Contents

Foreword
Preface

Acknowledgments

PART | 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 7
14 Damping Force 12
1.5 Equation of Motion: External Force 13
1.6 Mass—Spring—Damper System 18
17 Equation of Motion: Earthquake Excitation 22
1.8 Problem Statement and Element Forces 25
1.9 Combining Static and Dynamic Responses 26
1.10  Methods of Solution of the Differential Equation 27
1.11  Study of SDF Systems: Organization 31

Appendix 1:  Stiffness Coefficients for a Flexural Element 31

2 Free Vibration
2.1 Undamped Free Vibration 37

Xix

Xxi

XXix

37



Contents

22 Viscously Damped Free Vibration 45
23 Energy in Free Vibration 53
24 Coulomb-Damped Free Vibration 54

Response to Harmonic and Periodic Excitations 63
Part A: Viscously Damped Systems: Basic Results 63

31 Harmonic Vibration of Undamped Systems 63

3.2 Harmonic Vibration with Viscous Damping 70

Part B: Viscously Damped Systems: Applications 82

33 Response to Vibration Generator 82

34 Natural Frequency and Damping from Harmonic Tests 84
3.5 Force Transmission and Vibration Isolation 87

3.6 Response to Ground Motion and Vibration Isolation 88
8.7 Vibration-Measuring Instruments 92

3.8 Energy Dissipated in Viscous Damping 96
3.9 Equivalent Viscous Damping 99
Part C: Systems with Nonviscous Damping 101
3.10  Harmonic Vibration with Rate-Independent Damping 101
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 110
Appendix 3:  Four-Way Logarithmic Graph Paper 113

Response to Arbitrary, Step, and Pulse Excitations 119
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

44 Ramp or Linearly Increasing Force 125

4.5 Step Force with Finite Rise Time 126



Contents

Part C: Response to Pulse Excitations 129

4.6
4.7
4.8
4.9
4.10
4.11
4.12

Solution Methods 129

Rectangular Pulse Force 130

Half-Cycle Sine Pulse Force 136

Symmetrical Triangular Pulse Force 141

Effects of Pulse Shape and Approximate Analysis for Short Pulses
Effects of Viscous Damping 146

Response to Ground Motion 148

Numerical Evaluation of Dynamic Response

51
5.2
53
54
5.5
5.6
5.7

Time-Stepping Methods 157

Methods Based on Interpolation of Excitation 159
Central Difference Method 162

Newmark’s Method 165

Stability and Computational Error 171

Nonlinear Systems: Central Difference Method 173

Nonlinear Systems: Newmark’s Method 174

Earthquake Response of Linear Systems

6.1
6.2
6.3
6.4
6.5
6.6

6.7
6.8
6.9
6.10
6.11
6.12

Earthquake Excitation 187
Equation of Motion 193
Response Quantities 193
Response History 194

Response Spectrum Concept 197

Deformation, Pseudo-Velocity, and
Pseudo-Acceleration Response Spectra 197

Peak Structural Response from the Response Spectrum 206
Response Spectrum Characteristics 210

Elastic Design Spectrum 217

Comparison of Design and Response Spectra 226
Distinction Between Design and Response Spectra 228
Velocity and Acceleration Response Spectra 229

Appendix 6:  El Centro, 1940 Ground Motion 233

143

xi

157

187



Xii

7 Earthquake Response of Inelastic Systems

71
7.2

73
74
75
7.6
77
7.8
79
7.10
7.11
7.12
7.13

Force-Deformation Relations 247

Normalized Yield Strength, Yield-Strength
Reduction Factor, and Ductility Factor 250

Equation of Motion and Controlling Parameters 251

Effects of Yielding 252

Response Spectrum for Yield Deformation and Yield Strength 258
Yield Strength and Deformation from the Response Spectrum 262
Yield Strength-Ductility Relation 263

Relative Effects of Yielding and Damping 264

Dissipated Energy 266

Supplemental Energy Dissipation Devices 268

Inelastic Design Spectrum 273

Applications of the Design Spectrum 280

Gravity Load Effects and Collapse 286

8 Generalized Single-Degree-of-Freedom Systems

8.1
8.2
8.3
84
8.5
8.6

Generalized SDF Systems 293

Rigid-Body Assemblages 295

Systems with Distributed Mass and Elasticity 297
Lumped-Mass System: Shear Building 309

Natural Vibration Frequency by Rayleigh’s Method 315
Selection of Shape Function 318

Appendix 8: Inertia Forces for Rigid Bodies 323

PART Il MULTI-DEGREE-OF-FREEDOM SYSTEMS

9 Equations of Motion, Problem Statement, and Solution Methods

9.1
9.2
9.3
94
9:5
9.6

Simple System: Two-Story Shear Building 331

General Approach for Linear Systems 336

Static Condensation 355

Planar or Symmetric-Plan Systems: Ground Motion 358
One-Story Unsymmetric-Plan Buildings 363

