


9461874

P%IJ’_‘.?-— 2
E4
1990
VAS:

FYC

1N
y ¥
L |

F @

3 f‘:‘i
]

" ;'ﬂ :: é
4 "i» C L

o Mt i o
¥ g
iy

S W

L & & oy

s

Siesony B

w\,wh

E9461874




The Earthquake Engineering Research Institute assumes no responsibility for the
staternents made in the paper of these Proceedings. Any opinions expressed are
those of the individual authors. Interested readers should contact the individual
authors for necessary clarification. The material contained herein reflects
reproduction and reduction from originai materials subrmitted by the individual
authors. The variable quality of reproduction reflects differences in the copy
provided.

Cover Design: Debbie Hart

Copyright © 1990 by Earthquake Engineering Research Institute

All rights reserved. No part of this book may be reproduced, in any form or by
any means, without permission in writing from:

Earthquake Engineering Research Institute
6431 Fairmount Avenue, Suite 7

El Cerrito, CA 94530-3624

415-525-3668

ISBN 0-943198-30-5



PROCEEDINGS CONTENTS

VOLUME 1
OPENING ADDRESSES............... T N TN sonlie . ot e AR MRy 1
KEYNOTE LECTURES........ccccocovmrerianannrenonesrsosas sivisssonsossapsansssssngspes sbms svnsngss sonssagavnss s 25
SPECIAL SESSION..........cioriccianmnisieiiisiinnissiasersassmsssopassissasasesssssarmoisasnsyatbanssinsssssvsssossas 89
STUDENT PAPER ........coneenmesss cosrissismssassopsassotonsisssssiossdes eveius i iy isnsuns v sosumsnasnssssnssgiasys 107
LEARNING FROM EARTHQUAKES .........cciiiiiiiiiiiiiiiiiiiee et 119
URBAN DESIGN, SOCIO-ECONOMIC ISSUES, AND PUBLIC POLICY ................... 191
GROUND MOTION AND SEISMICITY .....oooiiiiiiiniieniniieeiieie s 313
3.1 Instrumentation and Analysis of Strong Ground Motion Data .............ccecceeiie 315

3.2  Characterization of Strong Ground Motion
3.3 S EffEGES .. ccomsuavuivansonsranprnsns smunsnsnessbissh i i ies sy s shios s GhIANELHEREAN IR B G T En g guasss

3.4 Regional and Site Specific Ground Motion Studies.............ooiiinn 565
3.5 Seismicity ..ol s o s A SRR s e B e e g SR R e 627

SEISMIC RISK AND HAZARD
41 Selsmic Hazard «xssasmmssmvisimmmsssmssiatsscsdyiineg
4.2 Seismic Risk Analysis

LIFELINES, UTILITY, PIPING, AND TRANSPORTATION SYSTEMS ...................... 871

5.1 LHENNGS oo scvisvsmispmssiissas s Gotesams s gy samsedssanasonnmamne il avgreneduisnss Sros R nons oo

5.2 Pipelines and Tunnels

5.8 BITAQES cvvvicmnsnssn vensiossssssssssssiaesmisiasmss oy sssssssadssss sssrms vas s son vow assvnns suns sousmssanssss 7
VOLUME 2

ANALYSIS OF STRUCTURES ....cooitiiiiiiiiiieeiiiiiicceiiir ey ceinnsas e e enaninsissisiianes %

6.1 Response Spectra and Input MotioNS........ooiiiiii .3

6.2 ANAlYHCAl PrOCEAUIES ....cccieuivunivemimmiimmmmsmiissassessints sttt sisneesdessasassunassssssns 55

6.3  Analysis of Building Structures ..o i 207

6.4 Torsional BESPONSE:, usssrmsesssesssibsmsss somsmssss s sssssssesnemsons srsonsb oA o8 379

6.8 Connections and Structural Elements..........cooviviieriiiiimmmie i, 431



10.

11.

