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EXECUTIVE SUMMARY

This study rigorously calculated the seismic response of 31
different isolated buildings using nonlinear time history analysis. The
buildings were modeled as rigid structures supported by bilinear,
hysteretic isolators whose properties were varied from model to model to
produce effective periods of 1.0 to 4.0 secends and effective damping
values of 5% to 40% of critical. '

Each isolated building was analyzed using a set of earthquake time
histories that represent the Seismic Zone 4 ground motion criteria of
current buiiding codes for a structure located at either a rock, stiff
soil or medium soil site. Multiple time histories were used for each
site condition to evaluate the variation in calcuiated response as a
function of the inherent variability of ground motion. In total, 866
individual time history analyses were performed.

The primary purpose of the study was to create a collection of
nonlinear response data that could be used to evaluate key design
requirements for isolated buildings, such as the design displacement of
the isolation system. Accordingly, the study has compared calculated
responses with the design requirements proposed by the Structural
Engineers Association of California (SEAOC) for design of isolated
buildings. The results of these comparisons provide a basis for Jjudging
the validity and applicability of the SEAOC design requirements, and for
modifying the requirements, as appropriate.

Jack R. Benjamin & Associates, Inc.

Consulting Engineers

3 |




JBA 103-070
June 30, 1989

TABLE OF CONTENTS

Section Page
Acknowl edgement ... vttt i et e i e e i
EXECULTVE SUMMAYY i istin et iereenonneeoaccasascensasasonasoasoncsnnss 111
Table 0f Contents vttt it e et i e st arronnononssssnsronnens iv

Chapters - Volume I

1, IntrodUction ...t i i et it 1-1
1.1 Statement of Problem ... ..o ivniiieniin [P N 1-1
1.2 Report Organization ...ttt 1-3
2, BACKGroUNA .ottt et i i et i e e s 2-1
2.1 SEAOC Seismic Design Requivements ..........ccieeviin... 2-1
2.2 ATC-3 Design Spectra ...ttt ittt 2-3
2.3 Design Formulas .....ciiiiiiiiiiii it iiiiinanetaaneannn, 2-4
2.4 TOrSION (..t e e N 2-7
2.5 Prototype Testing ...ttt 2-7
3 Technical ApProach ...ttt ittt nesierntosneonnnns 3-1
3] DVErVI B ittt it i et et et e et 3-1
3.2 Nonlinear AnalySeS tu.iieieiinr e e ineeaereenseennnsnnanan 3-2
3.3 Statistical Evaluation of Response .......coiueiiiiinnnn.. 3-2
3.4 Comparison of Results with Code Requirements............... 3-3
4. Earthquake Time Histories ... ..ot iinnnn.. 4-1
4.1 Records from Rock, Stiff Soil and Medium Soil Sites ....... 4-1
4.2 Seismic Zone 4 Scaling Factors ...t iinenannns 4-3
5. Structure/Isolation System Models ...ovvimiiiiiiinieinineeenn. 5-1
5.1 Structure Configuration ..... ..., 5-1
5.2 Isolation System Properties .....civiiiiinriiiiiiinnnenenns 5-2

6. Results
6.1 Tabulation of Peak and Cyclic Response ..........cievnn... 6-1
6.2 Comparison of Peak Response ........c.ciiiiiiiiiiiiiinaa.. 6-3
6.2.1 PGA-Scaled and PGY-Scaled Records ........vivvvinnn 6-3
6.2.2 Rock, Stiff Soil and Medium Soil Sites ............. 6-4
6.3 Evaluation of Design Requivrements ........... ..., 6-5
6.3.1 Static Analysis Methods ..... ..., 6-5
6.3.2 Design Displacement Formula ..........ocivnininan.n. 6-7
I T R I I+ ¥ O O 6-8
6.3.4 Prototype Testing ..., 6-10

iv

Jack R. Benjamin & Associates, Inc.
Consulting Engineers

E




JBA 109-070
June 30, 1989

TABLE OF CONTENTS

{Continued)
Section Page
7. COMNCTUSTON vttt er v unnnsrasnnensrsnsonsecsssosnnsnnsssesssnsanns 7-1
7.l SUMMAY Y 4ttt treeeneesoonerenetoesonosatasosarsososnnsenas 7-1
7.2 Recommendatiens for Additional Research .......coviviveen... 7-3
8. SR =S 1T oL =1 N 8-1

Appendices - Volume II

A. Tables Summarizing the Nonlinear Response of Various Isolated
Buildings Subjected to 0.4 G PGA-Scaled Horizontal Earthquake
Time Histories Recorded at Rock Sites ..., A-1

B. Tables Summarizing the Nonlinear Response of Various Isolated
Buildings Subjected to 12 In./Sec. PGV-Scaled Horizental
Earthquake Time Histories Recorded at Rock Sites ............... B-1

