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Mechanics of Materials



1 Preface to the Instructor

INTRODUCTION

The primary objectives of a course in mechanics of mate-
rials are: (1) to develop a working knowledge of the relations
between the loads applied to a nonrigid body made of a given
material and the resulting deformations of the body; (2) to de-
velop a thorough understanding of the relations between the
loads applied to a nonrigid body and the stresses produced in
the body: (3) to develop a clear insight into the relations be-
tween stress and strain for a wide variety of conditions and
materials; and (4) to develop adequate procedures for finding
the required dimensions of a member of a specified material
to carry a given load subject to stated specifications of stress
and deflection. These objectives involve the concepts and
skills that form the foundation of all structural and machine
design.

The principles and methods used to meet the general
objectives are drawn largely from prerequisite courses in me-
chanics, physics, and mathematics together with the basic con-
cepts of the theory of elasticity and the properties of engi-
neering materials. This book is designed to emphasize the
required fundamental principles, with numerous applications
to demonstrate and develop logical orderly methods of pro-
cedure. Instead of deriving numerous formulas for all types
of problems, we have stressed the use of free-body diagrams
and the equations of equilibrium, together with the geom-
etry of the deformed body, and the observed relations be-
tween stress and strain, for the analysis of the force sys-
tem acting on a body.

This book is designed for a first course in mechanics
of deformable bodies. Because of the extensive subdivision
into different topics, the book will provide flexibility in the
choice of assignments to cover courses of different length and
content. The developments of structural applications in-
clude the inelastic as well as the elastic range of stress;
however, the material is organized so that the book will be
found satisfactory for elastic coverage only.

ORGANIZATION OF THE TEXT

Since most mechanics of materials problems begin with a
statics problem (finding the forces in structural members
or the forces in pins connecting structural members), we
have included a review of statics in Chapter 1 of this book.
The coverage is perhaps more complete and comprehen-

sive than would be necessary for review so that the book
could be used for both statics and mechanics of materials
if desired.

After the review of statics in Chapter 1, Chapters 2 and
3 consist of a thorough discussion of material stress and strain
including principal stresses and principal strains. We choose
to present principal stresses and principal strains at this early
position to make it easier to talk about maximum stresses in
the axial, torsional, and flexural applications that follow. It
also allows us to talk about the maximum stresses in com-
bined loading situations in Chapters 5, 6, and 7, rather than
waiting until the end of the book.

Material properties and the relationship between stress
and strain are presented in Chapter 4. In Chapters 5, 6, and
7, we consider the stresses and strains in axial, torsional, and
flexural loading applications. In addition to calculating the
stresses in members subjected to axial loading and the stresses
in pressure vessels subjected to internal pressure, in Chapter
5 we also calculate the stresses in pressure vessels subjected
to an axial load. In addition to calculating the stresses in cir-
cular shafts subjected to torsional loading, in Chapter 6 we
also calculate the stresses in circular shafts subjected to axial
loads and in pressure vessels subjected to torsional loads. In
Chapter 7 we first calculate the normal and shear stresses in
beams subjected to flexural loading. We conclude Chapter
7 with the calculation of stresses in circular shafts sub-
jected to a combination of axial, torsional, and flexural
loads.

In Chapter 8 we calculate the deflection of beams due
to various loading situations and also cover the calculation of
support reactions for and stresses in statically indeterminate
beams. In Chapter 9 we consider the tendency of columns to
buckle. Finally, in Chapter 10 we discuss theories of fail-
ure and the use of energy methods.

Every chapter opens with a brief Introduction and ends
with a Summary of important concepts covered in the chap-
ter followed by a set of Review Problems. All principles are
illustrated by one or more Example Problems and several
Homework Problems. The Homework Problems are graded in
difficulty and are separated into groups of Introductory, In-
termediate, and Challenging problems. Several sections of
Homework Problems also have a set of Computer Problems.
While the computation could be accomplished by the student
writing a FORTRAN program, the computation could just as
easily be carried out using MathCAD, Mathematica, or a
spreadsheet program. The important concept of the Com-
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Vi PREFACE TO THE INSTRUCTOR

puter problems is that they require students to analyze how
the solution depends on some parameter of the problem.

Most chapters conclude with a section on Design which
includes Example Problems and a set of Homework Problems.
The emphasis in these problems is that there are often more
than just one criteria to be satisfied in a design specification.
An acceptable design must satisfy all specified criteria. In ad-
dition, standard lumber, pipes, beams, etc. come in specific
sizes. The student must choose an appropriate structural mem-
ber from these standard materials. Since each different choice
of abeam or a piece of lumber has a different specific weight
and affects the overall problem differently, students are also
introduced to the idea that design is an iterative process.

