


PRENTICE-HALL INTERNATIONAL SERIES 
IN CIVIL ENGINEERING AND ENGINEERING MECHANICS 
William J. Hall, Editor 

Au and Christiano, Fundamentals of Structural Analysis 
Au and Christiano, Structural Analysis 
Barson and Rolfe, Fracture and Fatigue Control in Structures, 21e 
Bathe, Finite Element Procedures in Engineering Analysis 
Berg, Elements of Structural Dynamics 
Biggs, Introduction to Structural Engineering 
Chajes, Structural Analysis, 21e 
Chopra, Dynamics of Structures: Theory and Applications to Earthquake Engineering 
Collins and Mitchell, Prestressed Concrete Structures 
Cooper and Chen, Designing Steel Structures 
Cording et aI., The Art and Science of Geotechnical Engineering 
Gallagher, Finite Element Analysis 
Hendrickson and Au, Project Management for Construction 
Higdon et aI., Engineering Mechanics, 2nd Vector Edition 
Hultz and Kovacs, Introduction in Geotechnical Engineering 
Humar, Dynamics of Structures 
Johnston, Lin, and Galambos, Basic Steel Design, 31e 
Kelkar and Sewell, Fundamentals of the Analysis and Design of Shell 

Structures 
MacGregor, Reinforced Concrete: Mechanics and Design, 21e 
Mehta and Monteiro, Concrete: Structure, Properties and Materials, 21e 
Melosh, Structural Engineering Analysis by Finite Elements 
Meredith et aI., Design and Planning of Engineering Systems, 21e 
Mindess and Young, Concrete 
Nawy, Prestressed Concrete 
Nawy, Reinforced Concrete: A Fundamental Approach, 21e 
Pfeffer, Solid Waste Management 
Popov, Engineering Mechanics of Solids 
Popov, Introduction to the Mechanics of Solids 
Popov, Mechanics of Materials, 21e 
Schneider and Dickey, Reinforced Masonry Design, 21e 
Wang and Salmon, Introductory Structural Analysis 
Weaver and Johnson, Structural Dynamics by Finite Elements 
Wolf, Dynamic Soil-Structure Interaction 
Wray, Measuring Engineering Properties of Soils 
Yang, Finite Element Structural Analysis 



DYNAMICS OF STRUCTURES 
Theory and Applications to 

Earthquake Engineering 

Anil K. Chopra 
University of California at Berkeley 

PRENTICE HALL 

Englewood Cliffs, New Jersey 07632 



Library of Congress Cataloging-in-Publication DaI4 

Chopra, Anil K. 
Dynamics of structures : theory and applications to earthquake 

engineering I Anil K. Chopra. 
p. crn. 

Includes index. 
ISBN 0-13-855214-2 
I. Earthquake engineering. 2. Structural dynamics. I. Title. 

TA654.6.C466 1995 
624.1' 762--<1c20 94-46527 

Acquisitions Editor: Bill Stenquist 
Production Editor: Kurt Scherwatzky 

CIP 

Production Coordinator: Bayani Mendoza de Leon 
Editorial-Production Service: Electronic Publishing Services, Inc. 
Buyer: Bill Scazzero 
Cover Designer: Douglas DeLuca 
Cover Photo: Transamerica Building, San Francisco, California. The motions shown are accelerations recorded 
during. the Lorna Prieta earthquake of October 17, 1989 at basement, twenty-ninth floor, and forty-ninth floor. 
(Courtesy of Transamerica Corporation.) 

© 1995 by Prentice-HalI,Inc. 
A Simon & Schuster Company 
Englewood Cliffs, New Jersey 07632 

The author and publisher of this book have used their best efforts in preparing this book. These efforts include 
the development, research, and testing of the theories and programs to determine their effectiveness. The 
author and publisher shall not be liable in any event for the incidental or consequential damages in connection 
with, or arising out of, the furnishing, performance. or use of these programs. 

AU rights reserved. No part of this book may be 
reproduced, in any fonn or by any means, without 
pennission in writing from the publisher. 

