
SEISMIC ANALYSIS
OF STRUCTURES

T. K. Datta

Indian Institute of Technology Delhi, India





SEISMIC ANALYSIS
OF STRUCTURES





SEISMIC ANALYSIS
OF STRUCTURES

T. K. Datta

Indian Institute of Technology Delhi, India



Copyright � 2010 John Wiley & Sons (Asia) Pte Ltd, 2 Clementi Loop, # 02-01,

Singapore 129809

Visit our Home Page on www.wiley.com

All Rights Reserved. No part of this publication may be reproduced, stored in a retrieval system or transmitted in any form

or by any means, electronic, mechanical, photocopying, recording, scanning, or otherwise, except as expressly permitted by

law, without either the prior written permission of the Publisher, or authorization through payment of the appropriate

photocopy fee to the Copyright Clearance Center. Requests for permission should be addressed to the Publisher,

John Wiley & Sons (Asia) Pte Ltd, 2 Clementi Loop, #02-01, Singapore 129809, tel: 65-64632400, fax: 65-64646912,

email: enquiry@wiley.com.

Designations used by companies to distinguish their products are often claimed as trademarks. All brand names and

product names used in this book are trade names, servicemarks, trademarks or registered trademarks of their respective owners.

The Publisher is not associated with any product or vendor mentioned in this book. All trademarks referred to in the

text of this publication are the property of their respective owners.

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 byTheMathWorks of a particular pedagogical approach or particular use of the

MATLAB� software.

This publication is designed to provide accurate and authoritative information in regard to the subject matter covered. It is

sold on the understanding that the Publisher is not engaged in rendering professional services. If professional advice

or other expert assistance is required, the services of a competent professional should be sought.

Other Wiley Editorial Offices

John Wiley & Sons, Ltd, The Atrium, Southern Gate, Chichester, West Sussex, PO19 8SQ, UK

John Wiley & Sons Inc., 111 River Street, Hoboken, NJ 07030, USA

Jossey-Bass, 989 Market Street, San Francisco, CA 94103-1741, USA

Wiley-VCH Verlag GmbH, Boschstrasse 12, D-69469 Weinheim, Germany

John Wiley & Sons Australia Ltd, 42 McDougall Street, Milton, Queensland 4064, Australia

John Wiley & Sons Canada Ltd, 5353 Dundas Street West, Suite 400, Toronto, ONT, M9B 6H8, Canada

Wiley also publishes its books in a variety of electronic formats. Some content that appears in print may not be available in

electronic books.

Library of Congress Cataloging-in-Publication Data

Datta, T. K. (Tushar Kanti), 1944-

Seismic analysis of structures / T.K. Datta.

p. cm.

Includes index.

ISBN 978-0-470-82461-0 (cloth)

1. Earthquake engineering. 2. Structural analysis. I. Title.

TA654.6.D378 2010

624.10762–dc22
2009044760

ISBN 978-0-470-82461-0 (HB)

Typeset in 9/11pt Times by Thomson Digital, Noida, India.

Printed and bound in Singapore by Markono Print Media Pte Ltd, Singapore.

This book is printed on acid-free paper responsibly manufactured from sustainable forestry in which at least two trees are

planted for each one used for paper production.

