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PREFACE = .

This textbook is an outgrowth of the book Mechanics of Materials by
A. Higdon, E.H. Ohlsen, and W.B. Stiles that was first published in
1960. This abbreviated edition retains many of the features of the pre-
vious four editions of this earlier work.

The primary objectives of a course in mechanics of materials 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 develop 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 between stresses and
strains 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 foun-
dation of all structural analysis and machine design.

The principles and methods used to meet the objectives are drawn
largely from prerequisite courses in mechanics, physics, and mathe-
matics. Some basic concepts of the theory of elasticity and some knowl-
edge of the mechanical properties of engineering materials are also
used. This book is designed to emphasize fundamental principles. In-
stead of deriving numerous formulas for specialized states of stress.
we emphasize use of free-body diagrams, application of the equations
of equilibrium, visualization and use of the geometry of the deformed
body, and use of the relations between stresses and strains for the
material being used. This approach makes it possible to develop all of
the commonly used Mechanics of Materials formulas in a rational and
logical manner, and to clearly indicate the conditions under which they
may be safely applied to the analysis and design of actual engineering
structures and machine components. Since extensive use is made of
course material from statics and calculus, a working knowledge of these
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subjects is considered an essential prerequisite to a successful study
of mechanics of materials as presented in this book.

This abbreviated edition is designed for a first course in mechanics
of deformable bodies. The extensive subdivision of the book into dif-
ferent topics will provide flexibility in the choice of assignments to
cover courses of different length and content. The topics progress
logically from a study of stresses and deformations in members sub-
jected to simple tension. compression. or shear, to a study of stresses
and deformations in shafts under torsion. beams under bending. and
structural members and machine components under combined load-
ings. Statically indeterminate members are introduced throughout the
text in connection with those topics for which the subject is appropriate.
The variation of stress (and strain) at a point is presented at a place in
the book where the topic can be treated fully and correctly and where
students have sufficient understanding of the subject to appreciate the
concepts of principal stress and maximum shearing stress at a point.

Throughout the book. strong emphasis is placed on the engineering
significance of the subject, and not merely on mathematical methods
of analysis. The course aims to develop in students the ability to analyze
a given problem in a simple and logical manner, to apply a few fun-
damental principles to its solution. and to present results in a clear,
logical, and neat manner. We believe that students gain mastery ofa
subject once they find that they can apply the basic theory to the
solution of a problem that appears somewhat difficult. They learn less
by solving a large number of simple but similar problems. A consci-
entious effort has been made to present the material in a simple and
direct manner. with a student’s point of view constantly in mind.

Students are usually more enthusiastic about a subject if they can
see and appreciate its value as they proceed into the subject. The
practical side of design is shown wherever possible. and there are
frequent reminders that safety is a prime consideration in all engineering
design. To help students acquire an intuitive feeling for the sizes, shapes,
proportions, and load-carrying capacities of real machine components
and structural members, we have chosen only realistic sizes and loads
for the members used in illustrative examples and homework problems.
Also, the materials used in the fabrication of the members are chosen
from those materials that are commonly used in engineering practice,
and the stresses to which the materials are subjected are realistic.

Many illustrative example problems have been integrated into the
main body of the text at places where the presentation of a method
can best be reinforced by the immediate use of the method in an illus-
trative example problem. The illustrative examples and homework
problems have been carefully selected, and in general. require an un-
derstanding of the principles of mechanics of materfals without de-
manding excessive time for computational work.



The answers to about half the problems are included at the end of
the book. We feel that the first assignment on a given topic should
include some problems for which the answers are given. Since the
simpler problems are usually reserved for this first assignment, the
answers are provided for the first four or five problems of each article
and thereafter are given in general for alternate problems, We feel that
answers for certain problems should not be given; hence, we have not
followed the flat rule of answers for all even-numbered problems. Since
the convenient designation 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 number.

In general, all given data are assumed to be composed of three
significant figures regardiess of the number of figures shown. Answers
are therefore given to three significant figures, unless the number lies
between 1 and 2 or any decimal multiple thereof, in which case four
signi'icant figures are reported. Some of the problems involve material
prop:rties, which are quite variable, and possibly stress concentration
factors, which are difficult to obtain to more than two significant figures
from graphs. We hesitate to give results to more than two significant
figur:s in these instances; however, in order to be consistent and to
avoil confusion, the answers will be given to three significant figures.