C. Tables Summarizing the Nonlinear Response of Various Isolated
Buildings Subjected to 0.4 G PGA-Scaled Horizontal Earthquake
Time Histories Recorded at Stiff Soil Sites ....... e, C-1

D. Tables Summarizing the Nonlinear Response of Various Isolated
Buildings Subjected to 18 In./Sec. PGV-Scaled Horizontal
Earthquake Time Histories Recorded at Stiff Soil Sites ......... D-1

E. Tables Summarizing the Nonlinear Response of Various Isolated
Buildings Subjected to 0.4 G PGA-Scaled Horizontal Earthquake

Time Histories Recorded at Medium Soil Sites ................ ... E-1
F. Tables Summarizing the Nonlinear Response of Various Isolated
Buildings Subjected to 22.5 In./Sec. PGV-Scaled Horizontal
Earthquake Time Histories Recorded at Medium Soil Sites ..... N
v

Jack R. Benjamin & Associates, Inc.

Consulting Engineers

3







JBA 109-070
June 30, 1989

1. INTRODUCTION

1.1 Statement of Problem

Seismic isclation, commonly referred to as base isolation, is a
design concept based on the premise that a structure can be substantially
isoTated from potentially damaging earthquake ground motion. The
advantages of seismic isolation and recent advances in isolation systems
have already led to the design and construction of a number of isolated
structures in the United States. Other countries, such as Japan, are
also active in this area and are developing and implementing base
isolation technology on a much larger scale.

Currently, there are no seismic isolation design codes adopted for
use in the regulation of isolated structures in the United States.
Consequently, structural engineers, peer reviewers and building officials
are without an established basis for preparing designs and judging design
acceptability. This situation creates an uncertainty in the design
process that can inhibit building owners and their agents (e.g.,
architects/engineers) from pursuing seismic isolation. In short, the
development and adoption of a seismic design code for isolated structures
is one of the key elements required for broad acceptance and application
of this unique and promising earthquake hazard mitigation technology.

Two parameters, whose values are critical in the design of all
isolated structures, are: (1) the peak response of the isolation system
and (2) the number of full-amplitude cycles the isolation system must
endure without failure. Peak response governs the size and configuration
of the isolators, and the number of full-amplitude cycles affects test
verification of isolator durability. The importance of the values of
these parameters used for design cannot be overemphasized. Underdesign
of the isolation system can result in isolated structures that may not
perform adequately during a major earthquake. Conversely, overdesign can
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result in an isolation system that may be prohibitively expensive, or
simply not feasible.

Peak response of the isolation system is dependent on the Tevel of
ground shaking (i.e., on site seismicity and soil characteristics), and
on the force-deflection properties of the isolation system. In general,
the force-deflection properties of the isolation system are nonlinear and
require special modeling and time history analysis techniques, if seismic
response is to be rigorously determined. Such techniques require the use
of computer programs and compiex analytical procedures that are neither
widely used by practicing engineers nor readily verifiable by third-party
reviewers.

Complex analytical procedures have not been considered appropriate
as the sole basis for seismic design of conventional fixed-base
buildings. Rather, existing design codes rely on simple methods and
prescriptive formulas that can be consistently implemented by design
engineers, peer reviewers and building officials alike. The apparent
conflict between the need to use complex analytical methods to calculate
isolated structure response and the need to prescribe design requirements
by simple methods and formulas has created a dilemma for seismic
isolation code committees. It is the intent of this research to provide
a basis for the determination of an appropriate balance between these two
design approaches.

This study has rigorously calculated the dynamic response of a
number of different isolated buildings (i.e., 31 different bilinear
‘isolation systems) using a comprehensive collection of earthquake time
histories (i.e., 29 different earthquake recordings, two components
each). The primary purpose for performing these calculations was to
create a collection of nonlinear response data that could be used to
evaluate key design requirements for isolated buildings, such as the
design displacement of the isolation system. Accordingly, this study has
also compared calculated peak response with that prescribed by the ‘

Jack R. Benjamih & Associates, Inc. B
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design requirements proposed by the Structural Engineers Association of
California (SEAOC) for design of isolated buildings. The results of
these comparisons provide a basis for judging the validity and
applicability of the SEAOC design requirements.

While this study is directed at the evaluation of the nonTinear
response of isolated buildings, the results of the earthquake time
history analyses represent the response of any dynamic system that has
the same basic properties as those modeled. Thus, the peak seismic
displacements calculated in this study for an isolated building are
equally valid as the results for a conventional fixed-base building with
comparabie mass and stiffness characteristics (e.g., a conventional
building of comparable period and damping).

1.2 Report Organization

Chapter 2 provides background information on the pertinent seismic
criteria and prescriptive formulas of the SEAOC design requirements for
isolated buildings. Chapter 3 describes the technical approach used to
perform the nonlinear analyses and statistical evaluations of response.
Chapter 4 lists and describes the key attributes of the earthquake
records and related scaling factors. Chapter 5 describes the model of
the building and the properties of the different isolation systems.
Chapter 6 describes and evaluates results. Chapter 7 concludes with a
summary of findings and recommendations for additional research. Chapter
8 is a list of references.

