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PREFACE

This fifth edition represents a major revision of the fourth edition. However, as
in previous editions, the blend of analysis, qualified approximations, and judge-
ments based on practical experience is maintained. Each topic is developed from
basic principles so that the applicability and limitations of the methods employed
are clear. Introductory statements in each chapter serve as guidelines for the
reader to the topics that are discussed. The topics are divided into three major
parts: Part [-—Fundamental Concepts; Part [I—Classical Topics in Advanced
Mechanics; and Part [II—Selected Advanced Topics.

Part I, Chapters 1-35, includes topics from elasticity, plasticity, and energy
methods that are important in the remainder of the book. In Chapter I, the role
and the limits of design are discussed. Basic concepts of one-dimensional load-
stress, load-deflection, and stress-strain diagrams are introduced. A discussion of
the tension test and associated material properties is presented, followed by an
introduction to failure theories. These concepts are followed, in Chapter 2, by the
theories of stress and strain, and by strain measurements (strain rosettes) and,
in Chapter 3, by the theory of linear stress-strain-temperature relations. The dis-
cussion of anisotropic materials has been expanded, and example problems on
orthotropic material behavior are given. Student problems for anisotropic mate-
rials are also included. Chapter 4 contains much new material related to inelastic
(nonlinear) behavior and a broader treatment of yield criteria, including elastic-
plastic behavior of beams, strain-hardening effects in bars, and residual stresses in
elastic-plastic bars after unloading. The application of energy methods, Chapter 5,
is expanded to include an in-depth discussion of the dummy-load method used by
structural engineers and its relation to the Castigliano method. Additional worked
examples and many new problems have been added. (In this edition, problems have
been placed at the end of each Chapter, rather than at the end of each section.)

Part 1I, Chapters 612, treats some classical topics of advanced mechanics.
Torsion is treated in Chapter 6, including new examples and problems. In addi-
tion, a finite difference solution of the rectangular cross section bar is presented.
An example of limit analysis and residual stresses in a circular cross section shaft
is also included. In Chapters 7 to 9, the three topics of unsymmetrical bending,
shear center, and curved beams are examined on a rigorous basis, and limitations
on existing analyses are indicated. A presentation of beams on elastic foundations.
plus new problems and references, is given in Chapter 10. Some minor clarifica-
tions for the thick-wall cylinder and many new student problems are given in
Chapter 11. In Chapter 12, the topic of stability of columns is expanded consid-
erably, and a wide range of practical example problems and student exercises is
included.
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Part 111, Chapters 13-19, presents the more advanced topics of flat plates, stress
concentrations, fracture mechanics, fatigue. creep (time-dependent deformations),
contact stresses, and the finite element method. The linear theory of flat plates is
given in Chapter 13, including some illustrative problems and a collection of stu-
dent exercises. The level is appropriate as an introduction for master-level students
and for practicing engineers. Chapter 14 collects, in an integrated manner, material
on stress concentrations previously presented in parts of Chapters 3. 12. and 13 of
the fourth edition. New examples and exercise problems have been added, as well
as some new charts of stress concentration factors for rectangular cross section
beams. The topic of fracture mechanics is introduced in Chapter 15: it includes
material previously given in Chapters 3 and 12 of the fourth edition and a brief dis-
cussion of other factors. such as elastic-plastic fracture. crack-growth analysis, load
spectra and stress history, testing. and experimental data interpretation. A number
of up-to-date books and papers are referenced. Progressive fracture (fatigue) is dis-
cussed in Chapter 16, including additional problems and references. An extended
discussion of creep is presented in Chapter 17. including creep of metals and non-
metals (concrete. asphalt. and wood). Chapter 18. contact stresses. is essentially
unchanged from Chapter 14 of the fourth edition. Chapter 19. the finite element
method. is a completely rewritten treatment of Chapter 15 of the fourth edition.
[t includes discussions of the constant strain triangular element, the bilinear rect-
angular element, the linear isoparametric quadrilateral element, and the plane
frame element. Example problems and exercise problems are included.