www.wiley.com


Dedicated
to

Knowledge





Contents

Preface xiii

1 Seismology 1
1.1 Introduction 1

1.1.1 Earth and its Interiors 1

1.1.2 Plate Tectonics 2

1.1.3 Causes of Earthquakes 5

1.2 Seismic Waves 7

1.3 Earthquake Measurement Parameters 11

1.3.1 Local Magnitude (ML) 13

1.3.2 Body Wave Magnitude (Mb) 14

1.3.3 Surface Wave Magnitude (MS) 14

1.3.4 Seismic Moment Magnitude (MW) 15

1.3.5 Energy Release 16

1.3.6 Intensity 16

1.4 Measurement of an Earthquake 18

1.5 Modification of Earthquakes Due to the Nature of the Soil 21

1.6 Seismic Hazard Analysis 22

1.6.1 Deterministic Hazard Analysis 22

1.6.2 Probabilistic Hazard Analysis 24

1.6.3 Seismic Risk at a Site 30

1.6.4 Concept of Microzonation Based on Hazard Analysis 32

Exercise Problems 33

References 38

2 Seismic Inputs for Structures 41
2.1 Introduction 41

2.2 Time History Records 41

2.3 Frequency Contents of Ground Motion 42

2.4 Power Spectral Density Function of Ground Motion 49

2.5 Response Spectrum of Earthquake 54

2.5.1 Displacement, Velocity, and Acceleration Spectra 54

2.5.2 Energy Spectrum and Fourier Spectrum 56

2.5.3 Combined D-V-A Spectrum 58

2.5.4 Design Response Spectrum and its Construction 61

2.5.5 Design Earthquakes 65



2.5.6 Probabilistic Response Spectra 66

2.5.7 Site Specific Spectra and Uniform Hazard Spectra 67

2.6 Generation of Synthetic Accelerograms 75

2.6.1 Response Spectrum Compatible Accelerogram 76

2.6.2 Power Spectral Density Function Compatible Accelerogram 78

2.7 Prediction of Seismic Input Parameters 78

2.7.1 Predictive Relationships for PGA, PHV, and PHA 79

2.7.2 Predictive Relationship for Duration 83

2.7.3 Predictive Relationships for rms Value of Ground Acceleration (Arms) 83

2.7.4 Predictive Relationships for Fourier Spectrum and Response Spectrum 84

2.7.5 Predictive Relationships for PSDF of Ground Motion 87

2.7.6 Predictive Relationships for Modulating Function 89

2.7.7 Predictive Relationships for Coherence Function 92

Exercise Problems 93

References 96

3 Response Analysis for Specified Ground Motions 99
3.1 Introduction 99

3.2 Equation of Motion for a Single Degree of Freedom (SDOF) System 99

3.2.1 Equation of Motion in Terms of the Relative Motions of the Mass 100

3.2.2 Equation of Motion in Terms of the Absolute Motion of the Mass 100

3.2.3 Equation of Motion in State Space 100

3.3 Equations of Motion for a Multi-Degrees of Freedom (MDOF) System 101

3.3.1 Equations of Motion for Single-Support Excitation 101

3.3.2 Equations of Motion for Multi-Support Excitation 109

3.3.3 Equations of Motion in State Space 115

3.4 Response Analysis for Single Degree of Freedom (SDOF) System 116

3.4.1 Time Domain Analysis using the Duhamel Integral 117

3.4.2 Time Domain Analysis using Newmark’s b-Method 120

3.4.3 Time Domain Analysis in State Space 122

3.4.4 Frequency Domain Analysis Using Fourier Transform 122

3.5 Response Analysis for Multi-Degrees of Freedom (MDOF) Systems 126

3.5.1 Direct Analysis 128

3.5.2 Modal Analysis 137

3.5.3 Size Reduction 140

3.5.4 Computation of Internal Forces 143

3.5.5 Modal Analysis in Time Domain for State-Space Equation 144

3.5.6 Modal Analysis in Frequency Domain for State-Space Equation 145

3.5.7 Computational Steps for MATLAB� Programming 147

Exercise Problems 151

Appendix 3.A Direct Generation of Mass and Stiffness Matrices using the Method

of Virtual Work 157

Appendix 3.B Derivation of the Response over the Time Interval Dt in Duhamel Integration 161

Appendix 3.C Digitized Values of the Ground Acceleration of El Centro Earthquake 164

