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PREFACE

The Naticnal Center 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 of low, moderate, and high seismicity.

NCEER’s research and implementation plan in years six through ten (1991-1996} comprises four
interlocked clements, as showninthe figure below. Element I, Basic Research, is carnied out to support
projects in the Applied Research area Element 11, Applied Research, is the major focus of work 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 trom Demonstration Projects

ELEMENT | ELEMENT Il ELEMENT Il
BASIC RESEARCH APPLIED RESEARCH DEMONSTRATION PROJECTS
» Seismic hazard and + The Building Project Casa Studies
ground motion « Active and hybrid control
* The Nonstructural * Hospital and data processing
*» Soils and geotechnical Components Project facilities
sngineering * Short and madium span bridges
- The Lifelines Project .~ + Water supply systems in
* Structures and systems Memphis and San Francisco
= The Highway Project Regicnal Studies
* Risk and reliability * Naw York City
+ Mississippi Valley
* Protective and intalligent ¢ San Francisco Bay Area
systems
+ Societal and economic
e I il
\V4 A4
ELEMENT IV
IMPLEMENTATION
* ConfersncesiWorkshops
¢ Educsation/Training courses
s Publications
* Public Awareness

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 researchinvolves small- and medium-scale shaketable tests and full-scale
component tests at several institutions. In a parallel effort, analytical models and computer programs
are being developex to aid in the prediction of the response of these buildings to various types of ground
motion.
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Two of the short-term products of the Building Project will be a monograph on the evaluation of
lightly reinforced concrete buildings and a state-of-the-art report on unreinforced masonry.

The protective and intelligent systems program constitutes one of the important areas of research
in the Building Project. Current tasks include the following:

1. Evaluate the performance of full-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 of structural type, degree of effective-
ness, cost and long-term 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 of seismic-isolated structures
recently adopted by the Structural Engineers Association of California and the International
Conference of Building Officials. The static and response spectrum analysis methods provided in the
guidelines are assessed by comparing their results with those obtained from nonlinear dynamic
analysis for a class of seismic isolated structures. This comparison is discussed in terms of center
bearing displacements, corner bearing displacements, and shear force distribution over the building
height over a wide range of structural properties and elastomeric isolation system characieristics.



ABSTRACT

The Stuctural Engineers Association of California (SEAQOC) 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 static analysis method for establishing minimum
limits of design, and a dynamic analysis method which includes response spectrum and tme
history analysis methods.

This report presents a comparison of results of the static and response spectrum analysis methods
to results of nonlincar 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 represenmative of a wide range of clastomeric 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 significantly underpredict the shear force
in the upper storics even for the case of low effective damping in the isolation system.
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SECTION 1

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 fixcd-basc structures must resist seismic lateral forces through inelastic deformation
of the structural system. Inelastic deformation 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 inertia forces at the expense of damage to the structural system and to the non-structural
components, including possible human injury. 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
carthquakes. The isolation system can be designed to limit the inclastic response to the isolation
elements and therefore allow the structure to be designed as an clastic 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 hysteretic properties using a comprehensive collection of 29 pairs of
horizontal earthquake motions. The isolation system properties covered the entire range of
interest in seismic isolation, that is, effective periods of 1 to 4 seconds and cffective 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 Laskkari (1989) neglected the following effects:

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

2. 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, 1993). The amount of underestimation is greatest in
systems with high characteristic strength and low stiffness.

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

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

Lashkan (1989),

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

SEAOC/UBC DESIGN REQUIREMENTS FOR ISOLATED STRUCTURES

2.1 General Requirements

Since the design techniques of different seismic isolation systems vary. the SEAQC/UBC
guidelines only provide general requirements and limits that are expected to prevent an unrealistic
design. The design requirernents allow the use of two different procedures for determining
seismic design quantitics, The first procedure is called the static analysis procedure and provides
a simple method of calculating lower bound limits for design. The static 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 guiielines 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:

_ W0ZNST, @

B

where:

D = 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-II)
S, = Site coefficient for soil profile {Table 2-11IT)
T, = Period of isolated structure

B = Effective damping coefficient (Table 2-1V)
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The period of the isolaied structure is given by

W 22

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 1 ZA 2B 3
Z 0.05 0.1 0.15 0.2 03 0.4

TABLE 2-1I Near-Field Response Coefficient N

Closest Distance, d;. to d. > 15 km di = 10 km dp < 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-II Site Coefficient S,

Soil Profile Type 5, S, S, S.
S, 1.0 15 2.0 27




TABLE 2-1V CoefTicient B Related to Effective Damping

Effective Damping B | <2% | 5% | 10% | 20% | 30% | 40% | > 50%
(Percent of Critical)’

B 0.8 1.0 1.2 1.5 1.7 1.9 20

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

The regulations specify a total design displacement, Dy, based on the geomerrical dimensions of

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

D, = D11+12_2Y (2.3)
b? . d!
in which e = eccentricity, y = distance between the center of isolation system rigidity and the

point of interest, b and d = plan dimensions of the structure.

For verification of the isolation system stability, the regulations require that the bearings be
designed for a displacement 50% larger than this total design displacement, D;. This
displacement is called the total maximum design displacemem, Dq,. and is defined as the

displacement, including torsion, in the maximum credible earthquake:

D, = 15D 2.4)

T

The regulations specify the design base shear, V,, at or below the isolation interface that

corresponds to the design displacement:

Vo oo e 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 allowables. For elements above

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

v, = X 2.6)

max interstory drift ratio < 0.010 27
wi
where Ry, is a reduction factor based on the type of structural system.
The distribution of forces over the height of the structure is specified by
VS wx
Fr = = (2.8)

pL

where w,, w, represent the portion 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 spectrum
analysis. The time history analysis is the most rigorous analysis procedure since lincar or
nonlinear behavior can be modeled, while for response spectrum analysis, only lincar systems or
equivalent lincar systems can be modeled. The dynamic analysis procedure is required for design

of the following structures:
1. The structure is located within 15 km of an active fault.
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The structure is located on a soil profile with a site factor S, or S, (soft or very soft soils).
The structure is located in seismic zone number 0, 1, 2A, or 2B.
The structure above the isolation interface is greater than 4 stories or 65 feet, in height.

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

o s W N

The isolated period of the structure is less than 3 times the elastic fixed-base period of
the sructure above the isolation system.
7. The structure above the isolation sysiem is of irregular configuration.

Furthermore, a time history analysis is required under the following conditions:

1. The structure is located on a soil profile with a site factor §,.

)

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 systemn is not capable of producing a restoring force at the total design
displacement of at ieast 0.025W greater than the lateral force at 50% of the total design
displacement.

5. The isolation system has force-deflection properties which arc 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 sysiem or 30 percent of critical, whichever
is less. Response spectrum analysis used to determine the total design displacement and the total
maximum displacement must include simultancous excitation of the model by 100 percent of the

mast 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 8, or §,, or located within 15 km of an active fault or located in Seismic Zone No. 1,
2A or 2B require properly substantiated, site-specific spectra for design. The rcgulations specify
that all other isolated structures not requiring site-specific spectra be designed using response
spectra based on speciral 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.

SOIL PROFILE TYPE Ss3
3r / SOIL PROFILE TYPE Sz )
SOIL PROFILE TYPE Si

SPECTRAL ACCELERATION
MAXIMUM GROUND ACCELERATION
~N
1

(o] 05 1.0 1.5 20 23 30
PERIOD - SECONDS

FIGURE 2-1 Normalized Uniform Building Code Response Spectra Shapes
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2.3.3 Time History Analysis

The regulations specify that time history analysis be performed 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 spectrun of the design basis
earthquake by more than 10 percent in the period range of T,, as determined by equation (2-2),
for periods 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 incorporaie 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.

Torsional effects.

Effect of overturning/uplift forces.

Rl

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

deflection properties of the isolators.
2.34 Lower Bound Limits for Dynamic Analysis Procedure

Centain lower bound limits confine the response values obtained through a dynamic analysis
procedure. When the factored lateral shear force on structural elements, determined using either
response spectrum analysis or time history analysis, is less than the lower bound limits, then all
response parameters, including member forces and moments must be adjusted upward

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

The total design displacement of the isolation system shall not be taken as less
than 90 percent of D; as specified by equation (2.3).