EXPERIMENTAL METHODS AND TESTS OF STRUCTURES AND

COMPONENTS ...t 501
U Experimental Methods - Test Excitation Instrumentation, Data

Acquisition and Measurement Evaluation .............ocooooooooooeoo 503
7.2 Test of Steel Frames and COMPONENES ..o e 553
7.3 Tests of Reinforced Concrete Joints, Shear Walls, Columns and

FIEXUrAl MEMDETS ..........ooeeeceeeeeeeesee oo 665
7.4 Tests of Reinforced Concrete, Precast, and Prestressed Concrete

51 0o (011 L= AR S SO S SR 745
7.5 Tests on Masonry Shear Walls, Panel Walls and Upgrading Methods............. 797
DESIGN OF STHUCTURES AND STRUCTURAL COMPONENTS ........ovoeveveinnn, 839
8.1 Design of Frame Buildings...........cccoceovviuieiieeeeeeeeeeeeeeeer e
8.2 Design of Shear Wall BUildings............cccccoveioceeinnn..
8.3 Structural Analysis and Building Codes............... SRR

8.4 Material and Structural Element Behavior

VOLUME 3
SECONDARY SYSTEMS, EQUIPMENT, AND NONSTRUCTURAL ELEMENTS ......... 1

SPECIAL STRUCTURES AND CRITICAL FAClLITIES
L{GIT  B { ;e G ARt el O i e s
10.2  Liquid Storage Tanks...................

10.3  Suspended Boiler Structures

REPAIR, STRENGTHENING, AND RETROFIT OF STRUCTURES ....cooovoeoeoeven, 239
11.1  Historic Buildings.......c...ccoc.......
11.2  Masonry Structures ...........c.........

11.3  Reinforced Concrete Structures

JC.

...683

....803




10.

10.1

TABLE OF CONTENTS

VOLUME 3
SECONDARY SYSTEMS, EQUIPMENT, AND NONSTRUCTURAL ELEMENTS ........ 1
Evaluation of Seismic Mitigation Measures for Art Objects ...............coceveevevieericineninn 3

M.S. Agbabian, W.S. Ginell, S.F. Masri and R.L. Nigbor

Alternative Seismic Design Guidelines for Flexibly Supported Distribution Systems ..»13
J.P. Conoscente and S.J. Eder

Earthquake Hazard Mitigation of Nonstructural Elements in U.S. Postal Service

Facilitigs ;.....coicsitiidiinmnmnindiBuilaimratsmmie i e oot | 3202 T o 21
R.M. Drake and P.J. Richter
Generalized Slide-Rock Response of Rigid Blocks During Earthquakes ..................... 31

N.P. Jones and H.W. Shenton IIl

The Behavior of Solid or Sliced Rigid Bodies When Subjected to Horizontal Base
MOUONS ciiciisninanmnnss L AN S R 213 R ST S U, o 41
G.C. Manos and M. Demosthenous .

Analysis of Nonlinear Primary-Secondary Systems Response Under Random

Dynamic LOAAING. ..sxiiiivtiniimmsssssismammsimsi it b o st ot e 51
J.A. Pires
Seismic Loss Estimation for Non-Structural Components in High-Rise Buildings ....... 61

J.G. Shipp and M.W. Johnson

Periods and Damping of Telecommunication Equipment in Buildings During

Strong Earthquake Shaking. .........iu it s SR AN n aele e s i 71
W.K. Tso and N. Naumoski

Earthquake Reliability Analysis of Dam-Reservoir-Foundation System Using

Boundary Elemient Method -.........c.pwetememiosssnse s et b oo et oG e o <, 85
A.H-D. Cheng, C.Y. Yang and T.P. Niu

Effect of Location of Transmitting Boundary on Seismic Hydrodynamic

Pressures on Gravity DAMS ..........cccecveeeerieuciecieeeeeeeteeeeeeaeeeaecaeereeseesessensessessessesensens 95
A.M. Jablonski

Earthquake Response of an Arch Dam to Nonuniform Canyon Motion ..................... 105
S. Kojic

A Boundary Element Model of Reservoir for the Three-Dimensional Earthquake

Analysis of Gravity Dams ...........cccccovveerereiereenereseneneens TR R s 115

A. Rashed and K. Kandasamy

Coyote Dam Crest Deflections Due to Earthquake Shaking and Foundation

Faulting .....ccccceeeeveeennneenns RO RN ST CRNN Y SR, S o) B 1 ot - 125
D.W. Smith, Jr. )




5

10.2

10.3

11.