Appendix 3.D Simulink Diagrams 167

References 169

4 Frequency Domain Spectral Analysis 171
4.1 Introduction 171

4.2 Stationary Random Process 171

viii Contents



4.3 Fourier Series and Fourier Integral 173

4.4 Auto Correlation and Cross Correlation Functions 175

4.5 Power Spectral Density Function (Sxx) and Cross Power Spectral

Density Function (Sxy) 176

4.6 Power Spectral Density Function (PSDF) Matrix 178

4.7 PSDFs and Cross PSDFs of the Derivatives of the Process 181

4.8 Single Input Single Output System (SISO) 182

4.9 MDOF System with Single-Point and Multi-Point Excitations 186

4.9.1 Single-Point Excitation 186

4.9.2 Multi-Point Excitation 187

4.9.3 Determination of the PSDF of Absolute Displacement 189

4.10 PSDF Matrix of Member End Forces 193

4.11 Modal Spectral Analysis 196

4.12 Spectral Analysis Using the State-Space Formulation 197

4.13 Steps for Developing a Program for Spectral Analysis in MATLAB�

for Multi-Support Excitation 200

Exercise Problems 201

Appendix 4.A Digitized Values of the PSDF of the Ground Acceleration

of El Centro Earthquake 202

References 204

5 Response Spectrum Method of Analysis 205
5.1 Introduction 205

5.2 Concept of Equivalent Lateral Force and Response Spectrum

Method of Analysis 205

5.3 Response Spectrum Analysis for Single-Point Excitation 206

5.3.1 Development of the Method 206

5.3.2 Modal Combination Rules 207

5.3.3 Application to 2D Building Frames, Chimneys, and Stacks 212

5.3.4 Application to 3D Tall Buildings 213

5.4 Response Spectrum Analysis for Multi-Support Excitations 214

5.4.1 Development of the Method 214

5.4.2 Steps for Developing Program in MATLAB� 217

5.5 Cascaded Analysis of Secondary Systems using Response Spectrum Method 221

5.6 Approximate Modal Response Spectrum Method of Analysis 223

5.7 Seismic Coefficient Method 223

5.7.1 Outline of the Method 223

5.7.2 Distribution of Lateral Forces 224

5.7.3 Computation of the Fundamental Time Period 224

5.7.4 Computation of the Base Shear 225

5.8 Comparison of Some Code Provisions Prescribed by Different

Earthquake Codes 225

5.8.1 International Building Code (2000) 226

5.8.2 National Building Code of Canada (1995) 228

5.8.3 Euro Code 8 (1995) 230

5.8.4 New Zealand Code (NZ 4203:1992) 231

5.8.5 Indian Code (IS 1893–2002) 232

Exercise Problems 234

Contents ix



Appendix 5.A Digitized Values of the Acceleration Response Spectrum

of El Centro Earthquake 235

References 236

6 Inelastic Seismic Response of Structures 237
6.1 Introduction 237

6.2 Non-Linear Analysis of Structures for Earthquake Forces 237

6.2.1 Equations of Motion 238

6.2.2 Solution of the Equation of Motion for the SDOF System 239

6.2.3 Solution of Equations of Motion for the MDOF System

without Bidirectional Interaction 243

6.2.4 Solution of Equations of Motion for the MDOF System

with Bidirectional Interaction 247

6.3 Inelastic Earthquake Analysis of Multi-Storey Building Frames 254

6.4 Pushover Analysis 261

6.5 Concepts of Ductility and Inelastic Response Spectrum 265

6.5.1 Ductility 265

6.5.2 Inelastic Response Spectrum 267

6.6 Ductility in a Multi-Storey Structure 270

Exercise Problems 272

References 274

7 Seismic Soil Structure Interaction 275
7.1 Introduction 275

7.2 Wave Propagation through Soil 275

7.3 One-Dimensional Wave Propagation and Ground Response Analysis 278

7.3.1 Ground Response Analysis Using FFT 281

7.3.2 Ground Response Analysis (Linear and Non-Linear)

in the Time Domain 282

7.4 2D or 3D Response Analysis in the Time Domain 284

7.5 Dynamic Soil–Structure Interaction 289

7.5.1 Bounded Problem and Idealization of Realistic Problems 293

7.5.2 Direct Method 295

7.5.3 Substructure Method of Analysis 297

7.5.4 Modal Analysis Using the Substructure Technique 306

7.5.5 Equivalent Spring–Dashpot Analysis 309

7.5.6 Approximate Analysis Using Equivalent Modal Damping 313

7.6 Soil–Pile Structure Interaction 317

7.6.1 Direct Analysis 318

7.6.2 Substructure Technique 319

7.6.3 Equivalent Spring–Dashpot Analysis 320

7.7 Seismic Analysis of Buried Structures 323

7.7.1 Plane Strain Analysis 324

7.7.2 Analysis for the Longitudinal Direction 325

Exercise Problems 332

Appendix 7.A 333

References 334

x Contents



8 Seismic Reliability Analysis of Structures 335
8.1 Introduction 335

8.2 Uncertainties 336

8.3 Formulation of the Reliability Problem 337

8.4 Methods of Finding Probabilities of Failure 338

8.4.1 First Order Second Moment Method (FOSM) 338

8.4.2 Hasofer–Lind Method 339

8.4.3 Second Order Reliability Method 342

8.4.4 Simulation Based Reliability Method 343

8.5 Seismic Reliability Analysis 344

8.5.1 Reliability Analysis of Structures Considering Uncertainty

of Ground Input 346

8.5.2 Reliability Analysis of Structures Using Seismic Risk

Parameters of the Site 347

8.5.3 Threshold Crossing Reliability Analysis of Structures

for Deterministic Ground Motion 351

8.5.4 First Passage Reliability Analysis of Structures

for Random Ground Motion 354

8.5.5 Reliability Analysis of Structures Using a Damage Probability Matrix 358

8.5.6 Simplified Probabilistic Risk Analysis of Structures 360

Exercise Problems 365

References 366

9 Seismic Control of Structures 369
9.1 Introduction 369

9.2 Base Isolation 369

9.2.1 Laminated Rubber Bearing (LRB) 370

9.2.2 New Zealand Bearing System 371

9.2.3 Resilient Friction Base Isolation (R-FBI) 373

9.2.4 Pure Friction System 373

9.2.5 Elastic Sliding Bearing 374

9.2.6 Friction Pendulum System (FPS) 375

9.3 Base Isolators and their Characteristics 376

9.3.1 Geometric Design 380

9.4 Analysis of Base Isolated Buildings 381

9.4.1 Analysis of Base Isolated Buildings with Isolated Footings 382

9.4.2 Method of Solution 385

9.4.3 Analysis of Base Isolated Building with Base Slab 387

9.5 Design of Base Isolated Buildings 394

9.5.1 Preliminary Design (Design of Isolator and Initial Sizing

of the Isolated Structure) 395

9.5.2 Response Spectrum Analysis of Base Isolated Structure 397

9.5.3 Non-Linear Time History Analysis 398

9.6 Tuned Mass Damper 402

9.6.1 Modal Coupled Analysis 407

9.6.2 Direct Analysis 408

9.6.3 State-Space Analysis 408

9.7 Viscoelastic Dampers 411

9.7.1 Modeling of Viscoelastic Dampers 411

Contents xi



9.7.2 MDOF System with Viscoelastic Damper 414

9.7.3 Iterative Pseudo-Force (P-F) Method 417

9.7.4 Modal Strain Energy Method 417

9.7.5 State-Space Solution 418

9.7.6 Response Spectrum Method of Analysis 422

9.8 Active Structural Control 422

9.8.1 Stability 425

9.8.2 Controllability and Observability 425

9.8.3 State Observer 427

9.9 Active Control Algorithms 429

9.9.1 Pole Placement Technique 429

9.9.2 Classical Linear Optimal Control 433

9.9.3 Instantaneous Optimal Control 437

9.9.4 Practical Limitations 439

9.10 Semi-Active Control 441

9.10.1 Semi-Active Control Devices 441

9.10.2 Control Algorithms 442

Exercise Problems 446

References 448

Index 451

xii Contents



Preface

For structural engineers, earthquake engineering can be broadly divided into three areas, namely,

seismology (including ground effects), seismic analysis, and seismic design. These areas are big subjects

in themselves and deserve separate treatment in exclusive books. While there are many excellent books

that cover these three areas in varying proportions, none have been written exclusively on the seismic

analysis of structures for use in teaching an undergraduate elective or a postgraduate core course.