The total maximum displacement of the isolation system shall not be taken as less
than 80 percemt of Dy, as specified by equation (2.4).

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 V, as prescribed by
equation (2.5).

2.3.4.2 Structural Elements Above the Isolation Interface

1.

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 V as prescribed by equation

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

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

equal to the isolated period, T,

. The base shear corresponding to the design wind load.

. 'The lateral seismic force required 1o 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).

EXCEPTION: The design latcral shear force on the structure above the isolation interface, if regular in
configurauon, may be taken as less than 80 percent of Vi, but not less than 60 percem of V,, when time
history analysis is used for design of the structure.

The design lateral shear force on the structure above the isolation interface, if irmregular
in configuration, shall not be taken as less than V as prescribed by equation (2.6), nor
less than the limits listed above in la, 1b and lc.



EXCEPTION: The design lateral shear force on the structure above the isolation inlerface, if irregular
in configuration, may be taken as less than V, but not less than 80 percent of V. when lime history
analysis is used for design of the struciure.

2.3.4.3 Drift Limits

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

limits:

1. The maximum interstory drift ratic of the structure above the isolation system,
calculated by response spectrum analysis, shall not exceed 0.015/Ry,,.

2. The maximum interstory drift ratio of the structurc above the isoladon system,
calculated by time history analysis considering the force-deflection characteristics of
nonlinear elements of the lateral force resisting system, shall not exceed 0.020/Ry,.

3. The secondary effects of thc¢ maximum credible earthquake latcral displacement
{(delta) of the structure above the isolation system combined with gravity forces
shall be investigated if the interstory drift ratio exceeds 0.010/Ry,,.
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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
SEAQC/UBC regulations. In this procedure, a comprehensive collection of 29 pairs of scaled
carthquake 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 §,
or §,. The results of the time history analyses arc 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:

1. Flexibility of the superstruciure, and

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

In this way, a new collection of nonlinear time history analysis results is creawed for comparison
to the results obtained by the static and response spectrum analysis procedures of SEAOC/UBC.
This new collection of results includes data on the distribution of shear force over the height of
isolated structures. Furthermore, 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 superstructure
and isolation system models, together with the results on the effects of bi-directional 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 feel.

ISOLATION
/ BEARING (TYP.)
I | | 1 L
]
| 1 ]
ot
> -9 -¢--o-9 3 T
R ERRaE
|
-4 —¢——- o
- g———
| |
|

- —9——0

1

|—4:20'=80'—~|

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

Both the 1-story and the 8-story superstructures had equal stiffnesses in the transverse and
longitudinal directions. In the 8-story superstructure, the first three stories had the same stiffness,

the next three stories had 0.75 times the stiffness of the first 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 scismic 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 1-story fixed-base superswucture 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 1o result in a torsional period of (.58 times the translational period, in the absence of

eccentricities.

The properties of the 1-story and 8-story superstructures are tabulated in Tables 3-1 and 3-iI,
respectively. The free vibrational dynamic characteristics of the two fixed-base superstructure
systems are listed in Tables 3-1IT and 3-1V. They were obitained 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 scconds 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
iwenty 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

Since 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 10 the systems analyzed in the Kircher and Lashkari (1989) study. Specific

isolation systcems were selected for this siudy that were applicable to only S, and §, type (stiff
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TABLE 3-1 Properties for 1-story Structure

Story Weight Rotational Stiffness | Rotational Eccentricity
/ {Kips) Incrtia (Kipsfin) Stiffness ()
Floor (Kips-in-sec?) (Kips-in) Longitedinal | Transvorse
1 1280 1272642.5 32710 | 3733792620 8 0
Basc 1280 1272642.5 8 0
TABLE 3.11 Properties for 8-story Structure
Story Weight Rotational Stiffness | Rotational Eccentricity
/ (Kips) Inentia (Kips/fin) Stiffness )
Floor (Kips-in-sec) (Kips-in) Longitudinal | Transverse
8 1280 1272642.5 17009 | 1997933760 8 0
7 1280 1272642.5 17009 | 1997933760 8 0
6 1280 12726425 25513 | 2996900640 8 0
5 1280 1272642 5 25513 | 2996900640 8 0
4 1280 1272642.5 25513 | 2996900640 g 0
3 1280 12726425 OLE | 3995867520 8 0
2 1280 1272642.5 34018 | 3995867520 8 Q
1 1280 12726425 34018 | 3995867520 8 0
Base 1280 1272642.5 8 0
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TABLE 3-111 Dynamic Characteristics of 1-story Superstructure (Including § % mass

Eccentricity)
Mode
Floor : 2 3
L T Reunms L T Retaionsl 1. T Rasamg
[ Companay Conposm Comp— Comp— Compaman Compmen Campmmme Compamen
i 0000 0S47 | 6898 EO5 0.549 0.000 D.000 0000 | 00477 | 8837 E-04
Pecriod
(sec) 0.201 0.200 0.116
Frequency
{Hz) 4970 4.998 8637
Modal
damping 003 0.03 0.03
ratio

TABLE 3-1V Dynamic Characteristics of 8-story Superstructure (Including § % mass

Eccentricity)
Modc
Floor ! 2 3
L T L] L T Rahana l_ T Rousons
Comppemane Compormmmn Compmaa. Compm— Compnan Companm: Cumpram Compum Cotmpemnan
[ 0.000 0285 | 3440 E05 0286 | 0000 0.000 0000 | 0023 | 4598 K4
7 0.000 0268 | 3237 E05 0269 0.000 0.600 0.000 | 00200 | 4326 E-O4
6 0.000 0235 | 2842 E05 0236 | 0.000 0.000 0000 | 0.0176 | 3798 E-O4
5 0.000 0204 | 2466 EOS 0208 0.000 0.000 0000 | 00153 | 1296 E4
4 0.000 0165 | 1593 E0S 0166 | 0.000 0.000 0000 | 00124 | 2664 E-04
3 ©.000 0119 | 1442 E0S 0120 | 0000 0.000 0000 | 0.0089 [ 1927 EO4
2 0.000 0082 | 0986 E.0S 0082 0.000 0.000 o000 | 00061 | 1317 B0t
1 0.000 0.041 | 0.500 .05 0.042 0.000 0.000 0000 | 0.0031 | 0.668 (4
Pcriod
(sec) 1.147 1.140 0.65t
Frequency
(Hz) 0372 0.877 1.537
Modal
damping 0.03 0.03 0.03
ratio
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TABLE 3-1V Continued

Mode
Floor 4 5 6
C:_ . J‘ pi L T e L ;r S
] 0000 | 0290 | -3505E0s [ 0291 | 0000 | 0000 0000 | 0236 | 2850E05
7 0000 | 0165 | 198908 || 0i1es | Dooo | 0000 oo | oom | 029E08
6 0.000 0032 0.386 E08 0.032 0.000 a0 0.000 0.287 -3.101 E-0S
s 0000 | o154 | 18ssE0s || o1s¢ | oooo | ooo0 ooo0 | 028 | 273E08
4 0.000 0231 27195 EO5 0232 0.000 0.000 0.000 0.028 £0.034 E-05
3 0000 | 0242 { 2926E05 | 0243 | 0000 | 0000 0000 | 0189 | 2283E05
2 0000 | oi9n | 2392E0s [[ o019¢ | 0000 | 0000 0000 | 0248 | 2996 E0S
1 0000 | 011 1341505 | o1 | oooo | oooo poon | o1m | 208505
Penod (sec) 0.424 0422 0.266
Frequency
(Hz) 2.387 2371 3.756
Modal
damping 0.03 0.03 0.03
TallO
TABLE 3-1V Continued
Mode
Floor 7 8 9
c_l._ c-'l'- :—- ) L T :'-' ) L N T ::
8 0237 | ocoo | oooo [ o000 | 0022 | 46s4E04 | o000 | 0223 | 2692E0s
7 4023 0.000 0.000 0.000 0012 2659 E.04 0.000 0254 1063 EOS
6 025 | oooo | ooco [ oooc | o002 | osicEod | o000 | oiss | 2270E08
5 225 | o000 | o000 [ o000 | 0012 | 2483E04 0000 | -0.124 | -1493E-05
4 0028 | 0000 | 0000 || 0000 | 0017 | 37T3SE-M 0000 [ 025 | -3.129E-05
3 0489 | 0000 | 0000 f 0000 | 0018 | 3911 E<M 0000 | 0025 | D305ELS
2 0249 | 0000 | 000U [ 0000 | 0015 | 3197 E04 000U | OFT? | Z138EDS
1 0171 | 0000 | 0000 | 0000 | 0008 | 1792E-04 0000 | 0190 | 2207E48
Period (sec) 0.265 0.241 e.191
Frequency
(Hz) 3778 4154 524
Modal
damping 0.03 003 0.03
T8l
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and medium) soils. Each isolation system had a different "characteristic” strength (or yicld force)
and post yielding stiffness in onder to create a set of isolation schemes that range from almost
linear to highly nonlinear. It is expected 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, K,, the post-yielding stiffness, K,,
the yield force. F, and the yield displacement, D,. For a particular displacement amplitude, D,
the isolation systermn may be described by equivalent linear-viscous properties in accordance with
the SEAOC/UBC guidelines. These properties are the effective period, T), given by equation

(2.2) with K, equal 10 K, and the effective damping ratio, B

w
= 2 3.n
ZanD’

where W, = area enclosed by the hysteresis loop.

