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Table I-1

Weights and Mass Densities
Weight Density y Mass Density p

Aluminum alloys 26-28 2600-2800
2014-T6, 7075-T6 28 2800
6061-T6 26 2700

Brass 82-85 8400-8600

Bronze 80-86 8200-8800

Cast iron 68-72 70007400

Concrete
Plain 23 2300
Reinforced 24 2400
Lightweight 11-18 1100-1800

Copper 87 8900

Glass 24-28 2400-2800

Magnesium alloys 17-18 1760-1830

Monel (67% Ni, 30% Cu) 87 8800

Nickel 87 8800

Plastics
Nylon 8.6-11 880-1100
Polyethylene 9.4-14 960-1400

Rock
Granite, marble, quartz 26-28 2600-2900
Limestone, sandstone 20-28 2000-2900

Rubber 9-13 9601300

Sand, soil, gravel 12-21 1200-2200

Steel 77.0 7850

Titanium 44 4500

Tungsten 190 1900

Water, fresh 9.81 1000
sea 10.0 1020

Wood (air dry)

Douglas fir 4.7-5.5 480-560
Oak 6.3-7.1 640-720
Southern pine 5.5-6.3 560-640
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Table I-2

Moduli of Elasticity and Poisson’s Ratios

Aluminum alloys
2014-T6
6061-T6
7075-T6

Brass

Bronze

Cast iron

Concrete (compression)
Copper and copper alloys
Glass

Magnesium alloys

Monel (67% Ni, 30% Cu)
Nickel

Plastics
Nylon
Polyethylene

Rock (compression)
Granite, marble, quartz
Limestone, sandstone

Rubber

Steel

Titanium alloys
Tungsten

Wood (bending)
Douglas fir
Oak
Southern pine

Modulus of Elasticity E | Shear Modulus of Elasticity G

70-79
73
70
72

96-110
96-120
83-170
17-31
110-120
48-83
41-45
170
210

2.1-34
0.7-1.4

40-100
20-70

0.0007-0.004
190-210
100-120

340-380

11-13
11-12
11-14

26-30
28
26
27

36-41
36-44
32-69

40-47

19-35

15-17
66
80

0.0002-0.001
75-80
3944
140-160

Poisson’s Ratio v

0.33
0.33
0.33
0.33

0.34
0.34
0.2-0.3
0.1-0.2
0.33-0.36
0.17-0.27
0.35
0.32

0.31

0.4
0.4

0.2-0.3
0.2-0.3

0.45-0.50
0.27-0.30
0.33

0.2
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Mechanics of Materials is a basic engineering subject that, along with statics,
must be understood by anyone concerned with the strength and physical per-
formance of structures, whether those structures are man-made or natural. At
the college level, statics is usually taught during the sophomore or junior year
and is a prerequisite for the follow-on course in Mechanics of Materials. Both
courses are required for most students majoring in mechanical, structural, civil,
biomedical, petroleum, nuclear, acronautical, and aerospace engineering. In
addition, many students from such diverse fields as materials science, industrial
engineering, architecture, and agricultural engineering also find it useful to study
mechanics of materials.

Mechanics of Materials

In many university engineering programs today, both statics and mechanics of
materials are taught in large sections of students from the many engineering
disciplines. Instructors for the various parallel sections must cover the same
material, and all of the major topics must be presented so that students are
well prepared for the more advanced courses required by their specific degree
programs. An essential prerequisite for success in a first course in mechanics of
materials is a strong foundation in statics, which includes not only understanding
fundamental concepts but also proficiency in applying the laws of static equi-
librium to solutions of both two- and three-dimensional problems. This ninth
edition begins with an updated section on statics in which the laws of equilib-
rium and an expanded list of boundary (or support) conditions are reviewed, as
well as types of applied forces and internal stress resultants, all based upon and
derived from a properly drawn free-body diagram. Numerous examples and end-
of-chapter problems are included to help students review the analysis of plane
and space trusses, shafts in torsion, beams and plane and space frames, and to
reinforce basic concepts learned in the prerequisite course.

Many instructors like to present the basic theory of say, beam bending, and
then use real world examples to motivate student interest in the subject of beam
flexure, beam design, etc. In many cases, structures on campus offer easy access to
beams, frames, and bolted connections that can be dissected in lecture or in home-
work problems, to find reactions at supports, forces and moments in members
and stresses in connections. In addition, study of causes of failures in structures
and components also offers the opportunity for students to begin the process of
learning from actual designs and past engineering mistakes. A number of the new
example problems and also the new and revised end-of-chapter problems in this
ninth edition are based upon actual components or structures and are accompa-
nied by photographs so that the student can see the real world problem alongside
the simplified mechanics model and free-body diagrams used in its analysis.

