nhovative Sy'stem.s
W for

L)

Seismic
A ' Response Control ==

<

] —-—

#\
) .
R - J

Franklin Y. Cheng
7 Hongping Jiang
| Kangyu Lou




SMART
STRUCTURES

Innovative Systems
for
Seismic
Response Control






SMART
STRUCTURES

Innovative Systems
for
Seismic
Response Control

Franklin Y. Cheng
Hongping Jiang
Kangyu Lou

CRC Press
Taylor & Francis Group

Boca Raton London New York

CRC Press is an imprint of the
Taylor & Francis Group, an informa business



MATLAB?® is a trademark of The MathWorks, Inc. and is used with permission. The MathWorks does
not warrant the accuracy of the text or exercises in this book. This book’s use or discussion of MATLAB®
software or related products does not constitute endorsement or sponsorship by The MathWorks of a
particular pedagogical approach or particular use of the MATLAB® software.

CRC Press

Taylor & Francis Group

6000 Broken Sound Parkway N'W, Suite 300
Boca Raton, FL 33487-2742

© 2008 by Taylor & Francis Group, LLC
CRC Press is an imprint of Taylor & Francis Group, an Informa business

No claim to original U.S. Government works
Printed in the United States of America on acid-free paper
10987654321

International Standard Book Number-13: 978-0-8493-8532-2 (Hardcover)

This book contains information obtained from authentic and highly regarded sources Reasonable efforts
have been made to publish reliable data and information, but the author and publisher cannot assume
responsibility for the validity of all materials or the consequences of their use. The Authors and Publishers
have attempted to trace the copyright holders of all material reproduced in this publication and apologize
to copyright holders if permission to publish in this form has not been obtained. If any copyright material
has not been acknowledged please write and let us know so we may rectify in any future reprint

Except as permitted under U.S. Copyright Law, no part of this book may be reprinted, reproduced, trans-
mitted, or utilized in any form by any electronic, mechanical, or other means, now known or hereafter
invented, including photocopying, microfilming, and recording, or in any information storage or retrieval
system, without written permission from the publishers.

For permission to photocopy or use material electronically from this work, please access www.copyright.
com (http://www.copyright.com/) or contact the Copyright Clearance Center, Inc. (CCC) 222 Rosewood
Drive, Danvers, MA 01923, 978-750-8400. CCC is a not-for-profit organization that provides licenses and
registration for a variety of users. For organizations that have been granted a photocopy license by the
CCC, a separate system of payment has been arranged.

Trademark Notice: Product or corporate names may be trademarks or registered trademarks, and are
used only for identification and explanation without intent to infringe.

Library of Congress Cataloging-in-Publication Data

Cheng, Franklin Y.

Smart structures : innovative systems for seismic response control / authors,
Franklin Y. Cheng, Hongping Jiang, and Kangyu Lou.

p. cm.

Includes bibliographical references and index.

ISBN 978-0-8493-8532-2 (hardback : alk. paper)

1. Earthquake resistant design. 2. Smart structures. 3. Smart materials. L. Jiang,
Hongping. II. Lou, Kangyu. III. Title.

TA658.44.C44 2008
624.1'762--dc22 2007035134

Visit the Taylor & Francis Web site at
http://www.taylorandfrancis.com

and the CRC Press Web site at
http://www.crcpress.com



Contents

Preface. ... Xiii
Acknowledgments ..............ooiiiiiiiiiiiii XV
AULROTS . ... xvii
Chapter 1  Basic Concept of Smart Structure Systems .................... 1
L1 IntroducCtion..........c..eeeeiiiiiiii et 1
1.1.1  Structures and Smart Structures ...............oooeveeee... 1

1.1.2  Significance of Smart Structure Technology for Civil
Engineering Structures..........coovvviiiiiiiiiiiinnnnn.... 2

1.2 Basic Principles of Smart Structure Technology for Seismic
Response Control ... 3

1.3 History of Smart Structure Technology for Seismic-Response

CONLIOL . .ottt 6
1.4  Base-Isolation SYStems ..........c.c.ueiieiiiiiiiiiieeeiiieeannn. 10
1.4.1 Introduction ..........ooovviiiiiiiiiiiiiiiiiiiinian... 10
1.4.2 Elastomeric Bearings ..............cooooiiiiiiiiL 11
143 Lead-Plug Bearings .............ccocoiiiiiiiiiiiiiiinn... 12
1.4.4 High-Damping Rubber Bearings .......................... 13
1.4.5 Friction Pendulum Bearings............................... 14
1.4.6  Other Types of Base-Isolation Systems ................... 15
1.5  Passive Energy-Dissipation Systems ..............ccoovivnee.... 16
1.5.1 Tuned Mass Dampers ............covvviiiiiiiiiiiniinnnn. 17
1.5.2 Tuned Liquid Dampers ............cooviiiiiiiiiiiiinnnn, 19
1.5.3 Friction Devices.......coooiiviiiiiiiiiiiii e, 20
1.5.4 Metallic Yield Devices........cccovvviiiiiiieiiniinneeenn. 22
1.5.5 Viscoelastic Dampers .............covvviiiiiiiiiiiiiiinn, 23
1.5.6  Viscous Fluid Dampers ..............cooviiiiiiiiniinnnnnn. 24
1.6 Semiactive Damper SyStems ..........covviiiiiiiiiiiiiiiiiinnn... 26
1.6.1 Semiactive Tuned Mass Dampers......................... 26
1.6.2 Semiactive Tuned Liquid Dampers ....................... 27
1.6.3 Semiactive Friction Dampers.............................. 28
1.6.4 Semiactive Vibration Absorbers........................... 29
1.6.5 Semiactive Stiffness Control Devices..................... 29



vi Contents
1.6.6 Electrorheological Dampers ..............coovviiiiiinn.. 31
1.6.7 Magnetorheological Dampers ............................. 32
1.6.8 Semiactive Viscous Fluid Damper ........................ 32
1.7 Active Control SYStems ........oouuuieieeiiiiiiee i, 33
1.7.1 Basic Configuration of Active Control Systems.......... 34
1.7.2  Active Mass Damper Systems ...........cccoovviiiiieeennn. 36
1.7.3 Active Tendon Systems .............coovveeiiiiieniina.... 37
1.7.4 Active Brace Systems............ccooviiiiiiiiiiiiiin... 38
1.7.5 Pulse Generation SysStems ...............ccceeiiiinnna... 39
1.8  Hybrid Control SysStems .............eeieiiiiiiiiiieiiiiiieeaann. 40
1.8.1 Hybrid Mass Dampers ...........cccovviiiiiiiiiinnnn... 40
1.8.2 Hybrid Base-Isolation System...............coovviinnnnn. 41
1.8.3 Hybrid Damper-Actuator Bracing Control ............... 42
REferences ........uuuuuuii e 45
Chapter 2  Base Isolation Systems..........ooouviiiiiiiiiiiiiieiinne... 51
2.1  Basic Concepts of Seismically Isolated Building Structures..... 51
2.1.1 Single-Degree-of-Freedom Motion Equations ........... 51
2.1.2 Multiple-Degree-of-Freedom Motion Equations ......... 54
2.2 Base Isolator Mechanical Characteristics and Computer
Modeling Techniques .............oveiiiiiiiiiiiiiiiiiii i, 64
22,1 IntroduCtion ...........cooeeiiiiiiiiiiiiiiiiiiiie e, 64
2.2.2 Bilinear Model and Model Parameters.................... 65
2.2.3 Bilinear Model of Lead-Plug Bearing System............ 67
2.2.4 Bilinear Model of High Damping Rubber System ....... 68
2.2.5 Bilinear Model of Friction Pendulum System ............ 69
2.2.6 Computer Modeling of Isolation System ................. 70
2.3 Code Requirements for Design of Seismically Isolated
SEUCTUIES ..ttt 72
231 Introduction ...........oooiiiiiiiiiiiiiiiiiiii 72
2.3.2  Seismic Ground Motion ...........c.ooiiiiiiiiiiiiinn... 73
2.3.3 Analysis Procedure Selection................ccooovuue... 76
2.3.4 Equivalent Lateral Force Procedure....................... 78
2.3.5 Dynamic Analysis Procedure.............................. 85
24  Design Examples..........coooiiiiiiiiiiiiii 90
2.5  Testing Verification and Determination of Isolator Properties... 103
2.5.1 Testing Requirements of ASCE 7-05...................... 103
2.5.2 Modifications of Isolator Properties....................... 105
References ..........ooooiiiiiiii 106
Chapter 3 ~ Damping SYSIEMS ......couuiteiiitiiiteii i, 109
3.1  Basic Concepts of Building Structures with Damping System .. 109
3.1.1 Single-Degree-of-Freedom Motion Equations ........... 109
3.1.2 Multiple-Degree-of-Freedom Motion Equations ......... 115
3.2 Analysis Procedures and Code Requirements..................... 118



Contents vii
32,1 Introduction .............coviiiiiiiiiiiiiii 118
3.2.2 Response Spectrum AnalysiS............cccooviiinnei... 120
3.2.3 Equivalent Lateral Force Analysis ........................ 133
3.2.4 Nonlinear Static Procedure ..................coooiine.. 138
3.2.5 Special Requirements on Nonlinear Response History
Procedure...........ooooiiiiiiiiiii i 141
33  Design Examples.........c.oooiiiiiiiiiiiiiiii i 141
3.4  Testing Verification and Determination of Damping Device
PrOPeIties ... 154
341 Introduction ............ooviiiiiiiiiiiiiii 154
3.4.2 Prototype Test Procedures .............cccevviiiinea.... 155
3.4.3 Acceptance Criteria for Velocity-Dependant Damping
DeVICeS ..ot 156
3.4.4 Acceptance Criteria for Displacement-Dependant
Damping Devices .......oouvviiiiiiiiiiiiiiiiiiiee 156
References ..........ooooiiiiiiii 157
Chapter 4  Smart Seismic Structures Using Active Control Systems ..... 159
4.1  Analytical Model of Smart Seismic Structures with Active
CONLIOL . ..ttt e 159
4.1.1 Motion Equations of Smart Seismic Structures with
Active Tendon Control..................oooiiiia. 160
4.1.2 Motion Equations of Smart Seismic Structures with
Active Mass Damper............oooeveiiiiiiiiiiiiiiin... 164
4.1.3 State-Variable Representation of Smart Seismic
SHUCUIES ...ttt 167
4.1.4 Feedback Law and Implementation Schemes ............ 168
4.1.5 Solution Procedure for State Equation .................... 174
4.2 Classical Optimal Control Algorithms for Smart Seismic
SHIUCTUIES ...ttt 182
4.2.1 Riccati Optimal Active Control Algorithm ............... 183
4.2.2 Pole Placement Algorithm....................ooiiiiae.. 201
4.3  Development of Active Control Algorithms for Seismic
Smart StrUCtUIeS ......oovuiiiii i 205
4.3.1 Instantaneous Optimal Active Closed-Loop Control
Algorithm........ooooii 206
4.3.2 Generalized Optimal Active Control Algorithm.......... 208
4.3.3 GOAC Algorithm for Nonlinear Smart Seismic
SUCHUTES ..ottt ettt 223
4.4  Concluding Remarks............ooooiiiiiiii 233
References ..........ooooiiiiii 233
Chapter 5  Smart Seismic Structures Using Semiactive and Hybrid

CONTOl SYSLEIMS .. vvvvtttttttteeee ettt 237



viii Contents
5.1  Dynamic Model of Control Devices for Semiactive and
Hybrid SyStems ... 238
5.1.1 Modeling of Servovalve-Controlled Hydraulic
ACHUALOTS .. et 238
5.1.2 Modeling of Passive Dampers...............cccooouue... 246
5.1.3 Modeling of Semiactive Dampers......................... 252
5.2 Dynamic Model of Smart Seismic Structures with Semiactive
or Hybrid Control ... 257
5.2.1 System Description ............cccooviiiiiiiiiii.... 258
5.2.2  Shear Building Structures with Hybrid Devices on
AILFIOOTS ..o 259
5.2.3 Structures with Control Devices on Some Floors ........ 263
5.2.4 Verification of the General Model for
HDABC-Controlled Structures............................ 266
5.2.5 State-Variable Representation of the HDABC System... 271
5.2.6 SUMMAIY ..ooiiiitt ettt 279
5.3  Control Strategy and System Stability ..............ccoevvviin.. 280
5.3.1 Control Algorithms ...........cooviiiiiiiiiiiiiiiina.... 280
5.3.2 Intelligent Hybrid Control Systems ....................... 281
5.3.3 Stabilization of Servovalve-Controlled Hydraulic
ACHUALOLS .. et 283
5.3.4 Effect of Actuator Dynamics on System Response....... 292
5.3.5 SUMMATY toviiiiii 295
5.4  Effectiveness of HDABC System for Seismic Response
CONLIOL . . . 296
5.4.1 One-Story Smart Seismic Structure with HDABC
N ] 1S 11 P 296
5.4.2 Three-Story Smart Seismic Structure with HDABC
N 1) 11 N 302
5.4.3 Effectiveness Comparison of HDABC System and
MR Damper ... 304
544 SUMMAIY ..ooviii e 307
5.5 Implementation of Hybrid Control for Smart Seismic
SEUCTUIES ..ttt e 310
5.5.1 TSt SetUP...oeeini e 310
5.5.2 Parameter Identification of Control Devices.............. 311
References .......o.uuuiiiiiii 312
Chapter 6  Sensing and Data Acquisition Systems for Smart Seismic
STIUCTUIES .ottt ettt e et e e e e 315
6.1  Common Sensors for Smart Seismic Structures .................. 316
6.1.1 Linear or Rotary Variable Differential Transducer ....... 318
6.1.2  VeloCity SenSOrs.......couuiiuuiiieieeiiiieeeaiieeee. 319
6.1.3 Accelerometers ........ccoovvviiiieiiiiiiiii e 320

6.1.4  Strain Gauges.......oovviiiiiiiiii 324



Contents ix
6.1.5 Force Transducers.............covvviiiiiiiiiiiiiianinn... 326
6.2  Sensing, Data Acquisition, and Digital Control Systems......... 328
6.2.1 Elements of Data Acquisition and Digital Control
SYSEMS ...t 329
6.2.2 Challenges in Sensing System of Smart Structures ...... 332
6.2.3 Solutions for the Sensing System of Smart Seismic
SHUCUIES ...t 333
6.3  Seismic Observer Technique .................cccoiiiiiiiiiiiin, 336
6.3.1 Analytical Modeling of Smart Seismic Structures with
ACCElerOMELerS ... .eeeeeee e e 336
6.3.2 Conventional Observer Technique ........................ 338
6.3.3 Development of Observer Technique for Smart
Seismic Structures ............ooovviiiiiiiiiiiiiiiia.. 342
6.3.4 Simplified Sensing System for Smart Seismic
SEUCTUIES oottt 347
6.3.5 SUMMATY ..ottt e 355
References .........oooiiiiiiiiii 356
Chapter 7  Optimal Device Placement for Smart Seismic Structures ..... 359
7.1 INtrodUCHON. . ...t 359
7.1.1 Basic Concepts of Engineering Optimization ............ 359
7.1.2  Significance of Optimal Device Placement for Smart
Seismic Structures ............oooviiiiiiiiiiiiiiiiiiaa.. 361
7.1.3 Review of Former Studies on Optimal Device
Placement..........oooooiiiiiiiiiiiii i 361
7.2 Optimal Actuator Placement for Smart Seismic Structures with
Active Control ........ooeiiiiii i 365
7.2.1 Measure of Modal Controllability......................... 366
7.2.2 Performance Index.................oooo 370
7.2.3 Controllability Index....................iiiL. 375
7.2.4 Discussions on Performance Indices...................... 394
7.3 Statistical Method for Optimal Device Placement of Smart
SeISMIC STIUCTUIES . ...ttt ette et 394
7.3.1 System Description .........covviiiiiiiiiiiiiiiiiiinnnn... 395
7.3.2 Review of Stochastic Theory of Structural Seismic
Response ... 397
7.3.3 Modal Analysis of Smart Structures with
Hybrid System ..o 398
7.3.4  Stochastic Seismic Response of Hybrid-Controlled
Smart StruCtures........o..veveeiiiiiii i 400
7.3.5 Determination of Optimal Placement of Control
DeVICES oo 411
7.3.6  Numerical Studies.............c.oooviiiiiiiiiiiii. 421
T4 SUMIMATY ..ttt aeeaaaaes 427

References ..ot 428



X Contents
Chapter 8  Active Control on Embedded Foundation...................... 431
8.1  Motion Equation of Actively Controlled Structure with
Soil-Structure Interaction.............c.c.eeeeeiiiiiiiiiiiiiiiieenns 431
8.1.1 System Definition ............c.oooiiiiiiiiiiiiiiiiiaa.. 431
8.1.2  Single-Story Building..............ooooiiiiiiiiii. 433
8.1.3  Multiple-Story Building ...............cociiiiiiiiiii.. 436
8.1.4 Determination of Interaction Force at Foundation-Soil
Interface ........ooiiiiiii 440
8.2  State Equation of SSI—Model and Solution Technique ......... 443
8.2.1 Formulation of State Equation of SSI-Model............. 443
8.2.2  Solution Technique...........cccoviiiiiiiiiiiiiiiia. 445
8.3  Generalized Optimal Active Control Algorithm for the SSI
SYSEIM Lttt ettt 448
8.3.1 SystemModel ..........oooiiiiiii 448
8.3.2 Generalized Performance Index ........................... 448
8.3.3 Feedback Gain Matrix and Active Control Force ........ 450
8.3.4 Weighting Matrix Configuration .......................... 452
8.4  Soil Properties and Wave Equations .............................. 455
8.4.1 Dynamic-Equilibrium Equation........................... 455
8.4.2 Earthquake Propagation Waves .....................o...e. 460
8.5  Stiffness Coefficients of Horizontal Layer and Half Plane ....... 469
8.5.1 Dynamic-Stiffness Coefficients of Horizontal Layer..... 469
8.5.2 Dynamic-Stiffness Coefficients of Half Plane ............ 476
8.6  Dynamic-Stiffness Matrices of Ground System .................. 480
8.6.1 Definition and Concept .........covvviiiiiiiiiiiiiiiinnnn. 480
8.6.2 Free-Field System’s Stiffness Matrix ..................... 481
8.6.3 Excavated Part’s Stiffness Matrix in Frequency
Domain ... 487
8.6.4 Ground System’s Stiffness and Flexibility Matrix ....... 492
8.7  Numerical IITustrations............cccovviiiiieiiiiiiiiii e, 499
8.7.1 Solution Procedure of SSI System without Control ...... 499
8.7.2  Solution Procedure of SSI System with Control ......... 510
8.8  Computer Solutions for Building Structures with and without
CONLIOL. ...t 516
8.9  Summary and Concluding Remarks.....................oooi. 519
References .......oouuuiiiiiiii 521
Chapter 9  Hybrid Control of Structures on Shallow Foundation with
Existing and Generated Earthquakes ........................... 523
9.1 INtrOdUCHON. . ...ttt 523
9.1.1 Interaction TYPeS .......covuuiiiiuiiiiiiiiiiiiii e, 523
9.1.2  Substructure Approach............ccoiiiiiiiiiiiiiiii... 524
9.2 Structural Formulation with HDABC ............................ 526



Contents

9.2.1 Hybrid Controlled Single-Story Structure

without SST ... ...
9.2.2 Hybrid Controlled Single-Story Building with SST ......
9.2.3 Hybrid Controlled Multiple-Story Building

without SST... ...

9.2.4 Hybrid Controlled Multiple-Story Building with SSI....
9.3  State Space Formulation of HDABC Systems

with and without SSI................
9.3.1 Single-Story Structural System without SSI..............
9.3.2 Single-Story Structural System with SST .................
9.3.3 Multiple-Story Building System without SSI.............
9.3.4 Multiple-Story Structural System with SST...............
9.4  Numerical Examples Using MatLAB® ...................coooei .
9.4.1 Fixed Support without Control ..............c..oceevune..
9.4.2 SSIwithout Control.............covviiiiiiiiiiiiininn...
9.4.3 Fixed Support with Passive Control.......................
9.4.4 SSIwith Passive Control .............coooiiiiiiiiea....
9.4.5 Fixed Support with Active Control........................
9.4.6 Fixed Support with Hybrid Control .......................
9.4.7 SSI with Hybrid Control ...............cccoeiiiiiiio.n.
9.5  Extreme Value Distribution............ccoovvviiiiiiiiiiaa. ..
9.5.1 Extreme Value and Description ...................c.......
9.5.2 Gumbel-Type Distribution...............oovvviiiiiinnnn..
9.6  Ground Motion Generation ..............ccoueeeeeiiiunieeaannnnns
9.6.1 Modeling Concept .......cvvveieeiiiiiiiiiieiiiiieeenn.
9.6.2 Ground Motion Generated at Bed Rock Surface .........
9.6.3 Ground Motion Generated at Ground Surface............
9.6.4 One-Hundred Ground Motions Generated
atm; = 6.0 oo
9.7  Case Studies Using Generated Earthquakes ......................
9.7.1 Numerical Examples of Fixed Supported Buildings
with and without Controls ....................oooceiian
9.7.2 Numerical Examples of Buildings with SSI and
Hybrid Control ..o
9.8 Concluding Remarks..........ccoovviiiiiiiiiiiiiiiiiiiiiii. ..
References .......ouuuiiiiiii
Appendix A: MATLAB® .. ...
Al MATLAB® Language.......oovvviiiiiiiiiiiiiiiiiiiiii e,
A.2  Common Functions Used for Analysis and Design of Smart
SeismIC StIUCTUIS . ....oouviiiiiit it
A3 Sample MATLAB® .M Program......................c..c..ooei....

ReEfeIeNCES ..ot

Xi



xii Contents

Appendix B: Green’s Function....................oooooiiiii L 597
B.1  Displacements in k-Domain for Loads on Vertical Line ......... 597
B.1.1 Fixed Layer (PartI)................ooiiiiiiiiiiiil. 597

B.1.2 Free Layer (Part II)............ccoooiiiiiiiiii ... 605

B.1.3 Global Displacements.............ccoevviuiiieeeeinnnnnnn... 607

B.2  Displacements in k-Domain for Loads on Horizontal Line ...... 608

B.3  Displacement for Vertical Incident Wave......................... 611
B.3.1 Loadson Vertical Line...................oooooiiii. o, 611

B.3.2 Loads on Horizontal Line..........................ooL e, 617

B.4  Green’s Influence Functions in Space Domain ................... 618
Appendix C: Element Stiffness and Mass Coefficients ....................... 621
C.1  Element Stiffness Coefficients...............oooeeiiiiiiiiionn. 621

C.2  Element Mass Coefficients ...............eeuuiiiiiiiiiiiniennnnnns 625
Notation ..... ... i 627



Preface

The major challenge in today’s structural engineering is to better design structures
against the damaging effects of earthquakes and strong winds. Smart structural
systems are an innovative concept that has been proven to be very effective in
protecting structures. These systems absorb damaging energy and/or counteract
damaging force on the structure, and thus reduce structural response and possible
damage. Smart structure technology is being improved every day, and there is
a great need for documented references in this field. This book is a useful ref-
erence for researchers and practicing engineers working in the field of structural
engineering. Itis also akey resource for senior undergraduates and all postgraduate
students who need to find an organized collection of information of smart structure
technology. Key features of the book include

1. Complete mathematical formulations and numerical procedures for the
topics presented

New technologies

Design guidelines and examples based on current official codes
Detailed figures and illustrations

Extensive references

Nk

This book is prepared with the following emphases:

1. The book functions as a self-study unit. Essential information on struc-
tural formulations, mechanism of control systems, numerical algorithms,
and so forth, is given in detail.

2. Step-by-step numerical examples are provided. These serve to illus-
trate mathematical formulations and to interpret physical representa-
tions, enabling the reader to understand the formulas vis-a-vis their
applications.

3. Each chapter discusses a specific topic, and the topic areas are covered
comprehensively and outlined as follows:

e Chapter 1 introduces various smart structure systems currently
in vogue so that the reader can have an overall view on the
subject.

e Chapters 2 and 3 present base isolation systems and their asso-
ciated damping devices. Base isolation and damping systems
have official design codes and are thus focused on herein with

xiii
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extensive design examples that are believed to be beneficial to
the practitioner to thoroughly comprehend the specifications.

e Chapter 4 focuses on active controlled systems, emphasizing
mathematical derivation, control algorithm development, as
well as system design and implementation.

e With the background of previous chapters, semiactive and
hybrid control systems are developed and compared in
Chapter 5.

e In today’s engineering technology, information about real-
world events is collected, stored, and analyzed by a computer
using numerical data. Chapter 6 thus emphasizes sensing and
data acquisition.

e To achieve optimal cost of a constructed facility, the number
of control devices to be installed on a structure is of paramount
importance. Chapter 7 develops optimal placement algorithms
along with numerical examples of controlled systems.

e Controlled structures are traditionally assumed to be suppor-
ted by a fixed base. However, a controlled system in reality
is composed of three parts: structure, foundation, and soil
base. Thus, Chapters 8 and 9 consider soil-structure inter-
action; the former deals with embedded foundations and the
latter emphasizes shallow foundations. The soil properties,
SSI formulations, and numerical procedures for response ana-
lysis are comprehensively presented for both conventional
methodologies and MatLa® applications.

e To achieve maximum protection of a controlled system from
future earthquake destruction during the structure’s lifetime,
extensive details are given for generating future earthquakes
on the basis of historic tectonic movements. Using the earth-
quake data resulting from simulation based on a probability
approach, several case studies are provided to show response
results of maximum floor displacements, the required control
forces, and control effectiveness with various considera-
tions with and without control, as well as with and without
soil-structure interaction.
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’I Basic Concept of Smart
Structure Systems

1.1 INTRODUCTION

1.1.1 Structures and Smart Structures

A structure is a system that carries and/or transmits loads. It is engineered to per-
form such functions without experiencing irreparable damage during its designed
service life. Engineering structures can serve as buildings, bridges, ships, air-
planes, or space shuttles. The loads on a structure can be static, such as gravity, or
dynamic, such as earthquakes. Structural components, such as columns, beams,
plates, and shells, are load-bearing systems and are structures themselves. The
behavior of a structure and its components, such as deformation under static
loads and vibration under dynamic loads, is called structural response. Design
of a structure simply refers to the determination of its profile and configuration
in the three-dimensional space, the material and size of its components, and the
connections between its components, so that the structural response can meet
the established criteria. A typical structure design would ensure the structural
safety (strength and stability) and serviceability (stiffness) of the structure and its
components under expected loads. Multiple disciplines, such as material science,
mathematics, and mechanics, are employed to obtain a structure design. Material
science provides properties and limit states (failure modes) of the materials for the
structure, mathematics calculates the structural response to loads, and mechanics
ensures the equilibrium and stability of the structure.

The traditional approach is to design structures with sufficient strength to with-
stand loads and with the ability to deform in a ductile manner. Such designed
structures have limited capacity owing to three factors. First, these structures rely
on their inherently small material damping to dissipate dynamic energy. There
are no guidelines for how to increase the damping of common structure mater-
ials, such as reinforced concrete or steel. Second, these structures have a fixed
capacity of load resistance and energy dissipation. Thus, they cannot adapt to
ever-changing environmental excitations, such as winds or earthquakes. Third,
these structures totally depend on their stiffness to resist loads. Limitations in the
traditional approach of structure design motivated researchers to explore altern-
atives. Advanced research has discovered natural and man-made materials with
unusual properties, called smart materials, and systems that can automatically
adjust themselves to environmental changes, called adaptive systems. These dis-
coveries led to the innovative concept of smart structures [82]. With adaptive
systems and/or smart materials and devices added to the structure, the structure
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becomes “smart” because it can monitor itself and adapt to the environment. A
smart structure system has the ability to sense any change in the environment or
system, diagnose any problem at critical locations, store and process measured
data, and command appropriate action to improve system performance and to pre-
serve structural integrity, safety, and serviceability. The smart structure concept
has been applied in aerospace and mechanical industries, such as aircraft struc-
ture crack monitoring systems and automobile vibration absorbers. Application of
this concept for wind and seismic response reduction of large civil engineering
structures is still a cutting-edge technology under research and development.

1.1.2 Significance of Smart Structure Technology for
Civil Engineering Structures

Civil engineering structures, such as buildings, bridges, and towers, may vibrate
severely or even collapse while subjected to strong wind or earthquake excita-
tions. Designing structures to withstand seismic damage remains a challenge for
civil engineers. Despite intensive effort toward wind- and earthquake-resistant
designs in code development and construction, structures are still vulnerable to
strong wind or earthquake excitations. This is because structures designed using
the traditional approach have limited capacities of load resistance and energy dis-
sipation. Such structures totally rely on their own stiffness to resist earthquake
force and on their own small material damping to dissipate dynamic energy. These
structures are passive in that they cannot adapt to ever-changing and uncertain
wind and earthquake excitations. In order to withstand a stronger excitation, an
increase in structure strength and ductility is required, but high-strength and ductile
construction materials are usually expensive. Increasing strength by enlarging
cross sections of partial constituent members of an indeterminate structure actu-
ally attracts more demand force on these members, subsequently requiring even
greater strength. This can result in a fruitless spiral design. Moreover, there is no
way to improve damping for common construction materials, such as reinforced
concrete or steel.

The ineffectiveness of traditional wind- and seismic-resistant designs led to the
application of innovative smart structure technology to civil engineering structures
in the 1970s. It has steadily gained acceptance as research findings and practical
implementation continue to show that this concept is a promising way to pro-
tect structures from wind and seismic excitations [7,17,25,26,40,46,49,76-78,80].
With smart structure technology, devices and/or systems are added to the structure
to increase its seismic-resistant capacity. The structure then relies not only on its
own strength to withstand earthquake force but also on these devices or systems
to dissipate dynamic energy. Smart structure technology is becoming an attractive
alternative to augment structural safety and serviceability as it can greatly improve
seismic performance of structural systems.

When building a new structure or retrofitting an existing one for safety and
serviceability requirements, using smart structure systems can save materials and
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construction work, consequently reducing structural weight as well as construction
cost. Today, such systems have been applied to the following civil engineering
structures:

e Structures under unusual excitations, such as extreme winds or strong
earthquakes.

e Structures with critical functions and high safety requirements, such as
hospitals, fire stations, and power plants.

e Structures requiring serviceability considerations, such as towers, tall
buildings, long-span roofs or bridges, and other flexible structures.
Under large environmental excitation, excessive structural vibrations
could affect occupant comfort or structural safety.

1.2 BASsIC PRINCIPLES OF SMART STRUCTURE TECHNOLOGY FOR
SeIsMIC RESPONSE CONTROL

In this section, a simple single-degree-of-freedom (SDOF) structural model is used
to illustrate the basic principles of smart structure technology for seismic response
control. An SDOF structure subjected to earthquake excitation can be modeled as

mx(t) + cx(t) + kx(t) = —mig(t) (1.1)

where m is the mass of the structure, c¢ is the damping coefficient of the structure,
and k is the linear elastic stiffness of the structure. While subjected to an earthquake
ground motion X (), this SDOF system responds with a lateral displacement x(z)
relative to the ground.

Equation 1.1 can be rewritten as

¥(1) + 2L k(1) + wlx(t) = —Fq (1) (1.2)
where ¢ is the damping ratio and wy is the natural frequency in radians of the
structure. The structure response can be solved easily using the theory of structural
dynamics [13,61]

x(1) =e 75! (C} cos dyt + C sin @pt)

1 t
— _—/ X (T)e 6= sin @y (r — 7) dt (1.3)
wn Jo

where @, = /1 — 2w, is the damped natural frequency, and C; and C, are
constants to be determined by initial conditions. Since the earthquake ground
motion can always be expanded into a Fourier series, the structural seismic
response would be a summation of structural responses by a series of sinusoidal
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excitations. The response of the SDOF system under sinusoidal excitation
Psin 60t is

Psin(0r —
xX(1) = e 5! (Cy cos @nt + Ca sin @nt) + sin0t — ¢) (1.4)
m\/(a)lz1 —62)2 + 4¢2w202

where ¢ = tan™![2¢wn0 / (w3 — 6?)].