The analyzed isolation systems were selected from Kircher and Lashkari (1989). All had a yield
displacement D, = (.5 in. Their force-displacement characteristics are depicted in Figures 3-3
and 3-4. Their nonlinear properties and equivalent linear propenties are given in Tables 3-V and
3-VI1. The equivalent linear properties are based on the design displacement, D, as calcu.latcd by
the static analysis procedure of SEAOC/UBC. It may be scen that the propertics of the analyzed

isolation systems cover the period range of 1.5 to 3 secs and the effective damping range of 6
to 39% of critical.

3.4 Nonlinear Time History Analysis

Nonlinear time history analyses were performed with computer code 3D-BASIS (Nagamjaiah et
al, 1991). Each of the 45 isolators was explicitly modeled by a smooth bilinear hysteretic

element with bi-directional interaction capability. All 45 isolators had identical propertics.
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FIGURE 3-3 Force-Displacement Characteristics of the Isolation Systems Analyzed
on StifY Soil Sites
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FIGURE 34 Force-Displacement Characteristics of the Isolation Systems Analyzed
on Medium Soil Sites
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TABLE 3-V Properties of Isolation Systems Analyzed on Stiff Soil Profiles (S,)

Equivalenl Lincar Design Parameters in Nonlinear Analysis
Isolation Propertics Parameiers
Sysiem - -
Type Peniod Damping D Fou YIELD PORCE D, K,
Number (sec) Ratio (%) (inches) W L4 (inches) | & = T:
o |

3 1.5 7 &6 0.25 0.05 05 0.39216
4 15 15 45 0.20 0.07 05 023214
h) 1.5 31 is 0.16 0.10 0.5 0.10000
6 20 6 79 020 003 0.5 0.38288
7 20 16 58 0.15 0.05 05 0.18868
8 20 3o 4.7 012 0.07 0.5 0.085034
9 25 10 83 0.14 0.03 0.5 0.23504
10 25 27 6.1 0.10 0.05 0.5 0.089286
n 30 16 89 0.10 0.03 05 0.13889
12 3.0 39 6.4 0073 0.05 0.5 0.038983

TABLE 3-VI Properties of Isolation Systems Analyzed on Medium Soil Profiles (S,)

Equivalent Linear Design Parameters in Nonlinear Analysis
Isolation Propertics Paramcters
System : ;
Type | Period Dar_npmg . D F YIZLD FORCE _ D, X,
Number f|  (5¢0) Ratio (%) || (inches) w v (inches) | @ *® 14
719 0.36 0.07 0.5 0.27992
6.4 029 0.10 0.5 0.16102
49 0.22 0.15 0.5 0.053030
104 027 0.05 0.5 0.22222
86 0.22 0.07 05 0.13228
70 0.8 0.10 0.5 0.061538
14.5 0.24 0.03 0.5 0.25000
112 0.8 005 0.5 0.12150
9.3 0.15 0.07 0.5 0.064935
15.7 0.18 003 0.5 0.16447
11.8 0.13 0.05 0.5 0.070796
98 0.11 007 0.5 0.030722
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The model of isolation bearings in this study differed from the model used by Kircher and
Lashkari (1989) in the following aspects. First, the transition from elastic 1o the post-yielding
range is smooth rather 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 Idealized Bilinear Hysteretic
Model for Isolation Bearings

The idealized bilinear hysteretic model shown in Figure 3-2, exhibits an abrupt change from
elastic to posi-yielding stiffness at displacements equal to D, and (D - 2D,). The actual behavior
of elastomeric isolation bearings is rather different. The change in stiffness occurs smoothly over
a finite displacement interval. This smooth transition between the two stages is realistically

maodeled in comprter code 3D-BASIS.

In order to investigate the significance of this difference in modeling bilinear hysteretic behavior,
anailyses 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
excittion was applied in only the longitudinal (L) direction se 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 (T, = 2.0 secs, B = 31%) for medium soil type (S,) was analyzed
with excitarion being the components No. 25-T and Na. 26-T 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.

in



FORCE (Kips)
e

8 6 4 -2 0 2 4 6 8
SPLACEMENT (in)

FIGURE 3-5 Force-Displacement Loops for Isolation System Type No. 7 (T, = 2.0
sec, § = 31%), Soil Type S,, Excitation No. 25 San Fernando (241)
T-direction only

FORCE (Kips)

md
[+ ]

4 6 4 2 0 2 4
DISPLACEMENT  (in)

FIGURE 3-6 Force-Displacement Loops for Isolation System Type No. 7 (T, = 2.0
sec, B = 31%), Soil Type S,, Excitation No. 26 San Fernando (458)
T-direction only
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3.4.2 Comparison of Uniaxial and Biaxial Interaction Models for Isolation Bearings

The significance of the bi-directional interaction effect in sliding isolation bearings has been
demonstrated by Mokha et al, (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
bidirectional 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 orthogonal ones, the yield force and yield displacement are larger than F, and D,,
respectively.  Effectively, the model without bidirectional interaction effects exhibits more

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

To demonstrate the significance of neglecting the bi-directional interaction effects, the 1-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 t2 on soil type S, and
isolation system types No. 5, 7, 9 and 13 on soil type S, (see Tables 3-V and 3-VI). The
excitation consisted of the collection of scaled pairs of earthquake motions as described in section
4. Deuailed results for each earthquake motion and isolation sysitem 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 () of the bearing displacements and structural shear force. It may be
observed that bearing displacements in the case without bidirectional interaction are typically less

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

interaction cffects.

3.5 Response Spectrum Analysis

Response spectrum analyses were performed with computer code ETABS (Wilson et al, 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 §.

The response spectrum analysis was performed with simultancous 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 stiffncss of the
isolation system was modeled in ETABS by four short columns with identical properties and
spaced appropriately as to match the rotational properties of the 45 isolators. Each column had
onc quarter 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 guidclines require the use of a minimum of three appropriate pairs of
horizontzi earthquake time histories for nonlinear analysis and that the maximum responsc 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 report uses more than

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

The statistical approach is based on the work 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 results will better represent the level and vaniation 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 earthquake time history accelerograms used
by Kircher and Lashkan (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



basis for the ATC-3 design spectra (Applied Technology Council, 1978), the seismic critenia of
the Blue Book (SEAQC, 1990b) and the Uniform Building Code (ICBO, 1991).

The Seed study developed site-dependent spectra for soil types S,, S, and S, by calculating mean
and mean-plus-one-standard deviation spectra of normalized acceleration time history records.
The Sced study selected horizontal carthquake records with peak ground acceleration (PGA)
values of 0.05g or greater from available data up 10 and including the San Fermnando carthquake
of 1971. From these many records, only records with both horizontal components exceeding
(1.10g 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 records remained in each group:

1. Stiff soil sites - 10 pairs (20 records), represeniative of soil type S,

2. Medium soil sites - 9 pairs (18 records), representative of soil type S,

No records greater than (0.10g PGA for soft soil sites were available, so this site condition was
not evaluated. Rock sites were not evaluated since they are classified with stiff soil sites as §,
type soils, and the records for rock sites may be considered too weak for dynamic analysis use.
The information involving each pair of horizontal carthquake time history is provided in Table

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

The PGA and peak ground velocity (PGV) values given in Tables 4-1 and 4-1I were taken directly
from the California Institute of Technology data (CIT, 1975). In cenain cases the PGA values
reported in the Seed study differed from the CIT data. No explanation could be found for these

discrepancies, except that some values reported in the Seed swdy may have been for

“uncorrected” records.