An increasing number of universities are using rich media lecture (and/
or classroom) capture software (such as Panopto and Tegrity) in their large
undergraduate courses in mathematics, physics, and engineering. The many
new photos and enhanced graphics in the ninth edition are designed to support
this enhanced lecture mode.

R ————

PREFACE

Xi
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Xii

Preface

Key Features

The main topics covered in this book are the analysis and design of structural
members subjected to tension, compression, torsion, and bending, including
the fundamental concepts mentioned above. Other important topics are the
transformations of stress and strain, combined loadings and combined stress,
deflections of beams, and stability of columns. Some additional specialized top-
ics include the following: stress concentrations, dynamic and impact loadings,
non-prismatic members, shear centers, bending of beams of two materials (or
composite beams), bending of unsymmetric beams, maximum stresses in beams,
energy based approaches for computing deflections of beams, and statically
indeterminate beams.

Each chapter begins with a Chapter Overview highlighting the major top-
ics covered in that chapter and closes with a Chapter Summary and Review in
which the key points as well as major mathematical formulas in the chapter
are listed for quick review. Each chapter also opens with a photograph of
a component or structure that illustrates the key concepts discussed in the
chapter.

New Features

Some of the notable features of this ninth edition, which have been added as
new or updated material to meet the needs of a modern course in mechanics of
materials, are:

* Problem-Solving Approach—All examples in the text are presented in a
new Four-Step Problem-Solving Approach which is patterned after that
presented by R. Serway and J. Jewett in Principles of Physics, Se, Cengage
Learning, 2013. This new structured format helps students refine their
problem-solving skills and improve their understanding of the main con-
cepts illustrated in the example.

* Statics Review—The Statics Review section has been enhanced in Chapter
1. Section 1.2 includes four new example problems which illustrate calcu-
lation of support reactions and internal stress resultants for truss, beam,
circular shaft and plane frame structures. Thirty-four end-of-chapter prob-
lems on statics provide students with two- and three-dimensional structures
to be used as practice, review, and homework assignment problems of
varying difficulty.

* Expanded Chapter Overview and Chapter Summary and Review sections—
The Chapter Overview and Chapter Summary sections have been expanded
to include key equations and figures presented in each chapter. These sum-
mary sections serve as a convenient review for students of key topics and
equations presented in each chapter.

* Continued emphasis on underlying fundamental concepts such as equilib-
rium, constitutive, and strain-displacement/ compatibility equations in
problem solutions. Example problem and end-of-chapter problem solu-
tions have been updated to emphasize an orderly process of explicitly writ-
ing out the equilibrium, constitutive and strain-displacement/ compatibility
equations before attempting a solution.
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Preface

* Expanded topic coverage—The following topics have been updated or
have received expanded coverage: stress concentrations in axially loads
bars (Sec. 2.10); torsion of noncircular shafts (Sec. 3.10); stress concen-
trations in bending (Sec. 5.13); transformed section analysis for composite
beams (Sec. 6.3); and generalized flexure formula for unsymmetric beams
(Sec. 6.5).

* Many new example and end-of-chapter problems—More than forty new
example problems have been added to the ninth edition. In addition, there
are more than 400 new and revised end-of-chapter problems out of the
1440 problems presented in the ninth edition text. The end-of-chapter
problems are now grouped as Introductory or Representative and are
arranged in order of increasing difficulty.

* Centroids and Moments of Inertia review has moved to Appendix D to free
up space for more examples and problems in earlier chapters.

Importance of Example Problems

+ Examples are presented throughout the book to illustrate the theoretical
concepts and show how those concepts may be used in practical
situations. All examples are presented in the Four-Step Problem-Solving
Approach format so that the basic concepts as well as the key steps in
setting up and solving each problem are clearly understood. New pho-
tographs have been added showing actual engineering structures or
components to reinforce the tie between theory and application. Each
example begins with a clear statement of the problem and then presents
a simplified analytical model and the associated free-body diagrams to
aid students in understanding and applying the relevant theory in engi-
neering analysis of the system. In most cases, the examples are worked
out in symbolic terms so as to better illustrate the ideas, and then numeric
values of key parameters are substituted in the final part of the analysis
step. In selected examples throughout the text, graphical display of results
(e.g., stresses in beams) has been added to enhance the student’s under-
standing of the problem results.

xiii

e

In many cases, the problem
involves the analysis of a
real physical structure, such

Y

lP
C }—>2P

0= 80°
~ a

Free-body diagram of truss model

6p = 40°
B

cl2 cl2

&

FIGURE 1-6 FIGURE 1-7 as this truss structure (Fig.