Furthermore, there are virtually no books that contain all aspects of the seismic analysis of structures,

combining new concepts with existing ones, which graduate students pursuing research in the area of

earthquake engineering would appreciate. Considering these major requirements, the present book has

been written despite the fact that a number of masterly textbooks on structural dynamics and earthquake

engineering, dynamics of soil structure interaction, and geotechnical earthquake engineering are already

available within the earthquake engineering community, and where many of the theoretical concepts

presented here have been covered more elaborately. The present book attempts to provide textbook

material for the learning and teaching of the seismic analysis of structures in totality. It offers a

comprehensive and unique treatment of all aspects of the seismic analysis of structures, starting with

seismology and through to the seismic control of structures. The materials in the book are arranged and

presented in a manner that is expected to be equally useful to both undergraduate and postgraduate

students, researchers, and practicing engineers. Depending on the particular requirements, it is possible to

structure courses at various levels on different aspects of seismic analysis based on the contents of this

book. It is presumed that the readers have some background of structural dynamics, preferably having

undergone a basic course in structural dynamics.

The book is presented in nine chapters. The first chapter, Seismology, deals with the fundamentals of

seismology that a structural engineer must know. The chapter deals with topics such as the earth and its

interior, plate tectonics, causes of earthquakes, seismic waves, earthquake measurement parameters, the

measurement of earthquakes, modification of earthquake waves due to the nature of the soil, and seismic

hazard analysis. The last topic describes both deterministic and probabilistic seismic hazard analyses, and

seismic risk at a site. The concept of microzonation based on hazard analysis is also included.

The second chapter, Seismic Inputs for Structures, provides an extensive coverage of the various types

of seismic inputs used for different types of seismic analysis. The seismic inputs discussed include time

history records and their frequency contents, power spectral density function (PSDF) of ground motion,

different types of earthquake spectra, design response spectra, probabilistic response spectra, site specific

spectra, and uniform hazard spectra. Generation of the time histories of synthetic ground motion from a

response spectrum and the PSDF of ground motion is also briefly discussed. Finally, predictive

relationships for different seismic input parameters such as peak ground acceleration (PGA), response

spectra, PSDFs, modulating functions, and coherence functions are given.

The third chapter, Response Analysis for Specified Ground Motions, deals with different methods of

analysis of single and multi-degrees of freedom systems for specified time histories of ground motion.

Methods include time domain analysis, frequency domain analysis using fast Fourier transform (FFT),

modal time domain, and frequency domain analyses for both single-point and multi-point excitations.



Methods of analysis are described for both second-order and state-space equations. The mode

acceleration method is also presented. At the end of the chapter, steps for developing a comprehensive

program using MATLAB� are outlined, which can solve single and multi-degrees of freedom systems

for a specified time history of ground motion using all of the methods of analysis discussed in the

chapter. In addition, use of the SIMULINK toolbox of MATLAB to solve problems is also

demonstrated.

The fourth chapter,FrequencyDomain Spectral Analysis, introduces the concept of spectral analysis of

structures, treating the ground motion as a stationary random process and deals with the subject in a

manner that does not require an in-depth knowledge of the theory of random vibration. Using FFT, the

fundamentals of frequency domain spectral analysis are introduced, and then the required concepts of

autocorrelation, cross correlation, power spectral density functions, and so on, are presented. The basic

relationship between multi-point input and output PSDFs of a structural system is given using a matrix

formulation. Direct and modal spectral analyses are described for single-point and multi-point excita-

tions. Furthermore, a method for the determination of the mean peak response from a spectral analysis is

outlined.

The fifth chapter, Response Spectrum Method of Analysis, discusses the response spectrum method of

analysis for single- and multi-point excitations of multi-degrees of freedom systems. Development of the

methods is presented after a brief background of the concept of equivalent lateral load. The necessary

explanation for including the effect of spatial correlation formulti-point excitation is duly incorporated in

the theory. Other topics discussed in this chapter include modal combination rules, the response spectrum

method of analysis for none classically damped systems and secondary systems, the base shear approach,

and comparison between the code provisions of a few codes in relation to the base shear and response

spectrum methods of analysis.

The sixth chapter, Inelastic Seismic Response of Structures, covers the methods of inelastic response

analysis of structures and the fundamental aspects of inelastic behavior of structural components for

earthquake forces. The topics include the hysteretic behavior of materials, the incremental method of

analysis of single- and multi-degrees of freedom systems accounting for the hysteretic effects, the

incremental analysis procedure with bidirectional interaction, pushover analysis, ductility demand,

inelastic response spectra, and ductility in multi-storey buildings.

The first part of the seventh chapter on Seismic Soil Structure Interaction, provides the background to

seismic wave propagation through the soil medium and gives the finite element analysis of the wave

propagation problem. Next, the dynamic soil–structure interaction is presented by explaining kinematic

interaction, inertial interaction, and the direct and multi-step method for bounded problems. Both the

finite element method and the substructure technique for solving soil–structure and soil–pile structure

interaction problems are described. The topics include time domain and frequency domain analyses using

direct, substructure, and modal analysis techniques for single- and multi-point excitations, analyses for

soil–pile structure interaction problems, and underground structures.

The eighth chapter,Seismic Reliability Analysis of Structures, dealswith the seismic reliability analysis

of structures in which the basic concept of reliability analysis is introduced first, followed by some

popularly used techniques such as the first order second moment (FOSM) method, the Hasofer–Lind

method, the second-order method, and a simulation based method for solving the reliability problems.

Uncertainties involved in the seismic reliability analysis of structures are then elaborated, and a number of

seismic reliability analysis techniques are presented. They include reliability analysis for threshold

crossing, the first passage failure of structures, risk assessment using a damage probability matrix, and

approximate probabilistic risk assessment of structures.