The sets of earthquake records for stiff and medium soil types had a large proportion of records
obtained from the San Fernando carthquake of 1971. The Seed study investigated the potential
biasing of results that can occur if the spectra are dominated by one specific earthquake (San
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Fernando) and concluded that the results were not unduly influenced. On this basis, Kircher and
Lashkari (1989) treated those earthquake records as representative of the SEAOC/UBC design
spectra for soil types S, and §,.

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 applicarions. The effective PGA for Seismic
Zone 4 is 0.4g. This is the acceleration value specified for scaling of the normalized response
spectra of Figure 2-1. The unscaled records used in this study had a variety of PGA values, most
of them less than ().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, scaling in accordance with the PGV was the only method used to scale earthquake
time histories. Scaling in accordance with the PGA has been examined by Kircher and Lashkan
(1989) 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 PGV is considered a more
appropriate method than scaling by PGA for an accurate represemation of the amplitude and
frequency content of ground motion at periods greater than 1.0 second.

Each pair of carthquake components (applied simultaneously in orthogonal directions) was scaled
by a common factor such that the average PGV of the two components was equal 1o 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 (normalized) individually, rather than together. Since the
parameters of interest are the mean of the maximum values between transverse 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 Scismic Zonc 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 L and 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 1 second.

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

4.4 Dynamic Nonlinear Time History Results

Analyses were performed for 44 structurefisolation system models (1-story and 8-story
superstructures with ten types of isolaticn systems for soil type S, and twelve types of isolation
systems for soil type S,) 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 wransverse (T) directions at the center of mass and at the corner bearing,
peak base shear and story shears (normalized 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 Ry,
respectively, 1o obtain the design level forces. The results of the analyses are presented in Tables
A-I through A-XX1la in Appendix A and Tables B-1 through B-XXII in Appendix B. The tables
also present values of the ratio of peak comer displacement 10 peak center of mass displacement

as well as means and standard deviations (o) of the calculated response quantities.
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TABLE 4-1I1 PGV Scaling Factors of the Earthquake Components

SOIL PROFILE| EXCITATION EARTHQUAKE STATION SCALING
TYPE NUMBER NUMBER FACTOR
11 LOWER CALIFORNIA (117) 2.821 ]
IMPERIAL VALLEY

12 EL CENTRO (117) 1.300
13 PARKFIELD (014) 1.881
14 SAN FERNANDO (110) 2.034

s, 15 SAN FERNANDO (135) 2429
16 SAN FERNANDO (208) 2.23%7
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) 2970
22 EUREKA (022) 1.875
23 EUREKA (023) 1.854
24 FERNDALE (023) 4.813

s, 25 SAN FERNANDO (241) 2120
26 SAN FERNANDO (458) 1.892
27 SAN FERNANDO (264) 4.352
28 SAN FERNANDO (267) 4,945
29 PUGET SOUND (325) 5.389




SECTION §

RESULTS OF RESPONSE SPECTRUM ANALYSIS PROCEDURE
5.1 Introduction

The response spectrum analysis procedure of SEAOC/UBC is examined in this section. The
computer program ETABS (Wilson ¢t al, 1975) is implemented for response spectrum analysis.

Of the 22 isolation systems analyzed in this repon, six do not pass all the SEAOC/UBC critena
for response spectrum analysis. These criteria specify that response spectrum analysis may not
be performed 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 of the 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 bilincar 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 < 22 ¢ G.1)

5-1



Furthermore, the condition for the effective damping, B. 1o be larger than 30 percent of critical

1s equivalent to

2D

F < -~ __F (5.2)
fas 2D) +0.3xD ’

h may be recognized that equations (5.1) and (5.2) produce nearly the same result when D/D,
> 10 and D > 5 inches. Accordingly, the stiffness-based criterion of SEAOC/UBC for allowing
response spectrum analysis is cquivalent to the condition that the effective damping of the

isolation system be less than 30 percent of critical.

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

Effective ¥ Effective
[solation Effective Stiffness at Stiffness at
Sail Type | System Type Damping Design 20% of Design
(% of Critical) Displacement Displacement
(W/inch) {W/inch)
5 31 0.0457 0.0495
s, ] 30 0.0255 0.0267
12 39 0.0114 0.0138
4 37 0.0449 0.0536
S, 7 31 0.0257 0.0264
13 37 0.0112 0.0130

5.2 Caliculation of Modal Damping Ratios for Isolated Structures
For the response spectrum analysis it is required that response spectra consistent with the modal

damping ratios of e 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
mods.., 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
10 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

1o the stiffness and energy dissipation capability of the saucture.

5.2.1 Modal Damping Ratios in the First Two Translational Modes

The mulustory superstructure is replaced by a single degree of freedom (SDOF) representation
s0 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.

Ma

i B § B
% el
C

FIGURE S-1 Two-degree-of-freedom Representation of Muitistory Isolated Structure
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The superstructure is described by mass, m, height, h, frequency ,, and damping ratio, &,

©, = '5 (5.3
m

g = C (5.4)

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

constant, C,, or in more convenient terms, the isolation system frequency, @, and damping ratio,

k.

K

W, = 5 (5.5)
m+m,

g e (5.6)

2m + m)o,

It should bec noted that the damping ratio, &, is cxactly the cffective damping of the isolation
system, P, as given by equation (3.1) (per SEAOC/AJBC) and frequency @, is related to the

isolated-structure period, T,, equation (2.2), by

o = 2% (5.7)

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

The 1wo frequencies of the system are:

1
o, @ = Tlliﬁ {(wfm:,f) t [@?va})? - 40-7)(»3«)5]’} C8



where,

y = =2 (59)
m+m,

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

expansions:
@ =~ o yl-ye (5.10)
A1
w, ~ o 1+ve (5.11)
1-v
where,

2
£ = [ﬂ} (5.12)
ml'

These expansions are valid for small € and they are correct 1o order €.

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

(correct 1o order £):
= - (5.13)
{’l } {0..1 } €

o) - a2 : (5.14)
(6} - e, -%[l-(l-'c)e]
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Furthermore, the corresponding modal damping ratios were determined by an approximate

procedure involving energy considerations 1o be:

¥5.0,0.4,,7 + {0, )

n=l,2 (5.15)
Y0, 4, + 08,V

& =

Expanded in asymptotic expansions correct to order €, equation (5.15) yields:

g' - go v1i-ye (5.16)

1+ye

. 1 e We |, xe (5.17)
- [g' = c‘ﬁ-—y}(' )

In the above equations, £, represents the modification of the isolation system damping, £, and
g, represents the modification of the strucrural damping, &, 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 vertical axis passing through the geometric center of the

base (see Figure 3-1). The equation of motion is
Mr:d + [E Cy' +ECx )9 ' (5_2 Ky + L Kx! }e =0 (5.18)

where

M = total mass of the structure (including the basemar)
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T = radius of gyration of structure (= 51.64 fi. for the plan dimensions

of Figurc 3-1)

C.C, = viscous damping constants of individual bearings in the orthogonal
x and y directions

K. K, = elastic stiffness of individual bearings in the orthogonal x and y
directions

X, ¥ = coordinates of bearing i

Equation (5.18) may be written as

Mri@ + Csﬁ + Kee = 0 (5.19)

from where the rotational frequency, oy, and corresponding damping ratio, &, are determined to
be:

o - | K (5.20)
® Mr?
C
be = ——— (5.21)

2‘/Mr2Ka

Considering that all bearings have identical properties in all directions, C, = C,=CandK, =
K, = K,, so that

(5.22)

g o= | |a (5:23)



where

(5.24)

with N = number of bearings (= 45). It may be recoghized that the expressions next to constant
A on the right side of equations (5.22) and (5.23) are, respectively, the frequency , = 2&/T, and
damping ratio §, = B. Accordingly, the torsional period of the isolated structure, Ty, and the

corresponding damping ratio are:

— (5.25)
A

AP (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.