1-6) representing part of
the fuselage of a model air
plane. Begin by sketching
the portion of the structure
of interest showing
members, supports,
dimensions and loadings.
This Conceptualization
step in the analysis often
leads to a free-body
diagram (Fig. 1-7).
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The next step is to simplify
the problem, list known
data and identify all
unknowns, and make
necessary assumptions to
create a suitable model
for analysis. This is the
Categorize step.

P

Write the governing
equations, then use
appropriate mathematical
and computational
techniques to solve the
equations and obtain
results, either in the form
of mathematical formulas
or numerical values. The
Analysis step leads to
support reaction and
member forces in the truss.

=

List the major steps in your
analysis procedure so that it
is easy to review or check at
a later time.

Solution:

The solution involves the following steps:

1. Conceptualize [hypothesize, sketch): First sketch a free-body dia-
gram of the entire truss model (Figure 1-7). Only known applied
forces at C and unknown reaction forces at 4 and B are shown and
then used in an equilibrium analysis to find the reactions.

2. Categorize [simplify, classify]: Overall equilibrium requires that the
force components in x and y directions and the moment about the z
axis must sum to zero; this leads to reaction force components 4,
A, and B, The truss is statically determinate (unknowns: m +r =5
+ 3 = 8§, knowns: 2j = 8) so all member forces can be obtained using
the method of joints. . . .

3. Analyze [evaluate, select relevant equations, carry out mathematical

/ solution]: First find the lengths of members AC and BC, which are
needed to compute distances to lines of action of forces.

Law of sines to find member lengths a and b: Use known angles 6 ,, 6,5,
and 6, and ¢ = 3 m to find lengths @ and b:

b= S00p) _ 5 SING0) ) gsgm

sin(6,) sin(80°) ’

= SO, _ 5y 8000) _ 5 635 m
sin(6) sin(80°)

Check that computed lengths ¢ and b give length ¢ by using the law
/ of cosines:

¢ = \/(1.958 m)? + (2.638 m)® — 2(1.958 m)(2.638 m)cos(80°) =3 m

does it make sense? Are units

4. Finalize [conclude; examine answer
correct? How does it compare to similar problem solutions?]: There
are 2 j = § equilibrium equations for the simple plane truss consid-
ered above and, using the method of joints, these are obtained by
applying 2F_ = 0 and 3F ,=0at each joint in succession. A com-
puter solution of these simultaneous equations leads to the three
reaction forces and five member forces. The method of sections is an

efficient way to find selected member forces.
A

List the major steps in the Finalize step,
review the solution to make sure that it is
presented in a clear fashion so that it can
be easily reviewed and checked by others.
Are the expressions and numerical values
obtained reasonable? Do they agree with
your initial expectations?
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Problems

In all mechanics courses, solving problems is an important part of the learning
process. This textbook offers more than 1440 problems, many with multiple
parts, for homework assignments and classroom discussions. The problems are
placed at the end of each chapter so that they are easy to find and don’t break
up the presentation of the main subject matter. Also, problems are generally
arranged in order of increasing difficulty, thus alerting students to the time nec-
essary for solution. Answers to all problems are listed near the back of the book.

Considerable effort has been spent in checking and proofreading the text so
as to eliminate errors. If you happen to find one, no matter how trivial, please
notify me by e-mail (bgoodno@ce.gatech.edu). We will correct any errors in the
next printing of the book.

Units

The International System of Units (SI) is used in all examples and problems.
Tables containing properties of structural-steel shapes in SI units may be found
in Appendix F so that solution of beam analysis and design examples and
end-of-chapter problems can be carried out in SI units.

Supplements

Instructor Resources

An Instructor’s Solutions Manual is available online on the Instructor's
Resource Center for the book and includes solutions to all problems from
this edition with Mathcad solutions available for some problems. The Manual
includes rotated stress elements for problems as well as an increased number
of free body diagrams. The Solutions Manual is accessible to instructors on
http://login.cengage.com. The Instructor Resource Center also contains a full
set of Lecture Note PowerPoints.