Equations 1.3 and 1.4 show that, mathematically, there are three methods to
reduce structural seismic response—reducing the magnitude of Xy (f), increasing
the damping ratio ¢, and avoiding resonance by enlarging the difference of wy
and 6. These mathematical concepts are realized by smart structures through the
following mechanisms:

e Base-isolation systems that cut off the energy transmission of earth-
quake ground motions to the structure.

e Control devices or systems that apply a control force to serve as an extra
damping mechanism by means of devices such as mass dampers/drivers,
tendons, or bracings.

e Control devices or systems that utilize the energy absorption capabil-
ity of materials by viscosity and/or nonlinear characteristics, such as
yielding.

e Control devices or systems that distance the natural period of the struc-
ture from the predominant frequency of earthquake ground motions.

The above mechanism shows that a smart structure can use either a base-isolation
system or a control system for seismic response reduction. Control systems add
damping to the structure and/or alter the structure’s dynamic properties. Adding
damping increases the structural energy-dissipating capacity, and altering struc-
tural stiffness can avoid resonance to external excitation, thus reducing structural
seismic response. Mathematically, an SDOF smart structure using a control system
under seismic excitation can be expressed as

(m + me)X(t) + cx(®) + kx(t) + Fe(t) = —(m + me)xg (1) (1.5)
where m is the mass of the control device/system, which is usually much smal-
ler than structure mass m; F.(t) is the control force generated by the control

device/system. The force F(¢) is highly dependent on the type of the control
device or system. A typical linear model of F(¢) can be expressed as

Fe(t) = cex(t) + kex(1) (1.6)
Then Equation 1.5 can be rewritten as

(m + me)X(t) + (c + co)x(t) + (k + ko)x(t) = —(m + mc)jeg(t) (1.7
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By comparing Equations 1.1 and 1.7, it is shown that the addition of the control
system introduces control force F(¢), which modifies the structural properties so
that it can respond more favorably to the designed or anticipated ground motion.
Typically, the added devices/systems are designed to increase structure damping
¢ and/or to avoid resonance by altering structure stiffness k or mass m so that the
structure response can be reduced.

It is worth noting that for large civil engineering structures, adding damping
to the system is more practical than altering system mass and stiffness. Thus,
seismic response control systems are usually designed mainly to add damping to
the system with only minor modifications to the system’s stiffness or mass. This
can be clarified with the SDOF system described by Equation 1.2 by studying its
response amplitude of system forces. The displacement, velocity, and acceleration
amplitudes of the steady-state response of the SDOF system described by Equation
1.2 to a resonant excitation Psin(wyt) can be easily derived from Equation 1.4 as

P . P
= T 5> Xm = 5
2¢mw? " 2rmawn

Xm Xm (1.8)

=2é‘_m

Then, the amplitudes of the restoring force, Ry, the damping force, Dy,, and
the inertia force, I, are

Rn=—, Dn=P, In=_— (19)

Equation 1.9 shows that the amplitude of both the inertia and restoring forces is
much larger (50 times for a 1% damping system) than that of the damping force
for a lightly damped system. The same conclusion can be drawn by studying
the system’s root-mean-square (RMS) response to a white-noise excitation Sy. Its
RMS displacement response, oy, and velocity response, oy, are [53]

S S
op= | 220 = [ T20 (1.10)
2@'60131 2L wy

Then, the RMS values of the restoring force, or, and the damping force,
op, are

2 JTS() JTS()a)n JTSO JTS()(,UH
— = , =2 =2 1.11
OR wn\/zgwg \/ 2¢ oD gwn\/zgwn ¢ 2 ( )

Thus, or = op/2¢, which shows that the RMS restoring force is much larger
than the RMS damping force for lightly damped structures.

Civil engineering structures usually have very small damping, and the resonant
component makes major contributions to the response of such lightly damped
systems under wide-banded excitation [53]. If the control effort is to alter the
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system’s stiffness or mass, the control force must approximate the magnitude of the
restoring force or inertia force; consequently, numerous sizeable force-generating
devices would be required. If the control force mainly adds damping to the system,
much less control effort is required. Thus, altering the system’s mass or stiffness
takes much more control effort and is less practical than adding damping to large
civil engineering structures.

Itis also important to note that a smart structure can use various types of control
devices or systems. Thus, it is useful to distinguish the control devices/systems
currently being used in practice. Sections 1.4 through 1.8 introduce the basic con-
cepts of various systems developed for civil engineering structures. Base-isolation
systems are introduced in Section 1.4. Active control systems, as described in
Section 1.7, use external power to generate the control force. The control force is
determined by a control algorithm with a measured structure response, and their
c. and k. parameters expressed in Equation 1.6 can be adjusted by feedback gain
within the actuator capacity. Thus, they are adaptive systems that make struc-
tures fully “smart” to environmental excitations. Passive control systems, on the
other hand, use passive energy-dissipation devices, as described in Section 1.5.
Structure motion drives these devices to produce the control force. Since their
cc and k. are nonadjustable device properties, passive systems are less adapt-
able to excitations and thus are referred to as passive. The design specifications
for base-isolation and passive damper systems have been officially established
[6,33,34,42] in the engineering communities. Thus, base-isolation and passive
damper systems are given more attention in later sections of this chapter. Semi-
active control systems, as described in Section 1.6, add adaptive mechanisms
to passive systems to adjust their force-generating behavior, thus often being
viewed as controllable passive systems. Compared to active systems, a semi-
active system is less adaptive because its force-generating capacity is limited by
its passive device base. Hybrid control systems generally refer to a combined
active control system and passive system or base-isolation system. Since a por-
tion of the control objective is accomplished by the passive system, a less active
control effort, implying a smaller active force-generating device and less power
resource, is required. More discussion of hybrid systems can be found in Section
1.8. Hybrid control systems are more favorable than other systems in that they
can utilize the advantages and avoid the disadvantages of both active and passive
systems.

1.3 HISTORY OF SMART STRUCTURE TECHNOLOGY FOR
SEIsMIC-RESPONSE CONTROL

Adding devices to structures for vibration suppression has a long history. Passive
dampers emerged in the early 1900s. An early application of damping devices to
large civil engineering structures can be found in tower structures with elevated
water tanks [72], as shown in Figure 1.1. Passive dampers have been commer-
cially available since the 1970s and have been extensively applied for vibration
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= Damping device

FIGURE 1.1 Water tower with damping devices.

suppression in automobiles, aircrafts, space structures, and civil engineering
structures. Modern control technologies and adaptive systems are also mature
in mechanical and electrical industries. However, smart structure technology for
wind and seismic response control of civil engineering structures was not concep-
tualized until the 1950s [51] as it is a very challenging task to develop control
devices and adaptive systems for large structures.

The concept of structural seismic response control originated in the 1950s
with Japanese researchers Kobori and Minai [51]. They came to an important
conclusion—as long as the precise characteristics of earthquake ground motion
vis-a-vis a building cannot be predicted, seismic response must be controlled on
the receiving end, the building structure. Yao’s conceptual paper [95] marked a
significant contribution to structural control research in the United States. He pro-
posed an “error-activated structural system whose behavior varies automatically in
accordance with unpredictable variations in the loading as well as environmental
conditions and thereby produces desirable responses under all possible loading
conditions.” In such a structural system, earthquakes and winds are countered not
only by structural members but also by a control force.

Remarkable progress has followed these initial concepts in structural seismic
response control. Japan took the lead in the practical application of control sys-
tems to building structures. In 1985, full-scale control system tests were launched
to progress toward further practical application. In 1989, an active mass driver
(AMD) system was installed in a building for seismic response suppression. AMD
efficiency was verified by real-time observation and numerical simulation [50]. In
the United States, under the leadership of the National Science Foundation (NSF),
following significant support of various control research projects in earthquake
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engineering, the U.S. Panel on Structural Control Research was formally estab-
lished, and a 5-year research program was initiated in 1992 for safety, performance,
and hazard mitigation [54]. The Civil Infrastructure Systems (CIS) research pro-
gram, closely related to structural control, was also initiated by the NSF [54].
Through these NSF programs, significant advances have been and continue to
be made in the United States. As interest in structural control grows, international
cooperation fosters research and development of seismic response control systems.
Since the Ninth World Conference on Earthquake Engineering in 1988 recognized
the importance of seismic response control, the United States and Japan have col-
laborated on research in this area. To promote global cooperation, the International
Association for Structural Control (IASC) was established in 1992 at the Tenth
World Conference on Earthquake Engineering. IASC sponsored the International
Workshop on Structural Control in 1993, the First World Conference on Structural
Control at Los Angeles in 1994, the Second World Conference on Structural Con-
trol at Kyoto, Japan in 1998, the Third World Conference on Structural Control
at Como, Italy in 2002, and the Fourth World Conference on Structural Control
at San Diego, California in 2006. In addition, numerous bilateral and trilateral
workshops on smart structures were held in Asia, Europe, and the United States,
such as the US—Korea Workshop on Smart Structural Systems [27,28]. Today,
numerous full-scale control systems have been installed in actual structures and
have performed well for seismic- and wind-response reduction [49,76,78,80]. Joint
research projects are being conducted by researchers from the United States, Japan,
China, South Korea, and elsewhere. These collaborative efforts contribute greatly
to the development of seismic response control. Table 1.1 summarizes the history
of smart structure technology for seismic response control [54,80].

With these research and development efforts, great achievements have been
made in smart structure technology for seismic response control. These efforts can
be grouped into the following categories:

e Control system modeling and algorithm development. This area focuses
on improving the applicability of modern control theory to the seismic
response of large civil structures characterized by severe uncertainty.

e Control device development and experimental verification. Dampers
and actuators capable of generating the large force required for seismic
response control are developed. Shaking table tests or field measure-
ments are conducted to verify the effectiveness of control devices and
proposed control algorithms.

e Application of smart materials. Electrorheological (ER) or magnetorhe-
ological (MR) materials, piezoelectric (PZT) layers, shape memory
alloys, and optical fiber sensors are being studied for civil engineering
applications. They are used to develop sensors, dampers, and structural
members with embedded smart material layers for sensing and actu-
ation. Structural components with smart materials, dampers, and sensors
are applied to civil engineering structures such that these structures are
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TABLE 1.1
History Summary of Smart Structure Technology for Seismic-
Response Control

Year

1988
1989
1990
1991
1992
1993
1993
1994
1996
1998
1998
1998
2000
2002
2004
2006

Event

Ninth WCEE recognized the importance of seismic response control

U.S. Panel on Structural Control research

Japan panel on structural response control

5-year research initiative on structural control by NSF

International Association for Structural Control (IASC) established at Tenth WCEE
European association for control of structures

Civil infrastructure systems research program initiated by NSF

First world conference on structural control (Los Angeles, California, USA)
First European conference on structural control (Barcelona, Spain)

Chinese panel for structural control

Korean panel for structural control

Second world conference on structural control (Kyoto, Japan)

Second European conference on structural control (Paris, France)

Third world conference on structural control (Como, Italy)

International Association for Structural Control and Monitoring (IASCM)
Fourth world conference on structural control (San Diego, California, USA)

capable of responding spontaneously to seismic excitations in order to
minimize undesired effects.

e Applicability issues. These studies have enhanced the applicability of

control systems of full-scale structures. Issues here include system
integration, robust control strategies for reliability, observer—controller
techniques for a sensing system with acceleration measurements and
insufficient state sensors, force-generating capacity of actuators and
hybrid control strategies, maximizing control system effectiveness
by optimally placing the control devices, and overall system safety,
stability, and maintenance.

Full-scale implementation. Here, control systems are installed on actual
structures. While passive control systems were extensively applied to
civil structures originally, full-scale active control systems made their
debut with significant momentum [50,76].

Design standard development. Seismic-design specifications are being
updated with guidelines for smart structure design. Federal Emergency
Management Agency (FEMA) takes the lead in developing guidelines
for the design of seismic-isolated structures or structures with damper
systems and has published four editions of the design guide in 1991
(FEMA 140), 1997 (FEMA 302), 2000 (FEMA 368), and 2003 (FEMA
450) [33,34]. These design guides have been adopted by model building
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codes and ASCE-7 standards. In 1991, the Uniform Building Code
(UBC), issued by the International Conference of Building Officials
(ICBO), adopted design regulations for seismic-isolated structures in
Appendix-Division III [41]. These provisions stem from Tentative
Seismic-Isolation Design Requirements (September 1986), circulated
by a base-isolation subcommittee on behalf of the Structural Engin-
eers Association of Northern California (SEAONC). A later version
of the UBC (UBC-97) specified design provisions for isolated struc-
tures in Division IV, Appendix-Chapter 16 [41]. Static and dynamic
lateral response procedures are recommended for seismic design of
base-isolated structures. Both response spectrum and time-history ana-
lysis are permitted in the dynamic procedure. The International Building
Code, published by the International Code Council, adopted the FEMA
guidelines for seismic-isolated structures in Section 1623 of both 2000
and 2003 editions [42]. ASCE-7 Standard Minimum Design Loads for
Buildings and Other Structures, issued by the American Society of Civil
Engineers, also adopted the FEMA provisions for seismic-isolated struc-
tures in its 1995, 1998, and 2002 editions [6]. The latest edition of
ASCE-7, published in 2005, has adopted design guidelines for not only
seismically isolated structures (Chapter 13) but also for structures with
passive damper systems (Chapter 15) [6].

1.4 BASE-ISOLATION SYSTEMS

1.4.1 Introduction

Base isolation is a well-established application of the passive control approach. A
building mounted on a material with low lateral stiffness, such as rubber, achieves
a flexible base. During the earthquake, the flexible base is able to filter out high fre-
quencies from the ground motion and to prevent the building from being damaged
or collapsing. Therefore, base isolation is an effective tool for providing seis-
mic protection for low- and middle-rise building structures because these types of
buildings are characterized as having high frequencies. The design specifications
for base isolation have been officially established as indicated in the previous sec-
tion. Thus, this book includes one chapter on this subject, focusing on the outline
of code specifications, equations, and numerical illustrations of analysis and the
design of sample buildings.

Applying base isolation to structural engineering began in the 1960s. Since
the first base-isolated building, the Foothill Community Law and Justice Center
located at Rancho Cucamonga, California [63], was constructed in the United
States, base-isolation technology has been successfully utilized to isolate differ-
ent types of building lateral-force-resisting systems, such as steel braced frames,
concrete shear walls, reinforced or unreinforced masonry walls, and even wood
frames [83]. A recent application of the base-isolation system combined with steel
special moment resisting frames with reduced beam sections (RBSs) is the Sue &
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(6] (b)

FIGURE 1.2 (a) Construction of Sue & Bill Gross Women’s Pavilion at Hoag Memorial
Hospital Presbyterian, Newport Beach, California and (b) installation of base-isolation
system.

Bill Gross Women’s Pavilion at Hoag Memorial Hospital Presbyterian, Newport
Beach, California, as shown in Figure 1.2. This eight-story building structure,
designed by Taylor & Gaines Structural Engineers in Pasadena, California, is isol-
ated by 54-high-damping natural rubber bearings manufactured by BTR Andre in
the United Kingdom.

Isolation components, usually called isolators or bearings, are generally
classified as one of two major types: elastomeric- and sliding-type bearings.
Elastomeric-type bearings are typically composed of rubber and steel plates, while
sliding-type bearings rely upon friction between specially treated surfaces of an
assembly unit. Some types of bearings combine characteristics of elastomeric and
sliding bearings, but these two basic types are dominantly used in building struc-
tures. The following sections mainly focus on the introduction of elastomeric-type
and sliding-type bearings.

1.4.2 Elastomeric Bearings

Elastomeric bearings were originally made from natural rubber; later on, their
properties were improved by adding steel plates or shims. An elastomeric bearing
with steel shims is schematically presented in Figure 1.3. The thickness of the
steel shim is approximately 1 in., and the rubber layer between the steel shims
varies from 3 to 7.5 in. Compared to the pure rubber bearing, using steel shims
greatly reduces the bearing’s vertical deformation and keeps the rubber layers from
laterally bulging. Accordingly, the bearing’s stiffness in the upward direction is
much less than that in the downward direction. Since the steel shims do not prevent
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Thick steel plate connected to column

Steel shims

Natural rubber
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Thick steel plate connected to foundation

FIGURE 1.3 Elastomeric bearing with steel shims.

the rubber layers from lateral movement, the bearing’s lateral stiffness is barely
affected and is much less than the vertical stiffness.

Synthetic rubbers, such as neoprene, can be used as an alternative to natural
rubber when manufacturing bearings. Both types of rubber properties are very
stable and do not exhibit creep under long-term loading. Elastomeric bearings
have been used successfully in buildings and other nonbuilding structures. They
have functioned well for over 50 years of service.

Owing to the flexibility of rubber properties and the long range of elastic shear
deformation, the critical damping of elastomeric bearings only varies from 2% to
3%. Therefore, elastomeric bearings are also called low-damping bearings.

Elastomeric bearings are easily manufactured, and the manufacturing cost
is relatively low compared to other types of bearings. Also, their mechanical
properties are independent of temperature and aging. However, owing to the
low critical damping, elastomeric bearings have little resistance to service load,
and additional damping devices are required in order to control higher lateral
displacement.

1.4.3 Lead-Plug Bearings

The disadvantage of the elastomeric bearing’s low-damping properties can be
overcome by plugging a lead core into the bearing. A preformed hole, slightly
smaller than the lead plug, is usually located in the center of the elastomeric
bearing. Once the lead plug is tightly fitted into the preformed hole, both portions
become a unit and form a lead-plug bearing as shown in Figure 1.4.

The performance of the lead-plug bearing depends on the imposed lateral force.
If the lateral force is small, the movement of the steel shims is restrained by the lead
core, and the bearing displays higher lateral stiffness. As the lateral force becomes
larger, the steel shims force the lead core to deform or yield, and the hysteretic
damping is developed with energy absorbed by the lead core. Consequently, the
lateral stiffness of the bearing is reduced. The equivalent damping of the lead-plug
bearing varies from 15% to 35%. A bilinear model is usually used to depict the
mechanical properties of the lead-plug bearing.
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FIGURE 1.4 Lead-plug bearing.

(b)

FIGURE 1.5 (a) High-damping natural rubber bearings manufactured by BTR Andre and
(b) the section cut of tested bearing.

1.4.4 High-Damping Rubber Bearings

Another effective method to increase the damping of the electrometric bearing is to
modify the rubber compounds no matter whether the rubber is natural or synthetic.
For example, adding carbon black or other types of fillers to the natural rubber
changes the rubber’s properties and results in higher damping.

The high-damping rubber bearing is only composed of rubber and steel shims,
but it possesses necessary flexibility as well as energy-dissipation capabilities.
Figure 1.5 shows a high-damping rubber bearing 46 in. in diameter, which was
manufactured by BTR Andre and installed in the Sue & Bill Gross Women’s
Pavilion (see Figure 1.2). During the prototype test, the bearing remained stable
and did not fail even though it was vertically stretched by half an inch in order
to simulate the applied overturning force and then sheared by 26 in. of horizontal
movement.

A bilinear model can also be adopted to illustrate the effect of the applied
lateral force on the bearing and the corresponding displacement. The effective
damping of a high-damping rubber bearing is a function of the bearing’s shear
strains. For natural rubber, the effective damping changes from approximately
15% at low-shear strain to 10% at high-shear strain.
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The mechanical properties of the high-damping rubber bearing are somehow
affected by the effects of aging, temperature, and scragging. Also, the selection
of the bearing’s stiffness and damping is limited owing to the rubber compound
itself [48].

1.4.5 Friction Pendulum Bearings

The original friction bearing features flat sliding surfaces. The imposed lateral
force is resisted by the product of the friction coefficient and the vertical load
applied on the bearing. The major disadvantage of the friction bearing with flat
sliding surfaces is that the building structure is unable to return to its original
position after an earthquake. This is because once the imposed lateral force is
less than the resistance generated from the friction, the movement of the build-
ing structure stops and causes the structure stay some distance from the center
of the bearing. Aftershocks may force the building to move from the stopping
position and even further away from the original position. Accordingly, the build-
ing’s movement might exceed the bearing’s range and result in the failure of the
bearings.

To reduce the distance to the center of the bearing after an earthquake, a fric-
tion bearing with a spherical or concave sliding surface was developed. This type
of bearing is called a friction pendulum bearing and is shown in Figure 1.6. The
spherical sliding surface is normally coated by Teflon with approximately 3%
friction coefficient. The imposed lateral force pushes the bearing in both hori-
zontal and vertical directions. Once the lateral force disappears, a restoring force
is generated. A component of applied vertical load along the tangential direction
to the spherical surface helps the bearing move back to the center. The movement
stops when the friction is equal to or greater than the component of the applied
vertical load.

One noticeable characteristic of the friction pendulum bearing, which is called
static friction, is that the lateral force needed to initiate sliding is larger than that
needed to maintain sliding. Once the imposed force overcomes the resistance from
the friction, the articulated slider is activated and moves along the spherical sur-
face. The friction coefficient is governed by the applied vertical load and velocity
[48]. A higher applied vertical load results in a lower friction coefficient, while
the friction coefficient greatly increases at high velocity. Detailed discussions of

Articulated slide Teflon coated spherical surface

Stainless steel base

FIGURE 1.6 Friction pendulum bearing.
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FIGURE 1.7 Friction pendulum bearing with double concave surface.

the mechanical properties of the friction pendulum bearing will be presented in
Chapter 2.

The friction pendulum bearing has the advantage of low maintenance. The
coated Teflon on the stainless steel effectively protects the sliding surface from
corrosion. Since the bearing slides only during an earthquake, the coated Teflon
can last for the entire design life. Also, the aging effects and temperature variations
hardly affect the bearing’s mechanical properties.

A friction pendulum bearing with double concave surfaces has recently been
developed. Figure 1.7 schematically depicts this type of bearing. Compared to the
friction pendulum bearing with a single concave surface, use of double concave
surfaces can achieve the same horizontal movement with reduced bearing size
because the horizontal movement of the bearing is contributed by the top and
bottom concave surfaces.

1.4.6 Other Types of Base-Isolation Systems

Pot-type bearings, originally developed in Europe, are an example of the com-
bination of elastomeric- and sliding-type bearings. The elastomer is confined by a
pot-like piston coated by Teflon on its top surface. Figure 1.8 presents a schematic
section of the pot bearing. Owing to the confinement of the piston, the elastomer is
prevented from bulging under high pressure. Also, the pot bearing has rotational
capacity so that the sliding face is subjected to more uniform loading under the
earthquake’s displacement. However, the eccentricity generated by lateral move-
ment will result in an additional movement to the structure above the isolation
system.

Another application of elastomeric bearings combined with Teflon-coated slid-
ing bearings, such as the combined system tested by Earthquake Engineering
Research Center (EERC) at Berkeley, California and the hybrid Taisei shake sus-
pension system (TASS) system [63], is to install both systems in different locations
of the building’s foundation. Elastomeric bearings are used to resist lateral force
and offer restoring force, while the sliding bearings are designed to support the ver-
tical loads. The performance of the base-isolation system mainly relies on the lay-
out of the bearings’ locations. If not properly placed, the elastomeric bearing may
experience high tensile force because it is not designed to carry any gravity loads.
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FIGURE 1.8 Pot bearing.

In addition to elastomeric bearings, sliding bearings, and combinations of
both types of bearings, there are other types of base-isolation systems based on
concepts of energy dissipated passively, such as resilient-friction base-isolation
systems, spring-type systems, and sleeved-pile isolation systems. Some systems
are only limited to certain building structures, and some are not yet commercially
available. Owing to the space limitations herein, detailed discussions of these
systems are referred to Reference 63.

1.5 PAsSIVE ENERGY-DISSIPATION SYSTEMS

Passive energy-dissipating systems use mechanical devices to dissipate a por-
tion of structural input energy, thus reducing structural response and possible
structural damage. They have been used to mitigate structural vibration by wind
and earthquake excitations. Typical passive systems are tuned mass dampers
(TMDs), tuned liquid dampers (TLDs), friction devices, metallic yield devices,
viscous-elastic dampers, and viscous fluid dampers. As described in the follow-
ing subsections, these systems require no external power or measurements on
structural response. Structures with such systems are smart because such systems
can generate a larger damping force when the structural response gets higher.
However, passive systems only have a limited control capacity. Some systems,
such as TMDs and TLDs, are only effective within a narrow frequency band
because they are tuned to the first-mode frequency of the structure. Such dampers
can be applied to vibration suppression of structures under wind excitations in
which the first mode dominates the response, but they lack the capacity to con-
trol seismic response in which multiple modes are significant. Smart structures
using passive systems have limited intelligence as they are unable to adapt to the
excitation and global structural response. Passive systems depend on the relative
structure movement to drive the energy-dissipation mechanism, and dissipated
energy can only be related to the local (where the passive device is located)
structural response. As noted in Section 1.3, the design specifications for pass-
ive damper systems have been officially established. Thus, this book includes one
chapter on this subject, focusing on the outline of code specifications, equations,
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and numerical illustrations of analysis and design of sample buildings with passive
dampers.

1.5.1 Tuned Mass Dampers

Tuned mass dampers, in their simplest form, consist of an auxiliary mass (mq)-
spring (kq)-dashpot (cq) system anchored or attached to the main structure, usually
on the top of the structure, as shown in Figure 1.9. The basic mechanism of a TMD
is a dynamic vibration absorber, as shown in Figure 1.10. The absorber comprises
a small mass mq and a spring with stiffness kq, and it is attached to the main mass
m with spring stiffness k. Under sinusoidal excitation P sin w?, the main mass
remains stationary when the natural frequency of the attached absorber is equal
to the excitation frequency, that is, w, = wg = /kq/mgq [32]. This external force

e,

FIGURE 1.9 Tuned mass damper installed on structure.

AI Py sin wt
m

FIGURE 1.10 Undamped dynamic vibration absorber.
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Py sin wt on the main mass m can be balanced by the restoring force of the small
mass mg.

Dynamic absorbers are widely used in mechanical systems. Application of a
dynamic absorber or a TMD to a building structure is more complex as building
structures are large and heavy. The TMD responds to structural vibrations, and part
of the energy transfers to the vibration energy of the TMD. The TMD damping
dissipates its vibration energy, and as a result, the vibration energy of the structure
is absorbed by TMD damping. On the basis of the mechanism of the undamped
vibration absorber, the energy-absorbing capacity of the TMD is related to the
mass ratio of the TMD to the main structure, the stiffness ratio of the TMD to the
structure (kg/k), the frequency (tuning) ratio of the TMD to the structure, the natural
frequencies of the TMD and the structure, and the damping ratios of the TMD and
the structure. Details can be found in publications by Luft [57], Warburton [87],
and Fujino and Abe [36].

A TMD’s effect can be viewed as equivalent to changing the damping ratio of
the structure itself to a larger value. For responses of lightly damped structures with
a dominant mode, TMD can effectively reduce the peak response or resonant com-
ponent. Given this characteristic, TMDs are increasingly used for wind-sensitive
structures to curb excessive building motion and to ensure occupant comfort. Such
structures include the CN Tower, Toronto, the John Hancock Tower, Boston, and
Citicorp Center, New York City.

Figure 1.11 demonstrates some examples of the many types of TMDs available
for practical implementation. The restoring force can be generated by the TMD
gravity load (see types a, b, d, and e), by a spring (see types c, d, and f), or by a
bearing (see types g and h). The damping force can be achieved by a dashpot (see
types b, ¢, d, and f) or by high-damping materials such as rubber (see type h). For
the one-mass pendulum type TMD (see types a and b in Figure 1.11), the vibration
period T only depends on the pendulum arm length L (T = 27 4/L/g). In order to
tune the TMD frequency to the structural fundamental mode, the pendulum arm
often requires too large space. To save the required space, this simple pendulum is
modified in such a way that the pendulum period depends on both the pendulum arm
length and the other properties. For example, the pendulum arm can be connected
to aspring (see type c in Figure 1.11); a two-mass damper (see type d in Figure 1.11)
can be used, with one mass sliding on the building floor and the other acting as a
pendulum; or the multistage pendulum (see type e in Figure 1.11) can be employed,
of which winded hangers reduce the vertical space requirement and keep the same
horizontal occupied space. Citicorp Center’s TMD system uses sliding mass with
a spring and damper.

TMD applicability is still limited by three factors. First, TMDs are effect-
ive only for one mode, making them less suited for seismic response control.
Second, they are sensitive to mistuning. Third, they occupy arelatively large space.
As industrial technology progresses, TMD configurations are being enhanced to
address these limitations. An interesting development is to add active capacity
to the TMD so that it can be effective for multiple modes of seismic response.
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FIGURE 1.11 Typical types of TMDs: (a) simple pendulum, (b) pendulum with damper,
(c) inverted pendulum with damper and spring, (d) two-mass damper, (e) multistage damper,
(f) sliding mass with spring and damper, (g) swinging mass on rotational bearings, and
(h) mass on rubber bearings.

Such devices are called active mass dampers (AMDs) and hybrid mass dampers
(HMDs) described in Sections 1.7 and 1.8, respectively.

1.5.2 Tuned Liquid Dampers

Another type of dynamic absorber for structural vibration suppression is the TLD.
In a TLD, water or some other liquid serves as the mass in motion, and the restoring
force is generated by gravity. The structural vibration shakes the TLD and induces
the liquid movement inside the container. The turbulence of the liquid flow and
the friction between the liquid flow and the container convert the dynamic energy
of the fluid flow to heat, thus absorbing structural vibration energy. Note that a
TLD has the same basic principle as a TMD to absorb structural vibration energy,
and neither one has complex mechanisms. The difference is that all characteristics
of a TLD’s auxiliary system—mass, damping, and restoring mechanisms—are
provided by the liquid.

While TLDs were initially applied in ships, their application for vibration
control of civil engineering structures began in the 1980s [9]. Figure 1.12 shows
two typical types of TLDs. The sloshing damper places meshes or rods in the
liquid to provide damping capacity, and its natural frequency is adjusted by
the size of the container or depth of the liquid. The column damper generates
high-flow turbulence through the orifice to provide damping capacity, and its
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FIGURE 1.12 Tuned liquid dampers: (a) sloshing damper with meshes and rods and
(b) column damper with orifice.

natural frequency is adjusted by column shape and air pressure. The column TLD
can be adapted to crossed-tube containers for reducing structural vibration in any
direction.

Similar to TMDs, TLDs have been used to suppress wind-excited vibrations
of tall structures, such as airport towers and tall buildings [85]. Such structures
include the Nagasaki airport tower, the Yokohama marine tower, and the Tokyo air
traffic control towers at Haneda and Narita airports. TLDs have two advantages. A
single TLD can be effective in any direction of lateral vibrations, and water used
for TLD can serve a dual purpose as part of the building’s fire protection supply.
On the other hand, TLDs have two unfavorable properties. They require more
space because liquids have less mass density than do the materials for TMD, such
as concrete or steel. TLDs also exhibit a highly nonlinear response due to liquid
sloshing and/or orificing. This inherent nonlinearity complicates the analysis and
design process for TLD systems; thus, many research efforts have focused on their
optimum parameters and nonlinearity.