11.2

Dynamic Deformation Analysis for Jordanelle Dam
J.A. Wilson

Probability Based Seismic Reliability Assessment of Concrete Arch Dam

Reservoir Systems Including Structure-Fluid Interaction .............ooocovoveooveeeeeee, 145
C.Y. Yang, M. Debessay and A.H-D. Cheng

Liquid STOrage TanKS ....ccccooooiiieiiceiee et e eeees e 455

Static Uplift Analysis of Unanchored TAnKS .........ccocvoeoeeereieeee oo seennn, 157
M.A. Haroun, H.S. Badawi and G.S. Bains

Use of Ritz Shape Functions in Analysis of Uplifting Cylindrical Tanks ...................... 167
D.T. Lau and R.W. Clough

Experimental Modal Analysis of Liquid-Filled Tanks .......c.oooeiveieiii i e 177
S.A. Mourad and M.A. Haroun

Soil-Structure Interaction Effects for Liquid Containing Storage Tanks ........... e, 187
A.S. Veletsos, Y. Tang and H.T. Tang

Three Dimensional Nonlinear Response of Elevated Tanks ............ccccccceeeeeiinnn... 197

A.M. Abu Wandi and R.D. Hanson

Comparison of Available Analytical Options for Cylindrical Storage Tank

Response Subjected to Ground Motion............... TN RO PROL AN 1 £ 0| 1211 S 207
W.L. Warren, IV and M.A. Haroun )

Suspended Boiler StruCtUIeS.............ooviiiiiieieeeeeeeeeeeeee e bbb e 217

Seismic Response of a Recovery Boiler Building .........cccoo... i DRt TN 219
D.W. Kennedy and A.G. Gillies

Seismic Design of Suspended Boiler Structures ......cciiuiieeneiveeeiinnnnis I ABLIUR. 229
G.P. Nordenson, P.J. Donelan and M. Garkawe

REPAIR, STRENGTHENING, AND RETROFIT OF STRUCTURES...........cceeevene. 239

Historic Buildings .......... S < S S SRR oL L 241

Seismic Strengthening of the Historic Lou Henry Hoover House, Stanford,

Californigs: ss: i sas i < rodaisaabravmasai-ooestlio. st an il sl 81451 AR 243
E. Elsesser, D.A. Friedman and F. Turner '

Seismic Evaluation of the Old San Francisco Mint .......iiiiiiiiivdeiiinmreniiiien 253

N.F. Forell, R.L. Sharpe and B. Palfalvi

Masonry Structures............... reressesseeesersseamsseessebemssnnseesmesenesss SR TICHERBE NS 261

Traditional and Contemporary Construction Practices Utihzmg Unremforced 2

Masornry iR SeismicAreas s seuitadiactaiovwazs il i laneM i amal S RDIaE.A 263
R. Langenbach

The Performance of Upgraded Brick Masonry Piers Subject to In-Plane Motion ....... 273

S.P. Prawel and H.H. Lee

vi



12.

121

Repair of Cracked Unireinforced Brick Walls by injection of Groat ..., R neneent . 283
N.A. Roselund and S. Pringle :

Reinforced Concrete Structures.................... oot B A S, et KRNI 293

Assessment of the Response of Reinforced Concrete Frame Connections ,

Redesigned by Jacketing «......ccoooiioe e e e ee e 295
S.M. Alcocer and J.0. Jirsa

Seismic Retrofit of Bridges Using Mechanical Energy Dissipatdrs ...................... 54305
I.G. Buckle and R.L: Mayes ol

Strengthening Buildings to a Life Safety Criterion ............cccocveesieveerarnn. Soul A 315
R.E. Englekirk and T.A. Sabol

Seismic Strengthening of RC Structures by Ductile Steel Bracmg Sysmm .............. 323
S.C. Goel and H-S. Lee .