In the final chapter on Seismic Control of Structures, the concepts of passive, active, and semi-active

control of structures for earthquake forces are covered. The various topics discussed in the chapter

include: the design of base isolators and analysis of base isolated structures (both response spectrum and

non-linear time history analyses), different methods of analysis of building frames fitted with viscoelastic

dampers and tunedmass dampers, active control of structures with andwithout an observer using the pole
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placement technique, quadratic linear optimal control, and instantaneous optimal control. Finally, an

introduction to the semi-active control of structures using semi-active hydraulic dampers is presented.

In each chapter, a number of carefully selected example problems are solved in order to explain the

various concepts presented. In addition, many of the problems are solved using MATLAB and standard

software such as SAP2000 and ABAQUAS, demonstrating the use of the available software for solving

different types of problems in the seismic analysis of structures.

I would like to thank many of my students who directly or indirectly helped me in gaining insight and

carrying out research in the area of seismic analysis of structures. Their invaluable contributions are

hidden in every page of this book. The textbooks Dynamics of Structures by Professor R.W. Clough and

Professor J. Penzien, Dynamics of Structures – Theory and Application to Earthquake Engineering by

Professor A.K. Chopra,Geotechnical Earthquake Engineering by Professor S.L. Kramer, and Structural

Dynamics for Structural Engineers by Garry C. Hart have been valuable references in organizing the

many concepts of the book and clarifying many doubts. I am extremely grateful to these authors. I wish to

acknowledge my sincere thanks to Mr. Prakash Kedia and Dr. Deepak Kumar who worked untiringly

preparing the manuscript of the book. I am also thankful to many of myM.Tech students who helped me

solve the example problems. Finally, I thankDr. (Mrs.) SabitaKarunes for her support and encouragement

whilst preparing the book.

The author will be pleased to hear from readers who spot errors and misprints or who find ways of

improving the book. All such suggestions will be gratefully acknowledged, andwill be used selectively to

improve future versions of the book.
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1

Seismology

1.1 Introduction

An earthquake is a sudden and transient motion of the earth’s surface. According to geologists, the earth

has suffered earthquakes for hundreds of millions of years, even before humans came into existence.

Because of the randomness, the lack of visible causes, and their power of destructiveness, ancient

civilizations believed earthquakes to be supernatural phenomena – the curse of God. In terms of the

geological time scale, it is only recently (the middle of seventeenth century) that an earthquake has been

viewed as a natural phenomenon driven by the processes of the earth as a planet. Thus subsequent work,

especially in nineteenth century, led to tremendous progress on the instrumental side for the measurement

of earthquake data. Seismological data from many earthquakes were collected and analyzed to map and

understand the phenomena of earthquakes. These data were even used to resolve the earth’s internal

structure to a remarkable degree, which, in turn, helped towards the development of different theories to

explain the causes of earthquakes. While the body of knowledge derived from the study of collected

seismological data has helped in the rational design of structures to withstand earthquakes, it has also

revealed the uncertain nature of future earthquakes forwhich such structures are to be designed. Therefore,

probabilistic concepts in dealing with earthquakes and earthquake resistant designs have also emerged.

Both seismologists and earthquake engineers use the seismological data for the understanding of an

earthquake and its effects, but their aims are different. Seismologists focus their attention on the global

issues of earthquakes and are more concerned with the geological aspects, including the prediction of

earthquakes. Earthquake engineers, on the other hand, are concerned mainly with the local effects of

earthquakes, which are capable of causing significant damage to structures. They transform seismological

data into a form which is more appropriate for the prediction of damage to structures or, alternatively, the

safe design of structures. However, there aremany topics in seismology that are of immediate engineering

interest, especially in the better understanding of seismological data and its use for seismic design of

structures. Those topics are briefly presented in the following sections.

1.1.1 Earth and its Interiors

During the formation of the earth, large amounts of heatwere generated due to the fusion ofmasses. As the

earth cooled down, themasses became integrated together, with the heavier ones going towards the center

and the lighter ones rising up. This led to the earth consisting of distinct layers of masses. Geological

investigationswith seismological data revealed that earth primarily consists of four distinct layers namely:

Seismic Analysis of Structures T.K. Datta
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the inner core, the outer core, the mantle, and the crust, as shown in Figure 1.1. The upper-most layer,

called the crust, is of varying thickness, from 5 to 40 km. The discontinuity between the crust and the next

layer, themantle, was first discovered byMohorovi�ci�c through observing a sharp change in the velocity of
seismic waves passing from the mantle to the crust. This discontinuity is thus known as the Mohorovi�ci�c
discontinuity (“M discontinuity”). The average seismic wave velocity (P wave) within the crust ranges

from 4 to 8 km s�1. The oceanic crust is relatively thin (5–15 km), while the crust beneath mountains is

relatively thick. This observation also demonstrates the principle of isostasy, which states that the crust

is floating on the mantle. Based on this principle, the mantle is considered to consist of an upper layer that

is fairly rigid, as the crust is. The upper layer along with the crust, of thickness�120 km, is known as the

lithosphere. Immediately below this is a zone called the asthenosphere, which extends for another 200 km.

This zone is thought to be of molten rock and is highly plastic in character. The asthenosphere is only a

small fraction of the total thickness of the mantle (�2900 km), but because of its plastic character it

supports the lithosphere floating above it. Towards the bottomof themantle (1000–2900 km), thevariation

of the seismic wave velocity is much less, indicating that the mass there is nearly homogeneous. The

floating lithosphere does not move as a single unit but as a cluster of a number of plates of various sizes.