1.5.3 Friction Devices

Friction is an effective, reliable, economical, and widely applied mechanism to
dissipate kinetic energy by converting it to heat. This friction mechanism for
energy dissipation has been utilized to develop dampers for structural vibration
suppression. To achieve this essential friction, the damper must have two solid
bodies that slide relative to each other.

In the early 1980s, Pall and Marsh [66] pioneered passive friction dampers on
the basis of the model of friction brakes. Since then, considerable progress has
been made in friction devices, and their behavior has been studied analytically and
experimentally. Figure 1.13 illustrates several types of friction devices developed
around the world. Pall and Marsh’s X-braced friction damper [67] is shown in
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FIGURE 1.13 Typical types of friction dampers: (a) X-braced friction damper and
(b) Sumitomo friction damper.

Figure 1.13a. Slotted slip joints provide consistent force resistance via friction by
brake lining pads installed between the steel plates. When a seismic load is applied,
the compression brace and tension brace induce slippage at the friction joint, and
energy is thus dissipated. Figure 1.13b shows a Sumitomo friction damper [2,3]
mounted on K-bracing. When the structure vibrates, relative movement between
the structure and the brace drives the copper alloy friction pads as they slide along
the inner surface of the cylinder’s steel casing. Resistant force is then produced
through the action of the spring against the inner and outer wedges. Nims et al.
[64] developed a more sophisticated energy-dissipating-restraint (EDR) device
dissipates energy on the interface between the bronze friction wedges and the
steel cylinder wall. With an EDR, the structure vibrates and induces movement
of the spherical rod. Then the combination of wedges, stops, and inner springs
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produces friction proportional to the displacement of the device’s edges. A friction
device, proposed by Fitzgerald et al. [35], utilizes slotted bolted connections in
concentrically braced frames. Sliding between structural steel components gen-
erates friction and dissipates energy. Extensive studies have been conducted on
friction dampers, which has led to their practical application for structural seismic
protection [2,78].

Friction dampers are simple to construct and effective for seismic protection.
However, it is very difficult to maintain their mechanical properties over prolonged
time intervals. In particular, corrosion, deformation due to temperature changes,
and relaxation of the sliding metal interface jeopardize the friction-generating
capacity of the damper. Moreover, friction dampers behave nonlinearly and are
difficult to analyze and design. These two weaknesses limit the application of
friction dampers.

1.5.4 Metallic Yield Devices

Inelastic deformation of metallic materials is another effective mechanism for
energy dissipation. The traditional seismic-resistant design of structures depends
on postyield ductility of structural members to dissipate earthquake input energy.
This concept led to the idea of installing separate metallic hysteretic devices in
a structure to absorb seismic energy. In the 1970s, conceptual and experimental
work on metallic yield devices began [47,75]. Since then, development, testing,
analytical modeling, and practical implementation of metallic yield dampers have
progressed considerably [80,86,88]. Several kinds of metallic yield devices have
been developed, of which two models are sketched in Figure 1.14. The device in
Figure 1.14a dissipates energy by material hysteretic behavior in inelastic tensile
deformation of the rectangular steel frame in the diagonal direction of the ten-
sion brace. Buckling of the bracings is not a concern as it rarely happens. This
is because the compression brace disconnects and has a small effective length,
and the buckling critical load is designed to be higher than the yielding load
[86]. The other model is called added damping and stiffness (ADAS) as shown in
Figure 1.14b, which consists of multiple X-steel plates, and yielding occurs over
the entire length of the device. Rigid boundary members are used such that the
X-plates are deformed in double curvature. Implementation of metallic yield
dampers for full-scale structures began in New Zealand in the 1970s. Since then,
various metallic yield devices have been used to improve the seismic-resistant
design of new structures or to upgrade the seismic-resistant capacity of existing
structures [2,47,60].

Metallic yield devices generally have stable hysteretic behavior, low-cycle
fatigue, long-term reliability, and relative insensitivity to environmental temperat-
ure. However, they do not absorb much energy during their initial elastic behavior.
Energy dissipation occurs after large inelastic deformation happens. Moreover,
metallic yield dampers behave nonlinearly; they increase structural strength in
addition to damping. This behavior complicates analysis and requires an iteration
design process.
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FIGURE 1.14 Typical types of metallic yield dampers: (a) Tyler’s yielding steel bracing
system and (b) added damping and stiffness (ADAS) device.

1.5.5 Viscoelastic Dampers

Viscoelastic (VE) dampers utilize high damping from VE materials to dissipate
energy through shear deformation. Such materials include rubber, polymers, and
glassy substances. A typical VE damper consists of VE layers bonded to steel
plates as shown in Figure 1.15a. VE damper components are mounted on a struc-
ture as part of the chord (see Figure 1.15b) and the diagonal bracing system
(see Figure 1.15c¢), respectively. Shear deformation occurs and energy is dis-
sipated when the structural vibration induces relative motion between the outer
steel flanges and the center plate. Applications of VE dampers can be found in
References 31 and 78.

Asnoted, TLDs, friction dampers, and metallic yield dampers are all character-
ized by nonlinearity. VE dampers offer a distinct advantage in that they generally
behave linearly as they use linear VE materials, which simplifies the analysis and
design process. This linear behavior also enables VE dampers to absorb vibration
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FIGURE 1.15 Viscoelastic (VE) damper: (a) damper detail, (b) installation as chord, and
(c) installation as diagonal bracing.

energy caused by either severe earthquakes or small excitations such as wind,
traffic, or mild earthquakes. However, VE dampers have the disadvantage of being
frequency and temperature dependent. This can present a problem in the design
process because the properties of VE materials can only be expressed by shear
storage modulus (measure of the energy stored and recovered per cycle) and shear
loss modulus (measure of the energy dissipated per cycle).

1.5.6 Viscous Fluid Dampers

Recall that metallic, friction, and VE dampers all utilize the action of solids to
enhance the performance of structures subjected to environmental excitations. Use
of viscous fluid for shock and vibration mitigation is familiar to heavy industry
and the military. For example, automotive shock absorbers were invented in the
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FIGURE 1.16 Typical types of viscous fluid dampers: (a) GERB viscous fluid damper and
(b) viscous damping wall.

early 1900s. In the 1970s, the first full-scale implementation of viscous fluid
dampers was done for bridges in Italy [78]. In the 1980s, significant efforts were
made toward the conversion of this industrial technology for civil engineering
structures. These efforts led to the development, analysis and modeling, and testing
and full-scale implementation of viscous fluid dampers.

The most promising design of viscous fluid dampers is shown in Figure 1.16. A
straightforward design is achieved with classical dashpot, and dissipation occurs
by converting kinetic energy to heat as a piston moves and deforms a thick, highly
viscous fluid. This viscous fluid damper (see Figure 1.16a) was first manufactured
by GERB Vibration Control and used as a component of seismic base-isolation
systems [39]. The relative movement of damper piston to damper housing drives
the viscous damper fluid back and forth through the orifice. Energy is dissipated by
the friction between the fluid and the orifice. This kind of damper configuration can
provide motion and energy dissipation in all six degrees of freedom as vibration
in any direction can shake the viscous fluid. An alternative design for superstruc-
tures (see Figure 1.16b), the viscous damping wall (VDW), was developed by the
Sumitomo Construction Company in Japan [8]. The VDW’s piston is a steel plate
constrained to move in its plane within a narrow rectangular steel container filled
with viscous fluid. To install a VDW, the piston is attached to the floor above, and
the container is fixed to the floor below. Interstory motion deforms the fluid; thus,
the friction between the inner plate and the viscous fluid dissipates energy. In order
to be effective, these dampers must employ fluids with high viscosities. During the
1990s, modeling of viscous fluid dampers advanced. Macroscopic models were
developed for structural application on the basis of the theory of fluid dynamics, the
constitutive law of viscous fluid, and experimental investigation [25,30,55,59,70].
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Similar to VE dampers, viscous fluid dampers behave linearly but are tem-
perature and frequency dependent. High-strength seals are required to prevent
viscous fluid from leaking. Cost remains relatively low while effectiveness is
high. Thus, viscous fluid dampers hold promise for civil engineering structure
applications.

1.6 SEMIACTIVE DAMPER SYSTEMS

Semiactive dampers are a natural evolution of passive energy-dissipating techno-
logy as they incorporate adaptive systems to improve effectiveness and intelli-
gence. They are frequently referred to as controllable or intelligent dampers. Their
adaptive system gathers information about the excitation and structural response
and then adjusts the damper behavior on the basis of this information to enhance
its performance. A semiactive damper system consists of sensors, a control com-
puter, a control actuator, and a passive damping device. The sensors measure the
excitation and/or structural response. The control computer processes the meas-
urement and generates a control signal for the actuator. Then the actuator acts to
adjust the behavior of the passive device. Note that the actuator is used to control
the behavior of the passive device instead of applying a force directly onto the
structure; thus, it only requires a small power supply such as batteries. This is
a great advantage because the main power source to the building structure may
fail during seismic events, and the actuator does not have any harmful potential
such as destabilization of the structure. Although semiactive dampers are a bit
more complex than passive dampers, they are still easy to manufacture, reliable
to operate, and capable of performing better than passive dampers. The control
capacity of semiactive dampers is still limited as they can only operate within the
maximum capacity of corresponding passive devices.

Semiactive dampers were proposed earlier as automobile shock absorbers in
the 1920s [44]. They were then the subject of extensive research in mechanical
engineering, primarily for automotive applications. In the 1980s, their application
to vibration control of civil engineering structures was considered. The research
introduced the concept of semiactive dampers for wind-response control applica-
tions [38]. In the 1990s, this concept was introduced for seismic response control.
Semiactive control systems are less advanced than passive control systems. How-
ever, because semiactive dampers combine the advantages of both passive and
active control systems with small additional cost compared to passive dampers,
they appear to be a promising approach for seismic response control of civil
engineering structures.

1.6.1 Semiactive Tuned Mass Dampers

In 1983, Hrovat et al. [38] proposed a semiactive TMD for control of wind-induced
vibrations in tall buildings (see Figure 1.17). This system consists of a TMD and
an actuator installed on top of the main structure. The semiactive TMD has mass
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FIGURE 1.17 Semiactive TMD.

mgq, damping cq, and stiffness kg, while the main structure is represented by mass
m, damping c, and stiffness k. The actuator, denoted by SA, generates the control
force u. The control force u adjusts TMD damping such that it is always optimal
to ever-changing excitation. Since the TMD mass mq is much smaller than the
structural mass m, and the active control force is used to change the damping force
of the TMD (which is much less than the inertial force of the TMD), a small amount
of external power is required to achieve this adjustment. Semiactive TMDs are still
in the stage of research and development.

1.6.2 Semiactive Tuned Liquid Dampers

The semiactive TLD simply regulates the tuning of the liquid in operation. On
the basis of the two major types of TLDs discussed in Section 1.5.2, researchers
have developed the semiactive sloshing TLD and the column TLD. The semiactive
sloshing TLD, as proposed by Lou et al. in 1994 [56], added a set of rotatable baffles
in the liquid tank of a sloshing TLD. An actuator is used to adjust the orientation
of these baffles on the basis of predefined algorithms. When the baffles are in the
horizontal position, the liquid tank maintains its original length. When the baffles
are in the vertical position, the liquid tank is divided into a number of shorter tanks.
Since the natural frequency of the contained liquid changes with tank length, the
tuning of the TLD can be controlled by rotating the baffles to a desired inclined
position. With this mechanism, no powerful actuator is required as it is only used
to rotate the light-weight baffles. TLD performance can thus be improved at low
cost. The semiactive column TLD, as proposed by Yalla and Kareem in 2002 [89],
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uses a variable orifice in a column TLD to maintain optimal damping conditions.
An electropneumatic actuator is utilized to drive a ball valve to change the cross-
section of a column TLD according to the control algorithm, thus adjusting the
damper properties to achieve better performance. Similar to semiactive TMDs,
semiactive TLDs remain a focus of research and device development.

1.6.3 Semiactive Friction Dampers

Akbay and Aktan developed a semiactive friction damper in 1991 [5] by using
an electromechanical actuator. This device is based on a friction damper that con-
sists of a preloaded friction shaft rigidly connected to the structural bracing. The
brace applies a preloaded normal force to the friction interface of the device,
and the energy is dissipated via friction. An electric motor is employed to drive
the actuator piston that applies compression (normal force) to the friction inter-
face. Since the friction force is proportional to the normal force, adjusting the
movement of the actuator piston controls the friction force and damping capacity
of the damper. By regulating the normal compression force through an optimal
control algorithm, the friction is mechanically adjusted so as to achieve better
performance.

Chen and Chen [12] have developed another type of semiactive friction damper
by using PZT actuators. Owing to their strong electromechanical coupling prop-
erty, smart PZT materials can generate a significant amount of stress when exposed
to an electric field and subjected to a restraint in their motion. With this smart prop-
erty, PZT materials have been widely used in mechanical and aerospace industries
to suppress excessive structure vibration. However, the limited actuating capacity
of PZT actuators makes them unable to directly control wind and seismic response
of large civil engineering structures. Thus, the smart feature of PZT materials was
employed to improve the effectiveness of passive friction dampers. This concept
led to a piezoelectric friction damper (PFD). As shown in Figure 1.18, the PFD
consists of four preloading units, four PZT stack actuators, a friction component,
and a steel box housing other components. The friction component has a thin sheet
of steel with friction material (brake linings) bonded to its top and bottom surfaces.
When the PFD is installed on a structure, relative movement of the isolation plate
and the bottom plate causes friction and thus dissipates energy. The PZT stack
actuators are located directly above the isolation plate, and the actuation force
serves as a normal force to the friction surface. By adjusting the electric field
on the PZT actuators according to a predetermined algorithm, the normal force
and thus the friction control force are regulated to enhance real-time effectiveness
of the friction device. A semiactive control algorithm was developed for the PFD,
and shaking table tests were conducted for a three-story steel structure model with
PFD installed between a K-bracing support and the first floor [12]. Numerical sim-
ulations and experimental results both indicate that the PFD not only effectively
suppresses structural vibration but also adapts to varying excitations from weak
to strong earthquakes.
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FIGURE 1.18 Piezoelectric friction damper: (a) view and (b) schematic.

Semiactive friction dampers have guaranteed energy dissipation by friction.
The adaptive feature enhances the damper’s behavior, and they operate with low
energy and do not cause instability of the controlled structures. More research is
needed for engineering application.

1.6.4 Semiactive Vibration Absorbers

One effective method to achieve a controllable damping device is to use a variable-
orifice valve to adjust the flow of a hydraulic damper. This concept led to
the emergence of semiactive vibration absorbers (SAVA), also called semiact-
ive hydraulic dampers (SAHD). As shown schematically in Figure 1.19, such a
device provides adjustment of both damping and stiffness. The damping capacity
is generated from the viscous fluid, and the stiffness is adjusted by the opening of
the flow valve. If the valve is closed, the SAVA works as a stiffness spring. If the
valve is open, the fluid can easily flow through the tube and provides little stiffness
to the structure. SAVA was applied to automobiles for improved ride and road-
holding [43]. Applications of SAVA to buildings and bridges include experiments
for seismic response control and implementation [68,69,80].

1.6.5 Semiactive Stiffness Control Devices

A semiactive variable-stiffness (SAVS) system, also called a variable-stiffness
device (VSD) by the authors, has been studied and implemented in Japan [52]. As
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FIGURE 1.20 Semiactive variable-stiffness device.

shown schematically in Figure 1.20, this device is mounted on a bracing system of
the structure. The VSD consists of a balanced hydraulic cylinder, a double-acting
piston rod, a normally closed solenoid control valve, and a tube connecting the
two cylinder chambers. The solenoid valve can be set open or closed. When the
valve is open, fluid flows freely and disengages the beam—brace connection, thus
decreasing structural stiffness. When the valve is closed, the fluid cannot flow and
effectively locks the beam to the brace, thus increasing structural stiffness. With
this mechanism, a VSD adjusts the stiffness of the structure’s bracing system so
as to minimize resonant-type structural responses during earthquake events.
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1.6.6 Electrorheological Dampers

ER dampers use smart ER fluids that contain dielectric particles suspended within
nonconducting viscous fluids (such as oil) absorbed onto the particles. When the
ER fluid is subjected to an electric field, the dielectric particles polarize and become
aligned, thus offering resistance to the flow. ER fluids are capable of undergoing
dramatic reversible increases in resistance to flow; they can reversibly change from
free-flowing linear viscous fluids to semisolids with controllable yield strength in
milliseconds. Adjustment of the electric field can therefore easily regulate the
behavior of ER fluids.

Researchers have proposed ER dampers that take advantage of the smart prop-
erty of ER fluids to regulate the damping-force generation. The damping force
generated by the ER damper is adjusted by varying the strength of the electric
field according to a predefined control algorithm. A sample ER damper, which
has a cylinder containing a balanced piston rod and a piston head, is shown in
Figure 1.21. The head pushes the ER fluid through a stationary annular duct
between the inner rod and the external cylinder. The voltage gradient, V, between
the inner rod and the external cylinder generates an electric field applied to the
ER fluid. Adjustment of the voltage V alters the electric field and thus controls the
behavior of the ER fluid and regulates the damping capacity of the ER damper.
Dynamic energy is dissipated owing to both the shearing of the fluid (ER effect)
and the orificing of the viscous fluid (friction effect) [58].

ER dampers are still under research and development. Researchers have formu-
lated a dynamic model on the basis of experimental results [10] and have developed
alarge-scale ER damper with a capacity of 445 kN [58]. Three factors limit the ER
dampers for seismic response control of large civil engineering structures. First,
the ER fluids have very limited yield stress (usually a maximum yield stress of
5-10 kPa). Second, common impurities that might be introduced during manu-
facturing may reduce the capacity of ER fluids significantly. Third, high-voltage
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(about 4000 V) power supplies required to control the ER fluid may result in safety,
availability, and cost issues.

1.6.7 Magnetorheological Dampers

Magnetorheological dampers use smart MR fluid, which is a magnetic analog of
ER fluid and typically consists of micron-size, magnetically polarizable particles
dispersed in a viscous fluid, such as silicone oil. When the MR fluid is exposed to a
magnetic field, the particles in the fluid polarize, and the fluid exhibits viscoplastic
behavior, thus offering resistance to the fluid flow. MR fluid is also characterized
by its ability to undergo reversible change from a free-flowing linear viscous fluid
to a semisolid in milliseconds when subjected to a magnetic field. By varying
the strength of the magnetic field according to a predefined algorithm, the control
force generated by the MR damper can be adjusted accordingly. In comparison
with ER fluids, MR fluids offer advantages of high-yielding strength (on the order
of 50-100 kPa), insensitivity to contaminants, and stable behavior over a broad
temperature range [81].

As illustrated schematically in Figure 1.22, the prototype of this MR damper is
an orifice damper, and the energy is dissipated by orificing. However, this damper
uses hydrocarbon oil randomly dispersed with micron-size, magnetically soft iron.
The magnetic field is applied perpendicular to the direction of fluid flow, and an
accumulator compensates the fluid volume change. Shaking table tests have been
conducted for a three-story steel structure model with an MR damper installed in
the first story. Test results show the damper behaves similar to a combination of
a Coulomb damper and a viscous damper. A dynamic model of this MR damper
was developed on the basis of test results and then implemented [91].

1.6.8 Semiactive Viscous Fluid Damper

A semiactive viscous fluid damper for structural seismic response control is illus-
trated schematically in Figure 1.23. Analytical and experimental studies have been
conducted. This device uses a normally closed solenoid valve to control the intens-
ity of the fluid through a bypass loop. Energy is dissipated through friction between
the flow, the bypass loop, and orifices in the piston head. When the opening of
the valve is large, the fluid can easily flow through the valve, and less damping
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FIGURE 1.23 Construction of semiactive viscous fluid damper.

force develops. When the opening is small, the fluid cannot easily flow through
the valve, and the damper provides greater control force. Damper behavior is con-
trolled by adjusting the valve opening according to the control algorithm. Little
external power supplied from the electric terminal is required [74,84]. The concept
was utilized for a case study of bridge experiments [45].

1.7 AcTivE CONTROL SYSTEMS

Sections 1.5 and 1.6 have discussed smart structures using passive and semiactive
control systems. Both systems are cost-effective and reliable to operate, but their
capacity and/or intelligence are limited for structural seismic response control.
Passive systems have simple mechanisms and are easy to manufacture, but they
are not sufficiently adaptive to ever-changing external excitation because they
neither sense excitation and response nor use external power. Some of them, such
as TMDs and TLDs, are only effective for the suppression of structural responses
with one dominant mode, such as wind-induced structure vibrations. Semiactive
dampers have an adaptive system incorporated, but they can only operate within
the maximum capacity of the passive devices on which they are based. Thus,
there is clearly a need for a more powerful adaptive system to protect structures
from excessive vibrations and damages by strong earthquakes where multiple
modes are significant in structural response. This has led to the emergence of
smart structures with active seismic response control. This innovative technique
uses special devices, such as electrohydraulic actuators, to generate the required
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control force against earthquake loading by feeding back the measured structural
response. This control force can serve as extra damping, thus reducing structural
vibration under traffic, wind, and earthquake excitations.

Active control systems have been widely used to suppress noises and struc-
tural vibrations in mechanical and aerospace industries. Their application to large
civil engineering structures is an innovative area under research and develop-
ment [14,19,22,61,76]. Active seismic response control has received considerable
attention in recent years owing to its following advantages:

e Enhanced control effectiveness. In theory, active systems can be as
powerful as desired. In practice, the degree of control effectiveness
is limited only by the actuator capacity. Modern industry can produce
actuators capable of generating much larger control forces than passive
or semiactive dampers.

e Adaptability to ground motion. An active control system can sense the
ground motion and then adjust its control efforts.

e Selectivity of control objectives. The control system can be designed
for various objectives, such as structural safety or human comfort.

e Applicability to different excitation mechanisms. Active control covers
a wide frequency range, that is, all significant modes of the structure. An
active control system can effectively reduce structural response under
wind and/or earthquake excitations.

Although active structural control is a new area with less research and develop-
ment than passive structural control, great advances have been made owing to
its powerful capacity and adaptability. Advances continue to be made on active
seismic response control as shown by a number of publications [26,40,80]. Active
seismic response control has reached a stage of practical applications. Researchers
have developed several active control devices, such as active tendon, AMD, active
bracing, and pulse generation systems.

1.7.1 Basic Configuration of Active Control Systems

An active control system is fully adaptive. Smart structures using active control sys-
tems employ external power to generate the control force, which is directly applied
to the structure to reduce its response. Since building structures are usually large,
huge force-generating equipment and large external power supplies are required for
active seismic response control. Thus, an active seismic response control system
is usually designed mainly to increase structural damping with minor modifica-
tions of structural stiffness, as discussed in Section 1.2. Figure 1.24 schematically
illustrates the basic configuration of such a system, which consists of three types
of elements: sensor(s), actuator(s), and a controller with a predetermined control
algorithm.

Sensors in a smart structure system are similar to sensing organs in the human
body. The sensor(s) can be located at the structural base to measure external
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FIGURE 1.24 Schematic diagram of an active control system.

excitation or installed on the structure and/or the control device to measure system
response variables, such as displacements, velocities, accelerations, and control
forces. Control devices may also have built-in sensors to monitor their behavior.
For example, a hydraulic actuator may have a built-in displacement sensor to meas-
ure the relative displacement of the actuator piston vis-a-vis the cylinder. Linear
variable differential transformers (LVDTs), velocity transducers, accelerometers,
and load cells, which measure displacement, velocity, acceleration, and force,
respectively, are common sensors for smart structure systems. These sensors can
work as linear proportional devices in the frequency range of 0.1-100 Hz, which
covers the frequency band of structural vibration under seismic or wind excita-
tions. Sensor output is usually in the form of voltage signals that are sent to the
controller for processing.

The controller in a smart structure system is similar to the human brain. It
receives measurements from sensors, analyzes them, and generates necessary con-
trol signals (also called control commands) to drive the actuator on the basis of a
predetermined control algorithm. Thus, the controller is an information processor
that produces actuation signals by a feedback function of sensor measurements.
In the design stage, the mathematical model of the controller is formulated by
control theory, and the feedback control law is determined by control algorithms.
For physical implementation, there are analogous and digital controllers. Analog-
ous controllers are devices that implement a feedback control law formulated in
a continuous-time domain; all physical components of such a controller work in
a continuous way. Digital controllers have a control computer as the main com-
ponent. Owing to advances in microelectronics, digital technology has surpassed
that of the analogous controller. Figure 1.25 shows the configuration of a digital
control computer, which may consist of analog/digital (A/D) and digital/analog
(D/A) converters. A continuous-time-domain signal from sensors is sampled by an
A/D converter. The signal is changed into a sequence of measured output values
that represent each sampling instance. The digital controller then uses those values
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FIGURE 1.26 Servovalve-controlled hydraulic actuator.

to calculate a desired value for the control sequence. This sequence is converted
into another continuous-time signal by a D/A converter to feed the actuators. If
there are too few sensor measurements as feedback for the controller, an observer
is used to estimate unmeasured system response.

When only the structural response variables are continually measured, the
control configuration is referred to as feedback control because these measurements
are used to make continual corrections to the applied control forces. When only
earthquake inputs are measured, a feed-forward control can be achieved, and the
control forces are regulated by the measured excitation.

Actuators are similar to the hands and feet of the human body. Actuators pro-
duce the required control forces according to the control signals from the brain—the
controller. For seismic response control, the large size of civil engineering struc-
tures necessitates sizable actuators capable of generating a large control force.
Electrohydraulic actuators and pulse generators are among the choices, and they
both use external power sources. Figure 1.26 shows a schematic of the servovalve-
controlled hydraulic actuator used by smart structure systems for seismic response
control.

1.7.2 Active Mass Damper Systems

An AMD is also called an active mass driver. It evolved from TMDs with the
introduction of an active control mechanism. As noted, TMDs are only effective



Basic Concept of Smart Structure Systems 37

x4 (1)

Actuator
kg |_> / kg
— my  —@— - my
a oo “« 00
x, 0 - -
N
X, (®)
r’ k c k c
¢ Z
AMD TMD

FIGURE 1.27 Schematic comparison of smart structures using active mass damper (AMD)
and tuned mass damper (TMD).

for structural response control when the first mode is dominant, such as wind-
induced structural vibration. Development of AMDs focuses on seeking control
of structural seismic response with a wide frequency band. It is expected that
structures with AMDs will demonstrate enhanced effectiveness over structures
with TMDs. A conceptual model of an AMD-controlled structure is shown in
Figure 1.27, with a schematic comparison of AMDs and TMDs. One actuator
is installed between the primary (i.e., structure) and the auxiliary (i.e., TMD)
systems. The motion of the auxiliary system can be controlled by the actuator to
augment the control effectiveness.

AMDs were proposed in the early 1980s and have been studied analytically
[11,65]. As shown in the conceptual model (see Figure 1.27), an actuator is installed
on the AMD-controlled structure. This actuator is placed between the primary (i.e.,
structure) and the auxiliary (i.e., AMD) systems. The motion of the latter can be
controlled by the actuator to augment the system’s control effectiveness. Analytical
study is aimed at how to operate the actuator to subdue response of the primary
system most effectively with the optimum control law to find the appropriate
feedback gain of the AMD in order to obtain optimal control input [11,18,19,21,65].
Researchers have also conducted numerous shaking table tests on AMD systems for
seismic response control and full-scale AMD system implementation [4,29,76,80].

AMDs have an economic advantage in full-scale structures because far less
control force and a much smaller actuator are required than for other active systems.
The actuator in an AMD is used to drive the auxiliary mass, while the actuator in
other active systems usually acts on the structure directly. However, the control
effectiveness of an AMD is felt mainly at the fundamental frequency and less so
at higher frequencies [93].

1.7.3 Active Tendon Systems

Active tendon control systems consist of a set of prestressed tendons whose tension
is controlled by electrohydraulic servomechanisms. Figure 1.28 shows a typical
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configuration of an active control system using active tendons. Active tendons
are installed between two stories of a building structure. The actuator cylinder
is attached to the floor below. One end of the tendon is connected to the upper
floor and the other end to the actuator piston. Under the earthquake excitation,
the structural vibration induces interstory drift that drives the relative movement
of the actuator piston to the actuator cylinder. This relative movement changes
the tension of the prestressed tendons, thus applying dynamic control force to the
structure to reduce its seismic response.

Active tendon control has been studied analytically [14,17,22,92] and experi-
mentally [29]. Full-scale implementation of an active tendon system on a 6-story,
600-ton building has been tested in Tokyo, Japan [76]. Both experimental and sim-
ulation results show a significant reduction of seismic response of smart structures
using active tendon systems.

Active tendons can operate in both the pulsed- and the continuous-time modes.
Thus, active tendon control can accommodate both continuous-time and pulse con-
trol algorithms. Another advantage is that tendons of this system can use existing
structural members, which minimizes the need for additions and modifications to
the structure.

1.7.4 Active Brace Systems

An active bracing system uses existing structural braces to install an active control
device (i.e., actuator) onto a structure. Three types of bracing systems—diagonal,
K-braces, and X-braces—can be used, the same as those for passive dampers.
Servovalve-controlled hydraulic actuators capable of generating a large control
force are mounted on the bracing system between two adjacent floors. Figure 1.29
shows an active brace control system with a hydraulic actuator mounted on a K-
brace. The actuator cylinder is bolted to the structural floor, and the actuator piston
is connected to the brace. This system consists of a servovalve, a servovalve
controller, a hydraulic actuator, a hydraulic power supply, sensors, and a con-
trol computer with a predetermined control algorithm. Sensors measure structure
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motion due to the earthquake excitation. The control computer uses the control
algorithm to process these measurements and to generate the control signal. The
servovalve then uses the control signal to regulate flow direction and intensity,
which yields a pressure difference in the two actuator chambers. The control force
is thus generated by the pressure difference to resist seismic loads on the structure.

Active bracing systems have been studied analytically [23,76] and experi-
mentally [79]. Active bracing systems offer the same advantage as active tendon
systems: modifications of the structure are minimized because existing structural
members can be used to install the actuator.

1.7.5 Pulse Generation Systems

A pulse generation system uses a pulse generator instead of a hydraulic actuator.
Pulse generators use pneumatic mechanisms to produce an active control force.
Such mechanisms utilize compressed air to generate a pulse-type actuation force,
different from hydraulic actuators using high-pressure fluid. A smart structure
system can be achieved by installing pulse generators at several locations within a
structure. When a large relative velocity is detected at any of these locations, the
pneumatic actuator at this location is triggered, and a control force opposite to the
velocity is applied to the structure. Researchers have conducted shaking table tests
on a six-story steel frame with a pulse generator at the top [62], and the test results
have shown that pulse generators were a promising device for seismic response
control.

Pulse generators use compressed gas energy and are not expensive. However,
gas energy may not be powerful enough to drive full-scale building structures.
Moreover, pulse-generation systems may have high nonlinearity as the force
generated by pneumatic actuators may deviate from an ideal rectangular pulse
shape.



40 Smart Structures: Innovative Systems for Seismic Response Control

1.8 HyYBRID CONTROL SYSTEMS

As noted, active control systems are introduced to address the limited capacity and
intelligence of passive and semiactive dampers. However, active structural control
still has two disadvantages. First, its operation depends totally on an external power
supply and requires a complicated sensing and signal-processing system. This com-
plexity limits its application and reduces control reliability. Second, to apply active
control to civil engineering structures, large force-generating equipment, that is,
big actuators, are required. Since seismic-resistant structures weigh hundreds or
even thousands of tons, the required control force must exceed hundreds of kilo-
Newtons to augment the structural damping force sufficiently. Current industrial
technology makes it feasible to design and manufacture such a large actuator, but
its cost severely limits its application. Innovative hybrid control systems, which are
achieved by combining passive and active control techniques, have become attract-
ive. When these techniques work together, reliability is ensured by the former and
the capacity is powered by the latter. A hybrid system gains the advantages of
both techniques and alleviates limitations of either technique alone. As a result,
it surpasses passive, semiactive, and active systems. Hybrid control systems have
received significant attention since the 1990s [1,15,16,25,37,71,73,94,96]. Three
typical hybrid control systems have been developed: HMD, hybrid base-isolation
systems, and damper—actuator systems.