Appendices A through F contain tabular summarizes of results. Due

to their length, Appendices A through F are bound as a second volume of
this report.

1-3
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2. BACKGROUND

2.1 SEADC Seismic Design Requirements

The seismic isolation concept and the criteria that would be
appropriate for design and construction of isolated structures has been
considered by various Structural Engineers Association of California
(SEAOC) groups since the early 1980‘s. This effort is consistent with
one of SEAOC’s primary responsibilities: the development of seismic
provisions that establish minimum design and construction standards.
Since 1959 the Seismology Committee of the SEAOC has been developing
provisions for the earthquake resistant design of structures. These
provisions are published as a SEAOC document, Recommended Lateral Force
Requirements (commonly known as the Blue Book), and serve as the role
model for the seismic requirements of several building codes. The
recently revised 1988, fifth edition, of the Blue Book [Ref. 1], has
already been incorporated into the 1988 Edition of the Uniform Building
Code [Ref. 2.], the most widely used code for buildings located in zones
of high seismicity.

In 1986, the Northern Section of the SEAOC published, Tentative
Seismic Isolation Design Reguirements, [Ref. 3], (referred to as the
Yellow Book) the first and only published design provisions for isolated
structures. These provisions were based on the same seismic criteria as
the 1988 Blue Book, and use similar design concepts such as the
prescription of design force and displacement by simple formulas.

Recent projects, such as the Los Angeles County Fire Command and Control
Facility [Ref. 4], have used these provisions to establish project-
specific seismic design requirements.

In parallel with the North, the Southern Section of SEAOC has
studied base isolation theory and design methods for isolated structures.
In the 1ate 1980’'s, members of the Southern Section published several
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papers that provided guidelines for the design of buildings with base
isolators [Ref. 5]. In these papers, the authors have emphasized the
need to thoroughly understand and evaluate site seismicity, isolator
characteristics and potential inelastic response of the isoliated
structure.

Recognizing the need for a consensus opinion, repfesentatives of
the Northern, Southern and Central Sections of SEAOC have recently
combined existing material into a draft document titled, "Tentative
General Requirements for the desian and Construction of Seismic-Isolated
Structures," [Ref. 6]. When complete and approved, this document will
serve as an appendix to Chapter 1 of the 1988 Blue Book, and will provide
criteria that can be incorporated into building codes, such as the
Uniform Building Code.

Current thinking within SEAOC is to require rigorous dynamic
analysis for all, or virtually all, isolated buildings, but to also
prescribe, by formula, a minimum design displacement of the isolation
system. This approach ensures that complex or nonlinear structures will
be evaluated using the appropriate dynamic analysis method but also
provides a simple formula for validating the final design. The concept
of using a simple prestriptive formula to define 'a Tower-bound limit for
isolation system displacement is analogous to the UBC’s (and the SEAOC
Blue Book’s) use of a prescriptive formula to define a minimum base shear
for design of conventional fixed-base buildings. It is a process which
ensures a measure of uniformity in buildings of common construction and
guards against gross underdesign of key elements.

The following sections provide additional background on ATC-3 ground
motion spectra {the spectra used as the basis for the seismic criteria of
the Yellow Book, the Blue Book and the UBC), isolation system design
formulas, torsional design considerations and prototype testing
requirements. |
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2.2 ATC-3 Design Spectra

The prescriptive formula for design displacement originally
published in the Yellow Book [Ref. 3] and now being proposed by SEAOC
for inclusion as a Blue Book appendix is based on the same seismic
design spectra as that used by the 1988 Blue Book for design of
conventional, fixed-base buildings. These spectra have been taken from
the Applied Technology Council repart, "Tentative Provisions for the
Development of Seismic Regulations for Buildings," (ATC-3), [Ref. 7].
The ATC-3 study established, by consensus opinicn, the shape of smooth
ground response spectra recommended for seismic design of buildings. As
shown by the curves in Figure 2-1, these spectra are a function of
seismic zone, soil type and building period. As documented in the ATC-3
report’s commentary, the shape of these spectra is based on previous
studies of earthquake response spectra, in particular the work by Seed,
Ugas and Lysmer [Ref. 8].

The intent of the ATC-3 effort was to create smooth design spectra
of regular shape which would envelop most ground response spectra up to
and including a 500-year return period event. The smooth design spectra
prescribed by the ATC-3 study were not intended to, nor could they
without undue conservatism, envelop ali of the individual ground response
spectra upon which they are based. Rather, the possibility of exceeding
the design-basis event is accounted for in the ATC-3 study, as it is in
the UBC and Blue Book, by conservatisms in allowable forces and stresses
and by requiring key structural_e]ements to be ductile.