The movement in the various plates is different both in magnitude and direction. This differential

movement of the plates provides the basis of the foundation of the theory of tectonic earthquake.

Below the mantle is the central core. Wichert [1] first suggested the presence of the central core. Later,

Oldham [2] confirmed it by seismological evidence. It was observed that only P waves pass through the

central core, while both P and S waves can pass through the mantle. The inner core is very dense and is

thought to consist of metals such as nickel and iron (thickness�1290 km). Surrounding that is a layer of

similar density (thickness�2200 km),which is thought to be a liquid as Swaves cannot pass through it. At

the core, the temperature is about 2500 �C, the pressure is about 4 million atm, and the density is about

14 g cm�3. Near the surface, they are 25 �C, 1 atm and 1.5 g cm�3, respectively.

1.1.2 Plate Tectonics

The basic concept of plate tectonics evolved from the ideas on continental drift. The existence of mid-

oceanic ridges, seamounts, island areas, transform faults, and orogenic zones gave credence to the theory

Figure 1.1 Inside the earth (Source: Murty, C.V.R. “IITK-BMPTC Earthquake Tips.” Public domain, National
Information Centre of Earthquake Engineering. 2005. http://nicee.org/EQTips.php - accessed April 16, 2009.)
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of continental drift. Atmid-oceanic ridges, two large landmasses (continents) are initially joined together.

They drift apart because of the flow of hot mantle upwards to the surface of the earth at the ridges due to

convective circulation of the earth’s mantle, as shown in Figure 1.2. The energy of the convective flow is

derived from the radioactivity inside the earth. As the material reaches the surface and cools, it forms an

additional crust on the lithosphere floating on the asthenosphere. Eventually, the newly formed crust

spreads outwards because of the continuous upwelling of molten rock. The new crust sinks beneath the

surface of the sea as it cools downand the outwards spreading continues. These phenomena gave rise to the

concept of sea-floor spreading. The spreading continues until the lithosphere reaches a deep-sea trench

where it plunges downwards into the asthenosphere (subduction).

The continentalmotions are associatedwith a variety of circulation patterns. As a result, the continental

motion does not take place as one unit, rather it occurs through the sliding of the lithosphere in pieces,

called tectonic plates. There are seven such major tectonic plates, as shown in Figure 1.3, and many

smaller ones. Theymove in different directions and at different speeds. The tectonic plates pass each other

at the transform faults and are absorbed back into the mantle at orogenic zones. In general, there are three

types of interplate interactions giving rise to three types of boundaries, namely: convergent, divergent, and

transform boundaries. Convergent boundaries exist in orogenic zones, while divergent boundaries exist

where a rift between the plates is created, as shown in Figure 1.4.

Figure 1.2 Local convective currents in the mantle (Source: Murty, C.V.R. “IITK-BMPTC Earthquake Tips.”
Public domain,National Information Centre of Earthquake Engineering. 2005. http://nicee.org/EQTips.php - accessed
April 16, 2009.)

Figure 1.3 Major tectonic plates on the earth’s surface (Source: Murty, C.V.R. “IITK-BMPTC Earthquake Tips.”
Public domain,National Information Centre of Earthquake Engineering. 2005. http://nicee.org/EQTips.php - accessed
April 16, 2009.)
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The faults at the plate boundaries are the most likely locations for earthquakes to occur. These

earthquakes are termed interplate earthquakes. A number of earthquakes also occur within the plate away

from the faults. These earthquakes are known as intraplate earthquakes, in which a sudden release of

energy takes place due to the mutual slip of the rock beds. This slip creates new faults called earthquake

faults. However, faults are mainly the causes rather than the results of earthquakes. These faults, which

have been undergoing deformation for the past several thousands years andwill continue to do so in future,

are termed active faults. At the faults (new or old), two different types of slippages are observed, namely:

dip slip and strike slip. Dip slip takes place in the vertical direction while strike slip takes place in the

horizontal direction, as shown in Figure 1.5.

Figure 1.4 Types of interplate boundaries (Source: Murty, C.V.R. “IITK-BMPTC Earthquake Tips.” Public domain,
National Information Centre of Earthquake Engineering. 2005. http://nicee.org/EQTips.php - accessedApril 16, 2009.)

Figure 1.5 Types of fault (Source: Murty, C.V.R. “IITK-BMPTC Earthquake Tips.” Public domain, National
Information Centre of Earthquake Engineering. 2005. http://nicee.org/EQTips.php - accessed April 16, 2009.)
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Faults created by dip slip are termed normal faults when the upper rock bed moves down and reverse

faults when the upper rock bed moves up, as shown in Figure 1.5. Similarly, faults created by strike slip

are referred to as left lateral faults and right lateral faults depending on the direction of relative

slip. A combination of four types of slippage may take place in the faults. Some examples of earthquake

faults are:

a. 300 km long strike slip of 6.4m at the San Andreas fault;

b. 60 km long right lateral fault at Imperial Valley with a maximum slip of 5m;

c. 80 km long 6m vertical and 2–4m horizontal slip created by the Nobi earthquake in Japan;

d. 200 km long left lateral fault created by the Kansu earthquake in China.