1.8.1 Hybrid Mass Dampers

Hybrid mass dampers combine a passive TMD and an active control actuator, or
they add an AMD to a TMD, as shown in Figure 1.30 [37,73]. An AMD is attached
to a TMD instead of to the structure so that the AMD can be small; its mass is
10-15% of that for the TMD. The vibration suppression capacity of HMDs mainly
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FIGURE 1.30 Schematic of hybrid mass damper.
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relies on the natural motion of the TMD. The actuator generates a control force,
which regulates the TMD and thus increases the device’s efficiency and robustness
to change the dynamic characteristics of the structure. In other words, the TMD
is tuned to the fundamental mode of the structure, and the AMD is designed to
improve control effectiveness for higher modes of the structure. Thus, the energy
and forces required to operate an HMD are far less than those associated with
a full AMD system with comparable performance. This feature makes HMDs
relatively inexpensive to achieve improved control effectiveness, and they have
been the most common control device employed in full-scale building structure
applications [73,80,90]. On the other hand, design constraints, such as severe
space limitations, can preclude the use of an HMD system.

1.8.2 Hybrid Base-Isolation System

A hybrid base-isolation system combining a base-isolation system and an active
control system has also been proposed [94]. This system (see Figure 1.31) con-
sists of an active tendon system on the superstructure and a base-isolation system
between the foundation and the superstructure. Theoretical studies have been con-
ducted for the base-isolation/actuator system, including system nonlinearity, direct
output feedback, sliding mode control technique, and design of the sliding surface
[1]. Researchers have also proposed another type of hybrid base-isolation system
using MR fluid dampers on the superstructure [96]. This system, called a smart
or intelligent base-isolation system by the authors, employs controllable MR fluid
to adapt to ever-changing seismic excitations. Shaking table tests of a building
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FIGURE 1.31 Hybrid system with base isolation and actuators.
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structure model with such a smart base-isolation system have been conducted to
verify its effectiveness.

1.8.3 Hybrid Damper-Actuator Bracing Control

In the early 1990s, Cheng and his associates began to develop a hybrid damper-
actuator bracing control (also called a hybrid bracing control system) mounted
by K-braces on the structure [15,25], as shown in Figure 1.32a. Owing to various
control objectives and economic considerations, a hybrid device, an actuator, a
damper, or no control device at all can be installed on one floor of the building
structure. Liquid mass dampers, spring dampers, and viscous fluid dampers (see
Figure 1.32b) are suggested as passive devices for the system. Hydraulic actuators
are proposed as the active device for the system owing to their powerful force-
generating capacity.

Extensive studies have been conducted for the hybrid damper-actuator system
[15,16,24,25]. Theoretical studies focus on system modeling, optimal algorithm
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FIGURE 1.32 Hybrid bracing system and control devices: (a) configuration and (b) device
installation.
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development, the damper mechanism (dynamics of the viscous fluid damper and
parameter analysis of the liquid mass damper and the spring damper), and effect-
iveness evaluation. Experimental studies were conducted on the damper device
(Figure 1.33a) and shaking table tests of a three-story structure model with a
hybrid control device (see Figure 1.33b). The hybrid bracing control system con-
sists of a hydraulic actuator and a viscous fluid damper mounted on a K-bracing
at the first floor of the structure model. Modal tests, including impact and swept-
sine techniques, are performed to find the natural frequencies and mode shapes
of the structure. Closed-loop system identification is employed to identify the
structure with hybrid control. An observer—controller identification (OCID) pro-
cedure determines the system’s Markov parameters, and an eigensystem realization
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FIGURE 1.33 (a) Testing on damper device for hybrid damper-actuator bracing control
(HDABC) and (b) three-story test building with HDABC.

algorithm (ERA) obtains the state-space model of the structure with hybrid control.
These test results are used to verify the analytical modeling of the structure with
hybrid control. Shaking table tests and computer simulation studies have shown
that this system has greater capacity than a passive system in reducing seismic
structural response, and it requires less active control force than an active control
system to achieve a control objective [15,16,25,96].

A hybrid damper-actuator system is more attractive than other hybrid con-
trol systems owing to additional advantages. In this system, a damper and an
actuator can either be combined or separated. Installation of control devices on
a structure can utilize existing structural braces, and the active control force is
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applied directly to the structure. Thus, a hybrid bracing system costs less than a
base-isolation/actuator system and has more control capacity than an HMD.

Hybrid control, combining passive and active systems, is an attractive innova-
tion and an effective protection system. Such systems overcome the disadvantages
of passive, active, and semiactive control systems while gaining the reliability of
passive systems and the capacity of active control systems. With two control tech-
niques in operation together, limitations of either technique operating singly are
alleviated. A hybrid system has a larger capacity and greater effectiveness than a
passive system, and it costs less and requires smaller external power than an active
control system. With these great features, hybrid control becomes very promising
for seismic response reduction of civil engineering structures.
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‘) Base Isolation Systems

As introduced in Section 1.4, once a building is separated from its foundation with
abase isolation system, the isolated structure is subjected to less seismic force from
the ground motion and, as a result, the responses of the building itself are greatly
reduced. This simple concept with feasible constructability has garnered extensive
attention from researchers and structural engineers. Over the past five decades,
numerous researches and investigations were focused on development of isolation
systems’ theories and experimental verifications of their stability and durability.
Since then, more than 200 applications of base isolation systems to buildings and
bridges in the United States have been completed, which demonstrates that this
new technology is able to provide seismic protection for structures successfully.
Now use of base isolation systems has been widely accepted as a useful strategy
for the design of important facilities.

Studies and developments of isolation systems’ theories and application tech-
nologies have been reported extensively in the literature. It is impossible and
unnecessary to include all the concepts and application details in a single chapter.
Therefore, only the basic but most important theories and applications are presen-
ted herein, which, as the authors intend, may guide interested readers to advanced
topics in this field. The organization of this chapter is summarized as follows. In
Section 2.1, basic concepts of seismically isolated structures are first introduced.
Then, discussions of the mechanical properties of isolator units are presented in
Section 2.2. Section 2.3 provides the important design requirements according
to the American Society of Civil Engineers (ASCE) Standard ASCE 7-05 [2].
Design examples based on ASCE 7-05 are given in Section 2.4. Verifications and
modifications of isolator’s mechanical properties are presented in Section 2.5.

2.1 BAsic CONCEPTS OF SEISMICALLY ISOLATED BUILDING
STRUCTURES

2.1.1 Single-Degree-of-Freedom Motion Equations

The motion of a seismically isolated building structure can be expressed by a single-
degree-of-freedom (SDOF) motion equation assuming that the structure above the
isolation interface is extremely rigid and the movement of the structural system
mainly occurs at its base or at the isolation system. Isolator units usually refer
to bearings, while an isolator system is defined as an assembly of isolator units,
members structurally tying isolator units, such as steel beams with end fixities,
and connections between isolator units and other structural members. In addition
to the isolator unit and the isolator system, other terminologies of definitions, such
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FIGURE 2.1 Terminology of seismically isolated structure.
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FIGURE 2.2 Sketch of SDOF seismically isolated structure.

as the structure above or below the isolation system, are graphically illustrated
in Figure 2.1. A sketch of an SDOF seismically isolated structure is shown in
Figure 2.2. A rigid body with a mass, m, represents the building structure above
the isolation interface. The isolation system possesses lateral stiffness, &y, and
damping coefficient, cp. The movement of the isolation system and the ground
motion are expressed as u(t) and x, (1), respectively. Utilizing simplified notations
of u and x, to represent u(?) and x,(?), the motion equation, derived based on the
equilibrium condition, is given as follows:

mii + cp (it — xg) + kp(u — xg) =0 2.1
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Introducing the relative displacement, x = u — xg, the angular frequency,
wp = /kp/m, and the damping ratio, By = cp,/2wpm, Equation 2.1 is rewritten as

mX + cpX + kpx = —mXy or X+ 2wpfpx + a)%x = —¥, (2.1a)

By applying the method of variation parameters, the general solution of Equation
2.1a can be expressed as below:

x(t) = C1()e P sin @yt + Co(1)e P cos @yt (2.2)

where the damped frequency is @y = wp/1 — ,3%. C1(t) and C;(¢) are purposely
selected to meet the following condition:

Ci1(e P sinwyt + Ca()e P cosmpt = 0 (2.3)

Successive derivatives of Equation 2.2 result in the following relation between
Ci(t) and Cy(1):

Cl (t)e_ﬁb‘“b’(ab COS Wht — Brwp Sin wpt)

— Ca(t)ePo! @y, sin Wyt + Bpwp cos Dpt) = —q (1) (2.32)

Solving Equations 2.3 and a, coefficients C1 () and Ca(z) are obtained by

. 1
Ci(f) = ——%q (1) cos pt (2.4)
y
. 1
Ca(t) = —Xg ()P sin @t (2.4a)
(O

Taking the integration of Equations 2.4 and 2.4a, C;(¢) and C,(¢) are obtained as
follows:

t
Ci(t) = —_i / %g(r)eﬂb“’bf cosm,t dt + Cj
wy Jo
1 1
C(t) = — / %g(r)eﬂb“’bf sinwpt dt + C3
Wy Jo

where C| and C; are constants that are independent of time 7.
Substituting C1 () and C; (¢) into Equation 2.2, the movement of the seismically
isolated structure is therefore expressed by means of Duhamel’s integral.

1 t
x(t) = e P! (Cy sinwpt + C cos mpt) — — / ¥ (T)e P sinwy (r — 1) dt
Wy Jo

(2.5)
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Determinations of constants C| and C; are explicitly given by Cheng [3] on
page 15. However, since there are no initial movement and velocity of the studied
structure at the beginning of an earthquake, C; = C; = 0. Thus, Equation 2.5 is
simplified as follows:

1 t
x(t) = —— / X (T)e P sin gy (1 — 1) dt (2.5a)
Wb JO

As is the case with seismically isolated structures without damper devices, the
damping ratio, By, usually does not exceed 20% of critical damping. Accordingly,

the effects from the term,/1 — ,3% are negligible and replacement of the damped

frequency, oy, by the angular frequency, wy, is appropriate. Equation 2.5a can be
rewritten as

1 t
x(t)=—— / g (7)e Po =) gin ooy, (1 — 1) dr (2.5b)
Wy Jo

The maximum absolute value of the integral portion in Equation 2.5b is defined
as pseudovelocity [3] from pages 362 through 368, and is expressed as below:

t
Sy = ‘ / g (1)e o= gin ey, (1 — 1) dr (2.6)
0

max

The spectral displacement, Sp, has the following relation with the pseudovelocity:
N VvV = wbS D (2.7)

For the damping ratio, By, less than 20% of the critical damping, the following
relation between the pseudoacceleration, Sa, and the spectral displacement, Sp,
can be further simplified with satisfactory accuracy:

SA = o}Sp (2.8)

The ground motion, X4 (¢), shown in Equation 2.6 is usually known. Thus, Sp, Sv,
and Sp are functions of the angular frequency, wy, and the damping ratio, By, of
the seismically isolated structures. Equation 2.8 is the basis for establishing an
equivalent lateral force procedure for the design of seismically isolated structures,
which is explicitly discussed in Section 2.3.

2.1.2 Multiple-Degree-of-Freedom Motion Equations

Figure 2.3 shows a seismically isolated structure with multiple stories. By
employing the equilibrium condition, the motion equation at the roof level, n,
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FIGURE 2.3 Sketch of MDOF seismically isolated structure.

is derived as
Mty + ¢ Uy — Up—1) + kn(uy — uy—1) =0 (2.9

where my,, is the roof mass; ¢, and &, denote the damping coefficient and the story
stiffness between the roof and the story below the roof, respectively; u, and u,—1,
simplified from u, () and u, 1 (¢), represent the movement at the roof and the story
below the roof.

By applying the same methodology, the motion equation at story m is expressed
as follows:

Myt + Co (i — Utyp—1) — Cm—H(I;tm—H — ) + ki (U — Ui—1)

— k1 (1 — ) =0 (2.10)

where m,, is the mass at story m; c,,41 and ¢, are the damping coefficient between
story m + 1 and m, and between story m and m — 1, respectively; k,,+1 and k,,
are denoted as the story stiffness between story m + 1 and m, and between story
m and m — 1, respectively; uy,+1, U, and u,,—1, represent the movement at story
m+1,m,and m — 1.
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At the level immediately above the isolation system denoted as story 1,
considering the ground motion xg, which is simplified from xz(#), the motion
equation can be written as

myiiy + c1 (i) — Xg) — iy — i) + ki (ug — xg)
—ko(up —u1) =0 (2.11)

where m is the mass at story 1; ¢ and kp are the damping coefficient and the
story stiffness between story 2 and 1, respectively; c¢; and k; are designated as
the damping coefficient and stiffness of isolation system, respectively; u> and u;
represent the movement at story 2 and 1.

Introducing the relative displacement between each story and the ground
motion that is expressed in terms of x,, = u,, — xg, Equations 2.9, 2.10, and 2.11
become

Mpdy + Cn (X — Xn—1) + kn(Xn — Xp—1) = _mnjég (2.92)
MyXm + Cm (G — Xm—1) — Cm+1 ()'Cm+1 — Xm) + ki (6 — Xm—1)
= k1 (Xm1 — Xm) = —MmpXg (2.10a)

miX1 + cix; — ca(p — Xx1) + kix;p — k(g — x1) = —mlk'g (2.11a)

Equations 2.9a, 2.10a, and 2.11a form multiple-degree-of-freedom (MDOF)
motion equations. These equations can be expressed in matrix notations and
symbolically expressed as below:

[MI{x} + [CI{x} + [KI{x} = —Xg [MI{1} (2.12)

where the mass matrix, [M], the damping matrix, [C], and the structural stiffness,
[K], are in the following forms:

m 0 0 0 0
my 0 0 0
M] = My -+ 0 0 (2.12a)
sym. My—1
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B c1+

" ki + k2

—c
cy) 43

sym.

—k>
ky + k3

sym.

Cm + Cm+1

(e

km + km+1

57
0 0
0 0
0 0
Ch—1t+cCn —Cp
o
(2.12b)
0 0 7
0 0
0 0
kn—l + kn _kn
kn |
(2.12¢)

In Equation 2.12 {1} is a 1 x n unit vector, {x}, {x}, and {X} present the relative
displacement vector, velocity vector, and acceleration vector of the seismically

isolated structure:

)T = {x
17 = (&

T = (%

Xm
Xm

X

X1 Xn ) (2.13)
Xpo1 dn) (2.13a)
¥ot ) (2.13b)

Let the relative displacement vector be expressed in terms of generalized
response vector, {x'}. Equation 2.13 becomes

{x} = [@1{x')

where [®] is the modal matrix as shown below:

1,1
2,1

[Pl1=| &mi
¢n—1,1
¢n,l

P12
¢22

¢m,2
Pn—1,2

¢n,2

¢ 1,m
¢2,m

Gmm
¢n—l,m

¢n,m

(2.14)

d1n—1 d1n
G201 $2n
¢m,n—1 ¢m,n
(bn—l,n—l (bn—l,n
¢n,n71 ¢n,n
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The successive derivatives of Equation 2.14 result in
[MI[@]{¥'} + [CI[PHX'} + [KI[@]{x} = —X,[MI{1} (2.15)

Premultiplying and dividing both sides of Equation 2.15 by [®]T and [®]1T[M][P],
respectively, the motion equation becomes

.o, [@ITele] .o [RITKIe] . [P M),
O oo™ el M T oot 3
Defining damping ratio at each mode, 8,, = ¢, / 2wy, m=1, ..., n, then
B 2/31&)1 0 0 0 0 T
28w 0 0 0
[®1T[Cl[®] . B .
W S 2Bnwm 0 0 = [2/30)],
sym. 2Bp—1wn—1 O
L 2Bnwy n
(2.16)

where [2B8w] is an n x n diagonal matrix. Note that for simplicity, B and
w are used to present B, and w,, respectively. Theoretically, [®]T[Cl[®]
([®]TIM][D])~ Icannot be decoupled into a diagonal matrix [28w] since the damp-
ing of the isolation system is larger than that of the structure above the isolation
interface. However, the coupled damping effects, which exist at the off-diagonal
components of the matrix, [1T[CI[@]([PIT[M][P]) !, are proved to be small
and negligible for most structures [12]. Therefore, assuming that the damping
ratios can be uncoupled, as shown in Equation 2.16, it will not lose the analytical
accuracy of studying the entire system’s behavior. If damping devices are added
into the isolation system, the coupled damping effects cannot be neglected, and
the complex modal analysis must be used to find the solutions [3,13]. A diag-
onal stiffness, [a)z], is also achieved based on the properties of the structural
system:

[w] 0 0 0 0
% 0 0 0
[]T[KI[®] e .
[@]T[M][®] wp 0 00 | =[0] (216a)
sym. wi_l 02
L W
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To the right side of Equation 2.15a, a participation factor, I', is defined as below:

o7 M{1
= M (12.16b)
[@]"[M][D]
The participation factor can be writtenas I' ={I"'y ... T}, ... I‘,,}T, where

I',, represents the mth mode participation factor. Relying on the orthogonal con-
ditions as presented in Equations 2.16, 2.16a, and 2.16b, Equation 2.15a becomes
uncoupled and is expressed as

() + [2B0)(3} + [0?]{x'} = —T; 2.17)
Equation 2.17 is similar to Equation 2.1a for the SDOF motion equation, but it

consists of n independent equations and can be solved separately for each mth
mode of vibration:

. . .. (@5 IMI{1}
'+ 2 ! 2y =T =0 - 2.17
Yo 2P+ Ot = =Lne = “rgm ey, e G
where {CID}}1 ={Ptm .- Gmm ... Gnm}.Applying Duhamel’s integral, the

solution of Equation 2.17a is obtained for each story of the seismically isolated
structure.

1 t
X, (1) = _a_r’”fo ¥g(r)e Pmen=D sinG,(t — 1)y dt m=1,...,n (2.18)
m

where @y, = wp+/1 — B2 is the damped frequency at the mth mode. As discussed

in Section 2.1.1, the expression of /1 — B2 is negligible for most seismically
isolated structures without damping devices. Thus, w,,  w,,, and Equation 2.18
is simplified as

1 t
X, (1) = ——rm/ %o (T)e Pmom=D) gin @, (t — 7Y dt m=1,...,n

W 0
(2.18a)
Once the generalized response vector, {x}, is computed from Equation 2.18a,
the relative displacement vector, {x}, can be determined from Equation 2.14. The
velocity vector, {x}, and the acceleration vector, {X}, are also easily derived as

follows:

(&} = [®]{x) (2.19)
(%) = [®]{x} (2.192)
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The procedure presented above, called modal displacement superposition
method, is used for fixed-base structures, and has also demonstrated applicab-
ility to most MDOF seismically isolated structures, which have damping ratios of
isolator units less than 20% of critical.

Example 2.1.1

A one-story seismically isolated structure has roof mass equal to 5 k-s*/in.
(876.4 x 10 kg). The mass of the floor, which is immediately above the
isolation system, is approximately 4 k-s2/in. (700.5 x 103 kg). The stiffness
of the superstructure and the isolation system is 5000 k/in. (875.6 kN/mm)
and 8 k/in. (1.4 kN/mm), respectively. Assume that the couple effects of
damping between the superstructure and the isolation system are negligible.
Critical damping of 2% is given for the superstructure and 15% of critical
damping is experimentally determined for the isolation system. A sketch of
the seismically isolated structure is shown in Figure 2.4. Customary units are
used to resolve following items:

1. Find the periods of the system, T, = 27w /wy, m =1, 2;
2. Determine the modal matrix, [D];
3. Derive the relative displacement, {x}, and the acceleration, {X}, of the
system.
Solution

1. According to the given information, the mass matrix is expressed as

2
N AR P IV e

The stiffness matrix becomes

K= [f1+Hk —k] _[8+5000 —50007 _F 5080 —5000] -
| ~kn ko | T | —5000 5000 |~ [ —5000 5000

my=>5k-s?/in.

ky=5000 k/in.
$,=0.02
my=4k-s?/in.

Isolation system
k;=8k/in., §,=0.15

FIGURE 2.4 Example 2.1.1.
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The angular frequencies can be determined using the following equation and
assuming the determinant is zero for variables {x}:

(K] — @*MD){x} = {0}
5080 —4w®  —5000 | _ 0 (©)
—5000 5000 — 5% |

For o} = 8.845, | = 2.974 radss.
The period related to the first mode is

2 2
T T 113 (d)

T, =
' = " 2974

For a)% = 2261.155, wy = 47.552 rad/s; the period related to the second
mode is

21 21

T = — =
2T 0 47552

=0.132's ()

2. Assume that the natural modes corresponding to the first and second
frequency are expressed as follows:

_ o _ |92
{®h = {¢2’1 } {®} = {¢2’2} ()
For o} = 8.845,
5080 — 4(8.845) —5000 éo11|l _ O
—5000 5000 — 5(8.845) i |0 (®)
¢11| _ [0.9912
o =" g

For w? = 2261.155,

5080 — 4(2261.155) —5000 o121 _ |0 .
~5000 5000 — 5(2261.155) | { ¢az [ ~ | O @

o12| 1 .

{ $22 } - { —0.7929 } 0

Therefore, the modal matrix is assembled as

k)

[®] = 0.9912  1.0000
1.0000 —0.7929
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3. On the basis of modal matrix determined from Equation k, then

(O IMU®} = {$11 ¢2.1) |:m1 0 :| {¢1,1 }

0 m||¢21
{09912 13| 4 Q]1099121 _ 59299 0
0 5 1
ST MDY — mi 0 {¢1,2}
{P}, M P} = {¢12 ¢2,2}|: 0 m ||
_ 4 0 1 _
={1 -0.7929} |:0 5] { —0.7929 } = 7.1435 (m)
T _[89299 0
1
0
(@' mjep~' = | 89299 (0)
0 R
7.1435
According to Equation 2.16a,
[@1T[KI[®] [0.9912 1.0000 ][ 5080 —5000
[OIT[M][®] _ | 1.0000 —0.7929 || —=5000 5000
1
i — 0
0.9912  1.0000 ]| 39299
| 1.0000 —0.7929 1
7.1435
_ [8.845 0 -
=l o 2261155 P

Since the given condition assumes there are no damping coupled effects,
Equation 2.16 is valid and is computed as follows:

[@1T[CI[®]  [2(0.15)(2.974) 0 _10.8922 0
[®IM][P] 0 2(0.02)(47.552) | — 0 1.9021
@

The participation factor defined by Equation 2.16b for each degree of freedom
is determined as

G AT 4 011 I

_ {epmiy [4 oHl} 1
) = @ TMI@) {1 —0.7929) {71235 = 0.0050 (s)
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Substituting the above results into Equation 2.17a, the uncoupled motion
equations are expressed as

¥] + 0.8992x] + 8.845x] = —1.0039x, (t)
¥, 4+ 1.9021x5 + 2261.155x; = —0.005%, (w)
On the basis of Duhamel’s integral given in Equation 2.18a, x’l () and xé )

are shown as below:

t

x) (1) = —0.3375 f g (7)e OMO1=D) §in[2.974(r — 1)] dt )
0
t

x5 () = —0.0001 / X (7)™ P §in[47.552(1 — 7)] dt (W)
0

Substituting x| () and x}(#) into Equation 2.14, each component of {x} =
[®]{x'} is written as

t

¢1.1x) (1) = —0.3346 / Ko (1)e OMO1=D) 4in[2.974(r — 1)] dt (x)
0
t

¢1.2%5 () = —0.0001 f X (7)e P §in[47.552(1 — 7)] dt (¥)
0
t

$2.1%) (1) = —0.3375 / X (7)e MO0 §in[2.974( — 7)] dt (2)
0

t
$2.2%5 (1) = 0.0001 f %g(7)e 091070 §in[47.552(r — 7)] dt (aa)
0

Compared to ¢1,1x|(f) and ¢2,1x](¢), the contributions of ¢ 2x5(7) and
$2,2x) (1) to the displacement at each level are very small and are negligible.
It is well explained from this example that the lateral displacement is mainly
generated by the isolation system and the structure above the isolation system
barely displays movement or story drift. Therefore, the displacement at the
floor immediately above the isolation system is expressed approximately as

x1(t) = ¢1,1%) (1) + ¢1225(1)
t
~ —0.3346 / g (7)e MO0 §in[2.974(t — 1)] dt (bb)
0
The displacement at the roof is shown as follows:
x(t) = ¢2,1%1 (1) + ¢2.2%5 (1)

t
~ —0.3375 / g (7)e OMO1=D) §in[2.974(r — 1)] de (cc)
0
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Taking the second time derivative of x1(¢) and x,(¢), the acceleration at the
floor immediately above the isolation system is determined as

¥1(1) = 2.8928 /0 txg(r)e*°-4461<'*f> sin[2.974(7 — 7)] dt
+0.8879 /0 t;eg(r)e—o-‘*““(’—f) cos[2.974(t — 7)]dt (dd)
The acceleration at the roof is expressed as
¥2(f) = 2.9178 /0 tjeg(r)e—o-“‘*“(’—f) sin[2.974(r — 7)]dr

t
+0.8956 / g (7)eOMO1I=D) ¢05[2.974(1 — 7)]dr (ee)
0

2.2 BASE ISOLATOR MECHANICAL CHARACTERISTICS AND
CoMPUTER MODELING TECHNIQUES

2.2.1 Introduction

Motion equations derived in Section 2.1 for seismically isolated structures are
established on the assumptions of the effective damping and the effective stiffness
of the isolation system, as well as the linear stiffness of the structure’s seismic
force-resisting system. Consequently, the responses of the structure display a lin-
ear relation to the imposed seismic force on both the structure and the isolation
system. However, with complicated building configurations, the impact of very
soft soil condition on the structure above the isolation system, and the building’s
proximity to major active faults, a linear analysis is unable to capture accurately
the building’s performance, such as the actual pulse effects on both the building’s
seismic force-resisting system and the isolation system. The limited capabilities of
the linear analysis have been eventually overcome by incorporating actual mech-
anical properties of isolator units or bearings into the analytical procedures, which
results in a nonlinear analysis.

Theoretically, the nonlinearity of a seismically isolated structure comes from
two sources: inelastic deformation of the building’s seismic force-resisting sys-
tem and the isolation system. However, since the seismic force-resisting system
is much stiffer than the isolation system, the inelastic deformation mainly con-
centrates at the isolation system, and the building’s seismic force-resisting system
can be reasonably assumed to exhibit linear responses. Thus, for design prac-
tice, only consideration of nonlinear properties of bearings still conveys the actual
performance of the seismically isolated structure and provides required accuracy.
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FIGURE 2.5 Idealized force—displacement relationships of isolation system: (a) hyster-
estic behavior and (b) viscoelastic behavior.

The mechanical properties of different types of bearings have been extens-
ively investigated. Various mathematical models were developed to depict the
hysteretic and viscoelastic behavior of bearings. Hysteretic behavior reflects velo-
city independence of the bearing properties, which exhibit the maximum and
minimum displacement of the bearing occurring at the maximum and minimum
shear force, respectively. However, viscoelastic behavior of the bearing possesses
velocity-dependent properties, which show the maximum and minimum shear
usually taking place before the maximum and minimum displacement, respect-
ively. The idealized hysteretic and viscoelastic behavior of bearings is shown in
Figure 2.5. Among all the proposed models, the bilinear model is mostly accepted
for research and in design practice because its simplicity not only characterizes the
mechanical properties of the bearings properly, but also fits both elastomeric-type
and sliding-type bearings.

Development and application of a bilinear model to different types of bearings
will be explicitly discussed in the following sections. The determination of a bilin-
ear model is initiated by defining three basic parameters. Then, based on unique
properties of each type of bearings, specific equations are presented to ascertain
the three basic parameters. Other properties of bearings, such as effective damping
and vertical stiffness, are also introduced for bearing model development. Applic-
ation of the bilinear model to computer programs is discussed in the last section,
along with an explanation of inputting a bearing’s parameters into commercial
software.

2.2.2 Bilinear Model and Model Parameters

The bilinear model, used to express the relation between the shear force and the
lateral displacement, can be defined by three parameters: elastic stiffness, ke,
postyield stiffness, ky, and characteristic strength, Q. The characteristic strength,
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FIGURE 2.6 Bilinear model of isolator unit.

0, is usually utilized to estimate the stability of hysteretic behavior when the
bearing experiences many loading cycles. These three parameters properly reflect
the mechanical properties of bearings and provide satisfactory estimations of a
bearing’s nonlinear behavior.

Figure 2.6 shows an idealized bilinear model based on test data. When a shear
starts applying to a bearing, a linear relation, as expressed by line oa, exists between
the shear and the lateral displacement. If the applied shear is decreased from point
a, the unloading path remains linearly along line, ao. Once the shear increases to
point b, the bearing yield occurs. Beyond point b, the bearing experiences larger
displacement with a small increase in shear and its stiffness is defined postyield
stiffness, k. If unloading starts at point ¢, the unloading path does not follow the
previous path. Instead, it goes along path c¢d with the same initial stiffness of line
oa. The shear value of cd is equal to 2F. y, where Fy is designated as the yield force.
With the shear continues beyond point d, the unloading path is parallel to line be
with the same magnitude of k.

Effective stiffness of the bearing, ke¢r, at the postyield region can be expressed
in terms of the postyield stiffness, k,, and the characteristic strength, Q, with
corresponding lateral displacement, D.

0
ket = kp + 5 (2.20)
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The yield displacement, Dy, which is conveniently used in some computer
programs to define the bilinear model, is also derived from ke, kp, and Q.

Dy = 2.21)

The yield force, Fy, at the yield displacement, Dy is determined as
Fy = 0+ kpDy (2.22)
The effective damping, Bess, is defined as follows:

Ep

— 2.23
27TkeffD2 ( )

Beft =

where Ep is the energy dissipated per cycle as shown in Figure 2.6. For the
bilinear model, Ep is considered as the area of the hysteresis loop bounded by
the lateral displacement —D and +D at each cycle. Thus, Ep = 4Q(D — Dy), and
the effective damping B¢, becomes:

40(D — Dy) . 2Q0(D — Dy)
27 kegeD? oon kegrD?

Beft = (2.23a)

In design practice, the effective stiffness and the effective damping are determined
at the design displacement, Dp, and the maximum displacement, Dy;. Explana-
tions of the design displacement and the maximum displacement are given in
Section 2.3.2.

2.2.3 Bilinear Model of Lead-Plug Bearing System

The characteristic strength, Q, of the lead-plug bearing is dominantly controlled
by the shear strength of the lead core. Shear yield occurs at the lead core under a
low level of shear stress. However, the hysteretic behavior of the bearing is quite
stable even though the bearing is subjected to many loading cycles. Equation 2.24
exhibits the relation between the characteristic strength, Q, and the product of
lead yield stress, Jy1, and the lead-plug area, A.

0 =Aify (2.24)
The postyield stiffness, kp, is shown as follows [6]:

_ AGfL
t

ke (2.25)
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where Ay is the bonded area of rubber; ¢ is the total rubber thickness; and the
coefficient, fi, is typically 1.5. G represents the tangent shear modulus of rubber,
which is determined from dynamic shear tests.