In the case of an isolated building, the key structural element is
the isolation system and the critical design parameter is peak lateral
displacement, Like a conventional, fixed-base building which relies
implicitly on the reserve capacity of members to sustain forces which
exceed the design-basis event, the isolated building must rely on the
reserve capacity of the isolation system to survive response which
exceeds the design displacement. Accordingly, the isolation system must
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be designed with sufficient margin to account for the full range of
possible responses which can occur due to the design-basis event.

2.3 Design Formulas

The design displacement faormula prescribed by the Yellow Book is
given below:

D = 10ZNST/B : (2-1)
‘where, D = Design Displacement of the isolation system at the
center of the building in the direction under
consideration,

L = Seismic Zone coefficient (e.g., 0.3 for Zone 3,
and 0.4 for Zone 4),

S = Soil Type coefficient (i.e., 1.0 for Soil Type
Sy, 1.5 for Soil Type Sy, 2.0 for Soil Type S3,
and 2.7 for Soil Type S3},

T = Isolated-building period,

N = Near-Field coefficient (e.g., 1.0 for sites located
15 km, or greater, from an active fault, 1.2 for
sites located 10 km from an active fault, and 1.5 for
sites Tocated 5 km, or less, from an active fault),

B = Damping coefficient defined by Figure 2-2.

This formula is based directly on the shape of the ATC-3 spectra for
periods greater than 1 second, with two additional factors: (1) the near-
field coefficient, N, to account for the possibility of increased
displacement at sites near faults and (2) the damping coefficient, B, to
account for damping in the isolation system other than 5% of critical.
The relationship between this formula and the ATC-3 spectra may be seen
by first setting both the damping and near-field terms to 1.0 (i.e., 5%-
damped response for sites not near an active fault). Equation (2-1)
becomes:

2-4
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D = 10ZST (2-2)
Design dispiacement, D, may then be convertéd to spectral acceleration,
SA, by multiplying by (Zn/T)Z/g, where g is the gravity constant (386.4

in./sec.2 ):

SA

10ZST(2x/T)2/386.4
78/7 (2-3)

At periods greater than 1 second, the above expression of spectral
acceleration is seen to be consistent with the 5%-damped design spectra
recommended by the ATC-3 study for use in building codes (Figure 2-1).

Design spectra, such as those defined by Equation 2-3 above, are
based on the response of a linearly elastic dynamic system. In contrast,
isolation systems are typically inelastic, by varying degrees, with
stiffnesses that rangé from approximately tinear (e.g., pure rubber
systems after initial yield)} to highly noniinear (e.g., sliding systems
without a restoring force). Inelastic behavior of the isolation system
is desireable since it results in dissipation of energy and damping of
dynamic response. On the other hand, it poses a problem in the use of
linear design spectra. To use the design displacement formula (Equation
2-1), an effective period of the isolated building is defined as follows:

(2-4)
Kming

where, W = building weight,

g = gravity constant, and

]

effective stiffness of the isolation system, determined
by cyclic-load test as the slope of a 1ine between the
origin and the minimum test value of force at the
design displacement.

Kmin
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By basing the effective period, T, on the minimum effective stiffness of
the isolation system, determined by test, the above formula approximates
the longest period of the isolated building at peak response. 1In this
manner the design dispiacement, which is proportional to the period, is
intended to prescribe the maximum excursion of the isolated structure due
to the design-basis event.

In Equation 2-1, the damping ccefficient, B, is used to adjust peak
displacement response of the isolation system for values of effective
damping greater (or less) than 5% of critical. The relationship between
the damping coefficient, B, and the value of effective damping, 8, is
shown in Figure 2-2, and is based on Table 1-K of the Yellow Book. As in
the determination of the effective period, determination of effective
damping is complicated by the nonlinear nature of isolation systems.
Relying again on test results, the effective damping, 8, is prescribed on
the basis of the hysteretic behavior of the isolation system, as follows:

B = A/2rkefsD? (2-5)

where, A = area of the hysteresis loop determined from test
results at an amplitude equal to the design
displacement, and

Keff effective stiffness of isolation system.

By basing the damping coefficient, B, on the force-deflection behavior of
the isolation system, the above formula estimates the reduction in
displacement response for systems which have damping values greater than
5% of critical.

The peak force in the isolation system, Fpax, corresponding to the
peak displacement, D, is given by the following expression:

Fmax = kmaxD (2-6)

2-6

Jack R. Benjamin & Associates, Inc.
Consulting Engineers




JBA 109-070
June 30, 1989

where, Kmax = effective stiffness of the isolation system,
determined by cyclic-Toad test as the slope of a line
between the origin and the maximum test value of
force at the design displacement.

For systems with nominal variation in test results, kpay may be assumed
to be equal to kypjp and expressed simply as kKqff. The peak force and
displacement results contained in this study are based on this
assumption.