1.1.3 Causes of Earthquakes

Movement of the tectonic plates relative to each other, both in direction and magnitude, leads to an

accumulation of strain, both at the plate boundaries and inside the plates. This strain energy is the elastic

energy that is stored due to the straining of rocks, as for elastic materials. When the strain reaches its

limiting value along a weak region or at existing faults or at plate boundaries, a sudden movement or slip

occurs releasing the accumulated strain energy. The action generates elastic waves within the rock mass,

which propagate through the elastic medium, and eventually reach the surface of the earth. Most

earthquakes are produced due to slips at the faults or at the plate boundaries. However, there are many

instances where new faults are created due to earthquakes. Earthquakes that occur along the boundaries of

the tectonic plates that is, the interplate earthquakes, are generally recorded as large earthquakes. The

intraplate earthquakes occurring away from the plate boundaries can generate new faults. The slip

ormovement at the faults is along both thevertical and horizontal directions in the formof dip slip or strike

slip. The length of the fault over which the slip takes place may run over several hundred kilometers. In

major earthquakes, a chain reaction would take place along the entire length of the slip. At any given

instant, the earthquake origin would practically be a point and the origin would travel along the fault.

The elastic rebound theory of earthquakegeneration attempts to explain the earthquakes caused due to a

slip along the fault lines. Reid first put into clear focus the elastic rebound theory of earthquake generation

from a study of the rupture that occurred along the SanAndreas fault during the San Francisco earthquake.

The large amplitude shearing displacements that took place over a large length along the fault led him to

conclude that the release of energy during an earthquake is the result of a sudden shear type rupture. An

earthquake caused by a fault typically proceeds according to the following processes:

a. Owing to various slow processes involved in the tectonic activities of the earth’s interior and the crust,

strain accumulates in the fault for a long period of time. The large field of strain at a certain point in time

reaches its limiting value.

b. A slip occurs at the faults due to crushing of the rock mass. The strain is released and the tearing

strained layers of the rock mass bounces back to its unstrained condition, as shown in Figure 1.6.

c. The slip that occurs could be of any type, for example, dip slip or strike slip. In most instances it is a

combined slip giving rise to push and pull forces acting at the fault, as shown in Figure 1.7. This

situation is equivalent to two pairs of coupled forces suddenly acting.

d. The action causes movement of an irregular rock mass leading to radial wave propagation in

all directions.

e. The propagating wave is complex and is responsible for creating displacement and acceleration of the

soil/rock particles in the ground. Themoment of each couple is referred to as the seismicmoment and is

defined as the rigidity of rock multiplied by the area of faulting multiplied by the amount of slip.

Recently, it has been used as a measure of earthquake size. The average slip velocity at an active fault

varies and is of the order of 10–100mm per year.
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Figure 1.6 Elastic rebound theory
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Figure 1.7 Earthquake mechanism: (a) before slip; (b) rebound due to slip; (c) push and pull force; and (d) double
couple
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Based on the elastic rebound theory, modeling of earthquakes has been a topic of great interest. Two types

of modeling have been widely studied, namely, kinematic and dynamic. In kinematic modeling, the time

history of the slip on the generating fault is known a priori. Several defining parameters such as shape,

duration and amplitude of the source, the velocity of the slip over the fault surface, and so on, are used to

characterize the model. In dynamic modeling, the basic model is a shear crack, which is initiated in the

pre-existing stress field. The resulting stress concentration causes the crack to grow.

The other theory of tectonic earthquake stipulates that the earthquake originates as a result of phase

changes of the rocks, accompanied by volume changes in relatively small volumes of the crust. Thosewho

favor the phase change theory argue that the earthquakes originated at greater depths where faults are

likely to be absent because of the high temperature and confining pressure. Therefore, earthquakes are not

caused because of a slip along fault lines or a rupture at weak regions.

Apart from tectonic earthquakes, earthquakes could be due to other causes, namely: volcanic activities,

the sudden collapse of the roof in a mine/cave, reservoir induced impounding, and so on.

1.2 Seismic Waves

The large strain energy released during an earthquake causes radial propagation of waves within the earth

(as it is an elastic mass) in all directions. These elastic waves, called seismic waves, transmit energy from

one point of earth to another through different layers and finally carry the energy to the surface, which

causes the destruction. Within the earth, the elastic waves propagate through an almost unbounded,

isotropic, and homogeneous media, and formwhat are known as bodywaves. On the surface, thesewaves

propagate as surface waves. Reflection and refraction of waves take place near the earth’s surface and at

every layer within the earth. The body waves are of two types, namely, P waves and S waves. P waves, as

shown at the top of Figure 1.8, are longitudinal waves in which the direction of particle motion is in the

same or opposite direction to that of wave propagation. S waves, also shown in Figure 1.8, are transverse

waves in which the direction of particle motion is at right angles to the direction of wave propagation. The

propagation velocities of P and S waves are expressed as follows:

VP ¼ E

r
1�u

ð1þ uÞð1�2uÞ
� �1

2 ð1:1Þ

VS ¼ G

r

� �1
2 ¼ E

r
1

2ð1þ uÞ
� �1

2 ð1:2Þ

inwhichE,G,r, and u are theYoung’smodulus, the shearmodulus, themass density, and the Poisson ratio

of the soil mass, respectively. As the Poisson ratio is always less than a half, P waves arrive ahead of S

waves. Near the surface of the earth, VP¼ 5–7 km s�1 and VS¼ 3–4 km s�1.

The time interval between the arrival of the P and S waves at a station is called the duration of

primary tremor.

This duration can be obtained by:

TP ¼ D
1

VS

� 1

VP

� �
ð1:3Þ

whereD is the distance of the station from the focus.During the passage of a transversewave, if the particle

motion becomes confined to a particular plane only, then the wave is called a polarized transverse wave.