The elastic stiffness, ke, is not easily determined, but it can be approximately
estimated as shown below:

6.5k, < ke < 10k, (2.25a)

On the basis of on Equation 2.21, the yield displacement is determined as follows,
assuming ke = kk, and the ratio of its elastic stiffness to postyield stiffness, «, is
between 6.5 and 10 [6]:

D=2 ~ 2 __ ¢ (2.26)
ke —ky  Kkky—kp  (c— Dkp

Substituting the yield displacement and the effective stiffness into Equation 2.23a,
the effective damping becomes in terms of Q, k,, and k.

20(D—Dy)  20[(k — DkpD — Q]
mketD?  w(k — Dky(kpD + Q)D

Bett = (2.27)

After the determination of the characteristic strength, Q, and the postyield stiffness,
kp, from bearing’s prototype tests, the bilinear model as present above is easily
established and can be used to perform nonlinear analysis of a structure with
lead-plug bearings.

2.2.4 Bilinear Model of High Damping Rubber System

The three parameters used to generate a bilinear model for a high damping rub-
ber bearing are conventionally derived from the tangent shear modulus, G, and
effective damping, Bgr. The tangent shear modulus is ascertained from dynamic
shear tests. The effective damping, determined from bearing’s prototype tests, var-
ies between 10% and 20% of critical damping [13]. Then the postyield stiffness is
calculated as:

_ Ghy

k=~ (2.28)

where Ay, is the bonded area of rubber, and ¢ is the total rubber thickness. The
characteristic strength, Q, can be evaluated by the following equation:

_ ”ﬁeffkazD
(2 — wBetr) Dp — 2Dy

0 (2.29)

where Dp is denoted as the design displacement. In Equation 2.29, the yield
displacement, Dy, is unknown until the parameters, ke, kp, and Q are determined.
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An approximate estimation of Dy, supported by test results, can be expressed in
terms of the total rubber thickness, ¢: Dy = At, where coefficient, A, varies between
0.05 and 0.1 [6].

Once kp, Dy, and Q are known, the yield force of the bearing, Fy, is easily
determined as follows:

Fy = Q+kyDy (2.30)

Then the elastic stiffness of the high damping rubber bearing becomes

F. D3
ke:D_Y:kargzkp 1+ 7 PeitDpy 2.31)

y Dy M[(2 — wBesr)Dp — 2At]

By substituting Dy = At into Equation 2.23a, the effective stiffness at the design
displacement can be derived as follows:

20(Dp — At)

(2.32)
7 Bett DR

keft =

2.2.5 Bilinear Model of Friction Pendulum System

The characteristic strength of a friction pendulum bearing, Q, is expressed as

Q = usPe (2.33)

where P is the axial force applied at the bearing, which is composed of the gravity
load, P, and the effects of vertical ground acceleration. If the effects of the vertical
acceleration are not significant and can be neglected, then the axial force, P, is
simplified as P = Py. s is the coefficient of sliding friction related to the sliding
velocity, which is given as [5]

s = finax — (nax. — finin)e 512! (2.34)

In Equation 2.34, fmax and fiin are friction coefficients at fast and slow velocity,
respectively; D represents the velocity of the bearing movement; & is called the
inverse of the characteristic sliding velocity, which controls the transition from fi,ax
to fmin and is determined from experiments. A suggested value of £ is approximately
2.54 s/in. [5].

The postyield stiffness is determined as shown below:

kp = — (2.35)
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where R represents the radius of curvature of the sliding surface. Test results
indicate that the elastic stiffness of the friction pendulum bearing, ke, is nor-
mally over 100 times larger than the postyield stiffness, k. Accordingly, the yield
displacement, Dy, becomes

o 0 usPe usR

Dy = =k T 100k, 100 (Pe/R) 100

(2.36)

Equation 2.36 implies that the yield displacement, Dy, is a very small value and
is approximately 0.1 in.

From Equation 2.20, the effective stiffness of the friction pendulum bearing at
the design displacement, Dp, can be written as

0 1 Ms
kett = k = =P |\=+— 2.37
eff p+D C<R+DD> ( )

Since the yield displacement, Dy, is much smaller than the design displace-
ment, Dp, the hysteresis loop area of the friction pendulum bearing can be
simplified and is approximately estimated as follows:

Ep = 4Q(Dp — Dy) ~ 40Dp, = 4usP.D (2.38)

By substituting Equations 2.37 and 2.38 into Equation 2.23a, the effective damping
of the friction pendulum bearing is derived as follows:

Ep 41sPcDp 2
IBeff = 2 = 2 = (239)
2rkestDfy  2mPc (1/R + pus/Dp) Dy 7 (Dp/R + ps)

2.2.6 Computer Modeling of Isolation System

Modeling of isolation systems by computers originally evolved from SDOF mod-
els that simply assumed the rigid structure above the isolation system and only
accounted for the nonlinearity of the isolator units. However, with the improve-
ment of computational technologies and the decrease in computer processing time,
isolation systems have enabled to be incorporated into computer programs for two-
or three-dimensional structural analyses. In the meantime, the invention of high-
speed personal computers and price reduction of computer hardware have resulted
in developing powerful computer programs to analyze and design complicated
building structures with consideration of the nonlinear behavior of the isolator
units and the structure above the isolation system.

Along with other popular computer programs, SAP2000 and ETABS [4] have
been recognized as reliable programs to analyze and design seismically isol-
ated structures. Both programs have capabilities to perform equivalent static
analysis, response spectrum analysis, linear response history analysis, and non-
linear response history analysis, but each program also has its own unique



Base Isolation Systems 71

characteristics: SAP2000 has more sophisticated functions that can be tailored
to study and investigate any types of seismically isolated structures, such as build-
ings and bridges, while ETABS mainly emphasizes the analysis and design of
building structures with isolation systems. A user familiar with one program will
not have problems operating the other. Since the assignment of isolator properties
is basically the same for both programs, this section only introduces how to model
isolator properties using ETABS.

There are two types of link elements that are built into ETABS: ISOL-
ATORI is usually used to model elastomeric-type bearings and ISOLATOR?2
is considered for friction pendulum bearings. For ISOLATORI, effective stiff-
ness, kefr, and effective damping, Begr, of a bearing along two principal directions
of the superstructure shall be the input for response spectrum analysis and lin-
ear response history analysis. As discussed in Section 2.2.2, kegr and Beg are
derived at the design displacement, Dp, or at the maximum displacement, Dy;.
However, Dp and Dy from ETABS results are usually not the same values as
used to determine ke;r and Begr initially. Iteration procedures are normally per-
formed to adjust Dp and Dyp until the ETABS results are satisfactorily close
to the assumed values for determination of kef and Beg. In addition, attention
should be paid to the input of effective damping, Bs. During linear analysis,
such as response spectrum analysis, the total damping factor of the structural sys-
tem consists of two portions: one is additionally specified to the structure above
the isolation system, and the other is automatically converted by ETABS from
the effective damping, B.fr, of each ISOOLATORI1 assigned in the structural
model [4].

If ISOLATORI is used for nonlinear response history analysis, the following
parameters of the bearing in both principal directions of the superstructure are
required: elastic stiffness, ke, yield displacement, Dy, and the ratio of postyield
stiffness to elastic stiffness, 7 = kp/ke. On the basis of these parameters input
into the program, ETABS automatically generates a biaxial hysteretic model of
the bearing to consider the coupled shear—deformation relationship from the two
assigned principal directions.

Elastomeric-type bearings have a higher vertical stiffness in compression than
in tension. However, ISOLATORI1 only assumes the same magnitude of vertical
stiffness in tension and compression. If the vertical stiffness in tension is modeled,
the same as in compression, the overturning or uplift force in the bearing becomes
abnormally higher and, in reality, the bearing does not have the capacity to resist
such high tensile force. Consequently, the analytical results inaccurately reflect
the actual performance of the seismically isolated structure. The modeling of dif-
ferent tensile and compressive stiffness in the vertical direction can be achieved
by adding a gap element to ISOLATORI1. The gap element has only vertical stiff-
ness in compression but does not resist tensile force. Therefore, use the tensile
stiffness, kien, in [ISOLATORI and assign the stiffness, kcom — kien, to the gap ele-
ment in the vertical direction, where ko is the bearing’s compressive stiffness.
Once the bearing is in compression and the vertical deformation is assumed to
be u, the sum of the compressive force in ISOLATOR1 and the gap element is
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kentt + (kcom — ken)u = kcoml, which means that the compressive stiffness of the
bearing is properly assigned by combining two elements at the same location.

ISOLATOR?2, used to model the properties of a friction pendulum bearing,
allows the bearing to move in the upward direction with no tensile stiffness. In
the vertical direction, ISOLATOR?2 behaves like a gap element and the user must
define its compressive stiffness. The effective stiffness, ke, and the effective
damping, Befr, along two principal directions of the structure above the isolation
system shall be input into ISOLATOR2. The elastic stiffness, ke, must be assigned
for nonlinear response history analysis. Unlike ISOLATORI1 for elastomeric-type
bearings, ISOLATOR?2 requires defining radius of curvature of the sliding sur-
face, R. Also, the inverse of the characteristic sliding velocity, £, mainly related to
the bearing pressure, and the coefficients of sliding friction at fast velocity, fmax,
and at slow velocity, fmin, are needed in ISOLATOR?2 in order to calculate the
coefficient of sliding friction, us, and the yield displacement, Dy. The postyield
stiffness is automatically generated by ETABS from the applied axial force, P,
and the radius of curvature of the sliding surface, R. A biaxial hysteretic model
of the bearing showing the coupled shear—deformation relationship from the two
assigned principal directions is also automatically developed by ETABS.

Both ISOLATOR1 and ISOLATOR?2 require assigning the self-weight of the
bearing, the translational mass, and the rotational mass moment of inertia because
appropriate Ritz vectors need to be activated during nonlinear response history
analysis.

2.3 CoDE REQUIREMENTS FOR DESIGN OF SEISMICALLY ISOLATED
STRUCTURES

2.3.1 Introduction

In the United States, the first design provisions for seismically isolated structures
were developed by the Northern Section of the Structural Engineers Association
of California (SEAOC) in 1986 [15]. The SEAOC Seismology Committee revised
these design provisions and published the revisions as Appendix 1L to the 1990
SEAOC Blue Book [16]. Afterward, the International Conference of Building
Officials (ICBO) made minor editorial changes to Appendix 1L and included it in
the 1991 Uniform Building Code (UBC) as a nonmandatory appendix to Chapter
23 [10]. ICBO and the SEAOC Seismology Committee periodically reviewed
and modified the design provisions for seismically isolated structures to update
the UBC and the SEAOC Blue Book in each code development cycle [11,17].
Since 1991, the Federal Emergency Management Agency (FEMA) has developed
guidelines for the design of new buildings and the rehabilitation of existing build-
ings with isolation systems in FEMA 273/274 [6], FEMA 356 [7], and FEMA
450 [8].

The most current version of design provisions for seismically isolated struc-
tures can be found in the ASCE Standard, ASCE 7-05 [2]. ASCE 7-05, Chapter 17
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represents the state-of-the-art development of the design provisions for seismically
isolated structures. In addition, these provisions have been entirely adopted in the
seismic provisions of the 2006 International Building Code (IBC) [9]. It is expec-
ted that more and more state and local codes will reference ASCE 7-05, Chapter 17
for the design of seismically isolated structures. Therefore, the main focus of this
section is to represent the ASCE 7-05 design provisions for seismically isolated
structures. First, concepts of seismic ground motions are introduced. Then, the
section of the analysis procedure for structural design, static or dynamic, is dis-
cussed. This section ends with summaries of the ASCE 7-05 special requirements
for each analysis procedure.

2.3.2 Seismic Ground Motion

Two levels of earthquake forces are required by ASCE 7-05 for the design of seis-
mically isolated structures: maximum considered earthquake (MCE) and design
earthquake. The MCE, defined as the most severe earthquake effects, normally
refers to 2% probability of exceedance in 50 years, which means that the aver-
age of the MCE return period is approximately 2500 years. The isolation system
shall remain in stable condition under the MCE. The design earthquake, which is
defined as the earthquake effects equal to two-thirds of the MCE effects, is used in
design to ensure that life safety is guaranteed; structural and nonstructural damage
are minimized or avoided; and facility functions are maintained.

The MCE spectral response acceleration is usually determined by performing
a ground motion hazard analysis. However, ASCE 7-05 provides a convenient
method to establish the MCE response spectrum relying upon two mapped accel-
eration parameters: the MCE spectral response acceleration parameter at short
period, Ss, and the MCE spectral response acceleration parameter at a period of
1 s, S1, which are given in ASCE 7-05, Figures 22-1 through 22-14 of the MCE
ground motion maps. Note that the application of mapped acceleration parameters
to the development of the MCE response spectrum is limited by soil profile and
the region’s seismicity, which will be discussed at the end of this section.

The development of the MCE ground motion maps is based on region seis-
micity of the United States, which is classified by the U.S. Geological Survey
(USGS) into three regions:

1. Regions of negligible seismicity with a very low probability of structure
collapse or damage are characterized as body wave magnitude not over
5.5 and recorded ground motions with Modified Mercalli Intensity V or
less. Thus, the MCE ground motion maps specify 1% of acceleration on
the mass as a minimum lateral force for structural design.

2. Regions with seismicity varying from low and moderate to high feature
undefined earthquake sources and an MCE with long return periods,
the acceleration parameters shown on the ASCE 7-05 MCE ground
motion maps are determined from USGS probabilistic seismic hazard
maps with a 2% probability of exceedance of 50 years.
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3. For high seismicity regions that are close to known faults with short
return periods, such as coastal California, the USGS deterministic hazard
maps are used to determine the acceleration parameters of the ASCE 7-05
MCE ground motion maps. The establishment of the USGS deterministic
hazard maps is in accordance with a 50% increase in the median estimate
of ground motion attenuation functions.

Note that the ASCE 7-05 MCE ground motion maps are generated based on a 5%
damped spectral response acceleration at Site Class B. Classifications of different
Site Class that ranges from A through F mainly rely on parameters of average
shear wave velocity, v, standard blow count, N, and undrained shear strength, sy,.
Detailed explanations of site clarifications can be found in Chapter 20 of ASCE
7-05 [2].

After selecting the spectral response acceleration parameters, Ss and Sp, from
the MCE ground motion maps, the MCE spectral response acceleration at a short
period, Sms, and the MCE spectral response acceleration at 1 s, Sy, can be
computed as follows with consideration of the site class effects:

Sms = FaSs (2.40)
Sm1 = FySq (2.41)

where F, and F\ are site coefficients and are specified in Tables 2.1 and 2.2.

Once Sums and Sy are determined, the design spectrum acceleration paramet-
ers at a short period, Sps, and the design spectrum acceleration parameter at 1 s,
Sp1, are expressed as

Sps = =Sms (2.42)

Sp1 = =Sm1 (2.42a)

TABLE 2.1
Site Coefficient, F,

Mapped MCE spectral response acceleration parameters at short period

Site

class Sg <0.25 Sg = 0.5 Sg = 0.75 S¢=1.0 Sg > 1.25
A 0.8 0.8 0.8 0.8 0.8

B 1.0 1.0 1.0 1.0 1.0

C 1.2 1.2 1.1 1.0 1.0

D 1.6 14 1.2 1.1 1.0

E 2.5 1.7 1.2 0.9 0.9
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TABLE 2.2
Site Coefficient, F,

Mapped MCE spectral response acceleration parameters at 1 s period

Site

class $1 0.1 $1=0.2 $51 =03 $1 =04 $1 =05
A 0.8 0.8 0.8 0.8 0.8

B 1.0 1.0 1.0 1.0 1.0

C 1.7 1.6 1.5 1.4 1.3

D 24 2.0 1.8 1.6 1.5

E 3.5 32 2.8 2.4 2.4

If the period of the structural system, 7, is less than Ty = 0.25Sp1/Sps, the design
spectral response acceleration, S,, displays a linear relation to 7" and is given as

T
Sa = Sps <0.4 + 0.6—) (2.43)
Ty

When the period of the structural system, T, is in the region of Ty < T < Ty =
SD1 / Sps, Sa remains constant and is expressed as

Sa = Sps (2.44)

For Ty < T < T, where Ty, is the long-period transition period and is given in
Figures 22-15 through 22-20 of ASCE 7-05, S, can be determined as

Sa = — (2.45)

Once T is longer than 71, S, has the following relation with 7'

SpiT;
S, = DleL (2.46)

The MCE response spectrum is determined by simply increasing the design
response spectrum by a factor of 1.5. Figure 2.7 shows the design response
spectrum and the MCE response spectrum.

If the seismically isolated structure is located in Site Class F or on the site
with S over 0.6, spectral response acceleration parameters from the MCE ground
motion maps are not applicable to the determination of the design response spec-
trum and the MCE response spectrum. Therefore, site-specific ground motions, as
indicated in Chapter 21 of ASCE 7-05, have to be investigated in order to develop
the design response spectrum and the MCE response spectrum.
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FIGURE 2.7 The design and the MCE response spectrum.

2.3.3 Analysis Procedure Selection

ASEC7-05 addresses three design procedures for seismically isolated structures:
equivalent lateral force analysis, response spectrum analysis, and response history
analysis. The response history procedure is the first choice for structural analysis
because it is capable of taking the nonlinear behavior of both the seismic force-
resisting system and the isolation system into account, and is able to capture
the actual performance of the structure no matter how complicated the structural
configuration is. Also, due to availability of powerful personal computers and the
development of commercial software, the impact of unfavorable soil conditions
and very near fields of active faults can be easily considered in computer models
for structural design.

However, the equivalent lateral force procedure possesses its own advantages.
For example, use of this static analysis can greatly simplify the design procedure for
some particular structures. Moreover, the equivalent lateral force procedure can be
utilized to quantify some crucial design parameters, such as the displacement and
the lateral force, as lower-bound limits on response spectrum analysis or response
history analysis. ASCE7-05 permits using the equivalent lateral force procedure
if the following items are met:

Item 1: The MCE spectral response acceleration parameter at a period of
1's, S, shall be less than 0.6 g at the structure’s construction site.

Item 2: The location of the structure shall be limited to Site Class A, B,
C, or D.

Item 3: The height of the structure above the isolation interface is less than
or equal to four stories, also, the maximum height shall not be

over 65 ft.



Base Isolation Systems

Item 4.

Item 5:

Item 6:

Item 7:

Item 8:

Item 9:

The effective period of the isolated structure at the maximum
displacement, Ty, shall not be over 3.0 s.

The following relation between the effective period of the isolated
structure at the design displacement, Tp, and the period of the fixed-
base structure above the isolation interface may be computed from
the approximate period, T, which shall satisfy

Tp > 3T, = 3Cih* (2.47)

where A, is the height in ft (m) of the structure above the isolation
system. Selected coefficients of C; and x are provided in Table 2.3
according to different types of the structures’ seismic force-resisting
systems.

Alternatively, a simplified equation can be used to estimate the
period of the fixed-base structure above the isolation interface for
both steel and concrete moment frames, provided that the number
of building stories, n, is less than or equal to 12 with the story height
over 10 ft.

T, = 0.1n (2.48)

The structure above the isolation system shall not have any
horizontal or vertical structural irregularities.

The effective stiffness of the isolation system at the design displace-
ment shall be greater than one-third of the effective stiffness at 20%
of the design displacement. Figure 2.8 illustrates the above relation.
The isolation system has the capability to produce a restoring force.
ASCE7-05 requires that the lateral force at the total design displace-
ment be at least 0.025W greater than the lateral force at 50% of the
total design displacement.

The isolation system does not limit the MCE displacement to less
than the total maximum displacement.

77

Use of the response spectrum procedure may be permitted provided that Items 2,
7,8, and 9, as stated above for the equivalent lateral force procedure are satisfied.

TABLE 2.3
Parameters G and x

Structure type G x
Steel moment-resisting frames 0.028 0.8
Concrete moment-resisting frames 0.016 0.9
Eccentrically braced steel frames 0.03 0.75

All other structural systems 0.02 0.75
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FIGURE 2.8 Requirement on k¢ for equivalent lateral force procedure.

2.3.4 Equivalent Lateral Force Procedure

2.3.4.1 Design displacement and corresponding effective
stiffness

The equivalent lateral force procedure is developed based on a simple relationship
between the spectral displacement, Sp, and the pseudoacceleration, Sa, as stated
in Equation 2.8. Considering the design earthquake, Sp and S5 can be redenoted
as the design displacement, Dp, in in. (mm), and the design spectral response
acceleration, S,, respectively. In addition, by introducing a numerical coefficient
for effective damping, Bp, to reduce S,, Equation 2.8 is rewritten as follows:

Sa

Dp =
a)ﬁBD

(2.49)

where the angular frequency is wp, = 27 /Tp; Tp represents the effective period
of the seismically isolated structure, in s, at the design displacement. For most
seismically isolated structures, Tp is normally between 2.0 and 4.0 s, and is
given by

w
kD min&

Tp =2n

where kpmin equals the minimum effective stiffness, in kips/in. (kN/mm), of
the isolation system at the design displacement in the horizontal direction;
W represents the effective seismic weight of the structure above the isolation
interface. The units of W are in kips (kN).
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Thus, substituting the design spectral response acceleration at Tp as given in
Equation 2.45 into Equation 2.49, the design displacement, Dp, is derived as

Dp =

S I (Tp\*S Sp1Ti
a (D) Spi_ &SpiTp (2.50)

CU%BD - % E To £= 472Bp

where g is the acceleration of gravity. The unit for g is in./s> (mm/s?).

The numerical coefficient for effective damping, Bp, is related to the effective
damping of the isolation system at the design displacement, Sp, which is defined
as follows:

Bp = _ 2B

= 2.51
2mkp maxDzD ( )

where kpmax 1S the maximum effective stiffness, in kips/in. (kN/mm), of the
isolation system at the design displacement in the horizontal direction; Y Ep
represents the total energy dissipated per cycle of the design displacement response,
which shall be taken as the sum of the energy dissipated at a complete cycle in all
isolator units measured at the design displacement, Dp. After Bp is determined, the
numerical coefficient for damping ratio, Bp, can be computed from the following
equation [14] with limitation to 50% of critical damping:

2.31 — 0.411n(5)

= (2.52)
231 —0.411n Bp

D

Equation 2.52 is established on the basis of 5% of critical damping. Thus, Sp
equal to 5% of critical damping results in a unit of numerical coefficient, Bp.
ASCE 7-05 does minor adjustments to Equation 2.52 and the tabular values are
given in Table 2.4.

Bm and By in Table 2.4 present the effective damping and the numerical
coefficients at the MCE, respectively, and will be discussed in next section. Linear
interpolation of Sp or By is permitted to calculate Bp or Byp.

TABLE 2.4
Damping Coefficient, Bp or Bm

BD ot Bm <2% 5% 10% 20% 30% 40% >50%
Bp or By 0.8 1.0 1.2 1.5 1.7 1.9 2.0
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2.3.4.2 Maximum displacement and corresponding effective
stiffness
If the seismically isolated structure is required considering the MCE, such as the

design of the isolation system, the effective period at the maximum displacement,
Twm, is calculated as

w

TM =2
kMming

(2.53)

where kyimin 1S the minimum effective stiffness, in kips/in. (kN/mm), of the
isolation system at the maximum displacement in the horizontal direction.

Utilizing the same methodology as presented in Section 2.3.4.1, the maximum
displacement, Dy, in (mm) can be expressed as follows:

_ &SmiTwm

D= ——
M 4 2BM

(2.54)

where Sy comes from Equation 2.41 and the numerical coefficient for effective
damping, By, is determined from Table 2.4. The effective damping of the isolation
system at the maximum displacement, By, used to determine By, is defined as
follows:

_ 2 Ewm
2mkm maxDl%/[

Bm (2.55)

where ) Ey is the total energy dissipated per cycle of the maximum displacement
response, which shall be taken as the sum of the energy dissipated at a complete
cycle in all isolator units measured at the maximum displacement, Dy;.

2.3.4.3 Total design displacement and total maximum
displacement

The design displacement obtained from Equation 2.50 does not represent the max-
imum movement of the isolation system since it only accounts for the displacement
at the isolation system’s center of rigidity. In fact, an additional displacement exists
owing to the eccentricity, e, in ft (mm) as shown in Figure 2.9. Thus, these two
portions of displacements form the maximum movement of the isolation system
that is normally called the total design displacement. The eccentricity, e, which
results in the additional displacement, consists of the actual eccentricity measured
from the mass of the structure above the isolation interface to the isolation system’s
center of rigidity, and the accidental eccentricity equal to 5% of the longest plan
dimension of the structure perpendicular to the considered force direction. The
additional displacement is determined assuming a rectangular plane of the isola-
tion system with the longest plan dimension, d, and the shortest plan dimension, b.
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FIGURE 2.9 Determination of total design displacement, Dp.

It is further assumed that the isolation system is uniformly distributed in this rect-
angular plane. Therefore, the torsional stiffness of the isolation system, kiorsion,
can be expressed in terms of the maximum effective stiffness, kp max:

b +d?
kiorsion = TkDmax (2.56)

At the design displacement, the seismic force acting on the center of the rigidity of
the isolation system is keff Dp. The rotation of the isolation system, y , is derived as

kD maXDDe _ 12DDe
(b2 +d2/12) kpmax D>+ d?

y = (2.57)

The additional displacement, D,, at the distance, y, which is between the iso-
lation system’s center of rigidity and the designated structural element measured
perpendicular to the force direction, can be determined as

12Dpe

By adding Dp to Equation 2.57a, the total design displacement, Dtp, in in. (mm),
becomes

12e
Dtp =D D,=Dp|1 —— 2.58
TD D+ a D< +yb2+d2> ( )
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In the same way, the total maximum displacement, Dy, can be determined as
follows:

12e

2.3.4.4 Minimum lateral force

A minimum lateral force, Vy, in kips (kN), is specified by ASCE 7-05 to design
the isolation system, the structural elements below the isolation system, and the
foundation:

Vb = kD maxDp (2.59)

The minimum shear force, Vs, to design the structural elements above the isolation
interface shall be evaluated based on the following equation:

k D
Ve = ~Dmax D (2.60)
Ry

where Ry is a numerical coefficient related to the type of the seismic force-resisting
system above the isolation system. ASCE 7-05 requires that 1.0 < R = 3R/8 <
2.0, where R represents the response modification factor that is given in Table 12.2-
1 of ASCE 7-05. Selected values of R and R} for commonly used seismic force-
resisting systems are summarized in Table 2.5.

ASCE 7-05 indicates that the minimum shear force, Vs, computed from Equa-
tion 2.60 shall not be less than the seismic force determined by the following three
conditions. If it is, then the largest seismic force controls the design of structural
elements above the isolation system.

A fixed-base structure with the same effective period, Tp, is introduced to
evaluate the minimum lateral force based on Section 12.8 of ASCE 7-05 [2].
This minimum lateral force is renoted as V, and the determination procedures are

TABLE 2.5

Selected ¢, R, R;, and 4

Seismic force resisting system Q9 R R G

Bearing wall systems Special reinforced concrete shear walls 2.5 5 1.875
Special reinforced masonry shear walls 2.5 5 1.875

Building frame systems Special steel concentrically braced frames 2 6 2
Special reinforced concrete shear walls 2.5 6 2

Moment-resisting frame systems Special steel moment frames 3 8§ 2
Special reinforced concrete moment frames 3 8§ 2
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TABLE 2.6

Importance Factor

Building occupancy category 1
Essential Facilities—IV 1.5
Substantial hazard to human life in the event of failure—III 1.25

Low hazard to human life in the event of failure—I
Other buildings not specified in Occupancy Categories I, III, and IV—II 1.0

summarized as below:
V =CsW (2.61)
where Cs is the seismic response coefficient determined as follows:

S
Cs = D5 (2.62)

(R/1)

where [ is the occupancy importance factor, which is given in Table 2.6.
The upper-bound value of Cs is specified in following Equations 2.63
and 2.63a:

Spi
C ————  for T T 2.63
SSTD(R/I) orTp < T (2.63)
Spi1TL
Cs < —=PUL  for T > Ty (2.63a)
T35 (R/1)

However, Cs determined from Equation 2.62 shall not be less than the value as
given below:

Cs > 0.01 (2.64)

If the seismically isolated structure is constructed at the site with the mapped
MCE spectral response acceleration at a period of 1 s, S7, equal to or greater
than 0.6 g, the following equation has be used to check the lower-bound value
of Cs:

0.58
Cs > 2L (2.65)

(R/1)

Wind load effects must be considered to evaluate the minimum lateral force.
In general, the wind load generates less lateral force than that of Vi and does
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not control the design of most seismically isolated structures. In addition, due to
substantial content concerning wind load determination provided in ASCE 7-05
and the limited space of this book, computations of wind load effects are not
presented in this section. Detailed methods of determining the lateral force from
the wind load can be found in ASCE 7-05, Chapter 6 [2].

A lateral force that fully activates the isolation system or the wind-restraint
system shall be determined to evaluate the minimum lateral force V. For sliding-
type bearings, such as a friction pendulum system, the minimum lateral force, as
renoted as Vj, to activate the isolation system is expressed as follows:

Vi = 1.5upW (2.66)

where uy is the breakaway friction coefficient of the friction pendulum system.
For elastomeric-type bearings, the minimum lateral force rewritten as Vj,
which results in the yield of the isolation system, is determined as seen below.

Vi = 1.5kDy (2.67)

where k. is the elastic stiffness of the isolation system and Dy, represents the yield
displacement of the isolation system.

2.3.4.5 Vertical distribution of lateral force and story drift
limitation

The vertical distribution of the minimum lateral force, Vg, over the height of the
structure above the isolation interface is provided by ASCE 7-05 and shown in
Equation 2.68.

Vswih;

Fr= S0
> i1 Wil

(2.68)

where w; or w; is portion of the effective seismic weight, W, at story 7 or j, and
h; or h; at story i or j represents the height measured from the base level of the
seismically isolated structure.

The story drift, §;, at each story level i from structural analysis is limited as

Cyd;
% < 0.015h; (2.69)

where I represents the important factor and Cy is a deflection amplification factor,
which is given in Table 2.5. The story height is denoted as hg; at any level i.
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2.3.5 Dynamic Analysis Procedure

2.3.5.1 General requirements for dynamic analysis

ASCE 7-05 specifies two dynamic analysis procedures to design seismically isol-
ated structures: response spectrum analysis and response history analysis. Both
procedures require that a structural model include the seismic force-resisting sys-
tem above the isolation interface and the isolation system in order to capture
sufficient design information.

A well-established structural model has the capability to reflect real system
performance and provide convincing results for design. Therefore, the following
criteria may be used to guide the development of the structural model:

1. The seismic force-resisting system shall be modeled. For concrete and
masonry structures, the effective cracked sections of elements must be
used to determine the stiffness of the seismic force-resisting system. For
a steel moment frame system, the story drift shall count toward the panel
zone deformation. If the assumption of rigid diaphragm is invalid, the
diaphragm participation in the dynamic response shall be considered in
the structural model. In addition, P—A effects shall be taken into account.
Models of P—A effects, panel zones, and rigid diaphragms refer to pages
252,463, and 615 of Reference 3.

2. For modeling the isolation system, the isolator units shall be assigned in
the model based on the real locations as planned. The modeled isolation
system is able to report the uplift force and vertical movement of each
isolator, as well as to provide translational displacement and torsional
movement of the structure above the isolation interface and the isolation
system itself. The nonlinear behavior of the isolation system shall be
incorporated into the structural model for nonlinear dynamic analysis.

A linear elastic model is permitted by ASCE 7-05 for dynamic analysis if
the maximum effective stiffness of the isolation system is used to substitute the
nonlinear properties of the isolation system and the seismic force-resisting system
above the isolation system keeps its elasticity under the design earthquake.

