with

typical effective damping of the isolation system p larger than 30%, the time history

analysis predicted significantly more shear force in the upper stories. This is the result

of significant contribution from the higher modes of the isolated sUUcture. This behavior

is typical of highly nonlinear isolation systems.

3. The underestimation of the story shear force by the static and response specttum analysis

procedures is also significant in isolation systems No.4, 7 and 10 on soil type S, and No.

3. 10 and 12 on soil type S2' These isolation systems meet the criteria of SEAOC/UBC

for allowing response spectrum analysis and have effective damping in the isolation

system in the range of 15% to 27% of critical. In these systems, the shear force in the

upper stories of the isolated building is underestimated by the static and response

spectrum procedures by a factor which is in the range of 2 to 3.

Table 6-1 presents a comparison of the base and story shear forces of the I-story isolated

structure as computed by the three analysis procedures. Again, it is observed that the static and

response specuum procedures produce nearly identical base shear forces. The difference in the

first story shear force (by a factor of 2) is just a result of equations (2.5) and (2.6) which, without

the reduction factors 1.5 and Rwl, give identical base and first story shear forces. The response

spectrum analysis procedure underpredicts the mean of time history analyses on the story shear

force in all but four of the 22 analyzed isolation systems. The devee of underestimation wa,
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TABLE 6-1 Comparison of Base Shear (BS) and Story Shear (SS) Force Results for I.story
Isolated Structure. Weight = 2560 kips.

SOIL ISOLATION SEAOC STATIC RESPONSE MEAN OF MEAN + 1 a
TYPE SYSTEM SPECllWM MAX L. T

TYPE
BSJWF.lGJrr SSIWEIGIIT BSJWElGJrr sSIWEIOIrr BSlWF.laHr SSIWEIGIIT BSIWEIGIIT SSIWEIGIIT

3 0.250 0.250 0.252 0.127 0.232 0.118 0.281 0.142

4 0.200 0.200 0.200 0.101 0.179 0.092 0.212 0.108

5 0.160 0.160 0.161 0.082 0.150 0.080 0.170 0.090

6 0.200 0.200 0.195 0.098 0.214 0.108 0.256 0.129

7 0.150 0.150 0.147 0.074 0.158 0.081 0.183 0.093

5. 8 0.120 0.120 0.117 0.059 0.120 OJ)62 0.142 0.072

9 0.140 0.140 0.135 0.068 0.187 0.094 0.253 0.127

10 0.100 0.100 0.098 0.049 0.121 0.061 0.161 O.ORI

II O. "Xl O.IO() 0.100 0.050 0.143 0.072 0.208 0.104

12 (1.073 0.073 0.073 0.036 0.080 0.042 0.096 0.048

2 0.360 0.360 0.351 0.177 0.377 0.205 0.513 0.283

3 0.290 0.290 0.282 0.142 0.298 0.158 0.399 0.203

4 0.220 0.220 0.216 0.109 0.207 0.127 0.222 0.143

5 0.270 0.270 0.263 0.132 0.306 0.156 0.424 0.214

6 0.220 0.220 0.215 0.108 0.224 0.116 0.301 0.153

7 0.180 0.180 0.175 0.088 0.166 0.095 0.192 0.102

8 0.240 0.240 0.233 0.177 0.283 0.142 0.430 0.215

S2 9 0.180 0.180 0.177 0.089 0.187 0.096 0.273 0.137

10 0.150 0.150 0.146 0.073 0.135 0.073 0.167 0.086

II 0.180 0.180 0.176 0.088 0.184 0.093 0.269 0.135

12 0.130 0.130 0.130 0.065 0.120 0.063 0.157 0.080

13 0.110 0.110 0.108 0.054 0.099 0.059 0.115 0.066
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generally. less than 30% of the mean of time history analysis. Interestingly. the largest difference

was observed in isolation system No.9 on S. soils. which has an effective damping. P=10%.

6.2 Comparison of Results on Bearing Displacements

Figures 6-7 to 6-10 compare the results on the center bearing and comer bearing displacements

as detennined by the static and response spectrum analysis procedures of SEAQCJUBC and the

mean of time history analysis results. The latter is the mean of the maximum response in either

the longitudinal or the transverse direction of the structure. The calculated displacements arc

presented as a function of the isolation system period. TI• and grouped according to the effective

damping of the isolation system, p.

The results demonstrate:

I. The static and response spectrum procedures of SEAOC/UBC predict almost identical

center bearing displacement.

2. The response spectrum procedure predicts comer bearing displacements which arc

typically larger than those predicted by the static proced~. Differences of the Older of

15% of the value predicted by the static procedure arc observed at an isolation system

period of 3 seconds.