Multistory Unsymmetric-Plan Buildings 368

Contents

243

293

329

331



Contents Xiii

9.7 Multiple Support Excitation 372

9.8 Inelastic Systems 376

9.9 Problem Statement 377

9.10  Element Forces 377

9.11  Methods for Solving the Equations of Motion: Overview 378

10 Free Vibration 387
Part A: Natural Vibration Frequencies and Modes 388
10.1  Systems Without Damping 388
10.2  Natural Vibration Frequencies and Modes 390
10.3  Modal and Spectral Matrices 392
10.4  Orthogonality of Modes 392
10.5  Interpretation of Modal Orthogonality 393
10.6  Normalization of Modes 394
10.7  Modal Expansion of Displacements 404
Part B: Free Vibration Response 405
10.8  Solution of Free Vibration Equations: Undamped Systems 405
10.9  Systems with Damping 408
10.10  Solution of Free Vibration Equations: Classically Damped Systems 408
Part C: Computation of Vibration Properties 412
10.11 Solution Methods for the Eigenvalue Problem 412
10.12 Rayleigh’s Quotient 413
10.13 Inverse Vector Iteration Method 414
10.14  Vector Iteration with Shifts: Preferred Procedure 418
10.15 Transformation of k¢p = w’m¢ to the Standard Form 423

11 Damping in Structures 429
Part A: Experimental Data and Recommended Modal Damping Ratios 429
11.1  Vibration Properties of Millikan Library Building 429
11.2  Estimating Modal Damping Ratios 434
Part B: Construction of Damping Matrix 438
11.3  Damping Matrix 438
11.4  Classical Damping Matrix 438
11.5  Nonclassical Damping Matrix 447



Xiv Contents

12 Dynamic Analysis and Response of Linear Systems 451
Part A: Two-Degree-of-Freedom Systems 451
12.1  Analysis of Two-DOF Systems Without Damping 451
12.2  Vibration Absorber or Tuned Mass Damper 454
Part B: Modal Analysis 456
12.3  Modal Equations for Undamped Systems 456
124  Modal Equations for Damped Systems 458
12.5 Displacement Response 460
12.6  Element Forces 460
12.7  Modal Analysis: Summary 461
Part C: Modal Response Contributions 465
12.8 Modal Expansion of Excitation Vector p(t) =sp(t) 465
12.9  Modal Analysis for p(t) =sp(t) 469
12.10 Modal Contribution Factors 470
12.11 Modal Responses and Required Number of Modes 472
Part D: Special Analysis Procedures 478
12.12 Static Correction Method 478
12.13 Mode Acceleration Superposition Method 481
12.14 Mode Acceleration Superposition Method: Arbitrary Excitation 482

13 Earthquake Analysis of Linear Systems 493
Part A: Response History Analysis 494
13.1  Modal Analysis 494
13.2  Multistory Buildings with Symmetric Plan 500
13.3  Multistory Buildings with Unsymmetric Plan 519
13.4  Torsional Response of Symmetric-Plan Buildings 529
13.5  Response Analysis for Multiple Support Excitation 533
13.6  Structural Idealization and Earthquake Response 539
Part B: Response Spectrum Analysis 539
13.7  Peak Response from Earthquake Response Spectrum 539
13.8  Multistory Buildings with Symmetric Plan 544



Contents

14

15

16

13.9  Multistory Buildings with Unsymmetric Plan 556
13.10 A Response-Spectrum-Based Envelope for Simultaneous Responses
13.11 A Response-Spectrum-Based Estimation of Principal Stresses 571

13.12 Peak Response to Multicomponent Ground Motion 579

Analysis of Nonclassically Damped Linear Systems
Part A: Classically Damped Systems: Reformulation 602
14.1  Natural Vibration Frequencies and Modes 602
14.2  Free Vibration 602
14.3  Unit Impulse Response 604
14.4  Earthquake Response 605
Part B: Nonclassically Damped Systems 605
14.5  Natural Vibration Frequencies and Modes 605
14.6  Orthogonality of Modes 607
14.7  Free Vibration 610
14.8  Unit Impulse Response 615
14.9  Earthquake Response 619
14.10 Systems with Real-Valued Eigenvalues 621
14.11 Response Spectrum Analysis 629
14.12 Summary 629
Appendix 14:  Derivations 630