Seismic Strengthening of a Tall Building Incorporating Base ISolation ................... . 333
G.C. Hart, W.E. Gates, D.J. Drag, W A. Wallace, M. Mehrain and J. Elmiinger

Strategies for Seismic Redesign of Buildings .........oooooiviiiii i 343
J.0. Jirsa and M. Badoux

Seismic Strengthening of a Large Food Processing Facility ... 7. 353

M.W. Johnson and E.A. Smietana )
Evaluation of Strengthening Schemes and Effects on-Dynamic Characteristics

of Reinforced Concrete Frames ..oovvicioieeeeceeeeeeie e ees et 365
R.M. Jordan and M.E. Kreger

Strengthening of Reinforced Concrete Frame StructUres ... o.oovoeveoeeeeeeeeeee e 373
G.L. Krause and.J.K. Wight . )

Upgrade Design Methodology ........ooooveo vl oo, A s e 383

K. Mhaimeed and H.M. Aktan
Post-Tensioning Technique for Seismizc Upgradmg of Existing Low-Rise

BUHGINGSE: .csnmssmvsmsisinsnmnesonanyoais i ot o s o liin hleb i SRR i -~ 393
E Miranda and V.V. Bertero B j
Seismic Upgrading of a 7-Story Concrete Building ..\.........cooviiiiiceeeecie 403

R.L. Sharpe, M.T. Waiters and M-C. Chen .

Design and Analytical Considerations of Supplementive Ductility Approach

for Seismic Re*rofit of R/C Framed SrUCIUTES ........covveeveinienrianeeeie oo 413
N.F. Youssef and S.I. Hilmy

BASE ISOLATION, ENERGY ABSORPTION AND CONTROL SYSTEMS .............. 423

Contral..........xl 8805 i o A i e 425

Intelligent ENergy DISSIPAON DEVICES .........r......ciooroeoeeesieeosssoesoe e eeseeeeeeeeesesoeeeeeess 427
Z. Akbay and H.M. Aktan

Feedback-Feed'orward Coiitrol of Seismic Structures ............ e ST A — 437

J. Suhardjo. B.F. Spencer, Jr. and M.K. Sain
Phase-Delzyed Active Control of Structures Under Random Eart nquake

IONIDA omsis ot sommniis st sals O S smatmit e RS R SRA R G e e T U S0 447

Y. Yamaria, H. /mmura A /qara I‘a 1d Y. lwasaki.



12.2 Energy AbSOrption and Damping ........c.c.o.coeveveereveressesseneeseseseoeeeseeoseeeeeeeeeoo 457

12.3

The Application of Viscoelastic Dampers to Seismically Resistant Structures ........... 459
1.D. Aiken, J.M. Kelly and P. Mahmoodi i
Viscoelastic Versus Steel Plate Mechanical Damping Devices: An Experimental

COMPAIBOR, sswmveammssiumssasrsssssssss et s messssiaislsssssssesiions 469
D.M. Bergman and R.D. Hanson
A Simplified Seismic Design Procedure for Friction Damped Structures ................... 479

A. Filiatrauft and S. Cherry
Improve the Earthquake Performance of Structures with Added Damping and

SIIAGEE: EIGMIBINE «...conummsssisminspmssinsiinssssssshmsssesmossssreipsrichonsiseibssesssin sarisssssesssssssson 489
R.E. Scholl
Seismic Behavior of Structures with Added Viscoelastic Dampers ........ Viiesuanuss s TR 499

T.T. Soong and P. Mahmoodi

Comparison of Effective Supplemental Damping Equivalent Viscous and

HYSIEIOHE oivi.ciinnennsmseisonssmommressrarsessmpasesuesivesesssmanss Srasssdssvisssssess 55 S5 st sosmmmme e st 507
Y-F. Su and R.D. Hanson

Seismic Isolation..................... A S S F AT T4 s TR v sy o s o S S SR 517

Seismic Isolation Design and Construction Practice ..............oovoveveveeieeoosoeen 519
T.L. Anderson

Seismic Isolation Design of the USC University HOSpital .............iceevvveieeeeerereeennn 529

J.W. Asher, D.R. Van Volkinburg, R.L. Mayes, T. Kelly, B.I. Sveinsson
and S. Hussain
Verification Analysis of the Base Isolated Los Angeles County Fire Command

and Control FACIlitY ..........ccceoiiiiierieneieieece e e 539
R.E. Bachman, M.J. Gomez and K.C. Chang

