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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. Their presence and encouragement
made this idea a reality.



UNITS

Quantity English System S.I. System
force 11b 4.448 Newtons (N)
mass 1 1b sec?/ft (slug) 14.59 kg (kilograms)
length 1ft 0.3048 meters (m)
mass density 1 b/t 16.02 kg/m?
torque or moment 11bin. 0.113Nm
acceleration 1 ft/sec? 0.3048 m/s?
accel. of gravity 32.2 fus® or 386 in./sec?  9.81 m/s?
spring constant 1 Ib/in. 175.1 N/m
rotational spring constant 1 1b in./rad 0.113 N m/rad
damping constant ¢ 11b sec/in. 175.1 N s/m
(mass) moment of inertia 1 Ib. in. sec? 0.1129 kg m?
modulus of elasticity 109 1b/in.2 6.895 x 10° N/m?
angle 1 degree 1/57.3 radian




Foreword

The need for a textbook on earthquake engineering was first pointed out by the eminent
consulting engineer, John R. Freeman (1855-1932). Following the destructive Santa Bar-
bara, California earthquake of 1925, he became interested in the subject and searched the
Boston Public Library for relevant books. He found that not only was there no textbook
on earthquake engineering, but the subject itself was not mentioned in any of the books
on structural engineering. Looking back, we can see that in 1925 engineering education
was in an undeveloped state with computing done by slide rule and curricula that did not
prepare the student for understanding structural dynamics. In fact, no instruments had been
developed for recording strong ground motions, and society appeared to be unconcerned
about earthquake hazards.

In recent years books on earthquake engineering and structural dynamics have been
published, but the present book by Professor Anil K. Chopra fills a niche that exists be-
tween more elementary books and books for advanced graduate studies. The author is a
well-known expert in earthquake engineering and structural dynamics, and his book will
be valuable to students not only in earthquake-prone regions but also in other parts of
the world, for a knowledge of structural dynamics is essential for modern engineering. The
book presents material on vibrations and the dynamics of structures and demonstrates the
application to structural motions caused by earthquake ground shaking. The material in
the book is presented very clearly with numerous worked-out illustrative examples so that
even a student at a university where such a course is not given should be able to study the
book on his or her own time. Readers who are now practicing engineering should have no
difficulty in studying the subject by means of this book. An especially interesting feature
of the book is the application of structural dynamics theory to important issues in the seis-
mic response and design of multistory buildings. The information presented in this book
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xxii Foreword

will be of special value to those engineers who are engaged in actual seismic design and
want to improve their understanding of the subject.

Although the material in the book leads to earthquake engineering, the information
presented is also relevant to wind-induced vibrations of structures, as well as man-made
motions such as those produced by drophammers or by heavy vehicular traffic. As a text-
book on vibrations and structural dynamics, this book has no competitors and can be rec-
ommended to the serious student. I believe that this is the book for which John R. Freeman
was searching.

George W. Housner
California Institute of Technology



Preface

SCOPE OF THE REVISION

Dynamics of Structures has been well received in the 11 years since it was first published.
It continues to be used as a textbook at universities in the United States and many other
countries, and enjoys a wide professional readership as well. Translations in Japanese, Ko-
rean, and Persian have been published, and translations to Chinese, Greek, and Turkish are
in progress. Preparation of the third edition provided me with an opportunity to improve,
expand, and update the book.

Most extensively changed were Chapters 19 and 21, and Chapter 22 has been added.
Chapter 19 has been rewritten completely to incorporate recent advances in the earthquake
analysis and response of inelastic buildings, a subject that has seen a flurry of renewed
research activity since 1990. Chapter 21 has undergone major revision by incorporating
the current editions of four building codes. The addition of Chapter 22 has been motivated
by changes in the structural engineering profession and practice that have occurred over
the past decade. Performance-based guidelines for evaluating existing buildings consider
inelastic behavior explicitly in estimating seismic demands at low performance levels, such
as life safety and collapse prevention. In Chapter 22, selected aspects of these seismic
evaluation guidelines for computing seismic demands are discussed in light of structural
dynamics theory presented in Chapter 7 and the revised Chapter 19.

Chapters 6, 7, and 13 have undergone slight but important revision. Prompted by
recent recordings of ground motions in the proximity of the causative fault, Chapter 6 now
identifies the special features of near-fault ground motions and compares them with the
usual far-fault ground motions, a topic also covered in Chapter 22. Chapter 7 now provides
a fuller discussion of concepts underlying construction of the inelastic design spectrum. In
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xxiv Preface

Chapter 13, the discussion of modal combination errors in the response spectrum analysis
procedure has been refined based on recent research results.