Student Resources

FE Exam Review Problems has been updated and now appears online. This
supplement contains 106 FE-type review problems and solutions, which cover
all of the major topics presented in the text and are representative of those likely
to appear on an FE exam. Each of the problems is presented in the FE Exam
format and is intended to serve as a useful guide to the student in preparing for
this important examination.

Many students take the Fundamentals of Engineering Examination upon
graduation, the first step on their path to registration as a Professional Engi-
neer. Most of these problems are in SI units which is the system of units used
on the FE Exam itself, and require use of an engineering calculator to carry out
the solution. The student must select from four available answers, only one of
which is the correct answer. Go to http://www.cengagebrain.com to find the
FE Exam Review Problems and the resources below, which are available on
the student website for this book:

o Answers to the FE Exam Review Problems
* Detailed Solutions for Each Problem

Preface
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Preface

S.P. Timoshenko (1878-1972)
and J.M. Gere (1925-2008)

Many readers of this book will recognize the name of Stephen P. Timoshenko—
probably the most famous name in the field of applied mechanics. A brief
biography of Timoshenko appears in the first reference in the References and
Historical Notes section. Timoshenko is generally recognized as the world’s most
outstanding pioneer in applied mechanics. He contributed many new ideas and
concepts and became famous for both his scholarship and his teaching. Through
his numerous textbooks he made a profound change in the teaching of mechan-
ics not only in this country but wherever mechanics is taught. Timoshenko was
both teacher and mentor to James Gere and provided the motivation for the
first edition of this text, authored by James M. Gere and published in 1972.
The second and each subsequent edition of this book were written by James
Gere over the course of his long and distinguished tenure as author, educator,
and researcher at Stanford University. James Gere started as a doctoral student
at Stanford in 1952 and retired from Stanford as a professor in 1988 having
authored this and eight other well-known and respected text books on mechan-
ics, and structural and earthquake engineering. He remained active at Stanford
as Professor Emeritus until his death in January of 2008.
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PREFACE TO THE SI EDITION

Xviii

This edition of Mechanics of Materials has been adapted to incorporate the
International System of Units (Le Systéme International d' Unités or SI) through-
out the book.

Le Systéme International d'Unités

SI units are primarily the units of the MKS (meter—kilogram—second) system.
However, CGS (centimeter—gram—second) units are often accepted as SI units,
especially in textbooks.

Using SI Units in this Book

In this book, we have used both MKS and CGS units. USCS (U.S. Customary
Units) or FPS (foot-pound-second) units used in the US Edition of the book
have been converted to SI units throughout the text and problems. However, in
case of data sourced from handbooks, government standards, and product man-
uals, it is not only extremely difficult to convert all values to SI, it also encroaches
upon the intellectual property of the source. Some data in figures, tables, and
references, therefore, may remain in FPS units.

To solve problems that require the use of sourced data, the sourced values
can be converted from FPS units to SI units just before they are to be used in a
calculation. To obtain standardized quantities and manufacturers’ data in SI
units, readers may contact the appropriate government agencies or authorities
in their regions.

Instructor Resources

The Instructors’ Solution Manual in SI units is available online through the
book website at http://login.cengage.com. A digital version of the ISM, Lecture
Note PowerPoint slides for the SI text, as well as other resources are available
for instructors registering on the book website.

Feedback from users of this SI Edition will be greatly appreciated and will
help us improve subsequent editions.

Cengage Learning
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Mechanics of Materials is also available
through MindTap, Cengage Learning’s dig-
ital course platform. The carefully-crafted
pedagogy and exercises in this trusted text-
book are made even more effective by an
interactive, customizable eBook, automati-
cally graded assessments, and a full suite of
learning tools.

As an instructor using MindTap, you
have at your fingertips the full text and
a unique set of tools, all in an interface
designed to save you time. MindTap makes
it easy for instructors to build and custom-
ize their course, so you can focus on the
most relevant material while also lowering
costs for your students. Stay connected
and informed through real-time student
tracking that provides the opportunity
to adjust your course as needed based on
analytics of interactivity and
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Conditions - Statically Indeterminate Structures - Thermal Effects, Misfits, and Prestrains - Stresses on
Inclined Sections - Strain Energy - Impact Loading - Repeated Loading and Fatigue - Stress
Concentrations - Nonlinear Behavior - Elastoplastic Analysis - Summary and Review

Chapter 2 Videos

Tutorial: Plot the Axial Force Diagram (AFD) and the Axial Displacement Diagram (ADD)
Follow each step in the example to make sure you fully understand them in order to solve future problems.