Design of Friction Base Isolation Systems ........... R R P S0, Iy 549
L. Bozzo, S.A. Mahin and V. Zayas

Vibration Studies of an Existing Building for Base Isolation Retrofit .............c..co....... 559
W.E. Gates, G.C. Hart and C.B. Crouse

Earthquake Response Characteristics of Base-Isolated Buildings ...............c...c......... 569
M. Kaneko, K. Tamura, K. Maebayashi and M. Saruta

Anaiytical Modeling of Three-Dimensional Behavior of Base Isolation Devices ......... 579
S. Nagarajaiah, A. Reinhorn and M. Constantinou

Seismic Isolation Analysis of an Existing Eight-Story Building ...........ccccevveveeeenenn... 589
B.I. Sveinsson, R. Ewing, R.L. Mayes, G.C. Hart and R. Elhassan

Application of Substructure Pseudo Dynamic Test to Base Isolated Structure........... 599
J. Tagami, K. Ishii, M. lizuka and M. Ishida

Rehabilitation of the McKay School of Mines, Fhase Ill, with Base Isolation .............. 609

D. Way and J. Howard

Vil



13.

13.1

13.2

SOIL-STRUCTURE INTERACTION, SOIL STABILITY AND FOUNDATIONS.......... 619
Earth Pressure and Earth Retaining Structures..............ccccooi 621

Dynamic Response of Retaining Walls including Supported Soil Backfill: A

Computational MOl .....imessmisesssmmssrssssasissussmessassssmssissunssiossnisassssasssssnsnsapsssasens 623
S. Alampalli and A-W. Elgamal
Application of LRFD to Seismic Design of Bridge Foundations ............cccccccoeeeiieenen. 633

R.M. Barker, S.G. Kim, J.M. Duncan and K.B. Rojiani
Analysis of Dynamic Lateral Earth Pressures Recorded on Lotung Reactor

Containment MOGel SIHUCHIIE: ....umwscurmomarnsesithivmmms sinres sisdensintitinsssine sivmsme suatanass sivimsesss 643
C-Y. Chang, M.S. Power, C.M. Mok, Y.K. Tang and H.T. Tang
Effects of Surrounding Soil on Seismic Response of Building Basement ................. 653

T. Itoh and T. Nogami
Centrifuge Modeling and Field Observations of Dynamic Behavior of

Reinforced Soil and Concrete Cantilever Retaining Walls ...........oooveiiiiiinniiinnnienn. 663
B.L. Kutter, J.A. Casey and K.M. Romstad
Seismic Displacement of Rigid Retaining Walls ..........ccccoeieeenis iR S s s 673

R. Siddharthan, S. Ara and J.G. Anderson

Prediction of Permanent Tilt of Gravity Retaining Wall by the Residual Strain

MEIRBT, sl snresssmsamusnnsmses pramio sy It sbass Vet me o SEL L b ST S Te St e isms s s R Ao AR S AT 47 683"
C.A. Stamatopoulos and R.V. Whitman

Stability'and LiQUetaction ............ 8. it ciiiimissmsitsniongs isasssivosasiobssabssssson sepsasasusss 693

A Method for Evaluating Soil Liquefaction by Energy PrinCiples ........cccceccvucieinncnine 695
J.L. Figueroa

Displacements in Earth Embankments Under Static and Dynamic Condition ......... ..705

S. Hussain and S. Prakash
Practical Evaluation of the Seismic Stability of a Three-Dimensional

Soil-Structure Interaction Problem ..o 715
M.E. Hynes, D.W. Sykora and R.E. Wah!