As a result of the new material and problems that have been added, this edi-
tion is larger than its predecessors. Consequently, it provides a greater choice
of topics for study. It also has the advantage that the book can be used over a
lifetime of practice, as a reference to topics of lasting importance in engineering.
The book contains more material than can be covered in a one-quarter or a one-
semester course. It is, however, with the proper selection of topics, suitable for a
one-semester (one-quarter) course at either the senior level or the first-semester
graduate level, for a two-semester (two- or three-quarter) course sequence, or as a
reference work in several courses in mechanics.

The computer program listings in the fourth edition have been omitted from the
current edition. However, revised versions of the programs from the fourth edition
and new programs for applications in this edition are available on request from one
of the authors (R. J. Schmidt, Department of Civil and Architectural Engineering.
Box 3295, University of Wyoming, Laramie, WY 82071).

We thank Charity Robey, Wiley engineering editor, for her expert help and ad-
vice during the development of this edition. We also greatly appreciate the help of
Suzanne Ingrao, with the difficult task of galley and page proof editing. We thank
the reviewers of the preliminary format and content of the fifth edition for their
constructive criticism and suggestions for improving the fourth edition. These re-
viewers are Stanley Chen. Arizona State University; Donald DaDeppo. University
of Arizona; D. W. Haines, Manhattan College; Loren D. Lutes, Texas A. & M.
University; Esmet M. Kamil, Pratt Institute: and Thomas A. Lenox, U.S. Military
Academy, West Point, NY. We thank especially the reviewers of the draft manu-
script for their helpful suggestions. These reviewers are J. A. M. Boulet. University
of Tennessee-Knoxville; Ray W. James, Texas A. & M. University; A. P. Moser,
Utah State University; William A. Nash, University of Massachusetts-Amherst;
and Sam Y. Zamrik, Pennsylvania State University. We also acknowledge the
contribution of Travis Finch for the artwork in Figs. 12.12 and 18.1.
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Finally, we welcome comments, suggestions, questions, and corrections from the
reader. They may be secnt to Arthur P. Boresi, Department of Civil and Architectural
Engineering, Box 3295, University of Wyoming, Laramie, WY 82071.

ARTHUR P. BORESI
RICHARD J. SCHMIDT
OMAR M. SIDEBOTTOM

Octoher 1992



CONTENTS

PART I

FUNDAMENTAL CONCEPTS : 1

1

Introduction 3

1.1

The Role of Design 3

1.2 Topics Treated in This Book 4

1.3 Load-Stress and Load-Deflection Relations 5

1.4 Stress-Strain Relations 8

1.5 Failure and Limits on Design 17

Problems 24

References 26

Theories of Stress and Strain 28
2.1 Definition of Stress at a Point 28

2.2 Stress Notation 30

23

24

2.5
2.6
2.7

Symmetry of the Stress Array and Stress on an Arbitrarily
Oriented Plane 32

Transformation of Stress. Principal Stresses.
Other Properties 35

Differential Equations of Motion of a Deformable Body 52
Deformation of a Deformable Body 56

Strain Theory. Transformation of Strain.
Principal Strains 57

2.8 Small-Displacement Theory 64

2.9 Strain Measurement. Strain Rosettes 73

Problems 75

References 84

Linear Stress-Strain-Temperature Relations 85
3.1 First Law of Thermodynamics. Internal-Energy Density.

Complementary Internal-Energy Density 85



Xil  CONTENTS

3.2 Hooke’s Law: Anisotropic Elasticity 90

3.3 Hooke’s Law: Isotropic Elasticity 92

3.4 Equations of Thermoelasticity for Isotropic
Materials 99

3.5 Hooke’s Law: Orthotropic Materials 101

Problems 110

References 112

4 Inelastic Material Behavior 113
4.1 Limitations of the Use of Uniaxial Stress-Strain Data 113
4.2 Nonlinear Material Response 116

4.3 Yicld Criteria: General Concepts 126

4.4 Yielding of Ductile Metals 130

4.5 Alternative Yield Criteria 140

4.6 Comparison of Failure Criteria for General Yielding 144
Problems 154

References 162

5 Applications of Energy Methods 163

5.1 Principle of Stationary Potential Encrgy 163

5.2 Castigliano’s Theorem on Deflections 169
5.3 Castigliano’s Theorem on Deflections for Linear
Load-Deflection Relations 173
5.4  Deflections of Statically Determinate Structures 179
5.5 Statically Indeterminate Structures 196
Problems 208
References 232
PART Il
CLASSICAL TOPICS IN ADVANCED MECHANICS 235
6  Torsion 237