3. The center bearing displacement, as predicted by the static and response spectrUm

procedures. is in good a~ment with the mean displacement of the nonlinear time

history analyses for Soil Type 52' However. they arc substantially less than the mean of

the time history analyses for Soil Type 5. and for isolation system periods larJer than or

equal to 2.5 seconds. The source of this discrepancy is the existence of two records with

strong long-period components in the set of eanhquake motions used in the time history

analysis. These records were identified by Theodossiou and Constantinou (1991).

4. The comer bearing displacement as predicted by the static and response spectrum

procedures. is in good a~ment with the mean of results of time history analysis for

isolation system periods of 2 seconds or leu. At hiJher values of effective period, the

6-10



Ll
G

H
T

L
V

D
A

M
P

E
D

(1
-1

K
)

M
O

D
E

R
A

TE
LV

D
A

M
P

E
D

(1
5

-1
..

.)
H

IG
H

LY
D

A
M

P
E

D
(2

7
-
a

K
)

,~

1. 15 - 8 12 • I I

2
.

20 1
1

12 • 4

,.
1

2

1
0 • 1 • 2

0
'

I
,

I
,

1.
0

1.
5

2.
D

2.
5

a.o
P

E
fI

O
D

(l
eO

)

•
S

E
A

O
C

S
TA

TI
C

•
M

E
A

N
(T

IE
H

IS
TO

R
Y

)

•
R

E
S

P
O

N
S

E
S

P
E

C
TR

U
M

a
'

,
I

I
I

,

1.
0

1.
5

2.
0

2.
5

8.
0

8.
5

P
E

fIO
D

(l
eO

)

o
I

I
,

I
,

I

1
.0

1.
5

2.
0

2.
5

8.
0

8.
5

P
E

IIO
D

(l
e

e
)

C
E

N
TE

R
D

IS
P

lA
C

E
M

E
N

T

C
O

R
N

E
R

D
lS

fi.
A

C
E

M
E

N
T

F
IG

U
R

E
6-

7
R

es
ul

ts
o

f
C

en
te

r
an

d
C

or
ne

r
B

ea
ri

n
,

D
is

pl
ac

em
en

ts
fo

r
I-

st
or

y
Is

ol
at

ed
S
t
r
~
t
u
r
e
s

on
S.

S
oi

ls



~

Ll
G

H
T

LV
D

A
M

P
E

D
(8

-K
)

24

•
20 - a 11 1
2 • 4 0

'
I

I
I

,
I

1.
0

1.
5

2.
0

2.
5

U
.

3.
5

P
E

fI
O

O
(t

e
e

)

•
S

E
A

O
C

S
T

A
T

IC

•
M

E
A

N
(n

M
E

H
IS

T
O

R
Y

)

~
R

E
S

P
O

N
S

E
S

P
E

C
TR

U
M

M
O

D
E

R
A

TE
LY

D
A

M
P

E
D

(1
5

-
22

1f
t)

1
8

•
"

1
5

1
2 .. I 3 0

'
,

I
I

I
,

1.
0

U
S

2.
0

2.
5

3.
0

3.
5

PE
AI

O
O

(t
e

e
)

H
IG

H
LV

D
A

M
P

E
D

(2
8

-
3

'"
")

1
5

•
"

18 10 • 5 3 a
'

,
I

I
,

,

1.
0

1
.5

2.
0

2.
5

a.o
8.

5
PE

AI
O

O
(e

eo
)

C
E

N
TE

R
D

IS
P

lA
C

E
M

E
N

T

C
O

R
N

E
R

D
IS

P
LA

C
E

M
E

N
T

F
IG

U
R

E
6-

8
R

es
ul

ts
of

C
en

te
r

an
d

C
or

ne
r

B
ea

ri
ng

D
is

pl
ac

em
en

ts
fo

r
I-

st
or

y
Is

ol
at

ed
S

tr
uc

tu
re

s
on

S2
S

oi
ls



Ll
G

H
TL

V
D

A
M

PE
D

M
O

D
ER

A
TE

L
V

D
A

M
PE

D
H

IG
H

LY
D

A
M

PE
D

(8
-1

"
')

(1
5

-1
8%

)
(2

7
-3

1
%

)

1
1

r

:(
,.

12
I

I

•
,

1
5

..
I

I
10

I
I

&
1

2
~

I ,
~

1
8

..
I

/
..

1
,

...
/~
;

1
D

..
I

/
"

~
'"

8
.,

/, .,
e
~
~

7
t

.
~
5
V
"

.-
ifII

I

~
If

:[
2

I
I

I
I

I
0

1.
0

1.
1

2.
0

2.
5

1.
0

1.
0

1.
5

2.
0

2.
5

3.
0

1.
5

1.
0

1.
5

2.
0

2.
5

a.o
u

P
E

fI
O

D
(.

-0
)

P
E

fIO
D

(.
-0

)
P

E
fIO

D
(.