Use of the International System of Units (SI) is slowly gaining ac-
ceptnce in the United States, and as a resuit, engineers must be pro-
ficie 1t during the transition period in both the SI system and the U.S.
Customary System (USCS) in common use today. In response to this
nees , both U.S. customary units and SI units are used in approximately
equ il proportions in the text for both illustrative examples and home-
wor < problems. Since a large number of homework problems are pro-
vidcd, the instructor can assign homework probiems in whatever pro-
por ion he finds desirable for his class. A discussion of the SI system
tog ther with a table of conversion factors is presented in an appendix
of t1e book. .

V/e are grateful for comments and suggestions received from col-
lea; ues and from users of the earlier editions of this book. We appre-
ciat : also the careful appraisal made by the publisher’s consultant and
hav : incorporated those recommended changes that we considered
apr ropriate. We will be pleased to receive comments from readers of
this edition of the book and will attempt to acknowledge all such com-
munications.

William F. Riley
Loren W. Zachary

PREFACE

vii



vili

ABOUT THE AUTHORS

William F. Riley holds the rank of Distinguished Professor of Engi-
neering Science and Mechanics at lowa State University, Ames, [owa.
He received his B.S. in mechanica! engineering from the Carnegie
Institute of Technology in 1951 and his M.S. in mechanics from the
Ilinois Institute of Technology in 1958. He worked from 195/ to 1954
as a mechanical engineer for the Mesta Machine Company in the design
and development of steel-mill equipment and heavy machine tools.
From 1954 to 1966 he engaged in experimental stress analysis activities
at IIT Research Institute as a research engineer, as manager of the
experimental stress apalysis group, and finally as science advisor to
the mechanics research division. During the summers of 1966 and 1970
he served as a consultant for USAID/NSF in India in their summer
institute program for college teachers. Since 1966 he has been an en-
gineering educator at Iowa State University. Professor Riley was elected
a Fellow of the Society for Experimental Mechanics in 1977 and an
Honorary Member in 1984. In 1977, he received the M.M. Frocht
Award of the Society for Experimental Mechanics for Excellence in
Engineering Education. Professor Riley has published approximately
fifty technical papers dealing with stress analysis topics in national and
international journals and has coauthored six books.

Loren W, Zachary, Professor of Engineering Science and Mechanics
at fowa State University since 1976, received his B.S. degree in Aero-
space Engineering in 1966 from Iowa State University. He worked for
Martin Marietta Corporation in Denver, Colorado, from 1966 to 1972,
He conducted vibration studies on Titan launch vehicles and Skylab.

In 1972, Dr. Zachary returned to Jowa State and received his M.S.
and Ph.D. degrees in engineering mechanics. He has been active in
experimental stress analysis and nondestructive evaluation. He has
authored and coauthored several journal papers in these areas. He is
a member of the Society for Experimental Mechanics and is a licensed
professional engineer. T

,’;-



SYMBOLS AND ABBREVIATIONS*

avg.

kip
kst

area

average

breadth, width
compression, Celsius

distance from neutral axis or from center of
twist to extreme fiber

modulus of elasticity in tension or compression
eccentricity

equation

force, or body force, Fahrenheit

normal force per unit of length

foot or feet

foot-pound

modulus of rigidity (modulus of elasticity in
shear)

acceleration of gravity

height, depth of beam

horsepower

moment of inertia or second moment of area
inch

inch-pound

polar moment of inertia of area

joule (N-m)

stress concentration factor

modulus of spring, factor of safety
kilogram

kilopound (1000 Ib)

kilopounds (or kips) per square inch

length

pound

*The symbols and abbreviations used in this book conform essentially with those
approved by the international Standards Organization.
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xiv SYMBOLS AND ABBREVIATIONS

u

u, o, w

Vv

w

w

W,

W

X 9.2

y

« (alpha)
v (gamma)
8 (deita)

€ (epsilon)

mega

bending moment

meter

maximum

minimum

normal force

newton

newton - meter

ratio of elastic moduli
concentrated load, force

fluid pressure

pascal (N/m?)

pounds per square inch

first moment of area

shearing force per unit of length
radius, modulus of rupture, resultant force
radius of gyration

radian

revolutions per minute
revolutions per second

surface force, resultant stress, stress vector,
section modulus (S = {/¢)
second

torque, temperature, tension
thickness, tangential deviation
strain energy

strain energy per unit volume
components of displacement
shearing force

weight

watt (N-m/s)

work

load per unit of length .
cartesian coordinates

deflection

coefficient of thermal expansion
shearing strain, specific weight
total deformation

normal strain



6 (theta)
# (mu)

v (nu)

p (rho)

o (sigma)
T (tau)

» (omega)

Ci2 x 30

C305 x 45

L6 x 4 x 112
L102 x 89 x 13
S10 x 35

S127 x 22

W16 x 100
w914 x 342

WT8 x 50

WT457 x 171

SYMBOLS AND ABBREVIATIONS xv

total angle of twist in radians, slope of
deflected beam

micro (10~%)