FREE-BODY DIAGRAMS

We strongly feel that a proper free-body diagram is just as
important in mechanics of materials as it is in statics. It is
our approach that, whenever an equation of equilibrium is
written, it must be accompanied by a complete, proper free-
body diagram. Furthermore, since the primary purpose of a
free-body diagram is to show the forces acting on a body, the
free-body diagram should not be used for any other purpose.
We encourage students to draw separate diagrams to show de-
formation and compatibility relationships.

PROBLEMS-SOLVING PROCEDURES

Students are urged to develop the ability to reduce prob-
lems to a series of simpler component problems that can
be easily analyzed and combined to give the solution of
the initial problem. Along with an effective methodology
for problem decomposition and solution, the ability to pre-
sent results in a clear, logical, and neat manner is empha-
sized throughout the text.

HOMEWORK PROBLEMS

The illustrative examples and problems have been selected
with special attention devoted to problems that require an
understanding of the principles of mechanics of materials
without demanding excessive time for computational work.
A large number of homework problems are included so that
problem assignments may be varied from term to term. The
problems in each set represent a considerable range of diffi-

culty and are grouped according to this range of difficulty.
Mastery, in general, is not achieved by solving a large num-
ber of simple but similar problems. While the solution of sim-
ple problems is necessary to build a student’s problem solv-
ing skills and confidence, we believe that a student gains
mastery of a subject through application of basic theory to the
solution of problems that appear somewhat difficult.

SI VERSUS USCS UNITS

U.S. customary units and SI units are used in approximately
equal proportions in the text for both Example Problems
and Homework Problems. To help the instructor who wants
to assign problems of one type or the other, odd-numbered
Homework Problems are in U.S. customary units and even-
numbered Homework Problems are in SI units.

ANSWERS PROVIDED

Answers to about half of the Homework Problems are in-
cluded at the end of this book. Since the convenient des-
ignation of problems for which answers are provided is of
great value to those who make up assignment sheets, the
problems for which answers are provided are indicated by
means of an asterisk (*) after the problem number.

ACKNOWLEDGMENTS

We are grateful for comments and suggestions received
from colleagues and from users of the earlier editions of
this book. Special thanks go to the following people who
provided input and comments: Subhash Anand, Clemson
U.; Walid Thabel, Union College; Douglas Winslow, Pur-
due U.; Daniel R. White, U. Missouri—Rolla; Mahera S.
Philobos, GA Tech.; and John B. Ligon, Michigan Tech. U.
Final  judgments concerning  organization  of
material and emphasis of topics, however, were made by
the authors. We will be pleased to receive comments from
readers and will attempt to acknowledge all such commu-
nications. Comments can be sent by email to sturges @
iastate.edu or to dhmorris @ vt.edu.

William F. Riley
Leroy D. Sturges
Don H. Morris



1 Preface to the Student

INTRODUCTION

The primary objectives of a course in mechanics of mate-
rials are: (1) to develop a working knowledge of the relations
between the loads applied to a nonrigid body made of a given
material and the resulting deformations of the body: (2) to de-
velop a thorough understanding of the relations between the
loads applied to a nonrigid body and the stresses produced in
the body; (3) to develop a clear insight into the relations be-
tween stress and strain for a wide variety of conditions and
materials; and (4) to develop adequate procedures for finding
the required dimensions of a member of a specified material
to carry a given load subject to stated specifications of stress
and deflection. These objectives involve the concepts and
skills that form the foundation of all structural and machine
design.

The principles and methods used to meet the general
objectives are drawn largely from prerequisite courses in me-
chanics, physics, and mathematics together with the basic con-
cepts of the theory of elasticity and the properties of engi-
neering materials. This book is designed to emphasize the
required fundamental principles, with numerous applications
to demonstrate and develop logical orderly methods of pro-
cedure. Instead of deriving numerous formulas for all types
of problems, we have stressed the use of free-body diagrams
and the equations of equilibrium, together with the geom-
etry of the deformed body, and the observed relations be-
tween stress and strain, for the analysis of the force sys-
tem acting on a body.

Extensive use has been made of prerequisite course
material in statics and calculus. A working knowledge of
these subjects is considered an essential prerequisite to a
successful study of mechanics of materials as presented in
this book.

FREE-BODY DIAGRAMS

Most engineers consider the free-body diagram to be the
single most important tool for the solution of mechanics
problems. The free-body diagram is just as important in
mechanics of materials as it is in statics. It is our approach
that, whenever an equation of equilibrium is written, it must
be accompanied by a complete, proper free-body diagram.