Printed in the United States of America 

10 9 8 7 6 5 4 3 2 

ISBN 0-13-855214-2 

Prentice-Hall International (UK) Limited, London 
Prentice-Hall of Australia Pty. Limited, Sydney 
Prentice-Hall Canada Inc., Toronto 
Prentice-Hall Hispanoamericana, S.A., Mexico 
Prentice-Hall of India Private Limited, New Delhi 
Prentice-Hall of Japan, Inc., Tokyo 
Simon & Schuster Asia Pte. Ltd., Singapore 
Editora Prentice Hall do Brasil, Ltda., Rio de Janeiro 



Dedicated to Hamida and Nasreen with gratitude for suggesting the idea of 
working on a book and with appreciation for patiently enduring and sharing 
these years of preparation with me, especially the past year and a half. Their 

presence and encouragement made this idea a reality. 





PART I SINGLE-DEGREE-OF-FREEDOM SYSTEMS 1 

1 Equations of Motion, Problem Statement, and Solution 
Methods 3 

2 Free Vibration 35 

3 Response to Harmonic and Periodic Excitations 61 

4 Response to Arbitrary, Step, and Pulse Excitations 119 

5 Numerical Evaluation of Dynamic Response 155 

6 Earthquake Response of Linear Systems 187 

7 Earthquake Response of Inelastic Systems 241 

8 Generalized Single-Degree-of-Freedom Systems 277 

vii 



viii Overview 

PART II MULTI-DEGREE-OF-FREEDOM SYSTEMS 311 

9 Equations of Motion, Problem Statement, and Solution 
Methods 313 

10 Free Vibration 365 

11 Damping in Structures 409 

12 Dynamic Analysis and Response of Linear Systems 429 

13 Earthquake Analysis of Linear Systems 467 

14 Reduction of Degrees of Freedom 549 

15 Numerical Evaluation of Dynamic Response 565 

16 Systems with Distributed Mass and Elasticity 585 

17 Introduction to the Finite Element Method 613 

PART III EARTHQUAKE RESPONSE AND DESIGN OF 
MULTISTORY BUILDINGS 639 

18 Earthquake Response of Linearly Elastic Buildings 641 

19 Earthquake Response of Inelastic Buildings 659 

20 Earthquake Dynamics of Base-Isolated Buildings 683 

21 Structural Dynamics in Building Codes 703 



Foreword 

Preface 

Acknowledgments 

PART I SINGLE-DEGREE-OF-FREEDOM SYSTEMS 

1 Equations of Motion, Problem Statement, and Solution 
Methods 

1.1 Simple Structures 3 

1.2 Single-Degree-of-Freedom System 7 

1.3 Force-Displacement Relation 8 

1.4 Damping Force 13 

1.5 Equation of Motion: External Force 14 

1.6 Mass-Spring-Damper System 18 

1. 7 Equation of Motion: Earthquake Excitation 20 

1.8 Problem Statement and Element Forces 23 

1.9 Combining Static and Dynamic Responses 25 

xix 

xxi 

xxvii 

1 

3 

ix 



x 

2 

3 

1.10 

1.11 

Methods of Solution of the Differential Equation 25 

Study of SDF Systems: Organization 29 

Appendix 1: Stiffness Coefficients for a Flexural 
Element 30 

Free Vibration 

2.1 Undamped Free Vibration 35 

2.2 Viscously Damped Free Vibration 44 

2.3 Energy in Free Vibration 52 

2.4 Coulomb-Damped Free Vibration 53 

Response to Harmonic and Periodic Excitations 

Part A: Viscously Damped Systems: Basic Results 62 

3.1 Harmonic Vibration of Undamped Systems 62 

3.2 Harmonic Vibration with Viscous Damping 68 

Part B: Viscously Damped Systems: Applications 80 

3.3 Response to Vibration Generator 80 

3.4 Natural Frequency and Damping from Harmonic 
Tests 83 

3.5 Force Transmission and Vibration Isolation 85 

3.6 Response to Ground Motion and Vibration 
Isolation 87 

3.7 Vibratiori-Measuring Instruments 91 

3.8 Energy Dissipated in Viscous Damping 94 

3.9 Equivalent Viscous Damping 98 

Part C: Systems with Nonviscous Damping 100 

3.10 Harmonic Vibration with Rate-Independent 
Damping 100 

3.11 Harmonic Vibration with Coulomb Friction 104 

Part D: Response to Periodic Excitation 108 

3.12 Fourier Series Representation 109 