-0
)

•
S

E
A

O
C

S
TA

TI
C

C
E

N
TE

R
D

IS
P

LA
C

E
M

E
N

T

•
M

E
A

N
(T

IE
H

IS
TO

R
Y

)
--

--
--

--
-

C
O

R
N

E
R

D
IS

P
LA

C
E

M
E

N
T

•
R

E
S

P
O

N
S

E
S

P
E

C
TR

U
M

F
IG

U
R

E
6-

9
R

es
ul

ls
or

C
en

te
r

an
d

C
or

ne
r

B
ea

ri
ng

D
is

pl
ac

em
en

ls
fo

r
8-

st
or

y
Is

ol
at

ed
S

tr
uc

tu
re

s
on

S
.

S
oi

ls



LI
G

H
T

lV
D

A
M

P
E

D
(
e
·
~
)

M
O

D
ER

A
TE

L
V

D
A

M
PE

D
(1

5
-

22
%

)
H

IG
H

LV
D

A
M

P
E

D
(2

8
-

37
Y

t)

15
/

/

~
/
,

__
e

/
/

/
1

.
-

J
,
,
;
,

-

""f
/

..-
,


,, /"" /

•

5 a•1
011

•
;
'

;
'

e 8I11 15 1
2

,. " "

1 424 1
220

iu
s

~
0

'
I

I
I

,
,

1.
0

1.
5

2.
0

U
a.o

8.
5

P
E

JI
O

D
(.

e
)

a
'

,
,

I
,

,

1J
)

1.
5

2.
0

2.
5

8.
0

8.
5

PE
RI

O
D

(e
ee

)

0
'

,
,

,
,

I

1.
0

1.
5

2.
0

U
8.

0
U

PE
RI

O
D

(.
e

)

•
S

E
A

O
C

S
T

A
T

IC
C

E
N

TE
R

D
IS

P
LA

C
E

M
E

N
T

•
M

E
A

N
(T

N
E

H
IS

TO
R

Y
)

C
O

R
N

ER
D

IS
P

LA
C

E
M

E
N

T

•
R

E
S

P
O

N
S

E
S

P
E

C
TR

U
M

F
IG

U
R

E
6-

10
R

es
ul

ts
o

f
C

en
te

r
an

d
C

o
m

er
B

ea
ri

ng
D

is
pl

ac
em

en
ts

fo
r

8-
sl

or
y

Is
ol

at
ed

S
tr

uc
tu

re
s

on
Sl

S
oi

ls



predictions of the static and response spectrUm procedures are conservative for Soil Type

~ and unconservative for Soil Type S•.

An interesting observation is made with regan! to the bearing displacements of the 8-story and

I-story isolated Sb1Jctures. Concentrating on the mean of the time history results (see Appendices

A and B), we observe that the center bearing displacement of the 8-story structure is less than

the corresponding displacement of the I-story structure. 1be difference is rather small and it is

observed in most, but not all, analyzed isolation systems. This phenomenon is recognized in the

proposed changes for the 1994 Uniform Building Code (Seismology Committee, 1992). II is

proposed in the i 994 UBC that the displacement of the isolation system, D', is detennined as

D' .. D

(6.1)

where 0 is given by equation (2.1), TI is the period of the isolated structure (eq. 2.2) and T is

the period of the fixed-based superstructure. The derivation of equation (6.1) is based on the

theory presented in se-:tion 5.2.

Figure 6-11 compares the predictions of equation (6.1) to the mean (calculated in time history

analysis) of the ratio of center bearing displacement of the 8-story isolated strueture to the cenler

bearing displacement of the I-story isolated structure. The comparison demonstrates the validity

of equation (6.1). However, it may be seen in Figure 6-11 that equation (6.1) is sufficiently

accurate for all damping levels provided that Til T ~ 2.0. Equation (6.1) is aetuaUy valid over

a wider range of ratio of TI I T when the effective damping in the isolation system is within

cenain limits. For example, the equation is valid for Til T ~ 1.3 when ps: 0.10 (lightly damped

isolation systems) and for T. I T ~ 1.75 wilen 0.15 S Ps: 0.22 (moderately damped isolation

systems).
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The dependency of the accuracy of equation (6.1) on the effective damping of the isolation

system is apparently. a result of the nonlinearity of the isolation system and the associated

excitation of higher mode response. It should be noted that equation (6.1) is based on the linear

theory of section 5.2 and consideration of only the effects of the first mode of vibration of the

isolated structu~.

FIGURE 6-11 Ratio of the Center Bearing Displacement of the 8-slory and I-story Isolated
Structures
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SECTION 7

SUMMARY AND CONCLUSIONS

In this study. comparisons have been made between dynamic nonlinear time history analysis and

the 5EAOC/UBC static and response spectrum analysis procedures for seismic isolated suuctures.