2.3.5.2 Lower-bound lateral displacements and lateral forces

The total design displacement, Dtp, and the total maximum displacement, Dy,
are specified by ASCE 7-05 to provide limits on corresponding displacements
obtained from dynamic analysis.

Dyp— 2> [ 14y (bzlziﬂ)} (2.70)
1+ (1/Tp)? +

D= 2M [1 +y <b2126d2>] @2.71)
14 (T/Tw)’ +




86 Smart Structures: Innovative Systems for Seismic Response Control

where T is the period of the fixed-base structure above the isolation system. For the
meanings of other notations, refer to Equations 2.58 and 2.58a. The total displace-
ment from the dynamic analysis shall not be less than 90% of Dtp as determined
by Equation 2.70, and the total maximum displacement from the dynamic analysis
shall not be less than 80% of DT\ as specified by Equation 2.71.

For the design of the isolation system, the structural elements below the isola-
tion system, and the foundation, the forces determined from the dynamic analysis
shall not be reduced and shall not be less than 90% of V;, as determined from
Equation 2.59.

For the design of the structural elements above the isolation system, the forces
obtained from the dynamic analysis may be reduced by a factor of Ry. If the
superstructure is regular, the reduced force shall not be less than 80% of Vi for
response spectrum analysis and 60% of V for response history analysis, where Vy is
the minimum shear force determined from the equivalent lateral force procedure
and its limits as given in Section 2.3.4.4. For the irregular superstructure, the
reduced force must be the same as V; for response spectrum analysis and shall not
be less than 80% of V; for response history analysis. The forces from dynamic
analysis must be increased or scaled up in case they are below the lower bound as
specified above.

The story drift is checked based on Equation 2.69. The story drift limitation is
0.015h, for response spectrum analysis and 0.020%h, for response history analysis.
P—A effects of the structure above the isolation system subjected to the MCE shall
be considered if the story drift ratio is over 0.01/Ry.

2.3.5.3 Response spectrum analysis

Response spectrum analysis is essentially a linear analytical procedure. As dis-
cussed in Section 2.2.1, minimization of nonlinear deformations of the structure
above the isolation interface could be achieved on condition that a seismic force-
resisting system is properly selected and its layout is well balanced. As a result,
nonlinear deformations dominantly occur at the isolation system and the struc-
ture above the isolation interface can be assumed to deform within elastic ranges.
Also, the conversion of the nonlinearity of the isolation system into a linear rela-
tion between the shear and its lateral displacement is accomplished by introducing
an effective stiffness or secant stiffness, kegr, at the design or maximum displace-
ment. Figure 2.6 gives an example to determine the effective stiffness, kefr, from
a bilinear model of an isolator unit. On the basis of the above assumptions, use
of linear properties for both the seismic force-resisting system and the isolation
system makes the response spectrum procedure applicable to analyze seismically
isolated structures.

Considering a structure with an isolation system under the design earthquake,
the damping portion of the superstructure and the isolation system, [2B8w]{x},
as given in Equation 2.17, can be eliminated [17] by employing a 5% damped
pseudoacceleration, S,,,,, which is inclusively reduced by a numerical coefficient
for effective damping, B,,p, at the mth mode of vibration. Thus, the motion
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equation corresponding to the mth angular frequency, w,,, is simplified as follows:
xi/n + w%zx;n =DTwSam, m=12,...n (2.72)

x;, in Equation 2.72 represents the mth component of the generalized response
vector and is used to define the structural displacements, {x},, = {®}x],, where
{®} is the mth mode shape of the system and its component, ¢,, ,, at the isolation
interface is designated as a unit. The angular frequency, w,,, in Equation 2.72 is
determined by the following equation:

2 APYLIKI®)

“n = (@I MI(B),, @79

where [M] and [K] in Equation 2.73 are the matrices of mass and stiffness of the
structure combined with the isolation system. The mth modal participation factor,
I}y, in Equation 2.72 is defined as

_ A@IMI} YR midim
(@ILIMI®Y — Y, mig?,,

(2.74)

m

The application of Equation 2.72 to the analysis of a seismically isolated struc-
ture mainly depends on whether or not the input of the pseudoacceleration, Sy,
reduced by the numerical coefficient, B,,p, enables to capture the system per-
formance and to provide satisfactory accuracy of structural responses. As required
by ASCE 7-05, the damping of the base isolation system, normally related to
the fundamental modes of the seismically isolated structure, must be the smaller
value of the effective damping of the isolation system or 30% of critical damping.
Damping of superstructure usually related to higher modes of vibration shall be
selected based on the materials of the seismic force-resisting system. Determina-
tion of the pseudoacceleration with reduction by numerical coefficients, B,,p, is
schematically presented in Figure 2.10.

To determine the design displacement, the system displacement at the mth
mode of vibration, {x},, = {®},;x,, as given in Equation 2.72, shall be combined
by means of the square roof of the sum of the squares (SRSS), complete quadratic
combination (CQC), or other rational methods [3]. Note that the effective stiffness
of an isolation unit, kg, is calculated from the assumed design displacement, Dp.
However, the design displacement reported from the response spectrum analysis
may not be the same as the assumed value. Thus, iteration procedures have to
be employed to repeat response spectrum procedures by changing the effective
stiffness of the isolator units with newly assumed design displacement until the
computed and assumed design displacement are close to each other within the
required accuracy. Once the displacement of the mth mode, {x},, = {®}x),, is
obtained from Equation 2.72, the design lateral force that is vertically distributed
at each level of the structure at the mth mode of vibration can be computed by
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FIGURE 2.10 Response spectrum reduced by numerical coefficients, B,p.

applying Newton’s law:
{F}m = [M]{x}m = [M]{q)}mx,/n = [M]{Q}mrmsam (2~75)
where {F},, isa 1 x n vector thatcan be writtenas {F1,» ... Fim ... Fum}

The design base shear of the mth mode is the sum of the design lateral force at
each level and is given as follows:

n n
San —
V= Fim= (§ m,-¢>l-,m) Ty Sam = %Wm (2.76)
i=1 i=1

where W, is the effective seismic weight of the mth mode and is defined as

= - (0, midim)®
Wm = i¢i,m 1-‘m = —n____ .2 (277)
(;m ) ¢ Zi:l mi¢i2,m §

For the structure above the isolation interface and the isolation system, the
displacements, 6; ,,p and §;—1 mp, at story i and i — 1 of the mth mode are given as

8imD = DuD®im;  Si—1,mD = DD Pi—1,m (2.78)

Accordingly, the story drift,A;,,p, between story i and i — 1 of the mth mode
becomes

AimD = Dpp (Pin — di—1,m) (2.78a)

The design values of the lateral force at each level of the structure and the isolation
system, the base shear, and the story drift shall be determined by applying SRSS
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or CQC method to combine Equations 2.75, 2.76, and 2.78a with sufficient modes
included. The rule of selecting sufficient modes for computation of the design
values is to ensure that the combined modal mass participation captures at least
90% of the actual mass in each principal direction.

The response spectrum procedure as presented above is also applicable to
the structural analysis under the MCE. As indicated in ASCE 7-05, the total
design displacement, Dtp, and the total maximum displacement, D1y, shall be
determined by combining 100% of the ground motion in the critical direction
with 30% of the ground motion perpendicular to the critical direction. Accord-
ingly, the maximum value of Dtp and Dy shall be computed as a vector sum
of the displacement in both principal axes of the structure. In addition, the design
shear at any story from the response spectrum analysis shall not be less than
the story shear determined by the equivalent lateral force procedure as given in
Equation 2.68.

2.3.5.4 Special requirements for response history analysis

Response history analysis shall be performed with minimum of three properly
selected horizontal ground motions. Each horizontal ground motion has two com-
ponents, which are perpendicular to each other. Both components shall be applied
simultaneously to the structural model to perform the response history analysis.
At each time increment, the vector sum of the displacement in both principal axes
of the structure is used to compute the maximum value of the total displacement,
Drp, and the total maximum displacement, Dty. ASCE 7-05 permits using an
average value of the analytical results for design if seven ground motion records
are utilized. In case of less than seven ground motion records used to perform
response history analysis, the maximum value of the analytical results shall be
used for design. For examples of multiple seismic inputs, refer to Reference [3]
from pages 397 through 410.

When selecting ground motion records, one must consider earthquake mag-
nitudes, fault distance, near source effects, and source mechanisms. If there are no
sufficient ground motion records available, ASCE 7-05 allows to use the appro-
priate simulated ground motion in order to provide the required number of ground
motions. The ground motion records may be scaled according to the following
method. First, for two components of each ground motion, a SRSS of 5% damped
spectrum is constructed. Then a design response spectrum with 5% damping, as
presented in Section 2.3.2, is determined. The next step is to apply the individual
scaling factor to each SRSS spectrum and find the average value of SRSS spectra.
At last, the selected scaling factors shall not cause the average value of SSRS
spectra to fall below 1.3 times the design response spectrum by over 10% with
period varying from 0.57p through 1.257;. Figure 2.11 illustrates this method.
Detailed computations for selecting scaling factors are given in Example 2.4.3.

Note that the input of ground motion into the structural model does not account
for the accidental torsional effects. To simulate accidental torsion in the struc-
tural model, masses of the structure above the isolation system are usually moved
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FIGURE 2.11 Determination of scaling factors for ground motions.

by 5% of the building dimension along each principal axis. Movement of masses
could happen in any direction (positive or negative) along the principal axes, which
results in tremendous computational efforts to determine the most disadvantage-
ous case for the design of the seismically isolated structure. Unfortunately, there
is no simple method to reduce the computational efforts. From the design practice
viewpoint, reduction of running response history analysis may rely upon engin-
eering judgment to identify the irregularities of the structural layout, the most
disadvantageous mass eccentricity, and the critical ground motion records. It is
because these major factors govern the maximum parameters of interest, such as
the story drifts, the lateral displacement at the isolation system, and the uplift
forces in isolator units.

2.4 DESIGN EXAMPLES

Example 2.4.1

A four-story building designed, based on Occupancy Category IV, is 64 ft
(19.52 m) high with equal story height of 16 ft (4.88 m). The longest and
shortest plan dimensions for the building are measured as 240 ft (73.2 m)
and 150 ft (45.75m), respectively. The effective seismic weight of the struc-
ture above the isolation system is approximately 24,000 kips (106.75 MN).
There are no horizontal or vertical structural irregularities of the building
structure above the isolation system. Special steel concentrically braced
frames are selected as the seismic force-resisting system. The eccentricity
between the mass center above the isolation system and the isolation system’s
center of the rigidity is approximately 2.0 ft in both principal directions. The
isolation system consists of twenty 32-in. and thirty-four 38-in. bearings. The
bearing properties are summarized in Table 2.7.
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TABLE 2.7

Bearing Properties

Diameter in in. (mm) 32 (813) 38 (965)

KD min in k/in. (kN/mm) 5.63 (0.986) 7.44 (1.303)

Dy min related to Kp pip in in. (mm) 2.00 (51) 2.00 (51)

Ke min in k/in. (kN/mm) 11.93 (2.089) 13.54 (2.371)

Kp,min in k/in. (kN/mm) 4.40 (0.771) 6.25 (1.094)

KD max in k/in. (kN/mm) 6.75 (1.182) 8.19 (1.434)

Dy D max related to Kp max in in. (mm) 2.00 (51) 2.00 (51)

Ke max in k/in. (mm) 14.32 (2.508) 16.23 (2.842)

Kp,max in k/in. (mm) 5.28 (0.925) 7.49 (1.312)

KM min in K/in. (mm) 5.25(0.919) 6.94 (1.215)

KM max in k/in. (mm) 6.42 (1.124) 8.48 (1.485)
Force, F Force, F

Koy max= 528 K/in. Koy = 749 K/in.
oy, min= 4:40K/in. Ky, min= 625 K/in.
e, may= 14.32K/in. q. mac= 16.23 K/in.
. min= 1193 K/in. e, min= 13.54K/in.
Dy, max=Dy, min =2.0in.  Displacement, D Dy ax=Dy min =2.0in.  Displacement, D
(@ (b)

FIGURE 2.12  Bilinear model: (a) 32-in. bearing, (b) 38-in. bearing.

A bilinear relationship between the lateral force and the displacement prop-
erly reflects the mechanical properties of the bearings and is presented in
Figure 2.12. At the preliminary design phase, 10% of the base isolation sys-
tem’s effective damping is tentatively used. Assume that the isolation system
does not limit the MCE displacement to less than the total maximum dis-
placement. The structure will be constructed at the site with S and Ss equal
to 0.58 and 1.25, respectively. Site soil is classified as Class D. On basis of
the given information, design and check the following items using customary
units:

1. Use the equivalent lateral force procedure to determine the total
design displacement, DTp, and the total maximum displacement,
Dt\.
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2. Find the minimum lateral force at the isolation system, above
and below the isolation system. Assume that wind load is not the
governing case.

3. Check if the assumptions of the equivalent lateral force procedure
are valid or not.

Solution
1. To determine the total design displacement, D1p, and the total maximum
displacement, Dy, the minimum or maximum stiffness of the isolation sys-
tem and the effective period related to the design and maximum displacement
shall be calculated.

The total design displacement is determined by the following steps.

kD min = 20(5.63) + 34(7.44) = 365.56 k/in. (a)

W 24,000
Tp =2 |—0 —og =20 559 b
D= ommg "\ (365.56)(386.1) i ®)

From Table 2.2, the site coefficient F,, = 1.5.
Accordingly, Sy = FyS1 = 1.5(0.58) = 0.87, and Sp; = (2/3)Sm1 =
(2/3)(0.87) = 0.58. From Table 2.4, Bp = By = 1.2 for 10% of effective
damping. Therefore, the design displacement is

_ 8SpiTp _ (386.1)(0.58)(2.59)

Dp = -
D= 4r2Bp 472(1.2)

= 1224 in. (©)

Some braced frames are usually located at the perimeters of the build-
ing structure in order to effectively resist the seismic force. In this
example, y =240/2 = 120 ft leads to the maximum eccentricity. The accident
eccentricity is determined as e, =0.05(240) = 12 ft. The total eccentricity
becomes e =2 + 12 = 14 ft, which results in the total design displacement as
follows:

12e
Dmp=Dp|l+y Rrd

B 240 (12)(14)
= (1229 [1 + (7) (m

)} —1532in.  (d)

The total maximum displacement is calculated from the followings steps:

kntmin = 20(5.25) + 34(6.94) = 340.96 k/in. ()

w 24,000
Ty =27 =27 [ —————— =268s (f)
kM ming (340.96)(386.1)

From Table 2.1, the site coefficient F, = 1.0. Therefore, Sms = FaSs =
1.0(1.25) = 1.25, and Sps = 2Sms/3 = 2(1.25)/3 = 0.83. The maximum




Base Isolation Systems

displacement is

_ &SmiTm  (386.1)(0.87)(2.68)

Dy = -
M= 4By 472(1.2)

= 19.00 in. (2)

The total maximum displacement is

12e
Dvip=Dm|1+Yy Rrd

_ 240 (12)(14) _ .

2. The maximum effective stiffness of the isolation system at the design
displacement is

kpmax = 20(6.75) + 34(8.91) = 437.94 k/in. @)

Thus, the minimum lateral force at the isolation system and for the design
of structural elements below the isolation system is

Vi = kpmaxDp = 437.94(12.24) = 5360.4 k G

The numerical coefficient, Ry, is equal to 2.0 from Table 2.5. Thus, the
minimum lateral force used to design structural elements above the isolation
system is

_ kpmaxDp _ 437.94(12.24)

V. = =2680.2k k
5 R > k)

However, the minimum lateral force, Vg, shall be checked by two cases:
the fixed-base structure with an effective period of Tp, and the yield of the
isolation system multiplied by a factor of 1.5. Note that the given condition
indicates that the wind load does not govern the lateral force, and this case
does not need to be checked.

From Tables 2.5 and 2.6, R = 6 and I = 1.5. Accordingly, the seismic
response coefficients based on Equations 2.62 through 2.64 are determined as
below:

Sps  0.83
Cs = - =0.208 (1)
(R/D (6/1.5)
Sbi 0.58

~ To(R/I) _ 2.59(6/1.5)

Cs = 0.056 > 0.01 (m)

Use Vi to define the base shear for a fixed-base structure with the effective
period, Tp. Then the base shear, Vy, is calculated as shown below:

Vs1 = CsW = 0.056(24,000) = 1344 k < Vi = 2680.2 k (n)
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At the yield level of the isolation system, the lateral force denoted as V3
becomes

Vi3 = 1.5ke maxDpy.max = 1.5 [(20)(28.64) + (34)(32.46)]
—=2514.7k < Vi = 2680.2 k (0)

Since Vi1 and Vg3 are less than Vg, the minimum lateral force is Vg =
2680.2k for the design of structural elements above the isolation system.
Note that Equation 2.65 is not used here because S is less than 0.6 g.

3. The design information given in this example has already met some
requirements of the equivalent lateral force procedure. S = 0.58 and the Site
Class D meet Items 1 and 2 as required in Section 2.3.3. The building is four
stories, and the height is less than 65 ft, thus also meeting Item 3. The effective
period at the maximum displacement, Ty, is 2.68 s, which satisfies Item 4.
Item 6 is met because the given condition specifies that the building does
not have any irregularities. As specified in the given condition, the MCE
displacement is not limited by the isolation system to the total maximum
displacement. Therefore, Item 9 is automatically satisfied.

Only Items 5, 7, and 8 require further verification. These items are checked
as follows:

For Item 5, the period of the fixed-base structure is 7, = Cih} =
0.02(64)%7 = 0.45s. 3T, = 3(0.45) = 1.35 s, which is much less than
Tp = 2.59 s. Thus, Item 5 is met.

For Item 7, 20% of the design displacement is 0.2(12.24) = 2.45 in. The
stiffness is accordingly calculated as follows:

2(14.32) +5.28(2.45 - 2)

1
32-in. bearing: §K32// =

3(2.45)
— 4.22kfin. < Kpmax = 6.75 k/in. )
. 1 2(16.23) + 7.49(2.45 — 2)

38- . b . —K /) =
1. beariig: 3838 3(2.45)
— 4.87kfin. < Kpmax = 8.91 k/in. @

Thus, the effective stiffness of both types of bearings at the design dis-
placement is greater than one-third of the effective stiffness at 20% of the
displacement. Note that the above demonstration is derived from the max-
imum stiffness at the design displacement. The same conclusion can be
obtained for the minimum stiffness at the design displacement by applying
the same methodology.

Item 8 is to check the capability of the isolation system to produce a
restoring force. Fifty percent of the total design displacement is

50%Dtp = 0.5(15.32) = 7.66 in. (r)
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For a 32-in. bearing, the lateral force at 50% Dp is
Vapr = 2(14.32) 4 5.28(7.66 — 2) = 58.52k (s)
For a 38-in. bearing, the lateral force at 50% Drtp is
Vagr = 2(16.23) + 7.49(7.66 — 2) =74.85k ®)

Thus, the lateral force of the isolation system at 50% Dtp becomes

20(58.52) + 34(74.85)
VsoaTD = 24,000 =0.155W ()

The lateral force at the total design displacement can be written as follows:

_20[2(14.32) + 5.28(15.32 — 2)] + 34[2(16.23) + 7.49(15.32 — 2)]
24,000

=0.270 W V)

Vip — Vsowtp = 0270 W — 0.155 W = 0.115 W > 0.025 W (w)

TD

Therefore, Item 8 is satisfied. On the basis of the above verifications, all the
items are met, and use of the equivalent lateral force procedure is acceptable.

Example 2.4.2

Define lower-bound limits on response spectrum analysis for the seismically
isolated structure as described in Example 2.4.1. All the given conditions
remain the same except for the irregularities of the structure above the
isolation system.

Solution
Using the response spectrum procedure, the following lower-bound limits as
specified in Section 2.3.5.2 shall be established.

On the basis of the solutions from Example 2.4.1, the design displacement
is Dp = 12.24 in. The approximate period of the fixed-base structure is used
here. Then, T, = 0.45 s, and the effective period at design displacement is
Tp = 2.59 s. Thus, the design displacement to determine the total design
displacement for response spectrum analysis is

Do 12.24
b= 2 2
JU+(T/T)* 1+ (045/2.59)

= 12.06 in. (a)
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The total design displacement becomes

, 12e
Do =Dy | 17\ e

. 240 (12)(14) _ .

The lower-bound limit on the total design displacement is 0.9Dtp =
0.9(15.1) = 13.59 in.

The maximum displacement from Example 2.4.1 is Dy = 19.0 in., and the
corresponding effective period is Ty = 2.68 s. The maximum displacement
to define the total maximum displacement for response spectrum analysis is

, Dy 19.0
DM - 2 - 2
JU+ (/1) 1+ (045/2.69)

The total maximum displacement is

, 12e
Dvp =Dy |1+y —b2+d2

_ 240 (12)(14) _ .

—18.74in. ()

The lower-bound limit on the total maximum displacement is 0.8Dy =
0.8(23.46) = 18.78 in.

The lower-bound limit on the design lateral force at and below the isolation
system is

0.9V, = 0.9(5360.4) = 4824.4 k ()

The lower-bound limit on the design lateral force for the design of structural
elements above the isolation systemis 1.0V = 2680.2 k, which is also greater
than Vg1 = 1752 k and Vg3 = 2514.7 k.

The results from response spectrum analysis shall not be less than the
lower-bound limits determined above.

Example 2.4.3

A seismically isolated building will be constructed on a Site Class D. The
effective period at the design displacement is Tp = 2.5 s, and the effective
period at the maximum displacement is Ty = 2.6 s. Response history analysis
must be performed owing to structural irregularities. Three ground motion
histories are selected for response history analysis and the maximum value
of the response parameters shall be selected for the structure design. These
three ground motion histories were recorded during the 1989 Loma Prieta
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earthquake at Joshua Tree and the 1992 Landers earthquake at Gilroy Array
and Hollister City Hall. Response spectra of three ground motion histories
at 5% of damping are shown in Table 2.8. Response spectrums are identified
as (1), (2), and (3). The MCE spectral acceleration parameters are Ss = 2.0
at the short period and S; = 1.0 at a period of 1 s, which will be used to
determine the design response spectrum.

1. Find the design response spectrum based on the given information. The
long-period transition period, 71, is 6 s for this site.
2. Determine the scaling factor for each ground motion history.

Solution

1. From Tables 2.1 and 2.2, site coefficients F, and F, are 1.0 and 1.5,
respectively, for Site Class D. Thus, Smys = FaSs = 1.0(2.0) = 2 and
Sm1 = FyS1 = 1.5(1.0) = 1.5. The design spectral acceleration parameters
are determined as follows:

S 25 2(2) tand Spy = s 2(15) 1.0 ()
= — = — = — n = = = Z L. = 1.
DS 3 MS 3 3 al DI 3 Ml 3 a
S 1.0
To = 0.2 <ﬂ> =02 —— | =015 (b)
Sbs (4 3)
SD1 3
=Pl _ 2 _075
S Sos 4 ©

The design spectral response acceleration for a period less than Tp is
presented as shown below.

S, = Sps | 0.4+ 0.6 LY P 04+O'6T =0.533 +5.333T (d)
a — 9DS . . TO —3 . 0.15 = L. .

The design spectral response acceleration between T and Ts is 1.333 in
unit of g and the acceleration between T and 71, is given by

Sa = = (e

SD1 1
T T
On the basis of the above relationship between T and S,, the design response
spectrum can be developed and is shown in Figure 2.13. Since 1.257y is
shorter than 71, the portion of acceleration with period longer than 77, is not
shown in Figure 2.13.

2. The scaling factor for each spectrum from the ground motion is determ-
ined between 0.5Tp and 1.25Ty. 0.5Tp = 0.5(2.5) = 1.25 s, and 1.25T =
1.25(2.6) = 3.25 s. The design response spectrum is multiplied by a factor
of 1.3 according to ASCE7-05. By trial and error to find a set of scaling
factors that is able to meet the ASCE 7-05 requirements, scaling factors of
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TABLE 2.8
Response Spectrums of Three Ground Motions
(1) 1992 Landers (2) 1989 Loma Prieta (3) 1989 Loma Prieta Hollister
Joshua Tree Gilroy Array City Hall
T (s) Component Component Component Component Component Component
1 2 1 2 1 2
0.01 0.713 0.742 1.226 0.783 0.815 0.392
0.10 0.764 1.021 2.908 1.932 0.842 0.527
0.15 0.868 1.104 3.540 2.129 0.954 0.855
0.20 0.989 1.347 4.384 3.132 1.335 0.709
0.30 1.836 1.932 2.240 2.646 1.881 0.963
0.40 1.945 1.217 2.382 1.031 1.386 0.914
0.50 1.739 1.097 2.260 1.540 2.585 1.535
0.60 1.450 1.575 1.538 1.062 2.175 0.896
0.70 1.737 2.616 1.124 0.902 2.147 0.889
0.75 1.763 2.250 1.069 1.053 2214 0.824
0.80 1.722 1.763 1.082 0.936 2.251 0.736
0.90 1.657 1.473 0.817 0.851 2.062 0.640
1.00 1.042 1.372 0.586 0.829 2.199 0.799
1.10 1.204 1.664 0.408 0.843 1.920 0.951
1.20 1.378 1.495 0.348 0.843 1.509 0.889
1.25 1.258 1.367 0.319 0.845 1.325 0.791
1.30 1.153 1.251 0.290 0.842 1.242 0.647
1.40 0.676 1.074 0.330 0.821 1.156 0.451
1.50 0.562 0.964 0.378 0.776 1.090 0.386
1.60 0.495 0.941 0.327 0.768 1.026 0.406
1.70 0.494 0.811 0.266 0.736 1.108 0.359
1.80 0.464 0.705 0.197 0.695 1.097 0.374
1.90 0.379 0.608 0.161 0.687 0.986 0.346
2.00 0.344 0.492 0.164 0.658 0.835 0.312
2.20 0.274 0.360 0.150 0.563 0.670 0.342
2.40 0.250 0.398 0.118 0.506 0.553 0.281
2.60 0.213 0.471 0.123 0.425 0.486 0.292
2.80 0.190 0.459 0.136 0.349 0.436 0.307
3.00 0.121 0.306 0.132 0.282 0.390 0.251
3.20 0.095 0.286 0.144 0.226 0.347 0.203
3.25 0.099 0.300 0.143 0.214 0.337 0.209
3.40 0.108 0.284 0.130 0.181 0.306 0.213
3.60 0.109 0.230 0.114 0.159 0.268 0.180
3.80 0.127 0.197 0.100 0.142 0.235 0.167

4.00 0.109 0.192 0.098 0.128 0.205 0.212
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FIGURE 2.13 Design spectral acceleration.

1.07, 0.82, and 1.38 applied to ground motions (1), (2), and (3) are selec-
ted. Thus, the average of the SRSS spectra from three ground motions is not
less than 10% of the design response spectrum increased by a factor of 1.3.
Figure 2.14 shows that the average of the SRSS spectra is above 1.3 times the
design response spectrum reduced by 10% between 1.25 s and 3.25 s. Scaling
factors are selected using Microsoft Excel and are summarized in Table 2.9.
Interpretations of results at a typical time interval are given step-by-step as
follows.

At the time of 3.25s, the spectral acceleration from the design response
spectrum is

Sa=(1/3.25)g =0308g, 1.35, = 1.3(0.308) = 0.4¢ (f)

For the spectrum (1) at the time of 3.25 s, two components of spectral accel-
eration are combined by SRSS. Thus S, (1) = +/0.099% + 0.32 = 0.316g. Do
the same for the spectra (2) and (3),

Sa2) = +/0.1432 + 02142 = 0.257g and
Sa3) = v/0.337% + 0.209 = 0.396g (g)
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(1) 1992 Landers, Joshua; scaling factor = 1.07 :

"""" 3) 1989 Loma-Priéta, Hollister; séaling factor = i.38 semmemeees

(2) 1989 Loma-Prieta, Gilroy; scaling factor = 0.82 T T
0.0 ; ; ; ; ;
1.0 1.5 2.0 2.5 3.0 3.5 4.0
0.5Tp=1.25s Period T (s) 1257y =3.25s

FIGURE 2.14 Scaling factor determination of ground motions.

Applying the selected scaling factors, the average of the SRSS spectra
becomes

T _ 1.078,,(1) + 0.828,,(2) + 1.388,,(3)
3
1.07(0.316) + 0.82(0.257) + 1.38(0.396)

= : = 0.365g (h)

Compared to the design response spectrum as represented in Figure 2.13,
the following condition is satisfied:

0.9 (1.35,) = 0.9(0.4) = 0.36 g < S, = 0.365 ¢ @)

Thus, the selected scaling factors meet ASCE7-05 requirements. As an
exercise of applying the above methodology, demonstrations of the average
of SRSS spectra not less than 10% of 1.3 times the design response spectrum
are easily achieved at any time interval between 1.25 and 3.25 s.
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2.5 TESTING VERIFICATION AND DETERMINATION OF ISOLATOR
PROPERTIES

2.5.1 Testing Requirements of ASCE 7-05

Mechanical properties of isolation systems, used in the equivalent lateral force
procedure and the dynamic analysis procedures, shall be verified by prototype
tests in accordance with ASCE 7-05, Section 17.8 [2]. Two full-size bearings for
each type and size are required for testing. The prototype tests shall include the
following sequences:

1. Anaverage of gravity load, P, which is equal to D + 0.5L, is preloaded on
the bearing, where D and L are the dead load and live load, respectively.
Under this sequence, 20 fully reversed cycles are performed under the
lateral force equal to the design wind load.

2. The gravity load, P, remains applied on the bearing, which is forced
to move three fully reversed cycles at each displacement increment
of 0.25Dp, 0.5Dp, 1.0Dp, and 1.0Dyg. If the tested bearing is used
to resist the vertical seismic force transferred from the seismic force-
resisting system, two additional vertical load cases shall be included in
the testing sequences to perform the same cycle procedures as presented
above.

(1.2 +0.2Sus)D + L + Ok (2.79)
(0.9 — 0.2Sms)D + O (2.80)

where Qg is the seismic force determined from the MCE and Sys
represents the MCE spectral response acceleration at a short period.

3. Under the gravity load, P, three fully reversed cycles are performed with
the total maximum displacement, DTy.

4. Subjected to the same gravity load, P, the bearing is forced to
move (30SD 1 / SDSBD) > 10 fully reversed cycles with the total design
displacement, D1p.

On the basis of the results from prototype tests, the minimum and maximum
effective stiffness at the design displacement is determined as

Z ’Fl—)'—‘min + Z ‘F[;’min

kD min = 2Dp (2.81)
F | + 22 1D |
kD max = 2| D|max2DZ| D b (2.82)
D

where > IFS |min and ) |F5 |min are the sums of the minimum absolute lateral

force at the positive and negative design displacement, Dp; > ]Fg |max and
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Force, F

“ kmax
F;lax k
F ;in / ‘min
D
L

+
D Displacement, D

FIGURE 2.15 Definition of effective stiffness, kmax and kpjy,.

> |F N |m,‘lx present the sums of the maximum absolute lateral force at the positive
and negative design displacement, Dp.

In the same way, the minimum and maximum effective stiffness at the
maximum displacement are expressed as

Z |Fl\-i/_[|min + Z |Fl\_/[|min

kM min = 2Dy (2.83)
Fyil 4> |Fy
kaax = Z| M|max2D Z| M|max (284)
M

where ) |FI\J§[|min and ) |F1\7[|min are the sums of the minimum absolute lateral

force at the positive and negative maximum displacement, Dyy; Y |F1\'Z|max and

> |F M |max present the sums of the maximum absolute lateral force at the positive
and negative maximum displacement, Dy;. Figure 2.15 shows the relation of the
effective stiffness with the corresponding absolute displacement.