Polarization may take place in a vertical or a horizontal plane. Accordingly, the transverse waves are

termed as SV or SH waves.
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Surface waves propagate on the earth’s surface. They are better detected in shallow earthquakes.

They are classified as Lwaves (Lovewaves) andRwaves (Rayleighwaves). In Lwaves, particlemotion

takes place in the horizontal plane only and it is transverse to the direction of propagation, as shown in

Figure 1.8. The wave velocity depends on the wavelength, the thickness of the upper layer, and the

elastic properties of the twomediums of the stratified layers. L waves travel faster than Rwaves and are

the first to appear among the surface wave group. In R waves, the particle motion is always in a vertical

plane and traces an elliptical path, which is retrograde to the direction of wave propagation, as shown in

Figure 1.8. The R wave velocity is approximately 0.9 times the transverse wave velocity. In stratified

layers, R waves become dispersive (wave velocity varying with frequency), as with the L waves.

Waves traveling away from the earthquake source spread in all directions to emerge on the earth’s

surface. The earthquake energy travels to a station in the form of waves after reflection and refraction at

various boundarieswithin the earth. The P and Swaves that arrive at the earth’s surface after reflection and

refraction at these boundaries, including the earth’s surface, are denoted by phases of thewave such as PP,

Figure 1.8 Motion caused by body and surface waves (Source: Murty, C.V.R. “IITK-BMPTC Earthquake Tips.”
Public domain,National Information Centre of Earthquake Engineering. 2005. http://nicee.org/EQTips.php - accessed
April 16, 2009.)
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PPP, SS, PPS, and so on, as shown in Figure 1.9. PP and PPP are longitudinal waves reflected once and

twice, respectively. PS and PPS are phases that have undergone a change in character on reflection.

Earthquakewaves that are recorded on the surface of the earth are generally irregular in nature.A record

of a fairly strong earthquake shows a trace of the types of waves, as shown in Figure 1.10.

Strong earthquakes can generally be classified into four groups:

a. Practically a single shock: Acceleration, velocity, and displacement records for one suchmotion are

shown in Figure 1.11. A motion of this type occurs only at short distances from the epicenter, only on

firm ground, and only for shallow earthquakes.

b. A moderately long, extremely irregular motion: The record of the earthquake of El Centro,

California in 1940, NS component (Figure 1.12) exemplifies this type of motion. It is associated with

moderate distances from the focus and occurs only on firm ground. On such ground, almost all the

major earthquakes originating along the Circumpacific Belt are of this type.

c. A long ground motion exhibiting pronounced prevailing periods of vibration: A portion of the

accelerogram obtained during the earthquake of 1989 in Loma Prieta is shown in Figure 1.13 to

illustrate this type. Suchmotions result from the filtering of earthquakes of the preceding types through

layers of soft soil within the range of linear or almost linear soil behavior and from the successivewave

reflections at the interfaces of these layers.

d. A ground motion involving large-scale, permanent deformations of the ground: At the site of

interest there may be slides or soil liquefaction. Examples are in Valdivia and Puerto Montt during the

Chilean earthquakes of 1960 [3], and in Anchorage during the 1964 Alaskan earthquake [4].

PS

P
S

S

SP
P

SS

PP

Figure 1.9 Reflections at the earth’s surface

P PP SSS L

Figure 1.10 Typical strong motion record
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There are ground motions with characteristics that are intermediate between those described above.

For example, the number of significant, prevailing ground periods, because of complicated

stratification, may be so large that a motion of the third group approaches white noise. The nearly

white-noise type of earthquake has received the greatest share of attention. This interest in white

noise is due to its relatively high incidence, the number of records available, and the facility for

simulation in analog and digital computers, or even from the analytical treatment of the responses of

simple structures.
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Figure 1.11 Practically single shock: (a) acceleration; (b) velocity; and (c) displacement
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1.3 Earthquake Measurement Parameters

Seismic intensity parameters refer to the quantities by which the size of earthquake is described. There is

more than one intensity parameter that is used to represent the size and effect of an earthquake. With the

help of any or all of these intensity parameters, the size of an earthquake is described. Some of these

parameters aremeasured directly,while others are derived indirectly from themeasured oneswith the help

of empirical relationships. Thus,many empirical relationships have been developed to relate one intensity

parameter to another. In the following, intensity parameters along with some of the terminologies

associated with earthquake are described.
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Figure 1.12 Records with mixed frequency: (a) acceleration; (b) velocity; and (c) displacement
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The focus or hypocenter is the point on the fault where the slip starts. The point just vertically above this

on the surface of the earth is the epicenter, as shown in Figure 1.14.

The depth of the focus from the epicenter is called focal depth and is an important parameter in

determining the damaging potential of an earthquake. Most of the damaging earthquakes have a shallow

0 2 4 6 8 10 12 14 16 18
-0.5
-0.4
-0.3
-0.2
-0.1

0
0.1
0.2
0.3
0.4
0.5
0.6
0.7
0.8
0.9
1

Time(s)
(a) 

A
cc

el
er

at
io

n 
(g

)

0 1 2 3 4 5 6 7 8
-30

-20

-10

0

10

20

30

Time (s)
(b)

V
el

oc
ity

 (
cm

/s
)

0 1 2 3 4 5 6 7 8
-6

-4

-2

0

2

4

Time (s)
(c)

D
is

pl
ac

em
en

t (
cm

)

Figure 1.13 Records with a predominant frequency: (a) acceleration; (b) velocity; and (c) displacement
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