3.13 Response to Periodic Force 109 

Contents 

35 

61 



Contents 

4 

Appendix 3: Four-Way Logarithmic Graph 
Paper 113 

Response to Arbitrary, Step, and Pulse Excitations 

Part A: Response to Arbitrarily Time-Varying Forces 119 

4.1 Response to Unit Impulse 120 

4.2 Response to Arbitrary Force 121 

Part B: Response to Step and Ramp Forces 123 

4.3 Step Force 123 

4.4 Ramp or Linearly Increasing Force 125 

4.5 Step Force with Finite Rise Time 126 

Part C: Response to Pulse Excitations 129 

4.6 Solution Methods 129 

4.7 . Rectangular Pulse Force 131 

4.8 Half-Cycle Sine Pulse Force 137 

4.9 Symmetrical Triangular Pulse Force 142 

4.10 Effects of Pulse Shape and Approximate Analysis for 
Short Pulses 144 

4.11 Effects of Viscous Damping 147 

4.12 Response to Ground Motion 149 

5 Numerical Evaluation of Dynamic Response 

5.1 Time-Stepping Methods 155 

5.2 Methods Based on Interpolation of Excitation 157 

5.3 Central Difference Method 161 

5.4 Newmark's Method 164 

5.5 Stability and Computational Error 170 

5.6 Analysis of Nonlinear Response: Central Difference 
Method 174 

5.7 Analysis of Nonlinear Response: Newmark's 
Method 174 

xl 

119 

155 



xli 

6 

7 

Earthquake Response of Linear Systems 

6.1 Earthquake Excitation 187 

6.2 Equation of Motion 193 

6.3 Response Quantities 194 

6.4 Response History 195 

6.S Response Spectrum Concept 197 

6.6 Deformation, Pseudo-velocity, and Pseudo-acceleration 
Response Spectra 198 

6.7 Peak Structural Response from the Response 
Spectrum 206 

6.8 Response Spectrum Characteristics 211 

6.9 Elastic Design Spectrum 217 

6.10 Comparison of Design and Response Spectra 225 

6.11 Distinction between Design and Response 
Spectra 227 

6.12 Velocity and Acceleration Response Spectra 228 

Appendix 6: E1 Centro, 1940 Ground Motion 232 

Earthquake Response of Inelastic Systems 

7.1 Force-Deformation Relations 242 

7.2 Normalized Yield Strength. Yield Reduction Factor, 
and Ductility Factor 248 

7.3 Equation of Motion and Controlling Parameters 249 

7.4 Effects of Yielding 250 

7.S Response Spectrum for Yield Deformation and Yield 
Strength 257 

7.6 Design Strength and Deformation from the Response 
Spectrum 261 

7.7 Design Yield Strength 261 

7.8 Relative Effects of Yielding and Damping 263 

7.9 Dissipated Energy 264 

7.10 Inelastic Design Spectrum 269 

Contents 

187 

241 



Contents 

8 

7.11 Comparison of Design and Response Spectra 274 

Generalized Single-Degree-of-Freedom Systems 

8.1 Generalized SDF Systems 277 

8.2 Rigid-Body Assemblages 279 

8.3 Systems witb Distributed Mass and Elasticity 281 

8.4 Lumped-Mass System: Shear Building 292 

8.5 Natural Vibration Frequency by Rayleigh's 
Metbod 298 

8.6 Selection of Shape Function 302 

Appendix 8: Inertia Forces for Rigid Bodies 306 

xiii 

277 

PART II MULTI-DEGREE-OF-FREEDOM SYSTEMS 311 

9 Equations of Motion, Problem Statement, and Solution 
Methods 

9.1 Simple System: Two-Story Shear Building 313 

9.2 General Approach for Linear Systems 318 

9.3 Static Condensation 334 

9.4 Planar or Symmetric-Plan Systems: Ground 
Motion 337 

9.5 Un symmetric-Plan Buildings: Ground Motion 342 

9.6 Symmetric-Plan Buildings: Torsional Excitation 350 

9.7 Multiple Support Excitation 351 

9.8 Inelastic Systems 355 

9.9 Problem Statement 356 

9.10 Element Forces 356 

9.11 Methods for Solving tbe Equations of Motion: 
Overview 357 

10 Free Vibration 

Part A: Natural Vibration Frequencies and Modes 366 

313 

365 


























































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