The response of isolated structures with stiff and flexible superstructures founded on soil types

5. and 52 in Seismic 70ne 4 has been examined.

The isolation systems varied in properties to account for a wide range of conceivable isolation

schemes. The isolation systems had period, T. (per 5EAOC/UBC), in the range of 1.5 to 3

seconds and effective damping, ~ (per 5EAOCIUBC). in the range of 6% to 39% of critical.

The time history analysis results were obtained by the use of 29 pairs of eartlKtuake orthogonal

components which were scaled so that they represented Seismic Zone 4 and soil types 5. and 52

excitations. The response spectrum analysis results were obtained by the procedures of

5EAOC/UBC and using modifted response spectra to account for the damping ratios other than

5% of critical in the various modes of the isolated sU'UCture.

Two methods of modifying the 5%-damped response spectra were used. The two methods gave

nearly identical response results even though the modified spectra were very different at short

periods. In the ftrst method. only the long period spectral ordinates were modified for damping

different than 5% of critical. In the second method, the entire Ipccuum wu modified in

accordance with analytically calculated estimates of the flJ'St three periods and corresponding

damping ratios of the isolated structure. In both methods, the S"-dlmped~tpedrum

was reduc:ecI (divided) by the factor B (lee Table 1.IV) in the neipborllood ~ the ftnt

mode period 01 the isolated structure, T., and in~ with the ciampini ratio~ the

first mode or the isolated structure, ~I. In gencnl. period T. is Jaraer than period T. of the

isolation system and damping ratio ~. is less than the cffcc1ive damping IS of the ilOlalion

system. The relation between T. and T. and ~. and IS has been expknd in section S.2 baed on
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the theory of Kelly (1990). Simplified code type relations. valid for TffI las than 0.6 are easily

obtained from the results of seetion 5.2 to be

(1.1)

(1.2)

where T =period of the fixed based superstruet~.

The comparison ryf results of the time history analysis and the SEAOC/UBC static and response

spectrum proceduf'1: ~ revealed that:

1. The static and response spectrum analysis procedures fRdict almost identical center

bearing displacement and distribution of shear force with height. However. the response

spectrum analysis procedure predicts comer bearing displacements which arc 1arJer by

no more than IS% of the displacements predicted by the static analysis proccdurc:.

2. The static and response spectrum analysis procedures predict center bearing displacements

which are in good ap:ement with the mean of lime history results for soil type Sz but

they are substantially less than the mean of time history results for soil type 8. and

isolation system period TI ~ 2.S sees. This discrepancy wu primarily caused by two

records with strong long-period components in the set of earthquake motions

representative of soil type SI.

3. The static and response spectrum analysis procedures predict comer bearing displacements

which arc in good ap:ement with the mean of time history analysis results for periods

of isolation system less than or equal to 2 seconds. For periods IUJCl' than 2 seconds,
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the static and response spectrum procedures are conservative for soil type S2 and

unconservative for soil type SI'

4. The flexibility of the superstructure tends to reduce the isolation system displacement in

accordance with equation (6.1) of the proposed 1994 UBC, provided that T. I T ~ 2.0.

5. The results of the response specbllm analysis procedure on the distribution of shear force

over the height of the isolated structure agree with the mean of time history analyses for

all lightly damped isolation systems (that is, systems with effective damping ~ < 10%).

For higher values of effective damping of the isolation system, the shear force in the

upper stories of the sbllcture is underpredicted by the response specbllm procedure by

factors exceeding two. In particular, systems which meet the current SEAOC/UBC

criteria allowing response specbllm analysis (that is, systems with ~ < 0.30), the degree

of underprediction of shear force in the upper ~ of the sbllcture ranged from 2 to 3.

Considering that the top of a building is not, usually, the most critical failure point of the

building, underpredicting the response by a factor of 2 might be acceptable for design.

However, underprediction of the shear force by a factor of 3 is unconservative.

It is clear from the results of this study that the current SEAOC/UBC criteria for allowing

response specbllm analysis (effectively allowing use of the procedure when ~ < 0.30) should be

modified to prevent the prediction of unconservative shear forces at the top of an isolated

building.
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APPENDIX A

NONLINEAR ANALYSIS RESULTS OF MAXIMUM CENTER DISPLACEMENT,

MAXIMUM CORNER DISPLACEMENT. MAXIMUM STORY SHEAR AND

INTERSTORY DRIFf RATIO FOR I-STORY ISOLATED STRUcruRE
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APPENDIX 8

NONLINEAR ANALYSIS RESULTS OF MAXIMUM CENTER DISPLACEMENT,

MAXIMUM CORNER DISPLACEMENT, MAXIMUM STORY SHEAR AND

INTERSTORV DRIFT RATIO FOR 8-STORY ISOLATED STRUCTURE
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