The third edition includes 357 end-of-chapter problems. Solutions to these problems
are available to instructors as a download, together with enlarged versions of many of the
figures, which are suitable for making transparencies for use in the classroom.

The Preface to the First Edition remains valid for this revision and I urge you to read
it. In particular, A Note for Professional Engineers still applies, except that Chapter 22
should be added to the reading list. A Note for Instructors is also valid, with an addendum:
Chapter 22 and Appendix A belong in a second graduate course on structural dynamics
and earthquake engineering.

ACKNOWLEDGMENTS

I am grateful to a number of people who helped prepare this revision: Rakesh K. Goel
and Chatpan Chintanapakdee developed and executed the computer software necessary to
generate numerical results and create many of the new figures. Akshay Gupta and Al-
addin Nassar provided numerical data from their published research for several figures in
Chapter 19, which were prepared by Gabriel Hurtado. Charles D. James of the Earthquake
Engineering Research Center, University of California, Berkeley, helped in selecting and
collecting the new photographs. Claire Johnson prepared the text and assembled the re-
vised parts of the manuscript. Barbara Zeiders served as the copy editor for this edition,
just as she did for the first two.

In addition, five experts advised on the interpretation of the updated versions of the
four building codes included in Chapter 21: Ronald O. Hamburger (International Build-
ing Code); Jagmohan L. Humar (National Building Code of Canada); Eduardo Miranda
(Mexico Federal District Code); and Michael N. Fardis and Peter Fajfar (Eurocode).

YOUR COMMENTS ARE INVITED

I repeat my request that instructors, students, and professional engineers write t0o me
(chopra@ce.berkeley.edu) if they have suggestions for improvements or clarifications, or
if they identify errors. I thank you in advance for taking the time and interest to do so.

Anil K. Chopra



Preface
to the Second Edition

SCOPE OF THE REVISION

Dynamics of Structures has been well received in the five years since it was published. It is
used as a textbook in universities in both the United States and abroad, and enjoys a wide
professional readership as well. Reviews by academics and professionals have generally
been favorable. Preparation of the second edition provided me with an opportunity to
improve, expand slightly, and update the book.

Overall the reader will find a variety of fresh material. Prompted by the recent inter-
est in seismic performance of bridges, several chapters now include examples on dynamics
of bridges and their earthquake response. Chapter 7 expands the description of energy
dissipation devices used to retrofit seismically vulnerable structures. In response to the
growing need for simplified dynamic analysis procedures suitable for performance-based
earthquake engineering, Chapter 7 also provides a fuller discussion relating the deforma-
tions of inelastic and elastic systems, and includes a new section on applications of the
inelastic design spectrum to structural design for allowable ductility, seismic evaluation
of existing structures, and displacement-based structural design. Chapter 20 incorporates
additional description of base-isolation systems and recent applications of these systems
to retrofit existing buildings and design new buildings. Chapter 21 has undergone major
revision by incorporating the current editions of building codes; the International Building
Code has replaced the Uniform Building Code and the Eurocode has been added.

The frequency-domain method of dynamic analysis has now been included, as re-
quested by some readers, but presented as an appendix instead of weaving it throughout
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XXVi Preface

the book. This decision is motivated by my goal to keep the mathematics as simple as each
topic permits, thus making structural dynamics easily accessible to students and profes-
sional engineers.

Using the book in my teaching and reflecting on it five years later suggested im-
provements. The text has been clarified and polished throughout, several sections have
been reorganized, worked-out examples have been added, and new figures have been de-
veloped to enhance the effectiveness of the presentation.

In response to suggestions of professors who have adopted the book in their teaching,
many new end-of-chapter problems have been added. There are 357 problems in the second
edition, over one-half more than in the original edition. Solutions to these problems are
available from the publisher, together with enlarged versions of the figures suitable for
making transparencies for use in the classroom.

The preface to the first edition remains valid for this revision; I urge you to read it.
In particular, A Note for Professional Engineers still applies, as does A Note for Instruc-
tors but with an addendum: Appendix A: Frequency-Domain Method of Analysis, in my
opinion, belongs in a second graduate course on structural dynamics.