6.1  Torsion of a Prismatic Bar of Circular
Cross Scction 237
6.2  Saint-Venant’s Semi inverse Method 243
6.3 Lincar Elastic Solution 248
6.4 The Prandtl Elastic-Membrane (Soap-Film) Analogy 253
6.5 Narrow Rectangular Cross Section 257



CONTENTS  Xii

6.6 Hollow Thin-Wall Torsion Members. Multiply Connected
Cross Section 260

6.7 Thin-Wall Torsion Members with Restrained Ends 266

6.8  Numerical Solution of the Torsion Problem 274

6.9 Fully Plastic Torsion 277

Problems 283

References 291

Nonsymmetrical Bending of Straight Beams 203

7.1 Definition of Shear Center in Bending. Symmclrlcdl and
Nonsymmetrical Bending 293

7.2 Bending Stresses in Beams Subjected to Nonsymmetrical
Bending 302

7.3 Dellections of Straight Beams Subjected to Nonsymmetrical
Bending 312

7.4 Efleet of Inclined Loads 316

7.5 Fully Plastic Load for Nonsymmctrical Bending 318
Problems 320

References 330

Shear Center for Thin-Wall Beam Cross Sections 331

8.1  Approximations for Shear in Thin-Wall Bcam

Cross Sections 331
8.2 Shear Flow in Thin-Wall Beam Cross Sections 334
8.3  Shear Center for a Channel Section 336