§.3 Modification of Response Spectra for Response Spectrum Analysis

The 5% damped response spectra required for the response spectrum analysis has to be modified
10 incorporate the damping ratio values of the various modes of the isolated structure that are
different from 5%. The SEAOC/UBC guidelines do not describe a procedure for modification

of the response spectrum. Herein, two procedures are empioyed for the modification of the
response spectra.

5.3.1 Modification of Response Spectra Based on Modal Damping Ratios in the First Three
Modes

The first three modes of the isolated structure are the first ranslational mode with period T, =
2x/w, and damping &, (cgs. 5.10 and 5.16), the torsional mode with period Ty and damping &g
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{eqs. 5.25 and 5.26) and the second translational movde with period T, = 2rt/w, and damping &,
{eys. 5.11 and 5.17). For example, Table 5-II lists the characteristics of some of the isolated
structures analyzed on soil type S,. For the range of periods of the spectrum above 0.85 scconds,
the 3%-damped response spectrum was reduced (divided) by factor B (see Table 2-1V) in
relation to the damping ratio in the first and second (lorsional) modes. This modification
is consistent with the static analysis procedure of SEAOC/UBC which, in essence, is a single
mode spectral 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 (.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 apprapriaie modification factor in the velocity- controlled region of the response spectrum,

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

The region of periods less than (.85 seconds contains the period of third mode (second
translational moc:) T, = 2n/m, (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 S-II1.

Of parnicular interest is to note in Table 5-1I that the first damping ratio of the 8-story structure
is considerably 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, £,,
and not the effective damping of the isolation system, . As an example, Figure 5-2 shows the

maodified response spectra used in the response spectrum analysis of two of the 8-story isolated

structures.
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ISOLATION SYSTEM TYPE #7
SOL TYPES! 8-STORY STRUCTURE

A I
]

2 22 24 26 28
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PERIOD (Sac)

ISOLATION SYSTEM TYPE #10
SOL TYPE S1 8-STORY STRUCTURE
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FIGURE §-2 Madified Response Spectra Based on Modal Damping Ratios in the
First Three Modes
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TABLE $-1II Modificriion Factor B’ Used in Acceleration-Controlled Region of
Response Spectrum

Damping Ratio Factor B

(%)
0 0.406
1 0.500
2 0.605
5 1.000
? 1.368
10 1.733
20 2.167
30 2.400

> 30 2.400

5.3.2 Modification of Response Spectra Based on Modal Damping Ratio of the First
Mode Only

In this approach, the responsc spectra are modified by factor B (Table 2-1V) only in the period
range greater than 0.8T,, where T, is the period of the isolated structure in accordance to the
SEAOC/UBC guidelines. This is consistent with the recommendations in the 1991 AASHTO
Specifications (AASHTO, 1991). However, the reduction employed to the 5%-damped spectrum
was based on the first mode damping ratio, §,, and not the effective damping of the isolation

system, .

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 S,). Modification of the response spectra
by this approach gave nearly identical peak responses of isolated structures as the approach
described in section 5.3.1. For example, Table 5-1V compares the response of the 8-story
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ISOLATION SYSTEM TYPE #7
SOL TYPES1 8-STORY STRUCTURE

ISOLATION SYSTEM TYPE #10
SOL TYPES1 8-STORY STRUCTURE

1.41

812

°b !

FIGURE 5-3 Modified Response Spectra Based on Modal Damping Ratio of the
First Mode Only
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structure, isolation system type 7 on soil type S, and isolation systems types 5 and 7 on soil type
$, 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 agrocment
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 S, is highly nonlinear and the time history analysts
clearly demonsirates the strong participation of the higher modes of vibration. This behavior

cannot be captured in the response spectrum analysis.

TABLE 5-1V Comparison of Response Spectrum Analysis Results for the 8-story Structure
Computed by two DifTerent Methods of Modification of Response Spectrum.
Weight = 11520 kips, Height = 12 ft.

RESPONSE BASE CORNER
SPECTRUM SOIL { ISOLATION | CENTER | BEARING 1= STORY Il STORY
MODIFICATION || TYPE { SYSTEM | DISPL | Displ. | BASESWEAR | siEAR DRIFT_ o,
METHOD TYPE (inches) | (inches) WENGHT WEIGHT HEIGHT
7 5.52 1.70 0.143 0.130 0.306
S
BASED ON ' 10 5.91 8.28 0.097 0.088 0.206
FIRST MODE 5 9 68 13.55 0.251 0.229 0.538
ONLY S; 7 673 | 9.43 0.173 0.157 0.370
7 5.51 7.65 0.142 0.130 0.305
S
BASED ON . 10 591 .26 0.097 0.088 0.206
FIRST THREE 5 9.67 13.49 0.251 (.229 0.538
MODES S; 7 6.71 9.36 0.173 0.157 0.370

5.4 Results of Response Spectrum Analysis Procedure

The results of the response spectrum analysis procedure are summarized in Tables 5-V 1o 5-VIIL.
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. [t should
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be recalled that nearly identical results were obtained with the response spectrum maodification
procedure which is based on just the first mode of vibration. Regandless 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 2-1V) of the
SEAOC/UBC regulations. Coefficient B was related to the damping ratio of the first mode of
the isolated structure, £, (see eq. 5.16. note that §, = B). and not the effective damping of the
isolation system, . As it is evident in equation (5.16), damping ratio &, is, in general, less than

B. The difference between factors §, and P is significant in flexible superstructures.

TABLE 5-V Maximum Response Spectrum Analysis Results for 1-story Isolated Structure
with Excitation Represented by Scaled UBC Design Spectra in Seismic Zone
4, for StfY Soil Sites (representative of svil type S,). Weight = 2560 kips,
Height = 12 ft

soamox | S| comne N -

e E : ‘ ) BASE SHEAR %

emd | b | s | SRR | UL | 2 o
3 5.64 7.90 0.252 0.127 (0.0691
4 4.52 6.33 0.200 0.101 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 5.67 7.97 (0.147 0.074 0.0401
8 4 59 6.44 0117 0.059 0.0320
y 5.03 11.29 0.135 0.06%8 0.0369
10 5.98 R.33 0.008 0.049 0.0269
11 5.89 12.84 (0.100 00.050 0.0272
12 6.37 921 0.073 0.036 0.0198
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TABLE 5-VI Maximum Response Spectrum Analysis Results for 1.story Isolated Structure
with Excitation Represented by Scaled UBC Design Spectra in Seismic Zone
4, for Medium Soil Sites (representative of soil type S;). Weight = 2560 kips,

Height = 12
BASE CORNER
ST | | | s | |
2 7.69 10.85 0.351 0177 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
6 839 11.75 0.215 0.108 0.0586
7 6.82 9.55 0.175 0.088 0.0479
R 14.06 19.89 0233 0.117 0.0634
9 10,99 15.52 0.177 0.089 0.0482
10 0.08 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
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TABLE §-V]II Maximum Response Spectrum Analysis Results for 8-story Isolated
Structure with Excitation Represented by Scaled UBC Design Spectra in
Seismic Zone 4, for Stiff Soil Sites (representative of soil type S,). Weight
= 11520 kips, Height = 12 v

ISOLATION Cgﬁgk gSmeﬁz 1« STORY Lm STORY
3 494 6.75 0.220 0.203 0478
4 4.15 5.67 0.184 0.170 0.400
5 333 4.55 0.152 0.140 0.330
6 7.32 10.18 0.185 0.169 0.397
7 5.51 7.65 0.142 0.130 0.305
] 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 8-story Isolated

Structure with Excitation Represented by Scaled UBC Design Spectra in

Seismic Zone 4, for Medium Soil Sites (representative of soil type S,).
Weight = 11520 kips, Height = 12 ft

BASE CORNER
ISOLATION CENTER BEARING MSE SHEAR 1 STORY e sTORY
SYSTEM DISPL DISPL = NEGHT T oy ®
TYPE (inches) {inches)
2 7.01 9.61 .319 0.295 0.694
3 5.97 8.20 0.271 0.250 0.588
4 474 6.51 0.213 0.197 0.462
5 9.67 13.49 0.251 0.229 0.538
6 8.22 11.46 0.210 0.192 0.451
7 6.71 9.36 0.173 0.157 0.370
8 13.74 19.26 0.227 0.206 0.484
L 9 10.93 15.35 0.176 0.159 0.374
10 9.04 12.69 0.146 0.132 0.310
11 15.90 22.74 0.182 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 structures in this report were analyzed by a lincar response spectrum analysis
and a rigorous dynamic nonlinear time history analysis. Furthermore, results were obtained by
the static analysis procedure of SEAOC/UBC.