2.4 Torsion

Torsion of isclation systems, particularly nonlinear isolation
systems which yield or soften, can be a significant contribution to the
total response of the isolation system. Design codes for conventional
buildings, as well as isolated buildings, require, as a minimum,
consideration of an accidental 5% mass eccentricity when calculating
response of force-resisting elements. The Yellow Book requires design of
the isolation system for additional displacement due to building rotation
caused by accidental plus actual mass eccentricity.

2.5 Prototype Testing

The prototype testing requirements of the Yellow Book include
cyclic testing at the design displacement to measure degradation, if any,
in the stiffness characteristics of the isolators. Systems with
significant stiffness degradation or Toss of stability are not considered
acceptable. In these tests, the number of cycles specified is intended
to envelop the number of full-amplitude cycles which could reasonably be
expected to occur during the design-basis event. Ten cycles at the
design displacement are required by the Yellow Book.
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FIGURE 2-1 NORMALIZED RESPONSE SPECTRA RECOMMENDED FOR USE IN
BUILDING CODES, FROM ATC-3 [REF.7]
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3. TECHNICAL APPROACH

3.1 Overview

The technical approach of this study is divided into a number of
sequential tasks that inciude: selecting appropriate earthquake time
histories, developing isolated building mecdels, performing nonlinear
analyses, statistically evaluating response results and finally comparing
and evaluating the Yellow Book design requirements with the results of
the nonlinear analyses.

This study has emphasized breadth of coverage. Accordingly, the
nonlinear analyses included a number of different building models with
bilinear isolation systems that have a broad range of yield levels (i.e.,
0.03g to 0.15g), effective periods (i.e., 1.0 to 4.0 seconds) and
effective damping values (i.e., 5% to 40% of critical). Likewise, for
each of three different site conditions (i.e., rock, stiff soil or medium
soil sites) a set of nine or ten earthquakes was used to evaluate the
variation in nonlinear response due to variation in ground motion.
Further, each set of nonlinear analyses was performed twice using
earthquake records scaled first by peak ground acceleration (PGA) and
then scaled by peak ground velocity (PGV). 1In all, a total of 866
individual nonlinear analyses were performed encompassing 31 different
jsolated building models and 29 different pairs of earthquake time
histories.

The intent of this study was to use sets of recorded earthquake time
histories that are consistent in amplitude and frequency content with the
design spectra required by seismic codes. Accordingly, time history
records were selected from the earthquakes used by Seed et al. to
develop site-dependent spectra [Ref. 8]}. The Seed study is the primary
basis for the design spectra of ATC-3 [Ref. 7], the 1988 Blue Book [Ref.
17 and the 1988 UBC [Ref. 2]. As described in Chapter 2, the Seed Study
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is also the primary basis for the prescriptive design displacement
formula of the Yellow Book [Ref. 3].

3.2 Nonlinear Analyses

The nonlinear analyses of isolated building models were performed
using DRAIN-2D [Ref. 9], compiled for execution on micro-computers. The
degrees of freedom of each model permitted translational and rotational
response of the isolated building in the plane of the isolation system.
It was assumed that the structure above the isolation system is rigid and
that nonlinear response is limited to elements of the isolation system.

A 5% mass eccentricity was added to each model to evaluate torsional
response.

A number of response parameters were calculated including: peak
force at the center of mass, peak displacement at the center of the
building and peak displacement at the corner of the building. In

addition to peak response, cumulative inelastic displacement of isolation

system elements was also calculated as was the ratio of cumulative
inelastic displacement to maximum peak-to-peak displacement. This ratio
provides a measure of the effective number of cycles of full-amplitude
response.

3.3 Statistical Evaluation of Response

Each isolated buiiding model was analyzed using a set of nine or ten
pairs of horizontal earthquake components. To quantify the variation in
response results, as well as to manage the volume of data produced,
statistical properties (e.g., mean values, and standard deviations) of
response parameters were calculated for each earthquake set. The mean
and mean plus one standard deviation (mean + lg} values, reported in
results tables, provide a measure of the level and inherent variation of
response parameters as a function of the variation in the ground motion.
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3.4 Comparison of Results With Code Requirements

The study provides a large quantity of results upon which many
comparisons and evaluations may be based. Comparisons of response for
different ground motions (i.e., different site conditions and different
scaling factors) are of particular interest, as are evaluations of design
requirements for torsional response and prototype testing. However, the
evaluation of primary interest is the comparison of peak isolation system
displacement, calculated using nonlinear time history analysis, with the
design displacement prescribed by the static analysis method of the
Yellow Book.
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4. EARTHQUAKE TIME HISTORIES

4.1 Records from Rock, Stiff Soil and Medium Soil Sites

The intent of this study was to evaluate nonlinear response using
sets of earthquake time histories that are consistent in amplitude and
frequency content with the design spectra currently required by seismic
codes. Accordingly, earthquake time histories were selected from the
records used by Seed et al. [Ref. 8] to develop site-dependent design
spectra. As discussed in Chapter 2, the results of the Seed study have
been used as the primary basis for the shape of the ATC-3 design spectra
(Figure 2-1), the seismic criteria of the Blue Book [Ref. 1] and the UBC
[Ref, 2] for design of conventional buildings and the seismic criteria of
the Yellow Book [Ref. 3] for design of isolated buildings. ‘

The Seed study developed site-dependent spectra by calculating mean
and mean-plus-one-standard-deviation spectra of normaiized acceleration
time history records. The earthquake records were grouped by one of
four different site conditions, listed below with the corresponding ATC-3
soil type:

(1) Rock sites - Soil Type S;.