Case Studies on Quaywalls’ Stability with Liquefied Backfills............ccccceiniiiiins 725
I. Ishibashi and L. Madi

Use of Shear-Strain Energy for Liquefaction Prediction .............ccooominn. 735
T. Kagawa and M.A. Al-Khatib

Development and Validation of Fragility Curves for Liquefaction ... 745
K. Ohtomo and M. Shinozuka

Liquefaction Aspects of Loessial SOIlS ........cooviiiiiiiiiiimiiir e 755

© V.K. Puri
Liquefaction Analysis at Owi Island, Japan ...........ccoiiviiiiiiis 763

S. Sharma and D. Huang

Analysis of the Seismic Response at the Imperial Wildlife Liquefaction Array

= < 7 T T N SRR T e 173
V. Thilakaratne and M. Vucetic



13.2

Re-Evaluation of Liquefaction Triggering and Flow Sliding in the Lower San

Fernando Dam During the 1971 EarthqQUaKe ..............c.ooooovoooeoeo oo

A. Vasquez-Herrera, R. Dobry and M. Baziar
The Effect of Pore Pressure Increase in a Sandy Liquefiable Deposit on the

Spectral Content of Strong MOtON ..o

G.T. Zorapapei and M. Vucetic

Soil-Structure Interaction.................................

Centrifuge Modeling of Soil-Pile-Structure Interaction During Simulated

Earthquake Loading.........cocooeoooiioioecoeo e

G.S. Chang, B.L. Kutter and K.M. Romstad
Soil-Structure Interaction and Nonlinear Site Response at the Differential -

Array Accelerograph Station ... ... ... . e

C.B. Crouse and B. Hushmand

An Overview of the Navy Program in Earthquake Engineering ... ...,

J.M. Ferritto
Imperial County Services Building Revisited: A Reevaluation with

Pile-Soil-Structure INteraction .. ... ..o

A.H. Hadjian, R.B. Fallgren and L. Lau
Assessment of Soil-Structure Interaction Practice Based on Synthesized

Results from Lotung Experiment - Forced Vibration Tests .....oooove oo

A.H. Hadjian, W.S. Tseng, Y.K. Tang and H.T. Tang

Seismic Monitoring and Evaluation of a Solid Waste Landfifl ... . .. . ...

B. Hushmand, D.G. Anderson, C.B. Crouse and K..J. Roberison

Nonlinear System Identification of Soils Using Extended Kalman Filter ..o

J-S. Lin

Identification of Scil Properties from Vibration Tests of Small Footings .....c...o.c...... .8

JE Luco and H.L. Wong

ldentification of Foundation Impedance from Earthquake Records .ovovereeo . .

S.T. Mau and S. Wang

Evaluation of Soil-Structure Effects in the Earthquake Response of a Building .

2rino and G.L. Fenves

..... 793

825

835

845

855

865



) :

SECONDARY SYSTEMS, EQUIPMENT
AN/D NONSTRUCTURAL ELEMENTS






Proceedings of Fourth U.S. National Conference on Earthquake Engineering }§
May 20-24, 1990, Palm Springs, California (Volume 3)

EVALUATION OF SEISMIC MITIGATION MEASURES FOR ART OBJECTS
M.5. Agbabianl, W.S. GinellII, 8.F. MasriI, and R.L. NigborIII

ABSTRACT

This research develops quantitative techniques and procedures
for the evaluation of current and future earthquake damage
mitigation measures for art objects. This neglected topic of
earthquake engineering research was highlighted during the
recent Loma Prieta Earthquake, during which significant damage
was done to the collections of several art museums. Analytical
and experimental techniques are combined to allow detérmination
of fragility levels for specific art objects and to determine
the effectiveness of applicable seismic protection methods.

INTRODUCTION

The earthquake resistance of irreplaceable art objects in seismically
active regions 1is important because of the possibility of damage to
historical and cultural art objects - in museums and other public
institutions. Development of methods to increase the earthquake resistance
of art objects, while at the same time allowing them to remain on public
display, is a complex problem. Several unique constraints make the problem
of art protection more difficult than other building contents protection
problems. Rigidly fastening the objects to their supports is often
impossible. Material properties are nonuniform or unknown in most cases.
Finally, any earthquake protection measures must aesthetically blend with
the art object.

The earthquake resistance ‘of an art object depends upon both the
object's characteristics and the methods used for its support. To increase
earthquake resistance, both the object itself and the support system can be
modified. Examples of modification of the object include adding mass to
lower the center of gravity, and introducing internal damping devices.
Examples of support system modification include suspension devices,
viscoelastic mounts, and base isolators.

T - . . s N . .
& Professor, Civil Engineering Department, University of
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A companion material property database was also developed using
available published information.