In order to quantify the results and make comparisons between the analyses, plots of the response
quantitics have been created. In section 6.1, comparisons are made between story shear forces
from the analyses and in section 6.2, comparisons are made between center bearing displacements

and corner bearing displacements from the analyses.

6.1 Comparison of Resulis on Story Shear Forces

Plots have been constructed to show the variation of story shear force vs. story as detcrmined by
the three analysis procedures. The results are presented as follows. The results of the
SEAQC/UBC static analysis procedure are referred to as "SEAOC STATIC". The results of the
response spectrumn analysis procedure are referred to as "RESPONSE SPECTRUM". The results
of the nonlincar 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 nonlincar 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 standard deviation of the results is presented in order to
provide an upper bound to both the response spectrum results and the static analysis results. This
quantity is referred to as "MEAN + 1 ¢”. It should be noted that all results on story shear forces
and base shear force were not reduced by factors Ry, 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 SEAQC/UBC zllowing
the response spectrum analysis procedure (see Table 5-1) have been appropniately 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 spectrum analysis. In these sysiems, with
typical effective damping of the isolation system P larger than 30%, the time history
analysis predicted significantly more shear force in the upper storics. This is the result
of significant contribution from the higher modes of the isolated structure. This behavior
is typical of highly nonlinear isolation systems.

3. The underestimation of the story shear force by the static and response spectrum 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 §,. These isolation systems meet the criteria of SEAOC/UBC
for allowing response specuum 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 1-story isolated
structure as computed by the three analysis procedures.  Again, it is observed that the static and
response spectrum 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 R, 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 degree of underestimation was,
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TABLE 6-1 Comparison of Base Shear (BS) and Story Shear (SS) Force Results for 1-story
Isolated Structure. Weight = 2560 kips.

SOIL | ISOLATION | SEAOC STATIC | RESPONSE MEAN OF MEAN + 1 @
TYPE SfylfrléM SPECTRUM MAXL, T
BSAWHEGHT | SSAWVEIGHT | BSAVEIGHT| SSAWEIGHT |BSAWEL SSAVEIGHT | BS/WEIGHT | SSAWEIGHT
3 0250 | 0250 | 0252 | 0127 | 0232 | 0118 | 0281 | 0142
4 0200 | 0200 | 0200 | 0101 | 0179 | 0092 | 0212 | 0.108
5 0160 | 0160 | 0161 | 0082 | 0150 | 0080 | 0170 | 0.000
6 0200 | 0200 | 0195 | 0098 | 0214 | 0108 | 0256 | 0.129
7 0150 | 0150 | 0.147 | 0074 | 0158 | 0081 | 0.483 | 0.093
8, 8 0120 | 0120 | om7 | 00se | 0120 | ooe2 | 0142 | 00m2
9 0140 | 0140 | 0135 | 0068 | 0187 | 0094 | 0253 | 0127
10 0100 | 0100 | 0098 | 0.049 | 0421 | 0061 | 0161 | 008! |
1 0100 | 0100 | 0100 | 0050 | 0143 | 0072 | 0208 | 0.104
L 12 0073 | 0073 | 0073 | 0036 | 0080 | 0042 | 0096 | 0.048
2 0360 | 0360 | 0351 | 0.177 | 0377 | 0205 | 0513 | 0283
3 0290 | 0290 | 0282 { 0.142 | 0298 | 0158 | 0399 | 0.203
4 0220 | 0220 | 0216 | 0109 | 0207 | 0127 | 0222 | 0.143
5 0.270 0270 0.263 0.132 0.306 0.156 0.424 0.214
6 0220 | 0220 | 0215 | 0.108 | 0224 | o116 | 0301 | 0.153
7 0.180 | 0180 | 0175 | 0088 | 0166 | 0095 | 0192 | 0.0
8 0240 | 0240 | 0233 | 0177 | 0283 | 0142 | 0430 | 0215
S, 9 0180 | 0180 | 0177 | 0089 | 0187 | 00v6 | 0273 | 0437
10 0.150 | 0.150 | 0.146 | 0073 | 0135 | 6073 | 0167 | 0.086
1" 0180 | 0.180 | 0176 | 0088 | 0184 | 0003 | 0260 | 0.35
12 0130 | 0130 | 0130 | 0oss | 0120 | 0063 | 0157 | 0080
13 0.0 | 0110 | 0108 | 00s4 | 0099 | 0059 | 0115 | 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, B = 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 determined by the static and response spectrum analysis procedures of SEAOC/UBC and the

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

the longitudinal or the transverse direction of the structure. The calculated displacemcents are

presented as a function of the isolation system period, T;, and grouped according to the effective

damping of the isolation system, .

The results demonstrate:

4

The static and response specorum procedures of SEAOC/UBC predict almost identical
center bearing displacement.

The response spectrum procedure predicts comner bearing displacements which are
typically larger than those predicted by the static procedure. Differences of the order of
15% of the value predicted by the static procedure are observed at an isolation system
period of 3 scconds.

The center bearing displacement, as predicted by the static and response spectrum
procedures, is in good agreement with the mean displacement of the nonlinear time
history analyses for Soil Type S,. However, they are substantially less than the mean of
the time history analyses for Soil Type S, and for isolation system periods larger 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 earthquake motions used in the time history
analysis. These records were identified by Theodossiou and Constantinou (1991).

The comer bearing displacement as predicted by the static and response spectrum
procedures, is in good agreement with the mean of results of time history analysis for
isolation system periods of 2 seconds or less. At higher values of effective period, the
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predictions of the static and response spectrum procedures are conservative for Soil Type
S, and unconservative for Soil Type §,.

An interesting observation is made with regard to the bearing displacements of the 8-story and
1-story isolated structures. 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 1-story structure. The 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). It is

proposed in the i994 UBC that the displacement of the isolation system, D’, is determined as

2 6N
T
1 +|—

where D is given by equation (2.1), T, 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 section 5.2.

Figure 6-11 compares the predictions of equation (6.1) to the mean (calculated in ime history
analysis) of the ratio of center bearing displacement of the 8-story isolated structure to the center
bearing displacement of the 1-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 T, / T 2 2.0. Equation (6.1) is actually valid over
a wider range of ratio of T, / T when the effective damping in the isolation system is within
certain limits. For example, the equation is valid for T, / T 2 1.3 when P < 0.10 (lightly damped
isolation systems) and for T,/ T 2 1.75 when 0.15 € B < 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 structure.

11 ¢

8
1.0} g a 4
. 8 ®
08 -
08 |

PROPOSED 1994 LBC

Dg o7
. 0, = CENTER BEARING DISPL. OF 8-3TORY STRUCTURE
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08 | A & @ HIGHLY DAMPED (8 > 285%)
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04 F B 0 : UGHTLY DAMPED{S « 10%)
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02 H A A —
1.0 15 20 25 30

PERIOD OF ISOLATION SYSTEM T, (SECS)

FIGURE 6-11 Ratio of the Center Bearing Displacement of the 8-story and 1-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 SEAOC/UBC static and response spectrum analysis procedures for seismic isolated structures.
The response of isolated structures with stiff and flexible superstructures founded on soil types
S, and S, in Seismic Zonc 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 SEAOC/UBC), in the range of 1.5 to 3
seconds and effective damping, B (per SEAOC/UBC), in the range of 6% 10 39% of critical.

The time history analysis results were obtained by the use of 29 pairs of carthquake orthogonal
components which were scaled so that they represented Seismic Zone 4 and soil types S, and §,
excitations. The response spectrum analysis results were obtained by the procedures of
SEAOC/UBC and using modified response spectra to account for the damping ratios other than
5% of critical in the various modes of the isolated structure.