8.4  Shcar Center of Composite Bcams Formed from Stringers and
Thin Wcbs 342

8.5 Shcar Center of Box Beams 346
Problems 350
References 361

Curved Beams 362

9.1 Introduction 362

9.2  Circumferential Stresses in a Curved Beam 363

9.3 Radial Stresses in Curved Beams 373

9.4 Corrcction of Circumferential Stresses in Curved Beams
Having I-, T-, or Similar Cross Scctions 379

9.5 Defections of Curved Beams 385

9.6  Statically Indcterminate Curved Beams. Closed Ring Subjected
to a Concentrated Load 391



XiV  CONTENTS

10

12

9.7 Fully Plastic Loads for Curved Beams 393
Problems 395
References 403

Beams on Elastic Foundations

10.1  General Theory 405

10.2  Infinite Bcam Subjected to a Concentrated Load:
Boundary Conditions 407

10.3  Infinite Beam Subjected to a Distributed Load Segment
10.4 Semi infinite Beam Subjected to Loads at Its End 421

10.5 Semi infinite Beam with Concentrated Load near
Its End 422

10.6 Short Beams 424

10.7  Thin-Wall Circular Cylinders 426
Problems 432

References 439

The Thick-Wall Cylinder

11.1 Basic Relations 440

11.2  Stress Components for a Cylinder with Closed Ends 444

11.3  Stress Components and Radial Displacement for Constant
Temperature 447

11.4  Criteria of Failure 451

11.5 Fully Plastic Pressure. Autofrettage 457

11.6 Cylinder Solution for Temperature Change Only 462
Problems 465

Refercnces 468

Elastic and Inelastic Stability of Columns

12.1 Introduction to the Concept of Column Buckling 470
12.2 Deflection Response of Columns to Compressive
Loads 472

12.3 The Euler Formula for Columns with Pinned Ends 475

12.4  Euler Buckling of Columns with General End
Constraints 484

12.5 Local Buckling of Columns 488
12.6 Inelastic Buckling of Columns 490
Problems 500

References 507

404

417

440

469



PART I

CONTENTS

SELECTED ADVANCED TOPICS

13

16

Flat Plates

13.1  Introduction STl

13.2  Stress Resultants ina Flat Plate 512

13.3  Kinematics: Strain-Displacement Relations for Plates 516

13.4  Equilibrium Equations for Small-Displacement Theory of
Flat Plates 521

13.5  Stress-Strain-Temperature Relations for Isotropic
Elastic Platcs 523

13.6  Strain Encrgy of a Plate 526

13.7  Boundary Conditions for Plates 527

13.8  Solution of Rectangular Plate Problems 531

13.9 Solution of Circular Plate Problems 542

Problems 555

References 559

Stress Concentrations

14.1 Nature of a Stress Concentration Problem. Stress
Concentration Factor 562

14.2  Stress Concentration Factors. Theory of Elasticity 565

14.3  Stress Concentration Factors. Combined Loads 574

14.4  Stress Concentration Factors. Experimental Techniques 581

14.5 Effcctive Stress Concentration Factors 591

14.6 Effcctive Stress Concentration Factors. Inelastic Strains 598

Problems 601
References 606

Fracture Mechanies

15.1 Failure Criteria. Fracture 608

15.2 The Stationary Crack 617

15.3  Crack Propagation. Stress Intensity Factor 621
15.4  Fracturc: Other Factors 626

Problems 629

References 631

Fatigue: Progressive Fracture

16.1 Progressive Fracture (High Cycle Fatigue for Number of
Cycles N > 10°) 635

XV

260

608

0.34



xvi

CONTENTS

19

16.2 Effective Stress Concentration Factors: Repeated Loads 642

16.3 Effective Stress Concentration Factors: Other Influences 644

Problems 649

References 653

Creep. Time-Dependent Deformation 650

17.1 Definition of Creep. The Creep Curve 655

17.2  The Tension Creep Test for Metals 657

17.3  One-Dimensional Creep Formulas for Metals Subjected to
Constant Stress and Elevated Temperature 658

174  Onc-Dimensional Creep of Metals Subjected to Variable Stress
and Temperature 663

17.5 Creep Under Multiaxial States of Stress 673

17.6  Flow Rule for Creep of Metals Subjected to Multiaxial
States of Stress 677

17.7 A Simple Application of Crecp of Metals 682

17.8  Creep of Nonmetals 683

References 688

Contact Stresses 692

18.1 Introduction 692

18.2  The Problem of Determining Contact Stresses 693

18.3  Geoinetry of the Contact Surface 695

184 Notation and Mcaning of Terms 700

18.5 Expressions for Principal Stresses 701

18.6  Mecthod of Computing Contact Stresses 702

18.7 Deflection of Bodies in Point Contact 711

18.8 Stress for Two Bodices in Line Contact. Loads Normal to
Contact Area 716

18.9  Stresses for Two Bodies in Line Contact. Loads Normal and
Tangent to Contact Arca 718

Problems 727

References 731

The Finite Element Method 732

19.1 Introduction 732

19.2  Formulation for Plane Elasticity 735

19.3 The Bilinear Rectangle 753

19.4  The Linear Isoparametric Quadrilateral 760



CONTENTS XVl

19.5 The Plane Frame Element 766

19.6 Closing Remarks 775
Problems 779
References 782

Appendix A Average Mechanical Properties of Selected Materials 785
Appendix B Second Moment (Moment of Inertia) of a Plane Area 788
B.l Moments of Inertia of a Plane Arca 788

B.2 Parallel Axis Thecorem 789

B.3 Transformation Equations for Moments and
Products of Inertia 791

Problems 794

Author Index 797

Subject Index 801



PART T

FUNDAMENTAL
CONCEPTS

In Part I of this book, Chapters | to 5, we introduce and develop fundamental topics
that are important in the remainder of the book. In Chapter 1, we emphasize basic
material properties and their use in design. Theories of stress and strain are
presented in Chapter 2, and linear stress-strain-temperature relations are intro-
duced in Chapter 3. Inelastic material behavior is discussed in Chapter 4 and finally,
energy methods are treated in Chapter 5.






1.1

INTRODUCTION

In this chapter. we present general concepts and definitions that are fundamental to
many of the topics discussed in this book. The chapter serves aiso as a brief guide
and introduction to the remainder of the book. The reader may find it fruitful to
refer to this chapter. from time to time. in conjunction with the study of topics in
other chapters.