In many problems, it will also be necessary to draw de-
formation diagrams and/or compatibility diagrams. Since the

primary purpose of a free-body diagram is to show the forces
acting on a body, the free-body diagram should not be ased
for any other purpose. Separate diagrams should be drawn
to show deformation and compatibility relationships.

PROBLEM-SOLVING PROCEDURES

Success in engineering mechanics courses depends, to a
surprisingly large degree, on a well-disciplined method of
problem solving and on the solution of a large number of
problems. Students are urged to develop the ability to re-
duce problems to a series of simpler component problems
that can be easily analyzed and combined to give the solu-
tion of the initial problem. Along with an effective method-
ology for problem decomposition and solution, the ability to
present results in a clear, logical, and neat manner is em-
phasized throughout the text. A first course in mechanics
is an excellent place to begin development of this disci-
plined approach which is so necessary in most engineer-
ing work.

HOMEWORK PROBLEMS

The illustrative examples and problems have been selected
with special attention devoted to problems that require an
understanding of the principles of mechanics of materials
without demanding excessive time for computational work.
The problems in each set represent a considerable range of
difficulty and are grouped according to this range of diffi-
culty. Mastery, in general, is not achieved by solving a large
number of simple but similar problems. While the solution of
simple problems is necessary to build a student’s problem-
solving skills and confidence, we believe that a student
gains mastery of a subject through application of basic the-
ory to the solution of problems that appear somewhat dif-
ficult.

SIGNIFICANT FIGURES

Results should always be reported as accurately as possi-
ble. However, results should not be reported to 10 signif-
icant figures merely because the calculator displays that
many digits. Oné of the tasks in all engineering work is to
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Viii PREFACE TO THE STUDENT

determine the accuracy of the given data and the expected
accuracy of the final answer. Results should always reflect
the accuracy of the given data.

In a textbook, however, it is not possible for students to
examine or question the accuracy of the given data. It is also
impractical, in an introductory course, to give error bounds
on every number. Therefore, since an accuracy greater than
about 0.2% is seldom possible for practical engineering prob-
lems, all given data in Example Problems and Homework
Problems, regardless of the number of figures shown, will be
assumed sufficiently accurate to justify rounding off the final
answer to approximately this degree of accuracy (three to
four significant figures).

SI VERSUS USCS UNITS

Most large engineering companies deal in an international
marketplace. In addition, the use of the International Sys-
tem of Units (SI) is gaining acceptance in the United
States. As a result, most engineers must be proficient in
both the SI system and the U.S. customary system (USCS)
of units. In response to this need, both U.S. customary units
and SI units are used in approximately equal proportions

in the text for both Example Problems and Homework
Problems.

ANSWERS PROVIDED

Answers to about half of the Homework Problems are in-
cluded at the end of this book. The problems for which an-
swers are provided are indicated by means of an asterisk
(*) after the problem number.

ACKNOWLEDGMENTS

We are grateful for comments and suggestions received from
colleagues and from users of the earlier editions of this book.
Final judgments concerning organization of material and
empbhasis of topics, however, were made by the authors. We
will be pleased to receive comments from readers and will
attempt to acknowledge all such communications.

William F. Riley
Leroy D. Sturges
Don H. Morris
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1-1 INTRODUCTION

The primary objective of a course in mechanics of materials is the development
of relationships between the loads applied to a nonrigid body and the internal
forces and deformations induced in the body. Ever since the time of Galileo
Galilei (1564-1642), scientists and engineers have studied the problem of the
load-carrying capacity of structural members and machine components, and have
developed mathematical and experimental methods of analysis for determining
the internal forces and the deformations induced by the applied loads. The ex-
periences and observations of these scientists and engineers of the last three cen-
turies are the heritage of the engineer of today. The fundamental knowledge gained
over the last three centuries, together with the theories and analysis techniques
developed, permit the modern engineer to design, with complete competence and
assurance, structures and machines of unprecedented size and complexity.

The subject matter of this book forms the basis for the solution of three
general types of problems:

1. Given a certain function to perform (the transporting of traffic over a river by
means of a bridge, conveying scientific instruments to Mars in a space vehicle,
the conversion of water power into electric power), of what materials should
the machine or structure be constructed, and what should be the sizes and pro-
portions of the various elements? This is the designer’s task, and obviously
there is no single solution to any given problem.

2. Given the completed design, is it adequate? That is, does it perform the function
economically and without excessive deformation? This is the checker’s problem.

3. Given a completed structure or machine, what is its actual load-carrying ca-
pacity? The structure may have been designed for some purpose other than
the one for which it is now to be used. Is it adequate for the proposed use?
For example, a building may have been designed as an office building, but is
later found to be desirable for use as a warehouse. In such a case, what max-
imum loading may the floor safely support? This is the rating problem.