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 shon
periods. In the first method, only the long period spectral ordinates were madified for damping
different than 5% of critical. In the second method, the entire spectrum was modified in
accordance with analytically calculated estimates of the first three periods and corresponding
damping ratios of the isolated structure. In both methods, the 5% -damped response spectrum
was reduced (divided) by the factor B (see Table 2-1V) in the neighborhood of the first
mode period of the isolated structure, T,, and in accordance with the damping ratio of the
first mode of the isolated structure, £,. In general, period T, is larger than period T, of the
isolation system and damping matio §, is less than the cffective damping P of the isolation
system. The relation between T, and T, and &, and P has been explored in section 5.2 based on
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the theory of Kelly (1990). Simptified code type relations, valid for T/T, less than 0.6 arc casily
obtained from the results of section 5.2 to be

2

7.

T,=T,|+l[l] b
2|7

2 &
3T 1|7 (7.2)
o34l

where T = period of the fixed based superstructure.

The comparison of results of the time history analysis and the SEAOC/UBC static and response
spectrum procedurcs revealed that:

1. The swatic and response spectrum analysis procedures predict almost identical center
bearing displacement and distribution of shear force with height. However, the response
spectrum analysis procedure predicts comer bearing displacements which are larger by
no more than 15% of the displacements predicted by the static analysis procedure.

2. The static and response spectrum analysis procedures predict center bearing displacements
which are in good agreement with the mean of time history results for soil type S, but
they are substantially less than the mean of time history results for soil type S, and
isolation system period T, 2 2.5 secs. This discrepancy was primarily caused by two
records with strong long-period componcnts in the set of carthquake motions
representative of soil type S,.

3. The static and response spectrum analysis procedures predict corner bearing displacements
which are in good agreement with the mean of time history analysis results for periods
of isolation system less than or equal to 2 seconds. For periods larger than 2 seconds,



the static and responsc spectrum procedures are conservative for soil type S, and
unconservative for soil type S,.

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,/ T 2 2.0

5.  The results of the response spectrum 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 B < 10%).
For higher values of effective damping of the isolation system, the shear force in the
upper stories of the structure is underpredicted by the response spectrum procedure by
factors exceeding two. In particular, systems which meet the current SEAOC/UBC
criteria allowing response spectrum analysis (that is, systems with § < 0.30), the degree
of underprediction of shear force in the upper % of the structure ranged from 2 1o 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 spectrum analysis (effectively allowing use of the procedure when f < 0.30) should be
maodified 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 DRIFT RATIO FOR 1-STORY ISOLATED STRUCTURE
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APPENDIX B

NONLINEAR ANALYSIS RESULTS OF MAXIMUM CENTER DISPLACEMENT,
MAXIMUM CORNER DISPLACEMENT, MAXIMUM STORY SHEAR AND

INTERSTORY DRIFT RATIO FOR 8-STORY ISOLATED STRUCTURE
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NSATIONAL CENTER FOR FARTHQUAKE ENGINEERING RESEARCH
LIST OF TECHNICAL REPORTS

The National Center tor Earthyuake Engineenng Research (NCEER) pubhishes technical reports on & vanety of subjects related
o carthquake engineenng written by authors funded through NCEER. These reponts are available from both NCEER s
Pubboatiens Depanment and the National Techmical [nformation Service (NTIS). Reyuests for reponts shauld be direcied to the
Pubhcations Department. Natienal Center {or Earthquake Engineerning Research, State University of New York at Buffalo, Red

Jacket Quadrangle, Buffalo, New York 14261

Virginia 22161
NCEER -K7-0001

NCEER 87.-XK)2

NCEER-87.00013

NCEER 87 (004

NCEER-B7-4XM15

NCEER-R7-0X}

NCEER-87-(00)7

NCEER 87 (X4

NCEER-87-(Xx®

NCEER-87-0010

NCEER-87-(0011

NCEER-87-(012

NCEER-87-0013

NCEER-87-0014

NCEER-87-0015

Reponts can also be requested through NTLS, 5285% Pon Royal Road, Spninglield.

NTIS accession numbers are shown an parenthesss, if available.

"First-Year Program in Research. Education and Techaology Transfer.” 3/5/87. (PBES 1 34275/A8).

“Experimental Evaluahon of Instantanecus Optimal Algonthms for Structoral Control.” by RC. Lin, TT
Soong and A M. Reinhorn, 4/20/87. (PBBE-134141/A8).

‘Expertmentation Using the Earthquake Simulation Facihibies at University at Buffalo,” by A M. Reinhorn and
R.L Ketter, o be published.

“The System Charactenistics and Perfurmance of a Shaking Table,” by 1.8, Hwang, K.C. Chang and G.C. Lee.
6/1/87. (PR8E-134259/A8). This repon 1s available only through NTIS (see address given above).

“A Finte Element Formulation for Nonhnear Viscoplastic Material Using a Q Model,” by O. Gyeln and G.
Dasgupta, 11/2/X7. (PRE8-213764/AS).

“Symbohe Mampulation Program (SMP) - Algebraic Codes for Two and Three Dimensional Fimte Element
Formulations.” by X Lec and G. Dasgupta. 1159/R7, (PB8E-219522/A8).

“Instantanevus Optimal Control Laws fuot Tall Buddings Under Seismic Excitations,” by LN, Yang. A.
Akbarpour and P Ghaemmaghami, 6/10/87, (PB48-134333/A8).

“IDARC: Inelastic Damage Analysis of Retnforced Concrewe Frame - Shear-Wall Structures,” by Y ). Park,
AM. Reinhorn and S K. Kunnath. 7720/87. (PB88-134325/AS).

“Liguetaction Potental for New York State: A Preliminary Report on Sites in Manhattan and Buffalo,” by
M. Budhu. V. Vyayakumar. R.F. Giest and L. Baumgras. 8/31/87. (PB88-163704/AS8). This report 1s
avaitable only through NTIS (see address given above).

"Vertcal and Torsional Vibration of Foundations in [Inhomogeneous Media.” by A.S. Veletsos and K.W.
Dowson, 6/1/87, (PBRB-134241/A8).

“Seismic Probablistic Risk Assessment and Seismic Margins Studies for Nuclear Power Plants,” by Howard
H.M. Hwang. 6/15/87, (PBBR-134267/AS).

“Parametnic Studses of Frequency Response of Secondary Systems Under Ground- Acceleration Excitations,”
by Y. Yong and Y K. Lin, 6/10/87. (PRRE-13434)9/AS).

“Frequency Response of Secondary Sysiems Under Seismic Excitation.” by J A HoLung, ) Caiand Y K. Lin,
TALRT, (PBRR-134317/A8).

"Modelhng Earthquake Ground Mouons in Seismically Active Regions Using Parameuw Tume Series
Methods,” by G.W. Ellis and A.S. Cakmak. 8/25/87. (PB88-134283/AS).

“Detection and Assessment of Seismic Structural Damage,” by E. DiPasquale and A.S. Cakmak, 8/25/87,
(PB88-163712/AS).
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NCEER-E7-0016

NCEER-87-0017

NCEER-R7-0018

NCEER 87-(019

NCEER 87-0020)

NCEER-87-0021

NCEER-87-(022

NCEER 870023

NCEER-87-(X)24

NCEER-87-(X)125

NCEER -87-0026

NCEER -87-0027

NCEER-87-0028

NCEER -88-0001

NCEER-88-0002

NCEER-88-(003

NCEER-88-0004

NCEER -88-0005

“Pipeline Experiment at Parkfield, Califoraia” by 1. Isenberg and E. Richardson, 9/15/87, (PB88-16372)/AS)
This report 1s avatlable only through NTIS (see address given above).

“Lhgnal Simulauon of Seismic Ground Mouon.” by M. Shinozuks. G. Dendaus and T. Harada, 8/3187,
(PBRR-155197/AS). This report i1s available only through NTIS (scc address given above).

"Pracucal Considerauons for Strucural Control: System Uncentainty, System Time Delay and Truncation of
Small Control Forces,” JN. Yang and A. Akbarpour. 8/10/87, (PR8S- 163738/AS).

“Mudal Analysis of Nonclasscally Damped Structural Systems Using Canonical Transformation,” by JN.
Yang. §. Sarkani and F.X. Long. 9/27/87. (PRES-187851/A5).

“A Nonstatwonary Solutson 1n Random Vibration Theory.” by J.R. Red Horse and P.I}. Spanus, 1173487,
(PBRR-163744/A%).

“"Honzontal Impedances for Radially Inhomogeneous Viscoelastic Soil Layers.” by AS. Veletsos and K. W.
Dutson, 10/15/87. (PREB-150859/AS).