GCeneralization of Art Object/Support Systems

Based mainly. upon the probable earthquake resnoase - modes,
representative generic art object/support system models were established
using the data base. This allowed appropriate methods of analysis, as well
as analytical and physical models, to be chosen for different groups of
systems. Individual art object/support systeins .can be related to the
generic systems using appropriate parameters.

An art object/support system can be considered rigid in terms of
earthquake response if it has no significant structural resonances below
about 20 Hz. Therefore, earthquake response was be divided into two main
groups, Rigid and Flexible. It will generally be very clear whether an art
object belongs in the Rigid or Flexible respcrse group; a marble statue is
in the Rigid group, while a suspended paintir,; or a slender metal sculpture
belong in the Flexible group. A majority of the art object/support
systems in the data base fit into the Rigid Respoase group.

Several generic models within each respon:ze group were developed and
studied. In addition, three, generic base isolated system models were
studied. These models are listed in Table 2.

Earthquake response of these generic system models was then studied
both analytically and physically, and parametric failure levels were
determined. Results derived using these generic systems can be applied as
design criteria to individual art object/support systems using the
appropriate parameters and approximations. E

ANALYTICAL STUDIES

Simplified mathematical or computer simulations of the six generic
art object/support system models were developed and implemented. Most of
these simulations are based upon published research or basic earthquake
engineering concepts. System response to earthquake excitation was then
studied numerically using a Representative Earthquake Accelerogram shown in
Figure 1. This is a synthetic accelerogram developed by Lindvall, Richter
& Associates[4].

Generic models were studied for a range of parameters compatible with
the art object/support systems in the data base. Results were presented in
the form of design charts or formulas which can be applied to particular
systems using appropriate parameters. In many cases, results  were
experimentally verified. i

Rigid body rocking (overturning) criteria were developed using the
simplified criteria detailed by Ishiyama[3]. Ishiyama’s simple formulas
for the thresholds of rocking and overturning are based wupon basic
principles of statics and rigid body dynamics. In addition to the physical
dimensions, only the peak acceleration and velocity are required to



determine approximate thresholds for rocking and overturning, respectively.
In this study, these formulas were extended to nonuniform bodies. Figure 2
shows the rigid body rocking stability regions calculated for the
Representative Earthquake Accelerogram.

Sliding response of rigid bodies has been studied in detail using a
variety of analytical approximation techniques. A recent study by Moser[6]
summarizes previous work and presents several new analytical techniques.
For this study, the response of a sliding rigid body to triaxial base
motion was determined numerically using a specially developed computer’

program. Both the relative displacement and absolute velocity and
acceleration were calculated for given friction coefficients and
excitations. Figure 3 plots, for the Representative Earthquake input,

calculated peak displacement versus friction coefficient.
Standard linear formulas for estimating stresses were applied to both
rigid and flexible generic system models. Linear response spectrum
techniques were added to the flexible response model. Because of the
extreme variability and uncertainty in the material properties of art
objects, these formulas should be used with caution.

A nonlinear analytical model was developed for the simplified generic
swinging response system (i.i. hanging paintings). This model was solved
numerically for the Representative Earthquake Accelerogram.

The three generic base isolation models were analytically modelled
using simple linear or nonlinear parametric equations. These equations
were solved numerically to provide appropriate response parameters. Figure
4 shows a sample nonlinear response spectrum for the generic horizontal
base isolator, calculated using the Representative Earthquake Accelerogram
as input.

EXPERIMENTAL STUDIES

Analytical modelling of even simple structural systems requires the
use of approximations to fit the real system to the model. As the
structural systems get more complex, these approximations can lead to large
errors in the predicted behavior when compared with actual behavior of the
system. It is therefore necessary to experimentally verify even simple
analytical models and the accompanying parameter approximations prior to
their application to a new class of structures.

Experimental studies were performed on a subset of the generic models
described in Table 2. - The studies concentrated on rigid sliding and
rocking models, as a majority of the art object/support systems fall into
these response categories and the corresponding analytical models were
newly developed or extended from previous research and required
verification.

Experimental parameter approximation studies were performed for the
swinging models corresponding to Response Categories DYN1 and DYN2.
Experimental studies were also performed for the three types of generic