After kpmax and knvmax are determined, and the total dissipated energy in the
isolation system in a full cycle of the design displacement, > Ep, and ina full cycle
of the maximum displacement Y  Ey; are calculated from prototype test results,
the corresponding effective damping, Sp and B, are obtained based on Equations
2.51 and 2.55.

In addition to the prototype tests, production tests of all the bearings are
required to ensure that testing results fall into the accepted ranges of the preselec-
ted design values. The production test usually includes bearing compression test
to find its compressive stiffness, test of lateral stiffness at the design displacement,
and determination of the effective damping at the design displacement.
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Acceptance criteria of testing results for both prototype and production tests
need to be reviewed and approved by the design review panel and the enforce-
ment agency. This section only provides general requirements for the prototype
and production test. Specific requirements are expected to test different types of
bearings. Detailed explanations of prototype and production test requirements for
different types of bearings can be found in Reference [13].

2.5.2 Modifications of Isolator Properties

The mechanical properties determined from tests have been proven to vary dur-
ing years of service owing to environmental conditions, such as the effects
of aging, contamination, travel, temperature, and scragging. Scragging is a
unique characteristic of elastomeric-type bearings, which refers to the reduc-
tion of the bearing’s shear stiffness at initial cycles of testing with large shear
deformation. However, recovery time of the scragged bearing’s original shear
stiffness mainly depends on the bearing’s rubber properties. All the effects as
mentioned above shall be considered in the design stages. However, ASCE 7-05
[1] does not explicitly specify how to account for them. In the current design
practice for seismically isolated structures, modifications of isolator properties
are usually determined by a method of system property modification factors
developed by Constantiou, et al. [5] based on their research work, which has
been adopted by the 1999 AASHTO Guide Specifications for Seismic Isolation
Design [1].

This method establishes upper- (maximum) and lower- (minimum) bound bear-
ing properties by applying different modification factors to its nominal properties
that are determined from tests. Assuming that the nominal properties of bearings
are designated as P,,, the modified maximum and minimum properties of bearings
become Ppax and Ppip, respectively, and the relation of P to Ppax and Ppp iS
expressed as below:

Prnax Zf()"max,ls cees Amax,i)Pn (285)
Prin :f()”min,l’ ceey )‘«min,i)Pn (286)
where f(Amax,1,--->Amax,;) and f(Amin,1,---,Amini) are functions of modifica-

tion factors or A-factors owing to different effects and are defined in terms of
[T *max.; and [ Amin,;- For sliding-type bearings, the modification factors include
effects of aging, contamination, wear, and temperature, while the effects of aging,
scragging, temperature, and heat are considered for elastomeric-type bearings.
A-factors can be determined from Tables 5-1 through 5-8 in the report by Con-
stantiou, et al. [5]. Note that there is a slim probability of all the effects being
applied during an earthquake event. Thus, a system property adjustment factor, yx,
is proposed [5] to modify [| Amax.; and [ | Amin ;- By introducing Amax and Ampin to
express f(Amax,1s- - -»> Amax,i) and f(Amin.1, - - ., Amin,i), Tespectively, the adjusted
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modification factors become as follows:

Amax = 1+ x (l_[ Amax,i — 1) (2.87)

Amin =1 —x (1_[ )\min,i - 1) (2.88)

where y varies from 0.66 to 1.0 based on the importance of the structure. An
application to the method of system property modification factors is depicted in
the following example.

For a high damping rubber bearing with a diameter of 40 in., the nominal upper-
bound properties are characterized as the elastic stiffness, ke max = 27.6 k/in., the
postyield stiffness, kpmax = 10.08 k/in.; and the yielding displacement, Dy nax =
2.0in. Thus, the yielding force is Fy = 27.6(2) = 55.2 k. By using Equation 2.21,
the characteristic strength becomes Q = (ke max —kp max)Dy = (27.6-10.08)(2) =
35.04 k. The heat effect for high damping rubber bearing is negligible, and from
Tables 5-5 and 5-6 of the report [5], a factor of 1.2 for both the effects of aging and
scragging is obtained to modify the postyield stiffness, kp max, and the characteristic
strength, Q. Assuming that this is not an essential structure, the system property
adjustment factor, y, is equal to 0.75, which leads Equation 2.87 tobe Apmax = 1+
0.75[1.2(1.2) — 1] = 1.33. Thus, the adjusted kpmax = 1.33(10.08) = 13.41 k/in.,
and adjusted O = 1.33(35.04) = 46.60 k. Accordingly, Dymax = Q/(kemax —
kpmax) = 46.6/(27.6 —13.41) = 3.28in., and Fy = 27.6 x 3.28 = 90.53 k.

The modified postyield stiffness, kpmax, and yielding displacement, Dy max,
along with the elastic stiffness, ke max, Will be used to perform equivalent lateral
force analysis or be input into computer model for dynamic analysis of the building
structure.
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3 Damping Systems

The objective of utilizing dampers is to reduce structure responses and to mit-
igate damage or collapse of structures from severe earthquakes by participating
energy dissipations. As a successful application, installation of dampers in an exist-
ing building structure, which does not possess sufficient lateral stiffness, enables
control of the story drift within the required limitation and maintains its desired
functions during an earthquake event. Since the first application of dampers in
structural engineering took place in 1960s, abundant research work has been con-
ducted to study the mechanisms of dampers and the behavior of damped structures.
With the invention of different types of damping devices, improvement of mod-
eling techniques, and development of new computational methodologies, use of
dampers has become a mature technology in designing of new structures and
retrofitting of existing facilities.

Study of damped structure performance mainly relies on types of dampers
and configurations of their installations. The authors’ intention being the same
as mentioned in Chapter 2, this chapter only addresses commonly used types
of dampers, and introduces corresponding basic theories and their important
applications to damped building structures. In addition, this chapter could be
considered as a stepping stone for reader’s further studies. A brief summary of
this chapter is presented as follows. In Section 3.1, basic concepts of damped
structures with single or multiple degree-of-freedoms are introduced with consid-
eration of nonlinear behavior of both building structures and dampers. Different
analytical procedures with ASCE 7-05 [1] requirements are explained in detail
in Section 3.2. Section 3.3 provides design examples according to ASCE 7-05
requirements. Testing requirements and properties verifications of dampers are
summarized in Section 3.4.

3.1 Basic CONCEPTS OF BUILDING STRUCTURES WITH
DAMPING SYSTEM

3.1.1 Single-Degree-of-Freedom Motion Equations

A building installed with dampers features two structural systems to resist seismic
force: seismic force-resisting system and damping system. A seismic force-resisting
system is characterized by selected structural materials and its configurations,
such as steel braced frames, steel moment frames, and concrete shear walls.
A damping system is usually defined as a collection of dampers, connections
between dampers and structural members, and structural members transferring
forces between damping devices and the seismic force-resisting system or the

109
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Seismic force-resisting system (SFRS) Damping system (DS)

Damping system (DS)

Internal
damping device

~.
b > / \7‘)7
, /
Internal damping Internal damping External
device sharing device with common damping device

column with SFRS elements of SFRS

FIGURE 3.1 Definition of damping device and damping system.

foundation. Figure 3.1 illustrates both systems in a structural frame elevation.
Note that the damping devices indicated earlier refer to a combination of dampers
and their end connections, which could be in forms of pins, bolts, brace segments,
or gusset plates.

On the basis of the location of the damping system, the damping device can be
classified as internal or external [9]. As shown in Figure 3.1, if the damping system
is combined with the seismic force-resisting system, some structural members are
called shared elements or common elements.

Development of single-degree-of-freedom (SDOF) motion equations can be
depicted from a single-story building structure installed with a damping system,
which is schematically shown in Figure 3.2. The mass of this structure, assuming
it is simply lumped at the roof level, is denoted as m. To consider the nonlin-
ear behavior of the building structure, a general expression is utilized to define
the structural force, Q, instead of ksx, where kg is linear lateral stiffness of the
structure and x, simplified from x(¢), represents roof displacement or deflection of
the structure at any time . The structural damping coefficient is designated as cs.
Force, P, is defined along the movement of the damping device. Accordingly, its
horizontal component becomes D = P cos ¢, where angle, ¢, relies on assembly
configurations of damping device and bracings. For the damping devices connec-
ted by diagonal bracings to the building structure, the angle, ¢, represents the
damping device’s inclination to the horizontal movement of the structure. How-
ever, if the damping device is installed between chevron bracings and a horizontal
structural member or a braced frame beam as shown in Figure 3.2, the move-
ment of the damping device is parallel to the structure displacement and the angle,
¢, becomes zero. Some sophisticated assemblies of damping devices and bra-
cings structurally tied to the seismic force-resisting system have been developed
in order to satisfy particular requirements of structural configurations and func-
tions, such as damping device incorporated into upper or lower toggle bracings, or
scissor-jack bracings [10]. Determination of their relations between the damping
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FIGURE 3.2 Sketch of SDOF structures with damping devices.

force in the direction of damping device movement and its horizontal component
can be found in References 10 and 12.

For common configurations of damping devices assembled with diagonal or
chevron bracings, the axial stiffness of bracings is usually much stronger than that
of the damping device and the movement or deformation of the damping system is
dominantly contributed by the damping device. Accordingly, the bracings can be
reasonably assumed to be rigid components with infinite stiffness. On the basis of
the assumption of infinite stiffness of the bracings and the well-known equilibrium
condition, SDOF motion equation of the damped structure is easily expressed as
follows:

mi+cx+D+Q=-—miy or mX+csx+Pcosg+Q=-—-miy (3.1

where the structural acceleration, X, and the ground acceleration, X, are designated
from simplified notations of X(¢) and X, (¢), respectively.

As discussed in Section 1.5 and based on damper mechanical properties, damp-
ing devices can be classified as two major categories: velocity dependent and
displacement dependent. Velocity-dependent damping devices include fluid vis-
cous damper, fluid viscoelastic damper, and solid viscoelastic damper, whereas
displacement-dependent damping devices consist of friction damper and metallic
vielding damper. In addition, a combination of velocity- and displacement-
dependent damping devices is somehow considered as a third category. Since
each type of damping device possesses its own unique mechanical properties,
development of a unified expression of the damping force, P, seems impossible.
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(@ (b)

P+

P=cyl+ky

P =cgi|* sgn(i)

FIGURE 3.3 Force—displacement relations of velocity-dependent damping devices:
(a) fluid viscous damper and (b) solid or fluid viscoelastic damper.

As a result, an individual expression of damping force, P, has to be developed
based on its mechanical properties.

Figure 3.3 represents typical relations between the damping force and its dis-
placement of linear or nonlinear viscous dampers, and solid or fluid viscoelastic
dampers. Supported by test results for linear fluid viscous damper, the damping
force, P, can be simply depicted as a linear relation to its velocity:

P =cq4l (3.2)
where cq is the damping coefficient of the fluid viscous damper, while i represents
the relative velocity of the damper in the direction of P. As shown in Figure 3.2,
[ and x remain the following relation:

[ =xcose and [=xcosg.
Thus
P =cgxcosp, or D =cgx cos? 10 (3.2a)
If the fluid viscous damper exhibits nonlinear behavior to its relative velocity, then
the force of a nonlinear fluid viscous damper, P, has the following relation to its
movement:

P= cd|i|°‘sgn(2) = cqlicos|%sgn(x) or D = cqlx|* cos®t! gsgn(x) (3.3)

where « is the velocity exponent. According to mechanical properties of a solid
viscoelastic damper, the damper force features a function of its relative velocity to
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displacement, which can be simplified in terms of effective damping coefficient,
cd, and effective stiffness, kq:

P = cql + kgl = cgx cos @ + kqxcosp, or D = cgx cos’ @ + kgx cos? 10
(3.4)

Unlike fluid viscous damper, the effective damping coefficient, ¢4, and the
effective stiffness, kq, of a solid viscoelastic damper not only vary with frequency
of oscillation, but also depend on ambient temperature and motion amplification
[10]. As to fluid viscoelastic damper, similar properties as solid viscoelastic damper
owns are observed from testing. Thus, its damper force can also be expressed by
Equation 3.4 except that the fluid viscoelastic damper does not possess its effective
stiffness during application of static load.

For displacement-dependent damping device, the damping force, P, is
independent of the relative velocity and is mainly controlled by the relative dis-
placement of the damping device. Figure 3.4 illustrates frequency-dependent
hysteretic behavior from test results for friction damper and metallic yielding
damper. On the basis of the different types of damping devices, their hysteretic
behavior can be idealized as elastoplastic model, bilinear model, polynomial model
[10], or other types of models, such as smoothed bilinear model [13,17]. The rela-
tion of the damping force, P, and the relative displacement, /, can be written in a
general function f (I):

P=f({) or D=f(xcosg)cosg (3.4a)
This general equation could be specifically expressed if the loading histories

of the damping device are known. For example, as shown in Figures 3.5 and 3.6
for commonly adopted elastoplastic model or bilinear model, the damping force,

P+

(€] (b)

FIGURE 3.4 Force—displacement relations of displacement-dependent damping devices:
(a) friction damper and (b) metallic yielding damper.
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FIGURE 3.5 Elastoplastic model of displacement-dependent damping device.
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P*=Pp+ky(lp 1)
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FIGURE 3.6 Bilinear model of displacement-dependent damping device.

P, can be determined by either loading or unloading case at any designated hys-
teretic loop. In the same way, Equation 3.4 is still applicable to models with more
sophisticated expressions of loading and unloading paths [10].

The general expression of the structural force, Q, as given in Equation 3.1,
can be used to capture the linear or nonlinear behavior of the structure subjec-
ted to seismic force. If the structure only exhibits linear behavior, then the term
Q simply becomes kg x. However, if the structure experiences nonlinear deform-
ation or postyield behavior and the impact of imposed loading histories is not
negligible, this general expression is still capable of taking the hysteretic behavior
of the structure into account. Therefore, relying on the properties of structural
materials, elastoplastic model, bilinear model, polynomial model, or other types
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of models [2] can be selected to define the structural force, Q. Detailed expressions
of the structural force for different types of models are given by Cheng [2].

3.1.2 Multiple-Degree-of-Freedom Motion Equations

A sketch of a multistory structure installed with damping system is shown in
Figure 3.7. Applying the equilibrium conditions at the roof level n, and using
relative displacement, x,, which has been defined in Section 2.1.2, the motion
equation due to the ground acceleration, X, is derived as

My3n + Csn(Xn — Xn—1) + Dn + On = —mpXg, (3.5

or
Mydn + Csn(Xy — Xn—1) + Py cos @, + Oy = —myiy (3.5a)
where m,, is the roof mass and ¢, is denoted as the structural damping between
the roof and the story below the roof. x,, and x,_; are utilized to identify the

relative displacement at the roof and the story below. For the structural force
between the roof level and the story below, a general expression of Q,, is also

Pn

Damping device From story m to n

From story 1 tom

m

D\ P
70007
iy
20
<>
v, Cs1 P2 Csm sn
P o Pn 55 ,m+1 ONe)

FIGURE 3.7 Sketch of MDOF structures with damping devices.
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used to represent elastic or inelastic behavior of the seismic force-resisting system.
According to material properties of the structure, O, can be idealized as a linear
model, elastoplastic model, bilinear model, or other types of models, which have
already been discussed in Section 3.1.1. In Equations 3.5 and 3.5a, P,, and D,, are
used to define the axial force and its horizontal component of damping devices
between the roof and the story below. The specific expression of the damping force
and its relative velocity or relative displacement needs to be determined by selected
damping devices as discussed in Section 3.1.1. ¢, presents the angle between the
axial force and the horizontal component of the damping device.

By applying the same methodology used for Equation 3.5, the motion equation
at story m is identified as below:

My Xy + Cs,m(jcm — Xp—1) — Cs,m+1 (mer] — Xp) + Dy — D1

+Om— Omt+1 = _mmxg, 3.6)
or

My + Cs,m()‘cm — Xm—1) — Cs,m+1 (J.Cm+l — Xm)

+ Pp coS@m — P41 €08 i1 + Om — Omy1 = _mmxg (3.62)

where m,, is the mass at the story m; c¢s ;41 and c,, are the structural damping
between story m + 1 and m, and between story m and m — 1, respectively. x,,,11,
Xm, and x,,,_1, are designated as the relative displacement at story m + 1, m, and
m—1. Q41 and Q,, are denoted as the structural force between story m+ 1 and m,
and between story m and m — 1, respectively. Py,+1, Py, Dp+1, and Dy, represent
the axial force and the horizontal component of damping devices between story
m + 1 and m, and between story m and m — 1. ¢,,41 and @, are angles between
the axial force, Pj,+1 or Py, and the horizontal component Dy, or Dy, of the
damping devices.
In the same way, the motion equation at the first level can be easily derived:

m¥1 4 cs1%1 — cs2(k2 — X1) + D1 — D2 + Q1 — O = —miXg, 3.7
or

mixX) + ¢s1x1 — ¢sp(%2 — X1) + Prcosgp — Prcos g + Q1 — O = —myXg
(3.7a)

where m is the mass at the first level. ¢ and ¢ are the structural damping
between the second and the first story, and between the first story and the base,
respectively. x» and xj represent the relative displacement at the second and the
first story. Q> and Q1 are denoted as the structural force between the second and the
first story, and between the first story and the base, respectively. P2, P, D>, and
D are the axial force and the horizontal component of damping devices between
the second and the first story, and between the first story and the base. ¢, and ¢
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are angles between the axial force, P> or P, and the horizontal component D; or

D1 of the damping devices.

Equations 3.5, 3.6, and 3.7 form multiple-degree-of-freedom (MDOF) motion
equations. These equations can be condensed in matrix notations and symbolically

shown as below:

where the mass matrix, [M], the structural damping matrix, [C], the damping force

[MU{x} + [CHx} + [DN1} + [QI{1} = —Xg [M]{1}
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(3.8)

matrix [D], and the structural force matrix, [Q], are in following forms:

(M] =

[C]=

[D] =

m 0 0
my 0
M
sym.
Cs,1 +Cs2 —Cs2
Cs2 +¢s3
sym.
Dy —-Dy 0
Dy 0
D,
sym.
i Picosgpy —Ppcos¢y
Py cos ¢p

sym.

Cs,m + Csm+1

Py cos o

—Dy,
Dy,

0 0

0 0

0 0
Csn—1+Csn —Csn

Cs,n
0 0
0 0
0 0
Py_jcosgp_1  —Ppcosgp

Py cos ¢y
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01 - 0 0 0
(0} 0 0 0
[0l = On - O 0
sym. On—1 —Cn
L On |

In Equation 3.8, {1} is designated as a 1 x n unit vector; {x}, {x}, and {X}
represent the relative displacement vector, velocity vector, and acceleration vector
of the structure with damping system:

= x» ... X ... X1 Xn) (3.9)
=0 & .. km ... Xnoq Xn) (3.9a)
= % ... Xm ... Xuoq Xl (3.9b)

Equation 3.8 provides general motion equations of MDOF, which are applic-
able to building structures with either velocity-dependent devices or displacement-
dependent devices considering the structure’s linear or nonlinear characteristics.
Once the damping devices are identified and the mechanical properties of the
seismic force-resisting system are selected, the damping force matrix [D] and
the structural force matrix [Q] can be explicitly determined from the relation
between the damping force and the relative velocity or displacement, as well
as from the relation between the structural force and its deformation, respectively.
Consequently, the displacement, velocity, and acceleration of the seismic force-
resisting system and the damping system are explicitly computed from Equation
3.8 in accordance with the input of the ground acceleration, X,.

3.2 ANALYSIS PROCEDURES AND CODE REQUIREMENTS

3.2.1 Introduction

Analysis of a structure equipped with a damping system is a complicated procedure.
It is because during an earthquake event, both the seismic force-resisting system
and the damping system dissipate seismic-induced energy in the structure, which
leads the seismic force-resisting system to experience postyield hysteretic stage.
Thus, to obtain accurate solutions of the motion equations as given in Equation 3.8,
the nonlinearity of the seismic force-resisting system has to be taken into account.
Moreover, if the damping system also exhibits nonlinear behavior, the analytical
process becomes much more complex.

Theoretically, nonlinear response history analysis is the only procedure to
resolve Equation 3.8 on condition that the nonlinearity of the seismic force-
resisting system and damping system has to be considered in a direct way. However,
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because the mechanical properties of damping devices and the structural mem-
bers are dependent upon time and history of the ground accelerations, iteration
process has to be employed at each time interval in order to get results con-
verged to a desired accuracy. In addition, from the design practice viewpoint,
more than one-time history shall be utilized to envelop all possible seismic per-
formances of the damped structure, and uncertainties of actual mass centers of
the structure that result in accidental torsional effects shall be investigated in
the response history analysis in order to capture the most unfavorable struc-
tural responses. Multiple inputs of time histories, shift of mass center locations,
modeling techniques, and optimized layout of the seismic force resisting sys-
tem combined with the damping system create tremendous computational efforts.
Thus, this complicated analysis procedure became a major impediment to applica-
tion of damping devices by means of energy dissipations to the design of building
structures.

Before early 1990s, another impediment to the use of damping devices in
building structures was the gap between the research achievements and the design
practice: no codes or guidelines to regulate the design and test procedures of
damping devices. But this gap was eventually bridged in 1992 by the Northern
Section of the Structural Engineers Association of California (SEAOC), which
published the first draft requirements in 1992 [18] to guide the design of struc-
tures with damping systems. Afterwards, the SEAOC Seismology Committee
adopted these tentative guidelines for passive energy dissipation systems and
published them as Appendix H to the 1999 Blue Book [16]. In addition, the
Federal Emergency Management Agency (FEMA) developed guidelines for design
of new buildings and rehabilitation of existing buildings with damping systems
and published in FEMA 222A [9], FEMA 302 [5], FEMA 273/274 [6], and
FEMA 356 [7].

Meanwhile, to remove the major impediment in design of damped structures,
researchers [12,19] focused on development of an effective method that is able to
simplify the design procedures and reduce computational efforts for some types
of damped building structures. This method, normally called simplified method,
assumes that a viscously damped structure with equivalent linear stiffness of the
seismic force-resisting system is utilized to represent the damped structure charac-
terized with nonlinear behavior of the seismic force-resisting system. In addition,
a total effective damping is introduced to sum the structural inherent damping,
viscous damping of damping system, and hysteretic damping owing to posty-
ield hysteretic behavior of the structure. Consequently, the pseudoacceleration,
reduced by a function of the total effective damping, is applied to compute the
maximum responses, velocities, and accelerations of the damping system and
the lateral force-resisting system. Use of this method has not only simplified the
response spectrum procedure, but also resulted in the development of an equival-
ent lateral force procedure, a simplified method of response spectrum procedure
with only two modes taken into account: the fundamental and residual modes.
Comparisons of design examples based on the simplified method and nonlinear
response history analysis were performed [15] to evaluate differences caused by
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the influence of higher modes of vibration and force—displacement relation of the
structural system. Analytical results revealed that the simplified method was able to
provide satisfactory estimations of the peak displacement and acceleration. How-
ever, the peak velocity determined by this simplified method deviated from that
obtained from the nonlinear response history analysis within a fairly reasonable
range. FEMA 368/369 [8] adopted the simplified method and incorporated it into
an appendix to Chapter 13. In FEMA 450 [9], this appendix became Chapter 15
with editorial revisions. ASCE 7-05 [1] adopted the entire Chapter 15 of FEMA
450 and formed Chapter 18 for the seismic design of structures with damping
systems. Four design procedures for damped structures are presented in ASCE
7-05 [1] based on the seismic design category of the structure location, the selec-
ted seismic force-resisting system, the chosen damping system, and the structural
configurations: response spectrum procedure, equivalent lateral force procedure,
nonlinear static procedure or pushover analysis, and nonlinear response history
procedure. Nonlinear procedures are generally recommended for the design of
all types of damped structures. However, applications of the response spectrum
procedure and the equivalent lateral force procedure, which are developed based
on the simplified method, are only permitted on condition that limitations imposed
by ASCE 7-05 are met. Detailed descriptions of each procedure with ASCE 7-05
specific requirements are presented in following sections.

3.2.2 Response Spectrum Analysis

3.2.2.1 Development of response spectrum procedure

Asdiscussedin Section 2.3.5.3 for response spectrum analysis, the motion equation
of a structure at the mth angular frequency, w,,, can be rewritten in correspondence
with the pseudoacceleration, S,, which is inclusively reduced by a numerical
coefficient for effective damping, B,,p, at the mth mode of vibration.

K, + Wi Xy = CpSams m=1,2,...,n (3.10)

where x/, represents the mth component of the generalized response vector and
is used to define the structural displacements: {x} = {®},x,,, where {®},, is
the mth mode shape of the structure and its component. ¢, ,, at the roof level is
designated as a unit. In Equation 3.10, the angular frequency, w,,, is determined

by the following equation:

2 APLLIKI{ P}
i = (@M@}, G-

Matrixes [M] and [K] in Equation 3.11 represent the mass and stiffness of the
damped structure. The mth modal participation factor, I'y,, in Equation 3.10 is
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defined as

_ AP IMIL} YR midim
(OILIMU®Y Y, mig?,

(3.12)

m

The application of Equation 3.10 to response spectrum analysis of a structure
with damping system mainly depends on whether the input of pseudoacceleration,
Sam» reduced by a numerical coefficient for effective damping, B,,p, enables to
reflect the structure performance with the damping system and to provide satisfact-
ory accuracy of structural responses or not. In addition, compared to the structure
with isolation system, the structure equipped with damping system is more likely
to exhibit inelastic behavior under a strong earthquake event. To retain Equation
3.10 applicable without changing its format, an effective ductility demand, up, is
introduced by ASCE 7-05 [1] to take the inelastic deformation of the seismic force-
resisting system into account, and the numerical coefficient for effective damping,
B,p, is adopted to consider the effects of the structural damping, 8 or fi, the
effective damping of the damping devices, By, and the effective damping due to
postyield hysteretic performance of the seismic force-resisting system combined
with structural elements of the damping system, By. The development of response
spectrum procedure for the structure with damping system is presented in detail
subsequently.

For the mth angular frequency, wy,, the period of the structure is expressed
as Ty, = 2w /wp. Thus, the pseudoacceleration, Sy, at the effective yield point
of the seismic force-resisting system can be determined from the corresponding
T,, as shown in Figure 3.8. Divided by the numerical coefficient for effective
damping, B,,p, which is being discussed in detail in Section 3.2.2.2, and multiplied
by a coefficient R/(C4€2,), which further adjusts the pseudoacceleration, Sy, to
match the level of the structural performance with first yielding of a structural
element, the modified pseudoacceleration is expressed in terms of seismic response
coefficient, Cs:

Sam = Sps =C T, T (3.13)
= — | — — R < .
am QuBop \ Cq 8 Sm& m S
SD1 R
Son=—"-"7-—| — =C , Ty =T 3.13
am T,,QB D<Cd>g Sm& m = 1S ( a)

where R is response modification coefficient, Cq is deflection amplification
factor, and Q, is overstrength factor. Coefficients R, Cq, and 2, are defined
in Table 12.2-1 of ASCE 7-05 [1] for all types of seismic force-resisting systems.
Owing to space limitation, the coefficients only for commonly used seismic force-
resisting systems are summarized here in Table 2.5. Ty is the period defined as the
ratio of Sp1/Sps. Definitions of Sps and Sp; are given in Section 2.3.2.

Note that the effective yield point of the seismic force-resisting system and
the first yielding of a structural element present different levels of the building’s
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Spectral Acceleration, (S,)

P Period, T

FIGURE 3.8 Reduction of spectral acceleration, S,, by numerical coefficient, B,,,p.

performance. For instance, the seismic force-resisting system of a damped struc-
ture is characterized with special steel moment frames. By performing nonlinear
static analysis, a base shear versus roof displacement curve is developed as shown
in Figure 3.9. After the first plastic hinge forms in a member of the steel moment
frames, the relation between the base shear and the roof displacement still remains
linear. However, with increase in applied seismic force, more plastic hinges
occur in members of the steel moment frames. Consequently, a small increment
of seismic force results in a large displacement and there is no linear relation
between the applied force and the roof displacement. Actually, the base shear
versus roof displacement curve as shown in Figure 3.9 reflects general charac-
teristics of most seismic force-resisting systems and is usually simplified as an
idealized elastoplastic model. The effective yield point is defined as the base shear
at the effective yield displacement Dy in in. (mm), of idealized model as shown in
Figure 3.9. The determination of the effective yield point is based on the equivalent
work done by both curves.

Since the stiffness, [K], in Equation 3.8 is restricted to the linear behavior of
the building structure, periods, T},, used in Equations 3.13 and 3.13a only present
the structure’s performance at elastic stage. To account for the inelastic behavior
of the structure, ASCE 7-05 introduces an effective period of the first mode or
fundamental mode, T'p, and replaces 77 in Equation 3.13. Thus, Equations 3.13
and 3.13a become as follows:

Sap = 0 (5> g=Csig, Tip <Ts (3.13b)
QoBip \ Cq

Sa1 = _So <£) g=0Cs1g, Tip=>Ts (3.13¢)
TipBip \ Cq

Furthermore, based on Equation 2.8 for the relation between the pseudoaccel-
eration, S, 1, and the design displacement, D1p in in. (mm), as shown in Figure 3.9,
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A
Base shear, V;
T Product of design response spectrum
! with 5% damping and effective
seismic weight of 1st mode
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1
Tip Nonlinear static
analysis curve
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»
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Dyp = upDy

FIGURE 3.9 Relation between the base shear and the displacement of the first mode.
Tp is defined as

2
2 _ 4 Dip (3.14)
Sal
Relying on the relation of D1p = upDy, where up is designated as effective
ductility demand and Dy is denoted as displacement of the effective yield point,
the effective period of the fundamental mode, T'1p, can be expressed in terms of
the structural period of the fundamental mode, 77 .

472 (upDy)
T12D =, 1 = MDT12, or Tip=Ti/UD (3.14a)
a

The maximum value of the effective ductility demand, pimax, is set by ASCE
7-05 and given by the following expressions:

_IneT (RN LR g (3.15)
Mmax = 2Tip —T; \ Q] Ql’ 1 =4S =11D .
R
Mmax = , Ts =T (3.15a)

Q0!
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_ ] R2+1 Ts > T (3.15b)
Mmax—2 Qul s Sz 11D .