Poisson’s ratio

radius, radius of curvature.

normal stress .

shearing stréss

angular velocity

degree

a 12-in. rolled channel section with a weight of
30 1b/ft

a 305-mm rolled channel section with a mass of
45 kg/m

a rolled angle section with 6-in. and 4-in. legs
1/2 in. thick

a rolled angle section with 102-mm and 89-mm
legs 13 mm thick

a 10-in. American standard rolled section
(I-beam) with a weight of 35 1b/ft

a 127-mm American standard rolled section
(I-beam) with a mass of 22 kg/m

a 16-in. wide-flange rolled section with a weight
of 100 1b/ft

a 914-mm wide-flange rolled section with a
mass of 342 kg/m

an 8-in. structural T-section (cut from a
W-section) with a weight of 50 Ib/ft

a 457-mm structural T-section (cut from a
W-section) with a mass of 171 kg/m
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CHAPTER 1

INTRODUCTION TO STRESS,
STRAIN, AND THEIR
RELATIONSHIPS

1-1

INTRODUCTION

The primary objective of a course in mechanics of maierials 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}. scieatists and en-
gineers have studied the problem of the load-carrving capacity of struc-
tural members and machine components, and have developed mathe-
matical and experimental methods of analysis for determining the internal
forces and the deformations induced by the applied loads. The expe-
riences and observations of these scientists and engineers of the last
three centuries are the heritage of the engineer of today. The funda-
mental 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, struc-
tures 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:

t. Given a certain function to perform (the transporting of traffic over
a river by means of a bridge. conveying scientific instruments to
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Mars in a space vehicle, the conversion of water power into electric
power), of what materials should the machine or structure be con-
structed, and what should the sizes and proportions of the various
elements be? This is the designer’s task, and obviously there is no
single solution to any given problem.

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

. Given a completed structure or machine, what is its actual load-
carrying capacity? 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 maximum loading may
the floor safely support? This is the rating problem.

tJ
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Since the complete scope of these problems is obviously too compre-
hensive 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 background for the complete analysis of the
three problems.

The principles and methods used to meet the objective stated at the
beginning of this chapter depend to a great extent on prerequisite courses
in mathematics and mechanics, supplemented by additional concepts
from the theory of elasticity and the properties of engineering materials.
The equations of equilibrium from szazics are used extensively, with
one major change in the free-body diagrams; namely, most free bodies
are isolated by cutting through a member instead of removing a pin or
some other connection. The forces transmitted by the cut sections are
interrul forces. The intensities of these internal forces (force per unit
area) are called stresses.

It will frequently be found that the equations of equilibrium (or
motion} are not sufficient to determine all the unknown loads or re-
actions 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. In some instances, the specified maximum deformation
and not the specified maximum stress will govern the maximum load
that a2 member may carry.

Some knowledge of the physical and mechanical properties of ma-
terials is required in order to create a design, to properly evaluaie a
given design. or even o write the correct relation between an applied
load and the resulting deformation of a loaded member. Essential in-
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formation will be introduced as required.- and more complete infor-
mation can be obtained from textbooks and handbooks on properties
of materials.

1-2
LOAD CLASSIFICATION

Certain terms are commonly used to describe applied loads: their def-
initions are given here so that the terminology will be clearly under-
stood.

Loads may be classified with respect to time:

1. A static load is a gradually applied load for which equilibrium is
reached in a relatively short time.

2. A sustained load is a load that is constant over a long period of time.
such as the weight of a structure (called dead load). This type of
load is treated in the same manner as a static load; however, for
some materials and conditions of temperature and stress. the resis-
tance to failure may be different under short-time loading and under
sustained loading.

3. An impact load is a rapidly applied load (an energy load). Vibration
normally results from an impact load, and equilibrium is not estab-
lished until the vibration is eliminated, usually by natural damping
forces.

4. A repeated load is a load that is applied and removed many thou-
sands of times. The helical springs that close the valves on auto-
mobile engines are subjected to repeated loading.

Loads may also be classified with respect to the area over which the
load is applied: '

1. A concentrared load is a load or force applied at a point. Any load
applied to a relatively small area compared with the size of the loaded
member 1s assumed to be a concentrated load: for example. a truck
wheel load on the longitudinal members of a bridge.

2. A distributed load is a load distributed along a length or over an
area. The distribution may be uniform or nonuniform. The weight
of a concrete bridge floor of uniform thickness is an example of a
uniformly distributed load.

Loads may be classified with respect to the location and method of
application:

3