THE ROLE OF DESIGN

This book emphasizes the methods of mechanics of materials and applications to
the analysis and design of components of structurai-machine systems. As such, it
is directed to aeronautical. civil. mechanical. and nuclear engineers. as well as to
specialists in the field of theoretical and applied mechanics. As engineers, we are
problem solvers. The problems that we solve encompass practically all fields of
human activity. We solve problems related to buildings, transportation (including
automotive, rail, water, air and outer-space travel), water systems (e.g., dams and
pipelines), manufacturing. specialized medical equipment. communication systems,
computers, hazardous wastes, etc. These problems are generally encountered in the
design, manufacture, and construction of engineering systems. Ordinarily, these
systems are not built or manufactured before the design process is completed. The
design process usually involves the development of many drawings and/or CAD
files to describe the final system. One of the major purposes of the design process is
to analyze or evaluate various design alternatives before a final design is selected.
One of the simplest objectives of the analysis is to ensure that all components of the
system will fit together and function properly. More complicated analysis involves
the evaluation of forces in the proposed design to ensure that each component of the
system functions properly (for instance, safely withstands loads or does not undergo
excessive displacements). This analysis is essential in the process of refining the
design to meet required conditions such as adequate strength, minimum weight. and
minimum cost of production.

The process of refining the design can be very complicated and extremely time-
consuming. For example, consider the design of a space vehicle, such as the shuttle.
After the shuttle’s mission or use has been established, the designer must decide on
the shape of the vehicle and the materials to be used. The designer must analyze the
vehicle's structure to determine if it is strong and stiff enough to withstand the
aerodynamic and thermal loads to which it will be subjected. The designer must
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analyze the skin and individual component parts of the structure to determine how
these loads will be carried and safely transmitted from part to part. This first analysis
usually reveals evidence that a redesign of some members in the structure may
provide a more efficient and safer distribution of load and perhaps a more cost-
effective design. Unfortunately. the designer may also discover that improvements in
one part of the system may require changes in another part and possible problems in
still other parts. Thus, the designer may be faced with one or more iterations between
analysis and design to ensure that the entire system will function properly. This type
of iteration is a common feature of design (Cross. 1989; de Neufville, 1990).

Considerations other than resistance to and transfer of loads, such as those of
form or appearance. cost. ease of manufacturing, time constraints, etc., may influence
or even control the design. Indeed, these factors may not only govern the design of
an individual component but also may have a strong influence on the design of a
more general engineering system, such as an office building. However, consider-
ations of this kind are secondary to the topics treated in this book.

The term design as used in this book is not limited to the detailed calculations
required to determine the proper dimensions of a member; rather, this term is used
in a broader sense that emphasizes the relation of the methods of mechanics of
materials to the concepts and philosophy of a rational design code or specification.
In particular, emphasis is placed on the development of equations, formulas, or
methods by which detailed analyses can be performed. Thus, this text provides an
analytical foundation that is fundamental to the design process. Readers interested
in the general concepts and methods of design may refer to the books by Cross
(1989) and de Neufville (1990).

1.2

TOPICS TREATED IN THIS BOOK

This book is intended for advanced undergraduate and graduate engineering
students, as well as practicing engineers. The topics treated are separated into three
groups: Part I, Fundamental Concepts; Part II, Classical Topics in Advanced
Mechanics of Materials; Part III, Selected Advanced Topics. Part I treats general
concepts that pertain to the entire book, theories of stress and strain, linear stress-
strain-temperature relations, yield criteria for multiaxial stress states, and energy
methods. These topics are intended to be read sequentially, more or less. However,
depending on the background of the reader, some of these topics may be bypassed.
Part II presents several chapters on classical applications of the methods of
mechanics of materials, namely, torsion, nonsymmetrical bending of beams, shear
center for thin-wall beam cross sections, curved beams, beams on elastic founda-
tions, thick-wall cylinders, and buckling of columns. These chapters may be treated
in any order, except that the chapter on shear centers should be studied after the
chapters on torsion and nonsymmetrical bending of beams. Part III introduces
chapters on selected advanced topics, namely, flat plates, stress concentration
factors, contact stresses, fracture mechanics, high cycle fatigue, time-dependent
deformation/creep, and finite element methods. Each of these chapters may be
treated independently, more or less.