Because the complete scope of these problems is obviously too comprehensive
for mastery in a single course, this book is restricted to a study of individual
members and very simple structures or machines. The design courses that follow
will consider the entire structure or machine, and will provide essential back-
ground for the complete analysis of the three problems.
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The principles and methods used to meet the objective stated at the begin-
ning of this chapter depend to a great extent on prerequisite courses in mathe-
matics and mechanics, supplemented by additional concepts from the theory of
elasticity and the properties of engineering materials. The equations of equilib-
rium from statics are used extensively, with one major change in the free-body
diagrams; namely, most free bodies are isolated by cutting through a member in-
stead of simply removing a pin or some other connection. The internal force on
the cut section is related to the stresses (force per unit area) generated by the
cohesive forces holding the member together. The size and shape of the member
must be adjusted to keep the stress below the limiting value for the type of ma-
terial from which the member is constructed.

In some instances, the specified maximum deformation and not the spec-
ified maximum stress will govern the maximum load that a member may carry.
In other instances, it may be found that the equations of equilibrium (or motion)
are not sufficient to determine all of the unknown loads or reactions acting on a
body. In such cases it is necessary to consider the geometry (the change in size
or shape) of the body after the loads are applied. The deformation per unit length
in any direction or dimension is called strain.

Some knowledge of the physical and mechanical properties of materials is
required in order to create a design, to properly evaluate a given design, or even
to write the correct relation between an applied load and the resulting deforma-
tion of a loaded member. Essential information will be introduced as required,
and more complete information can be obtained from textbooks and handbooks
on properties of materials.

1-2 CLASSIFICATION OF FORCES

Force is one of the most important of the basic concepts in the study of me-
chanics of materials (or the mechanics of deformable bodies). Force is the action
of one body on another; forces always exist in equal magnitude, opposite direc-
tion pairs. Forces may result from direct physical contact between two bodies, or
from two bodies that are not in direct contact. For example, consider a person
standing on a sidewalk. The person exerts a force on the sidewalk through direct
physical contact between the soles of his or her shoes and the sidewalk; the side-
walk in turn exerts an equal magnitude, opposite direction force on the soles of
the person’s shoes. If the person were to jump, the contact force would vanish
but there would still be a gravitational attraction (force between two bodies not
in direct contact) between the person and the earth. The gravitational attraction
force exerted on the person by the earth is called the weight of the person; an
equal magnitude, opposite direction, attraction force is exerted on the earth by
the person. Another type of force that exists without direct physical contact is an
electromagnetic force.

Contact forces are called surface forces, since they exist at surfaces of con-
tact between two bodies. If the area of contact is small compared to the size of
the body. the force is called a concentrated force, this type of force is assumed
to act at a point. For example, the force applied by a car wheel to the pavement
on a bridge (see Fig. 1-1) is often modeled as a concentrated force. Also, a con-
tact force may be distributed over a narrow region in a uniform or nonuniform
manner. This situation would exist where floor decking contacts a floor joist, as
shown in Fig. 1-2a. Here, the floor decking exerts a uniformly distributed load
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(force) on the joist, as shown in Fig. 1-2b. The intensity of the distributed load
is w and has dimensions of force per unit length.

Other common types of forces are external, internal, applied, and reaction.
To illustrate, consider the beam loaded and supported, as shown in Fig. 1-3a. A
free-body diagram of the beam is shown in Fig. 1-3b. All forces acting on the
free-body diagram are external forces; that is, they represent the interaction be-
tween the beam (the object shown in the free-body diagram) and the external
world (everything else that has been discarded). Force F'is a concentrated force,
whereas w is a uniformly distributed load with dimensions of force/length. The
forces F and w are called applied forces or loads. They are the forces that the
beam is designed to carry. Forces 4,, 4,, and B are necessary to prevent move-
ment of the beam. Such supporting forces are called reactions. Force distribu-
tions at supports are complicated, and reactions are usually modeled as concen-
trated forces.

Once again, all the forces shown in Figure 1-3 are external forces. At every
section along the beam, there also exists a system of equal magnitude, opposite
direction, pairs of internal forces between the atoms on either side of the section.
The study of mechanics of materials or mechanics of deformable bodies, depends
on the calculation of these internal forces at various sections of a structure or
machine element and how these forces are distributed over the sections. The de-
termination of internal forces is discussed in Section 1-5.

In our previous discussion of loads (forces), we saw that the loads might
be concentrated forces, or distributed forces. Furthermore, we assumed that the
forces did not vary with time, that is, they were static loads. In many situations,
loads may be a function of time. For example, a sustained load is a load that is

(b)

Figure 1-3
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