On the basis of Equation 3.14, the displacement of the structure at each model
can be determined. From Equation 3.10, the maximum displacement is estimated

as below:

1
Xy = = CnSun (3.16)

m

Substituting Equation 3.16 into {x},, = {®},x),, and multiplying it by
C4a2 /R, the displacement related to the yield of the structure at each story level

becomes

8 CdQ
b = (@I, = 5T <T> CsmTp{ P (3.17)
where {x},, is a I x n vector and can be written as {x1, -+ Xmm - Xnm)-

From Equation 3.17 for the fundamental mode (m = 1) and ¢, = 1 at the roof
level, the displacement at the effective yield point, Dy, becomes

g CaS2
Dy = (H) r, ( . °) Cs1 T2 (3.18)

Substituting Equations 3.14a into the displacement at the effective yield point,
Dy and relying on the definition of the effective ductility demand, the design
displacement at the roof level is derived as follows and its limitation of application
is imposed by ASCE 7-05 [1]:

_( 8 CaS2 2

DlD_(4n2)F‘( R )CS‘TID
g SpsTip g SpsT}

B\ (22D ) S (L&) ¢ Tip<Ts (.1

(322) ‘( Bip = (32) Bp )0 =T G

caQ

D1D=(i) Fl( dR0>CSIT12D

8 ) Spi1Tip ( 8 ) Sp1Th
r — > (= )1 —, 1 > 1T 3.19
472 ! < Bip ) — \472 ! Big REE 2)

For the mode other than 1 (m > 1), the design displacement, D,,p, in. (mm)
at the roof level is

8 Caf2 2
Dyp = (m) T < R O) CSmeD

2

g ) Sp1Tm ( g ) SpsT;,
=(— )T <(— )T 3.19b
(4-7'[2 m< B,.p > ~ \4x? " B,.p ( )
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The derivation of the seismic force at each story level is based on Equation 3.10.
Thus, the maximum acceleration can be expressed as

¥ = TSam (3.20)

Consequently, by applying Newton’s law and using Equation 3.20, the design
lateral force vertically distributed at each level of the structure at the mth mode
becomes as below:

{F}m = [M]{x}m = [M]{(D}mx;n = [M]{(b}mrmsam = [M]{q)}mFmCSmg
(3.21)

In Equation 3.21, {F}, is a 1 x n vector and can be written as
{Fim -+ Fmm -+ Fnm}. The design base shear of the mth mode is the sum of
the design lateral force at each story level and is given as follows:

n n
Vm = ZFi,m = <Z mi¢i.rn> l—‘mCSmg = CSme (322)

i=1 i=1

where W, is the effective seismic weight of the mth mode in kip (kN), and is
defined as

— . () mupim)”
Wpn = E mm¢i,m g = ™ (3.23)
<i_l ) ¢ Zi:l mm¢i2_m §

For a damped structure, the design displacement, §; ,p and §;—1 mp, in. (mm)
at story i and i — 1 of the mth mode is given

8imD = DuwD®im;  Si—1mD = DmDPi—1,m (3.24)

Thus, the story drift, A; »p, in (mm), becomes

Aimbp = Dyup(@im — Gi—1,m) (3.25)

On the basis of the Equation 2.7, the design story velocity of the fundamental
mode (m = 1), V; 1p, in in./s (mm/s), and higher modes (m > 1), V;,p, in in./s
(mm/s), are expressed respectively, as follows:

A;1D .
Viip = 21 ., m=1and i=12,...,n (3.26)
Tip

A.
Vimp = 27 ;’”D, m>1and i=12,...n. (3.26a)

m
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Note that the response spectrum procedure itself is independent of the selected
response spectrums. Even though the above procedure is depicted by utilizing the
response spectrum developed from the design earthquake, it is still applicable to the
input of response spectrums generated from the maximum considered earthquake
(MCE). Thus the same analytical procedure can be used without any modification
to determine the displacement at each story, the story velocity, and other items
for design of damping devices under the MCE, except that the roof displacement,
Dy, in (mm), m = 1,...,n, is rewritten in terms of the MCE spectral response
acceleration for short period, Sms, and at 1s, Sy, respectively.

SmsTH SmsT?
Dle(i)Fl MS 1Mz<g>r‘1 MS], m=1 and Ty < Ts

472 Bim m Big
(3.27)
g SmiTim g SmiTi
D =(—)r—>(—)r . m=1and Tjy > T
M 722) ey = \a2) m and I'nm = I
(3.272)
g SmiTm g SmsT?
Dy = (—) < (—) 2MS T 1 3.27b
mM 47_[2 m BmM = 47_[2 m BmM m > ( )

The limitations of using response spectrum procedure are specified by ASCE
7-05 [1]. Specifically, at least two damping devises shall be installed at each level
of the building structure. The orientation of these damping devices shall be parallel
to the imposed seismic force and they need to be installed at locations to resist the
torsion generated by the seismic force. The effective damping of the fundamental
mode, B1p, is not greater than 35% of critical damping. At last, the design spectral
response acceleration parameter with 5% of critical at the period of 1 s, Sy, is
not greater than 0.6. The above limitations ensure that analytical results of the
response spectrum procedure are within acceptable accuracy.

3.2.2.2 Effective damping and damping coefficient

In general, the effective damping of a damped structure consists of three portions
as described by ASCE 7-05: (1) structural damping due to inherent dissipation
of energy by structural elements before the effective yield displacement, Dy,
of the seismic force-resisting system, which is also called inherent damping,
Br; (2) viscous damping, By, due to energy dissipation by the damping sys-
tem before the effective yield displacement, Dy, of the seismic force-resisting
system; and (3) hysteretic damping, By, due to postyield hysteretic behavior of
the seismic force-resisting system and elements of the damping system. Inherent
damping, B, usually is within 2-5% of critical damping. Therefore, i is easily
determined only on the basis of the properties of building materials. However,
determination of viscous damping, By, depends on the selected type of damp-
ing devices: displacement dependent or velocity dependent. Extensive research
has been reported [10] on how to evaluate viscous damping by means of analysis
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and experiment. Owing to the space limitation, discussion of viscous damping
in this section focuses only upon linear and nonlinear fluid viscous dampers.
For the determination of viscous damping for other types of devices, refer to
References 10 and 14.

For linear fluid viscous damper under the design earthquake, its velocity, V;;,
and force P; j, are expressed in terms of the relative displacement, /; ; at mth mode
based on Equation 3.26:

2z 2
Vij= ali,j’ Pij = cqi, jT—mli, j (3.28)
where cg; ; is the damping coefficient of the fluid viscous damper. Subscripts i and
J designated in Equation 3.28 present the jth damper at the ith story. Assuming
there are k dampers at the ith story, damper j is within the region j < k.
According to the relation of the story drift and the relative movement of the damper
as given in Equation 3.25, the damper force, P;j, can be written as

21
Pij = cq;, jT_DmD (Din — Gi—1,m) COS @; (3.29)
m

where @;; is the angle of the damper axial direction to the story horizontal move-
ment. The subscripts of i and j have the same meaning as defined in Equation 3.28.
Accordingly, the work done by the jth damper at the ith story in one complete
cycle of dynamic response at the mth mode is determined as follows:

27 2 2.2
Wini,j = mPyjli j = ca;, T D;,n(bim — Pi—1.m)” €OS™ @; (3.30)
m

Thus, the total work done by all the dampers at the mth mode becomes

k
272 “
Wom = > Wi j = ~—Dpp DD caij@im = di-1m)’ cos’ gij - (331)
m i=1 j=1
Since the maximum strain energy of the structure is equal to the maximum kin-
etic energy, the maximum strain energy of the mth mode, Ws,,, can be determined
as below:

27?2 .
We = FD,Z,,D > migt, (3.32)
m i=1

On the basis of the definition of viscous damping specified by ASCE 7-05 [1],
the viscous damping of the linear fluid viscous damping devices is expressed as
_ Wow Ty > Z,’-(:1 cdi,j(Pim — Gi—1,m)? cos® g

47 Wsy, 4 Z:‘l:l ml(me

Bvm (3.33)

For the first mode m = 1, taking the nonlinear deformation of the structure into
account and substituting 71p = T1./up into Equation 3.33, the viscous damping
at the first mode becomes Bv./UD.
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For nonlinear fluid viscous damper, the work done by the jth damper at the ith
story, determined by [10], is shown as below based on Equation 3.30:

2 i.j il
Wi, j = cai jAi,j (T_> [DiD (Pisn — Pi—1.m) cos ‘Pi,j](a AR (3.34)
m
where «; ; is the velocity exponent. In Equation 3.34, A; ;is related to gamma
functions, I'(¢; ;), and is expressed as
M2 [(1+a;))/2
Aij=4 (Zoéi.j) —[( "j)/ ] (3.35)
r (2 + ai,j)

Notations given in Equations 3.34 and 3.35 are defined the same as in Equation
3.31. Thus, the total work done by all the dampers is the sum of Equation 3.34.

n k
Wpm = ZZ Wi

i=1 j=1

SR 27\ @i+
= E E Cdi, jhi T [Dup (Bim — bi—1.m) cos @i ;] (3.36)
m

i=1 j=1

The maximum strain energy of the structure at mth mode is identical to that
determined by Equation 3.32. Thus, the viscous damping of the nonlinear fluid
viscous damping devices becomes

_ WDm
47 Wssm,

ﬂVm

oy (@i=1) y
_Z?zl ]]‘;1Cdi,j)\i,j(zn/Tm)(a"" Z)D,:Dj [(Pim— Pi—1.m)cOsg; 1@t

- 2
2 er'lzl mid)im

(3.37)

For the first mode m = 1, considering the nonlinear deformation of the structure
and substituting T1p = T1,/up and D1p = upDy into Equation 3.37, the viscous
damping at the first mode is simplified as By ,ullj_a/ ? for aij = a.

The determination of hysteretic damping relies on the mechanical properties
of building materials. For example, the relation of the base shear and its roof
displacement measured from a damped steel structure can be assumed as a bilinear
model as shown in Figure 3.10. The postyield stiffness of the structure is denoted
as nks where kg is the structural stiffness before the effective yield displacement,
Dy, and 0 < n < 1. Assuming at the design displacement, Dy up, the work done
by the structure due to it postyield hysteretic behavior can be computed as follows:

1
Wi = 4k,upD3 (1 — ) (1 — —) (3.38)
MUD
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FIGURE 3.10 Determination of hysteretic damping.

The maximum strain energy of the structure is

1
W, = zksuDD%a — 14 nup) (3.39)

Thus, the hysteretic damping of the structure is derived as below:

2 1—7p 1
Pop=——"—""—"—|1—-—— (3.40)
7 1—n+nup MUD

However, in reality the actual hysteretic loops of the structure do not perfectly
match those as idealized by the bilinear model owing to pinching and other effects.
Therefore, the actual area bounded by hysteretic loops is smaller than that assumed
by the bilinear model. The reduction of hysteretic loop areas is considered in ASCE
7-05 [1] by introducing a hysteretic loop adjustment factor, qy:

T
gu = 0.67T—S 0.5 < gy < 1.0 (3.41)
1

where Ts = Sp1/Sps and T is fundamental period of the structure (m = 1). Also,
ASCE 7-05 separates the inherent damping, Sy, from Equation 3.40 and utilizes the
elastoplastic model with n = 0 to define the structural postyield behavior. Thus,
Equation 3.40 becomes

2 1 1
BuD = qu (— - ,BI) (1 - —) = ¢qu(0.64 — ) (1 - —) (3.42)
T M“D KD



130 Smart Structures: Innovative Systems for Seismic Response Control

Note that Equation 3.42 is developed based on the design earthquake. The
hysteretic damping under the MCE can be determined in the same way and is
given as

1
Bum = qu(0.64 — Br) (1 - —) (3.43)
um

where v is the effective ductility demand on the seismic force-resisting system
under the MCE and is defined as uy = Dim/Dy. Equations 3.15, 3.15a, and
3.15b are still applicable to the upper or lower bound of 1.

Once three portions of effective damping are computed from above equations,
the total effective damping of the damped structure at the design earthquake or the
MCE is easily determined and is summarized below, based on different modes of
the structural vibration:

Bip = Bt + Bviv/iup + Pup, m =1 (3.44)
Bim = B1+ Bviv/ium + Bum, m =1 (3.44a)
Bmp = Bum = P1+ Bvm, m > 1 (3.44b)
Bv+1 = B+ Bvi (3.44c¢)

The subscripts D and M as shown in Equations 3.44 through 3.44c indicate the
effective damping at the design earthquake and the MCE, respectively. Accord-
ingly, numerical coefficients for effective damping, Bip, Bim, Bmp, Bmm, and
Bv 41, can be determined from corresponding effective damping B1p, S1M, BmDs
BmM, and By as given in Equations 3.44 through 3.44c.

As presented in Section 2.3.4.1, Equation 2.52, which describes the relation
between the damping coefficient and the effective damping, is still applicable to
the damped structure. However, the limitation of Equation 2.52 is extended to
100% of critical damping [11] and is shown in Figure 3.11.

3.2.2.3 Design requirements of seismic force-resisting system

Chapter 18 of ASCE 7-05 [1] requires that the seismic force-resisting system of
the damped structure be designed under the design earthquake. Specifically, if
a damped structure is analyzed by response spectrum procedure, then the design
base shear, V,,, in kip (kN), corresponding to mode m is determined from Equation
3.22. A method of the square root of the sum of the square (SRSS) or complete
quadratic combination (CQC) shall be utilized to combine the seismic base shear
of mode m. For example, by applying the method of SRSS, the design base shear,
Vb, in kip (kN), for design of the seismic force-resisting system is written as

n 12
Vp = (Z V,ﬁ) (3.45)
m=1
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TABLE 3.1

Coefficient of Upper Bound on Calculated Period, G,

Spi <0.1 0.15 02 >03
Cu 1.7 1.6 1.5 1.4

The seismic base shear shall be satisfied with following limits:
Vp > V/Bv+1, and Vp > 0.75V (3.46)

where V is the design base shear and can be determined based on Section 2.3.4.4
with additional requirements on the limitation of the fundamental period, 77,
(m=1).

T < GiTy (3.47)

where C, as shown in Equation 3.47 is the coefficient as the upper bound to the
calculated period, which is related to the design spectrum response acceleration at
1s, Sp1. Table 3.1 gives the value C, corresponding to Spj.

In Equation 3.47, T, is called approximate fundamental period and is
determined by the following equation:

T, = Cih (3.48)
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TABLE 3.2

Coefficient G and x

Structure Steel moment- Concrete moment-  Eccentrically braced All other
type resisting frames  resisting frames steel frames structural system
Cy 0.028 0.016 0.03 0.02

X 0.8 0.9 0.75 0.75

where h, is the height of the structure measured from the base to the top level.
Coefficient C; and x are related to types of the seismic force-resisting systems and
are determined from Table 3.2.

In addition to the requirements on the design base shear as specified above,
ASCE 7-05 also requires that the design lateral force, Fj ,, in kip (kN), in Equation
3.21, design story drift, A;,;p, in. (mm), in Equation 3.25, as well as the design
story velocity, V; ,,p, in in./s (mm/s), in Equations 3.26 and 3.26a, of all the modes
be combined based on the method of SRSS or CQC for design of the seismic force-
resisting system. The torsional effects of the structure shall be added to the design
story drift and the design story drift shall be less than the product of R/Cy and the
allowable story drift, A,, in in. (mm). For most damped structures, the allowable
story drift, A,, is limited to 0.020As, for Occupancy Category I and II, 0.015A;,
for Occupancy Category III, and 0.010kg, for Occupancy Category IV, where hg,
is denoted as the story height in (mm).

3.2.2.4 Design requirements of damping system

As required by ASCE 7-05 [1], damping devices and their connections shall be
capable of resisting the peak displacement, velocity, and force under the MCE. Spe-
cifically, the design of the damping system shall consider three possible stages that
would generate the maximum seismic force in the damping system: (1) maximum
story drift or displacement, (2) maximum velocity, and (3) maximum acceleration.

At the stage of the maximum displacement, the design force, O, in kip (kN), in
an element of the damping system shall be determined by following Equation 3.49:

n 1/2
Ok = Qo ( > Q,%,SFRS> + Opsp (3.49)
m=1

where Q),srrs is the mth mode design force from the seismic force-resisting
system. For use of displacement-dependent devices, the seismic force, Opsp,
in kip (kN), considered in Equation 3.49 shall be determined at the maximum
displacement in the positive or negative direction.
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When the maximum velocity occurs, the design force, Qg, in an element of
the damping system shall be evaluated as follows:

" 12
Ok = ( > Qf,,DVS> (3.50)

m=1

Ompvs as given in Equation (3.50), in kip (kN), presents the mth mode design
force of velocity-dependent damping devices.

At the stage of the maximum acceleration, the design force, O, in an element
of the damping system shall be computed based on following Equation 3.51:

n 1/2
Ok = [ Z (CnFDS20OmsFrs + CmFVQmDSV)21| + Opsp (3.51)

m=1

Force coefficients, C,,,rp and C,,py, as given in Equation 3.51, are determined
as below [12]:

CmFD = COS 5, DmD or DmM < DY (3.52)
Cpurp = upcosd < 1.0 or Curp = umcosd <1.0 D,p or D,m > Dy
(3.52a)
CmFV =sin“$ (3.52b)
1
2 2—a
5= ( ”";ﬂeff> * (3.52¢)

Cyrp given in Equation 3.52a cannot exceed 1.0. In Equation 3.52¢c, A is
related to gamma function and is determined by Equation 3.35. « is the velocity
exponent related to the velocity of the damping device. For the mth mode that is
greater than 1, use « = 1. Note that the exact value of § is tan~! (2Befr) for linear
viscous damping device.

The effective damping, Befr, is evaluated by the mode of the structural vibra-
tion. For the fundamental mode (m = 1), the effective damping is Besr =
Bip — Bup for the design earthquake or Beir = Bim — Pum for MCE. If the
mth mode is greater than 1, the effective damping becomes Beif = Bp for the
design earthquake and Beif = Bum for the MCE. Owing to the complexity of
Equations 3.52 through 3.52c, ASCE 7-05 [1] provides force coefficients, C,,;rp
and Cpry in tabular forms 18.7-1 and 18.7-2. Note that for viscoelastic damping
devices, the force coefficients, C,,pp and C,,py are equal to 1.0 unless the values
are substantiated by analysis and test results.

3.2.3 Equivalent Lateral Force Analysis

Equivalent lateral force analysis is basically originated from response spectrum
procedure. The philosophy of developing this procedure is to reduce modes of
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a structural vibration with n degree-of-freedoms in the direction of interest into
two: the fundamental mode (m = 1) and the residual mode, which can be imaged
as acombination of all the higher modes (m > 1). Consequently, the displacement,
velocity, and force in elements of a seismic force-resisting system and a damping
system obtained from all higher modes of the structural vibration are condensed
into the residual displacement, residual velocity, and residual force. Thus, the
application of the equivalent lateral force procedure greatly simplifies the design
process of a damped structure. Since the equivalent lateral force procedure is quite
similar to the response spectrum procedure, all the notations used in the following
equations, unless specifically specified, have the same physical meaning as given
in the equations of the response spectrum procedure.

ASCE 7-05 [1] indicates that use of the equivalent lateral force procedure shall
meet the following requirements:

1. Atleast two damping devises are installed at each level. These damping
devices shall be parallel to the imposed seismic force and be located to
resist the torsion generated by the seismic force.

2. The effective damping of the fundamental mode, B1p, does not exceed
35% of critical damping.

3. Neither vertical irregularity nor horizontal irregularity exists in the
selected seismic force-resisting system.

4. Floor at each level and the roof shall satisfy the assumption of rigid
diaphragm.

5. The maximum height of the structure measured from the base is not
over 100 ft (30 m).

6. The site for construction of the damped structure is characterized with
the spectral response acceleration parameter with 5% of critical at the
period of 1 s, S;, not over 0.6 g.

3.2.3.1 Design base shear and design lateral force
The design base shear of the fundamental mode, V1, in kip (kN), is given as below:

Vi =CsiW, (3.53)

where the fundamental mode seismic response coefficient is presented as

R Sps

Cs) = (—) , Tmp<Ts (3.54)
Ca/) QoB1D
R Spi1

Cs1 = (—) ——— Tip=>Ts (3.54a)
Ca) TipS2B1D

All the notations used in Equations 3.54 and 3.54a have the same definitions
as given in Equations 3.13 and 3.13a. The effective fundamental mode seismic
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weight, W1, in kip (kN), as shown in Equation 3.53, may be computed by using
the simplified fundamental mode shape

g = 1 (3.55)
il — hr .

where subscripts 1 and i present the fundamental mode and the ith level of the
structure, respectively. The height of the structure, %,, is measured from the base
to the roof level, while the height at level i from the based is designated as A;.
Note that the mode shape at the roof level, ¢ ,, is always assumed to be 1.0. Thus
fundamental mode participation factor, I'1, can be expressed in terms of W

Wi

M=——
Yo Wi

(3.56)

where w; is seismic dead load in kip (kN) at the level i. The effective fundamental
mode period, Tp, as shown in Equations 3.54 and 3.54a has the following relation
to the fundamental period, 77:

Tip = T1/up (3.57)

The fundamental period, 77, needs to be obtained from dynamic analysis
with elastic behavior of the seismic force-resisting system. Alternately, 71 can
be determined from the following equation:

n m 82 1/2

T, =27 i (3.58)
(2%

where f; is the lateral force applied at level i and §; presents the elastic deflection

under the lateral force f;. The period of the residual mode is defined as TR = 0.47].
In the same way, the residual mode base shear is expressed as below:

VR = Cs WR (3.59)

where Csr is the residual mode seismic response coefficient, which is given as

Sps R
Csr = — 3.60
SR QoBr ( Cq ) ( )

Numerical coefficient for effective damping, Br, in Equation 3.60 is obtained
from Figure 3.11 corresponding to fr = i + Bvr, where Byr is the effective
damping of the residual mode and is referred to in Section 3.2.2.2 for determin-
ation of Bv,,. The effective residual mode seismic weight, Wg, in kip (kN), in
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Equation 3.59 is defined as the difference of the effective seismic weight and the
effective fundamental mode seismic weight:

Wr=W—W, (3.61)

The design base shear is obtained from the combination of the fundamental
mode base shear and the residual mode base shear, which is given as

_ 2w 4
Vp =4/ Vi + Vg > max 3

V+I

, O.75V} (3.62)

where the design base shear, V, in kip (kN), is determined from Section 3.2.2.3.
On the basis of the Equation 3.21, the design lateral force at story level i in units of
kip (kN), related to the fundamental and residual modes, respectively, is calculated
from following equations:

wigi1T'1
Fi1= l(bW’—IVl (3.63)
$irT
Fig = WiOiRIR (3.63a)
Wr

In Equation 3.63a, the residual mode shape, ¢; r, and the residual mode parti-
cipation factor, I'r, are given in terms of the fundamental mode shape, ¢; 1, and
the fundamental mode participation factor, I'1:

1=y
dig = 1Pl (3.64)
I'r
R=1-T, (3.65)

The design lateral force at story level i in units of kip (kN), which is used to
design the elements of seismic force-resisting system, shall be determined applying

SRSS method:
Fi=,F +Fx% (3.66)

3.2.3.2 Design story drift and story velocity

Determination of design roof displacement at the fundamental mode and the resid-
ual mode is essentially the same as the approach used in development of the
response spectrum procedure. On the basis of Equations 3.19, 3.19a, and 3.19b,
the roof displacement due to the fundamental mode and the residual mode, D1p,
and, Drp, in. s(mm) under the design earthquake is presented as follows:

g \ I'iSps? 12D g \ I'iSps? 12
D _< _>—>(—)— T'ip <1 3.67
D = B, >\322) "By ip < Ts (3.67)
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I'iSpiT I'iSpiT
Dip = <i> _1°DI71D > (i) _1oDi7t 1, Tip > Ts (3.67a)

47'[2 BlD 47‘[2 BIE
g \ 'rRSD1TR g \ TrSpsT?
Drp = (—> —— " < <—) — 8 3.67b
RD 472 Br ~ 45?2 Br ( )

The design floor deflections and the design story drifts due to the fundamental
and residual modes are calculated as below, respectively, with ¢, | = ¢, r = 1.0:

3i1p = Dipdi1,  Aiip =8i1p — di—1,1D = Dip(¢i1 — Pi—1,1) (3.68)
3;rD = Drp®ir, AirD = 6;rD — 8i—1,RD = DrD($iR — i—1r) (3.68a)

SRSS method is also used to combine the fundamental and residual mode
design story drift into the total design drift at each level in units of in. (mm):

Aip =,/A} 4+ Algp (3.69)

The design fundamental and residual mode story velocity is given as below
and SRSS method shall be used to combine two components as the design velocity
in units of in./s (mm/s):

A.

Viip = 2 —1P (3.70)
Tip
A.

Virp = 27 —RP (3.70a)

R
Vip =+/Vip + Vikp (3.71)

For design of the damping system, determination of the floor deflection, story
drift, and the story velocity under the MCE can follow the procedures as presen-
ted above. However, since the effective ductility demand, py, and the spectral
response acceleration parameters, Sys and Sy, are different from those under the
design earthquake, the roof displacement under the MCE shall be computed by
the following equations:

I SmsT? [ SmsT?
Dy = (i) 2 IOMSTim > (i) &’ Tim < Ts (3.72)
472 Bim 472 Big
g \ I'iSmiTim g \ I'iSmuTy
Ding — (_) SIOMITIM <_) SIOMITL o s T 3.72
m={;7 By = \ax2) "B M > Ts (3.72a)
g \ MrSM1TR g \ TRSMsT3
Dry = (_) ZROMUIR <_) _ROMSTR 3.72b
RM 472 Br — \4x2 Br ( )

where Tym = T/ ium-
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Requirements of the seismic force-resisting system and the damping system
as given in Sections 3.2.2.3 and 3.2.2.4 are still applicable to the equivalent lateral
force procedure. Application of the equivalent lateral force procedure to design of
damped structures will be explicitly presented as an example in Section 3.3.

3.2.4 Nonlinear Static Procedure

Nonlinear static procedure or pushover analysis is essentially developed from the
response spectrum analysis. Owing to availabilities of commercial computer pro-
grams, such as SAP 2000 and ETABS [3], there is no technical difficulty to perform
nonlinear static analysis of any structures with damping systems. However, how
to determine the design roof displacement, or target displacement, is the key to
the procedure of the analysis. It is because the determination of the design roof
displacement involves iteration process to identify mode shapes with effective
stiffness of the seismic force-resisting system, effective fundamental period, and
damping coefficients related to viscous damping plus hysteretic damping. Once
the design roof displacement is obtained, the design displacement at other levels,
velocity, and accelerations of the seismic force-resisting system and damping sys-
tem can be easily calculated for design. Detailed steps of nonlinear static analysis
are summarized as below [12]:

1. The construction of a mathematical model for the damped structure
shall include modeling of the postyield hysteretic behavior of the seis-
mic force-resisting system and the damping system. Specifically, the
idealized force—deformation curves or moment—rotation relations with
postyield portions shall be defined in the model for all the elements of
the seismic force-resisting system. If damping devices are displacement-
dependent, their stiffness shall be included into the model. To perform
nonlinear static analysis, the vertical distribution of the base shear to each
level needs to consider two patterns: uniform pattern and modal pattern.
The uniform pattern refers to lateral force distribution proportional to
the mass at each level, while the modal pattern is the lateral force distri-
bution based on the first model shape of vibration. P-A effects induced
by story drift and deformation of structural elements shall be captured
during the analysis. Sufficient number of modes shall be utilized in the
analysis to ensure combined modal mass participation is at least more
than 90% of the total mass in the direction of interest.

2. Once the pushover analysis is completed, a base shear—roof displace-
ment curve can be established as shown in Figure 3.12a. This curve is
usually simplified based on a bilinear or trilinear model. To convert this
curve into spectral acceleration—spectral displacement curve, which is
conventionally called spectral capacity curve, a tentative design roof dis-
placement, D1p, has to be assumed. According to the assumed Dp, the
secant stiffness of the elements of the seismic force-resisting system is
determined from the defined force—deformation curves, which are used to
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FIGURE 3.12 Nonlinear static analysis: (a) nonlinear static analysis curves with simplified
mode, (b) spectral demand curve and spectral capacity curve of the fundamental mode, and
(c) spectral demand curve and spectral capacity curve of higher mode.

perform eigenvalue analysis in order to obtain modal shapes, ¢; 1, where
subscripts 1 and i present the fundamental mode and level i, respect-
ively. Substituting ¢; ; into Equations 3.12 and 3.23 and using m = 1,
the participation factor of the fundamental mode, I'{, and the effective
fundamental mode seismic weight, W, are determined. Therefore, the
relations between the base shear and the spectral acceleration, S,;1, as
well as between the roof displacement and the spectral displacement,
Sp1, are calculated as follows:

V.
Sup = Wg (3.73)
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_ D
i1l

Spi (3.74)

where V and D are denoted as the base shear and the roof displacement as
computed from pushover analysis, respectively. ¢, is the fundamental
mode shape at the roof and equal to 1.

3. Meanwhile, the viscous damping, By, and hysteretic damping, Byp, can
also be obtained from the assumed design roof displacement, Dip. The
effective fundamental mode period, T'1p, calculated from the eigenvalue
analysis is used to determine By and Bgp. Then, substituting By and
Bup into Equation 3.44, the damping coefficient, Bip, is found from
Figure 3.11. Note that the effective ductility demand, up, is computed
by the relation of the assumed design roof displacement, Dip, to the
effective yield displacement, Dy, identified from the base shear—roof
displacement curve. The response spectrum with 5% of critical damping,
which is selected for the design of the damped structure, is reduced by
a numerical coefficient, B1p. The reduced response spectrum is usually
called the design demand curve.

4. The spectral capacity curve and the design demand curve are plotted here
in one diagram as shown in Figure 3.12b. The intersection of both curves
gives the calculated design roof displacement, Dp, and the design base
shear of the fundamental mode, V| = S,;W;, where V; shall not be
less than that calculated from Equation 3.22 or (3.53) with R/Cq = 1.0.
In general Dip and D;p are not the same. Therefore, iterations based
on items 2 and 3 as discussed above are required until the difference
between D p and Djp is within the acceptable accuracy.

5. Determination of the design roof displacements of higher modes is quite
straightforward since the spectral capacity curve is linear and no iter-
ation procedures are involved. In accordance with the modal shapes,
¢im(m = 2,3,...,n), determined from the eigenvalue analysis at the
final iteration performed in Item 2, the participation factor of the mth
mode, I';,, and the effective mth mode seismic weight, W, are com-
puted from Equations 3.12 and 3.23. Substituting ¢; ,, I', and Wm,
into Equations 3.73 and 3.74, the spectral acceleration, S,,;,, and the
spectral displacement, Sp,;,, are computed. By using the same method as
given in Item 3, the response spectrum is scaled down by the numerical
coefficient, B,,p, based on the total effective damping given in Equation
3.44b. Both the spectral capacity curve and the spectral demand curve of
higher mode are plotted in one diagram as shown in Figure 3.12c. Thus
the design roof displacement, D,,p, is determined at the intersection of
two curves. Also, the design base shear of high mode is V,,, = SamWom,
where V), shall not be less than that calculated from Equation 3.22 or
3.59 with R/Cq = 1.0.
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6. Once the design roof displacement, D,,p, and the design base shear, V,,,,
of all modes are determined from the above items, the design lateral
force, story drift, and design story velocity can be identified. These
values from all modes shall be combined by SRSS or CQC method for
design of the damped structure. Note that the nonlinear static procedure
explained above is for the design of the seismic force-resisting system
under the design earthquake. The above procedures of nonlinear static
analysis are also the same to design the damping system. However, the
input of response spectrum shall be for MCE.

3.2.5 Special Requirements on Nonlinear Response
History Procedure

Nonlinear response history analysis is a project-oriented procedure since the ana-
lysis directly relies on modeling of nonlinear behavior of the damping system and
the seismic force-resisting system. Thus, there are no unified solutions to Equation
3.8. However, ASCE 7-05 provides guidelines to establish mathematical models
for nonlinear response history procedure: The postyield hysteretic behavior of the
seismic force-resisting system and nonlinear properties of damping devices, if any,
shall be directly incorporated into the model. The properties of damping devices
used in the model shall be verified from tests. Linear properties of elements in the
seismic force-resisting system are permitted in the model when the demands of
such elements are not over 150% of their nominal strength. In addition, maximum
inherent damping used in the model shall not be greater than 5% of critical damping.

In addition, ASCE permits using average values of displacement, velocity, and
acceleration in the seismic force-resisting system and damping system if nonlinear
response history analyses are performed based on at least seven time histories. For
time histories used in nonlinear response history analysis less than seven, the
maximum values of displacement, velocity, and acceleration shall be selected to
design the damped structure.

3.3 DESIGN EXAMPLES

Example 3.3.1

A two-story building, which has16 ft (4.88 m) of story height at each level,
is to be constructed with 