ACKNOWLEDGMENTS

I am grateful to many people who helped prepare this revision: Professor Rakesh K. Goel
assisted in numerous ways and played an important role, as he did for the first edition. In
particular, he developed and executed the computer software necessary to create the new
figures. Several students, present and former, assisted in preparing solutions for the new
worked-out examples and end-of-chapter problems: Ashraf Ayoub, Ushnish Basu, Shih-
Po Chang, Garrett Hall, Petros Keshishian, Allen Kwan, Wen-Hsiung Lin, and Charles
Menun. Eric Eisman did the word processing of the new material and changes to the text
in TgX. Janine Hannel prepared several photographs for publication. Claire Johnson as-
sembled and edited the Solutions Manual. In addition to several anonymous reviewers,
Professors M. C. Constantinou, Takeru Igusa, Eduardo Miranda, and C. C. Tung provided
incisive criticism and suggestions for improvement. Many individuals (students, profes-
sors, and practicing engineers)—too numerous to list here by name—offered valuable
comments.

YOUR COMMENTS ARE INVITED

I repeat my request that instructors, students, and professional engineers write to me
(chopra@ce.berkeley.edu) if they have suggestions for improvements or clarifications, or
if they identify errors. I thank you in advance for taking the time and interest to do so.

Anil K. Chopra



Preface
to the First Edition

PHILOSOPHY AND OBJECTIVES

This book on dynamics of structures is conceived as a textbook for courses in civil en-
gineering. It includes many topics in the theory of structural dynamics, and applications
of this theory to earthquake analysis, response, and design of structures. No prior knowl-
edge of structural dynamics is assumed in order to make this book suitable for the reader
learning the subject for the first time. The presentation is sufficiently detailed and carefully
integrated by cross-referencing to make the book suitable for self-study. This feature of
the book, combined with a practically motivated selection of topics, should interest pro-
fessional engineers, especially those concerned with analysis and design of structures in
earthquake country.

In developing this book, much emphasis has been placed on making structural dy-
namics easily accessible to students and professional engineers because many find this
subject to be difficult. To achieve this goal, the presentation has been structured around
several features: The mathematics is kept as simple as each topic will permit. Analytical
procedures are summarized to emphasize the key steps and to facilitate their implemen-
tation by the reader. These procedures are illustrated by over 100 worked-out examples,
including many comprehensive and realistic examples where the physical interpretation
of results is stressed. Some 400 figures have been carefully designed and executed to be
pedagogically effective; many of them involve extensive computer simulations of dynamic
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xxviii Preface

response of structures. Photographs of structures and structural motions recorded during
earthquakes are included to relate the presentation to the real world.
The preparation of this book has been inspired by several objectives:

e Relate the structural idealizations studied to the properties of real structures.

e Present the theory of dynamic response of structures in a manner that emphasizes
physical insight into the analytical procedures.

e [llustrate applications of the theory to solutions of problems motivated by practical
applications.

e Interpret the theoretical results to understand the response of structures to various
dynamic excitations, with emphasis on earthquake excitation.

e Apply structural dynamics theory to conduct parametric studies that bring out several
fundamental issues in the earthquake response and design of multistory buildings.

This mode of presentation should help the reader to achieve a deeper understanding
of the subject and to apply with confidence structural dynamics theory in tackling practical
problems, especially in earthquake analysis and design of structures, thus narrowing the
gap between theory and practice.

SUBJECTS COVERED

This book is organized into three parts: 1. Single-Degree-of-Freedom Systems; II. Multi-
Degree-of-Freedom Systems; and III. Earthquake Response and Design of Multistory Build-
ings.

Part I includes eight chapters. In the opening chapter the structural dynamics prob-
lem is formulated for simple elastic and inelastic structures, which can be idealized as
single-degree-of-freedom (SDF) systems, and four methods for solving the differential
equation governing the motion of the structure are reviewed briefly. We then study the dy-
namic response of linearly elastic systems (1) in free vibration (Chapter 2), (2) to harmonic
and periodic excitations (Chapter 3), and (3) to step and pulse excitations (Chapter 4). In-
cluded in Chapters 2 and 3 is the dynamics of SDF systems with Coulomb damping, a topic
that is normally not included in civil engineering texts, but one that has become relevant
to earthquake engineering, because energy-dissipating devices based on friction are being
used in earthquake-resistant construction. After presenting numerical time-stepping meth-
ods for calculating the dynamic response of systems (Chapter 5), the earthquake response
of linearly elastic systems and of inelastic systems is studied in Chapters 6 and 7, respec-
tively. Coverage of these topics is more comprehensive than in texts presently available;
included are details on the construction of response and design spectra, effects of damping
and yielding, and the distinction between response and design spectra. The analysis of
complex systems treated as generalized SDF systems is the subject of Chapter 8.

Part II includes Chapters 9 through 17 on the dynamic analysis of multi-degree-
of-freedom (MDF) systems. In the opening chapter of Part II the structural dynamics
problem is formulated for structures idealized as systems with a finite number of degrees
of freedom and illustrated by numerous examples; also included is an overview of methods