(2) Stiff soils with depths less than about 150 ft. - Soil Type §;
(referred to in this study as "stiff soil" sites).

(3) Deep cohesionless soils with depths greater than about 250 ft. -
Soil Type Sp (referred to in this study as "medium soil" sites).

(4) Soil deposits consisting of soft to medium stiff clays with
associated strata of sands or gravels - Soil Type S3 (referred to in
this study as "soft soil" sites).

Horizontal earthquake records with peak ground acceleration (PGA)} values

of 0.05g, or greater, were selected by the Seed study from available data
up to and including the San Fernande Earthquake of 1971. The Seed study

treated the two horizontal components as independent records and
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collected about 30 records each for rock, stiff soil and medium soil
sites and 15 records for soft soil sites.

In this study, only earthquake records with both horizontal
compaonents exceeding 0.10g PGA were considered appropriate for the
nonlinear analyses. After elimination of the less significant recordings
the following number of records remained in each group:

(1) Rock sites - 10 pairs (20 records).
(2) Stiff soil sites - 10 pairs (20 records).
(3) Medium soil sites - 9 pairs (18 records}.

Since there were no records greater than 0.10 g PGA for soft soil
sites this site condition was not evaluated in this study. Pertinent
information on each pair of horizontal earthquake time histories is
provided in Table 4.1 for records at rock sites, in Table 4.2 for records
at stiff soil sites and in Table 4.3 for records at medium soil sites.
Values of the PGA and the peak ground velocity (PGV) given in these
tables were taken directly from the California Institute of Technology
(CIT)} data [Ref. 10]. In certain cases it was noted that the PGA values
reported in the Seed study differed from the CIT data. No explanation
for the discrepancies could be found, except that some values reported by
the Seed study may have been for "uncorrected" records.

Each set of earthquake records has a large proportion of the records
from one event, the San Fernando earthquake of 1971. The Seed study
investigated the potential biasing of results that can occur if the
spectra are dominated by the San Fernando earthquake, and concluded that
the results were not unduly influenced by that one event. On the basis
of the findings of the Seed study, it was concluded that the earthquake
records used in this study are representative of the ATC-3 design spectra
for Soil Type Sy (rock and stiff soil sites) and for Soil Type S, (medium
soil sites), respectively.
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4.2 Seismic 7one 4 Scaling Factors

Seismic design codes prescribe ground motion criteria by seismic
zone, as well as by site condition. For this study, Seismic Zone 4 was
selected as the seismic zone of interest since it is both the zone of
highest seismicity and the zone where most isolated structures have been,
and will be constructed. The effective PGA for Seismic Zone 4 is 0.4q,
the value of acceleration specified by the ATC-3 study for scaling of
normalized design spectra. As summarized in Tables 4-1 through 4-3, the
unscaled records have a variety of PGA values, most of which are
considerably less than 0.4g. Thus, scaling of the records was required
in order that their response spectra be consistent with Seismic Zone 4
design spectra.

Two methods were used in this study to scale time histories:
scaling by PGA and scaling by peak ground velocity (PGV). The first
method, which parallels the approach taken by the Seed, scaled each pair
of earthquake components by a common factor such that the average PGA of
the two components is equal to 0.4g. This method is consistent with the
approach used by the Seed study except that the Seed study scaled (i.e.,
normalized) each component individually, rather than in pairs.
Regardless, as shown in Figures 4-1 through 4-3 the average 5%-damped
response spectra of the PGA-scaled time histories used in this study
ciosely match the average response spectra of the Seed study for each
site condition.

The advantage of using PGA to scale the records is that it is the
same method used implicitly in the Seed study to develop site-dependent
design spectra., The short caming of scaling the time histories by PGA is
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 second method of scaling, each pair of earthquake
components was scaled by a common factor such that the average PGV of the
two components was equal to either 12 in./sec. for rock sites, 18
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in./sec. for stiff sites or 22.5 in./sec for medium soil sites. These
PGV values were determined to cofrespond, approximately, to a PGA value
of 0.4g for each of the respective soil cenditions. Scaling the records
by PGV, rather than by PGA, was considered a more appropriate method of
representing the amplitude and frequency content of ground motion at
periods greater than 1 second. The basis for selecting the specific PGV
values corresponding to a 0.4g PGA, is discussed below.