“Sewmic Damage Assessment of Remforced Concrete Members,” by Y.S. Chung, C. Meyer and M.
Shinozuka. 10/%/87. (PAES-150867/AS). This report 1s available only through NTIS (sec address given
above).

“Active Structural Control in Civil Engineening,” by T.T. Soong, 11/11/87. (PBB8-1BT778/AS).

“Vertical and Torsional Impedances for Radially Inhomogeneous Viscoelastic Soil Layers,” by K.W. Dutson
and AS. Veletsos, 12/87, (PB88.-187786/AS).

“Proceedings from the Symposium on Seismic Hazar ., Ground Motions, So1l-Liquefaction and Engineering
Practice in Eastern North Amenca.” October 20-22. 1987, edited by K.H. Jacob. 12/87, (PBB8-188115/AS).

“Report on the Whithier-Narrows,  Califorma,  Eardwuake of October 1, 1987, by I
Panieli and A. Reinhom. 11/87. (PB88-187752/AS). This report 1s available only through NTIS (see address
given above),

“Design of a Modular Program for Transient Nonlinear Analysis of Large 3-D Building Swructures,” by S.
Srivastav and 1.F. Abel, 12/30/87, (PB88-18795(/AS).

“Second-Year Program in Research. Education and Technology Transfer,” 3/8/88, (FB8E-219480/AS).
“Workshop on Seismic Computer Analysis and Design of Buildings With Interactive Graphics,” by W.
McGurre, J.F. Abel and C H. Conley. 1/I8/88, (PB88-187760/AS).

"Optunal Control of Nonlivear Flexible Structures,” by J.N. Yang, F.X. Long and D. Wong, 1/22/88, (PB88-
213772/A8).

"Substructuning Techniques 18 the Time Domain for Primary-Secondary Structural Systems,” by G.D. Manolis
and G. Juhn, /10788, (PBBB-213780/AS).

"lerative Seismic Analysis of Pnmary-Secondary Systems,” by A. Singhal, L.D. Lues and P.D. Spancs,
2/23/88, (PBEB-213798/AS).

“Stochastic Fimte Element Expansion for Random Media,” by P.D. Spanos and R. Ghanem, 3/14/88, (PBES-
213806/AS).
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NCEER-88-0019
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"Commng Structural Opumizanon and Structural Contol,” by F Y. Cheng and C.P. Paniehides, 1/10/88,
(PB8K-213814/AS).

“Seismic Performance Assessment of Code-Designed Structures,” by HH-M. Hwang, J-W. Jaw and H-J. Shau,
372088, (PBBE-219423/A5).

"Reliability Analysis of Code-Designed Structures Under Natural Hazards,” by H.H-M. Hwang. H. Ushiba
and M. Shinozuka. 2/29/88, (PBR8-229471/AS).

"Seismic Fragility Analysis of Shear Wall Structures,” by J-W Jaw and H.H-M. Hwang, 4/30/88, (PB8Y-
[2R6T/AS).

"Base Isolation of a Muli-Story Building Under a Ham:cnic Ground Motion - A Comparison of Performances
of Various Systems,” by F-G Fan, G. Ahmadi and 1.G. Tadjbakhsh, 5/18/88, {PB89-122238/AS).

"Seismic Floor Respunse Spectra for 8 Combined System by Green's Functions.” by FM. Lavelle. L.A.
Bergman and P.D. Spanos, 5/1/88. (PBRY-102875/AS).

“A New Solution Techmigue for Randomly Excited Hysteretic Structures,” by G.Q. Caiand Y K. Lin, 5/i6/R8,
(PBR9-1{)2883/AS).

"A Swdy of Radiaton Damping and Soil-Suucture Interaction Effects in the Centnfuge.”
by K. Weissman, supervised by J H. Prevost, 5/24/88. (PB83-144703/AS).

"Parameter ldetification and Implementation of a Kinematic Plasticity Model for Frictional Soils,” by J.H.
Prevost and D.V. Goiffiths, to be published,

"Two- and Three- Dimensional Dynamic Finite Element Analyses of the Long Valley Dam,” by D.V. Griffiths
and J.H. Prevost, 6/17/88, (PB89-144711/AS).

“Damage Assessment of Retnforced Concrete Structures in Eastern United States.” by A.M. Reinhorn. M.J.
Sewdel. S.K. Kunnath and Y ). Park, 6/15/88, (PB89-122220/A8).

“Dynamic Compliance of Vertically Loaded Suip Foundstions in Mululayered Viscoelastic Soils,” by 8.
Ahmad and A.S.M. Israil, 6/17/88, (PB89-102891/AS).

“An Expenmental Swdy of Seismic Saructural Response With Added Viscoelastic Dampers.” by R.C. Lin.
Z. Liang. T.T. Soong and R.H. Zhang. 6/30/88, (PB89-122212/AS). This report is available only through
NTIS (see address given above).

"Experimental Investigation of Primary - Secondary Sysiem [nteraction,” by G.D. Manolis, G. Juhn and A M.
Reinhomn, 5/27/88, (PB89-122204/AS).

"A Response Spectrum Approach For Analysis of Nonciassically Damped Structures,” by JN. Yang, 8.
Sarkani and F.X. Long. 4/22/88, (PB89-102909/AS).

"Seismic Interaction of Structures and Soils: Stochastic Approach,” by A.S. Veletsos and A M. Prasad,
7/21/88, (PR89-122196/A8).

“Identification of the Serviceability Limit State and Detection of Seismic Structural Damage,” by E.
DiPasquale and A.S. Cakmak, 6/15/88, (PB89-122188/AS). This repoet 15 available only through NTIS (see
address given above).

"Multi-Hazard Risk Analysis: Case of = Simple Offshore Structure,” by B.K. Bhartia and E.H. Vanmarcke,
7721788, (PBE9-145213/AS).
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"Auvtomated Seismuic Design of Renforced Concrete Buildings.” by Y .§. Chung, C. Meyer and M. Stunozuka,
7/5/88. (PREY-122170/AS8). This report is availahle only through NTIS (see address given above).

"Expenmental Siudy of Acuve Control of MDIOF Structures Under Seismic Excitations,” by L L. Chung, R.C.
Lin. TT. Soong and A M. Reinhora, 7/10/88, (PB89-122600/AS).

"Earthquake Simulation Tests of a Low-Rise Metal Structure,” by J.S. Hwang, K.C Chang G.C Lee and R L.
Ketter. 8/1/88. (PB8Y-102917/AS).

“Systems Study of Urban Response and Reconstruction Due to Catastrophic Earthquakes,” by F. Kozin and
H.K. Zhou, 9/22/88. (PB90-162348/AS5)

“Sersmic Fragility Analysis of Plane Frame Structures,” by HH-M. Hwang and Y K. Low, 7/3i/88, (PB89-
131445/A8).

“Response Analysis of Stochastic Structures,” by A. Kardara, C. Bucher and M. Shinozuka, 9722/88. (PBRY-
174429/A8).

“Nonnomal Aceelerations Due 1o Yielding in a Pnmary Saucture,” by D.C.K. Chen and L.D. Lutes, 9/19/88,
(PBRY-131437/A8).

"Design Approaches for Soil-Structure Interaction,” by A.S. Veletsos, AM. Prasad and Y Tang, 12/30/88,
(PB89-174437/AS). This report is available only through NTIS (see address given above).

“A Re-evaluaton of Design Specira for Seismic Damage Control,” by CJ. Turkstra and A.G. Tallin, 11/7/88,
(PB8Y-145221/AS).

“The Behavior and Design of Noncontact Lap Splices Subjecied to Repeated Inelastic Tensile Loading.” by
VE. Sagan. P. Gergely and R.N. White, 12/8/88, (PB89-163737/AS).

“Seismic Response of Pile Foundations,” by S.M. Mamoon, P.K. Banerjee and S. Abmad, 11/1/88, (PB8Y-
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Stochastic Sensivety,” by G.D. Manolis. G. Juhn, M.C. Conslantinou and A.M. Reinhom, 7/1/). (PB91-
110320/A8).
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C.H. Conley, P. Gergely and R.N. White, 8/2280, (PB91-108795/AS).

"Two Hybnd Control Systems for Building Structures Under Strong Eanthquakes.” by J.N. Yang and A.
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