Reduction of Degrees of Freedom

15.1 Kinematic Constraints 639

15.2  Mass Lumping in Selected DOFs 640
15.3  Rayleigh-Ritz Method 641

15.4  Selection of Ritz Vectors 644

15.5  Dynamic Analysis Using Ritz Vectors 650

Numerical Evaluation of Dynamic Response

16.1  Time-Stepping Methods 655

16.2  Linear Systems with Nonclassical Damping 656
16.3  Nonlinear Systems 663

563

XV

601

639

655



XVi Contents

17 Systems with Distributed Mass and Elasticity 677
17.1  Equation of Undamped Motion: Applied Forces 678
17.2  Equation of Undamped Motion: Support Excitation 679
17.3  Natural Vibration Frequencies and Modes 680
17.4  Modal Orthogonality 687
17.5  Modal Analysis of Forced Dynamic Response 688
17.6  Earthquake Response History Analysis 695
17.7  Earthquake Response Spectrum Analysis 699
17.8  Difficulty in Analyzing Practical Systems 702

18 Introduction to the Finite Element Method 707
Part A: Rayleigh-Ritz Method 707
18.1  Formulation Using Conservation of Energy 707
18.2  Formulation Using Virtual Work 711
18.3  Disadvantages of Rayleigh-Ritz Method 712
Part B: Finite Element Method 713
18.4  Finite Element Approximation 713
18.5  Analysis Procedure 714
18.6  Element Degrees of Freedom and Interpolation Functions 716
18.7  Element Stiffness Matrix 718
18.8  Element Mass Matrix 718
18.9  Element Geometric Stiffness Matrix 720
18.10 Element (Applied) Force Vector 720
18.11 Comparison of Finite Element and Exact Solutions 729

18.12 Dynamic Analysis of Structural Continua 730

PART Il EARTHQUAKE RESPONSE, DESIGN, AND EVALUATION OF
MULTISTORY BUILDINGS 739
19 Earthquake Response of Linearly Elastic Buildings 741
19.1  Systems Analyzed, Design Spectrum, and Response Quantities 741
19.2  Influence of 7} and p on Response 746
19.3  Modal Contribution Factors 747



Contents xvii

19.4  Influence of 7, on Higher-Mode Response 748

19.5 Influence of p on Higher-Mode Response 751

19.6  Heightwise Variation of Higher-Mode Response 752
19.7 How Many Modes to Include 754

20 Earthquake Analysis and Response of Inelastic Buildings 757
Part A: Nonlinear Response History Analysis 758
20.1 Equations of Motion: Formulation and Solution 758
20.2  Computing Seismic Demands: Factors to Be Considered 759
20.3  Story Drift Demands 763
20.4  Strength Demands for SDF and MDF Systems 768
Part B: Structural Modeling 770
20.5  Overall System 770
20.6  Structural Elements 771
20.7  Viscous Damping 776
Part C: Ground Motion Selection and Modification 784
20.8  Target Spectrum 784
20.9  Ground Motion Selection and Amplitude Scaling 789
20.10 Ground Motion Selection to Match Target Spectrum Mean and Variance 792
20.11 Influence of GM Selection and Amplitude Scaling on Seismic Demands 794
20.12 Ground Motion Selection and Spectral Matching 800
20.13 Influence of GM Selection and Spectral Matching on Seismic Demands 806
20.14 Amplitude Scaling Versus Spectral Matching of Ground Motions 811
Part D: Approximate Analysis Procedures 812
20.15 Motivation and Basic Concept 812
20.16 Uncoupled Modal Response History Analysis 814
20.17 Modal Pushover Analysis 820
20.18 Evaluation of Modal Pushover Analysis 825
20.19 Simplified Modal Pushover Analysis for Practical Application 830

21 Earthquake Dynamics of Base-Isolated Buildings 833
21.1  Isolation Systems 833
21.2  Base-Isolated One-Story Buildings 836



Xviii

22

23

A

B

c

21.3  Effectiveness of Base Isolation 842
214  Base-Isolated Multistory Buildings 845
21.5  Applications of Base Isolation 851

Structural Dynamics in Building Codes

Part A: Building Codes and Structural Dynamics 858
22.1  International Building Code (United States), 2018 858
22.2  National Building Code of Canada, 2015 860
22.3  Mexico Federal District Code, 2004 863

22.4  Eurocode 8, 2004 865

22,5  Structural Dynamics in Building Codes 868
Part B: Evaluation of Building Codes 873

22.6  Base Shear 873

22.7  Story Shears and Equivalent Static Forces 877
22.8 Overturning Moments 879

229 Concluding Remarks 882

Structural Dynamics in Building Evaluation Guidelines
23.1 Nonlinear Dynamic Procedure: Current Practice 884
23.2  SDF-System Estimate of Roof Displacement 885

23.3  Estimating Deformation of Inelastic SDF Systems 888
23.4  Nonlinear Static Procedures 893

23.5 Concluding Remarks 899
Frequency-Domain Method of Response Analysis
Notation

Answers to Selected Problems

Index

Contents

857

883

901

921

933

949