Two approaches were used as the basis for determining PGV scaling
values. In the first approach, PGV was calculated as the long-period
amplitude of the design spectrum divided by a factor relating peak
spectral response to PGV. This approach may be expressed as follows:

0.4g (ATC-3)
PGY = (4-1)
1.65 (2»/T)
where: ATC-3 = the value of the normalized design specirum
(Figure 2-1)} for a given site condition and
period, T,
T = arbitrary value of period, greater than 1
second.

In the above formula, the 1.65 factor represents the median ratio between
peak spectral velocity and PGV for 5%-damped response in the velocity
domain and is taken directly from Table 1 of Earthquake Spectra and
Desian [Ref. 117.

The second approach, which based PGV on the ratio of the PGV to the
PGA of each individual record, may be expressed as follows:

PGV = 0.4g Ry/a (4-2)

where: ﬁV/A = the average value of the ratio of PGV/PGA for
all records of a common site condition.
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A comparison of the PGV values based on these two approaches and the
values used in this study is provided in Table 4-4. The PGV values used
in this study for stiff soil sites, 18 in./sec., and medium soil sites,

"~ 22.5 in./sec., essential bound the values of either approach. The PGV
used in this study for sites, 12 in./sec., falls somewhere between the
values of the two approaches. As shown in Figures 4-1, 4-2 and 4-3 for
each site condition, respectively, the average spectra of PGV-scaled and
PGA-scaled time histories closely match the average spectrum developed by
the Seed study.

As shown by comparisons of acceleration spectra, Figures 4-1, 4-2
and 4-3, and by comparisons of displacement spectra, Figure 4-4, 4-5 and
4-6, the average spectra of the time histories match the design criteria
reasonably well for stiff soil and medium soil sites. For rock sites,
however, the average acceleration spectrum of the time histories used in
this study, as well as the average spectrum of the Seed study, is only
about one-half to one-third of the ATC-3 design criteria at long periods.
The reason for the large discrepancy between the design c¢riteria of the
ATC-3 study and the average spectrum for rock sites is not known.
Apparently, the ATC-3 study felt that the time histories used by the Seed
Study to develop rock spectra do not contain a level of ground motion
appropriate for design of Tong-period structures. Regardless of the
motive, the ATC-3 study defined rock and stiff soil as a single site
condition (Soil Type Sj) and based the design criteria for this site
condition on the average spectrum of stiff soil time histories.
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TABLE 4-4 COMPARISON OF PEAK GROUND VELOCITY VALUES CORRESPONDING
TO 0.4G PEAK GROUND ACCELERATION

pov!l = PGV2 = PGV Values
_ Used in this
0.4g (ATC-3) 0.49 Ry/p Study to Scale
Site Condition Time Histories
{(Soil Type) 1.65 (2x/7)
(in./sec.) {(in./sec.) {in./sec.)
Rock (51) 14.9 10.0 12.0
Stiff (S7) 14.9 17.6 18.0
Medium {Sj) 22.4 19.6 22.5

1. ATC-3 is the value of the normalized response spectrum shown in Figure
2-1 at a period, T, of 1.0 second, or greater.

2. ﬁv A 1s the average vaiue of the ratios of peak ground velocity and
peak ground acceleration of each time history corresponding to a
particular site condition.
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FIGURE 4-1 COMPARISON OF THE AVERAGE ACCELERATION SPECTRA OF THE
TIME HISTORIES USED IN THIS STUDY, THE AVERAGE RESPONSE
SPECTRUM OF SEED ET AL. [REF. 8] AND THE DESIGN SPECTRUM
OF ATC-3 [REF. 7] - ROCK SITES.
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OF ATC-3 [REF. 7] - STIFF SOIL SITES.
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FIGURE 4-3 COMPARISON OF THE AVERAGE ACCELERATION SPECTRA OF THE
TIME HISTORIES USED IN THIS STUDY, THE AVERAGE RESPONSE

SPECTRUM OF SEED ET AL. [REF. 8] AND THE DESIGN SPECTRUM
OF ATC-3 [REF. 7] - MEDIUM SOIL SITES.
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FIGURE 4-4 COMPARISON OF THE AVERAGE DISPLACEMENT SPECTRA OF THE
TIME HISTORIES USED IN THIS STUDY AND THE DESIGN CRITERIA
OF THE YELLOW BOOK [REF. 3] - ROCK SITES.
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FIGURE 4-5 COMPARISON OF THE AVERAGE DISPLACEMENT SPECTRA OF THE
TIME HISTORIES USED IN THIS STUDY AND THE DESIGN CRITERIA
OF THE YELLOW BOOK [REF. 3] - STIFF SOIL SITES.
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5. STRUCTURE/ISOLATION SYSTEM MODELS

5.1 Structure Configuration

The models of the structure/isolation system used in this study were
all identical with the exception of the isolation system. The structure
was modeled as a rigid body supported by a horizontally-flexible,
vertically-rigid isolation system. In plan, the structure was configured
to be rectangular, four bays by eight bays, with each bay measuring 20
feet by 20 feet. A total of 45 individual isolators were modeled at the
intersections of the bays.

The. structure/isolation system models used in this study are
reasonable representations of isolated buildings that have a relatively
stiff superstructure (e.g., the superstructure has a lateral stiffness at
least ten times the effective stiffness of the isolation system). The
type of lateral force resisting system or the specific height of the
building which would qualify as "relatively stiff" will vary for each
different isolation system. In general the models used in this study are
valid representations of shear wall or braced frame buildings of modest
height, and are less valid for moment frame buildings or taller
buildings.

The primary response parameter of interest in this study is the peak
lateral displacement of the isolated structure in the horizontal plane.
Accordingly, the degrees of freedom for the models were chosen to permit
translational and torsional response of the isolated building. To
investigate the potential for torsion a 5 percent "accidental" mass
eccentricity was added to each model. This is the minimum amount of mass
eccentricity permitted by seismic codes. Figure 5-1 is a plan view of
the isolated building showing dimensions, orientation and the location of
the center of mass.
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5.2 Isolation System Properties

The force-deflection properties of each isolator were modeled by
bilinear, hysteretic elements with a different yield point and a
different degree of yielding for each model. Yield Tevels were varied
from as low as 0‘039 to as high as 0.15g, and the degree of yielding was
varied from only a slight change in initial stiffness to an almost full
plastic state. The intent in varying these parameters over a broad range
of yielded conditions was to create isolated building models that
represent the dynamic characteristics of most, if not all, feasible
isolation schemes.

Most commercially available isolation systems, including all
elastomeric bearings and certain sliding systems that have a significant
restoring force, can be reasonably well modeled as bilinear, hysteretic
elements. In contrast, the peak response of pure sliding systems, or
sliding systems without a significant restoring force, may not be
accurately predicted by models using such simple elements. Consequently,
the results of this study may not be applicabie to such systems.
Likewise, the results may not be applicable to isolation systems with
stiffness properties that are significantly affected by changes in
vertical load, the rate of loading or the direction of loading (i.e.,
stiffnesses coupled between different directions of response). Since the
isolation system models are all assumed to yield, to some degree, the
results of this study are representative of systems which soften and may
not be applicable to systems which harden,

The properties of the isolation system, based on a bilinear,
hysteretic modeling of elements, may be idealized as shown in Figure 5-2.
For a given displacement ampliitude, d, isolation system may be
characterized by an effective period, T, and an effective damping, 38,
using equations (2-4) and (2-5), respectively. The effective period, T,
may be expressed as:

5-2
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2n l W/ kafrg

0.320 d/a (5-1)

H

where: T = effective period in seconds,
a = peak acceleration in units of g, and
d = peak displacement in inches.

The effective damping, 8, may be expressed as:

B = Area/2rkqpsd?
g = 0.637(ayd - dya)/ad (5-2)
provided: a > ay > ady/d

where: g = effective damping as a percent of c¢ritical,
ay = acceleration yield Tevel in units of g, and
dy = displacement yield level in inches.

For the models used in this study the yield displacement, dy, was assumed
to be 0.5 inch, in all cases. Accordingly, Equation (5-2) may be
expressed as:

g = 6.22(ayT? - 0.051)/d (5-3)

provided: a > ay > 0.051/T2

As shown by the above expressions, the values of effective period, T, and

effective damping, B, are a function of the amplitude of response (i.e.,
5-3
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a function of the level of earthquake Toad). In general, the value of
effective period will increase and the value of effective damping will
decrease with an increase in the amplitude of response.

The isolation systems used in this study were selected to have an
effective period of either 1.0, 1.5, 2.0, 2.5, 3.0, 3.5 or 4.0 seconds
for a displacement amplitude equal to the design displacement, D, as
prescribed by Equation (2-1). The isolation systems were also defined on
the basis of having one of the following yield accelerations: 0.03g,
0.05g, 0.07g, 0.10g or 0.15g. The value of effective damping is
dependent on the above parameters. The only other restriction placed on
effective damping was that the value of effective damping not be less
than 5% of critical, nor greater than 40% of critical.

On the basis of the above, fourteen different models of isolation
systems were developed for evaluation using earthgquake records from rock
or stiff soil sites and seventeen different models were developed for
evaluation using earthquake records from medium soil sites. The same
models could be used for both rock and stiff soil sites since the design
displacement, prescribed by Equation (2-1), is the same for these two
site conditions (i.e., same Soil Type coefficient, $; = 1.0). The
properties of the models used for rock and stiff soil evaluaticns are
summarized in Table 5-1 and illustrated in Figure 5-3, and the properties
of the models used for medium soil evaluations are summarized in Table 5-
2 and illustrated in Figure 5-4.
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