Chapter 2 Quiz
Take this quiz to see what you've learned in Chapter 2.

Chapter 2 Problem Set
Solve this set of problems designed to help you master mechanics of materials challenges.

COUNTS TOWARD GRADE

Reflective Questions

These questions provide you with an oppertunity te reflect on how you did in learning the content in
this chapter.

performance. End-of-chapter
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students’ knowledge of con-
cepts and numerics. Wrong
answers in the algorithmi-
cally generated problem sets
pop up custom step-by-step

solutions to guide students n
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how to solve the problems.
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Videos provide views of real world structures
discussed in each chapter.

Step-by-Step Tutorials help

students master concepts and BiprismaiC Sae IS

structural member having the

solve problems explained in e i ot
examples, Draw th 5 Ioa d S istasT:n;:fs ARCHERhRR
The load in this problem
is the self-weight of the >

pipe. The drill pipe is
prismatic so the self-

weight is a uniformly o i T
distributed axial load of W
constant intensity w E

acting along the pipe

An axial load is a load directed
along the axis of the member,
resulting in either tension or
compression in the bar.

X
Assignment: Chapter 2 Quiz Assignment Score: 0,00% HOW does M i ndTa p benefit
instructors?
Questions 4 Question 45 of 50 »
< of Rea o * You can build and personalize your course by
“ - integrating your own content into the MindTap
.. If the elastic limit of the material is exceeded, upon unloading; Reader (like lecture notes or problem sets to
UEE . D s AR download) or pull from sources such as RSS
o . TR T AT feeds, YouTube videos, websites, and more.
. Inglastic strain energy s recovered .
. R s Control what content students see with a
. built-in learning path that can be customized to

your syllabus.

* MindTap saves you time by providing you and your students with
automatically graded assignments and quizzes. These problems include
immediate, specific feedback, so students know exactly where they need
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* The Message Center helps you to quickly and easily
contact students directly from MindTap. Messages
are communicated directly to each student via the

o g Moo tngme Ho Ergmgemen communication medium (email, social media, or

= even text message) designated by the student.

» StudyHub is a valuable studying tool that allows you
to deliver important information and empowers your
students to personalize their experience. Instructors
can choose to annotate the text with notes and high-
lights, share content from the MindTap Reader, and
create Flashcards to help their students focus and
succeed.

* The Progress App lets you know exactly how your
students are doing (and where they might be strug-
gling) with live analytics. You can see overall class

engagement and drill down into individual student
‘ 12Maces | 10knglas performance, enabling you to adjust your course to
maximize student success.

How does MindTap benefit your students?

» The MindTap Reader adds the abilities to have the content read aloud, to
print from the reader, and to take notes and highlights while also capturing
them within the linked StudyHub App.

* The MindTap Mobile App keeps students connected with alerts and noti-
fications while also providing them with on-the-go study tools like Flash-
cards and quizzing, helping them manage their time efficiently.

* Flashcards are pre-populated to provide a jump start on studying, and
students and instructors can also create customized cards as they move
through the course.

» The Progress App allows students to monitor their individual grades, as
well as their level compared to the class average. Doing so not only helps
them stay on track in the course but also motivates them to do more, and
ultimately to do better.

* The unique StudyHub is a powerful single-destination studying tool that
empowers students to personalize their experience. They can quickly and
easily access all notes and highlights marked in the MindTap Reader, locate
bookmarked pages, review notes and Flashcards shared by their instructor,
and create custom study guides.

Class Averages
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area
area of flange; area of web

dimensions, distances

centroid, compressive force, constant of integration
distance from neutral axis to outer surface of a beam
diameter

diameter, dimension, distance

modulus of elasticity

reduced modulus of elasticity; tangent modulus of elasticity

eccentricity, dimension, distance, unit volume change
(dilatation)

force

shear flow, shape factor for plastic bending, flexibility,
frequency (Hz)

torsional flexibility of a bar

modulus of elasticity in shear

acceleration of gravity

height, distance, horizontal force or reaction, horsepower
height, dimensions

moment of inertia (or second moment) of a plane area
moments of inertia with respect to x, y, and z axes
moments of inertia with respect to x; and y, axes (rotated axes)
product of inertia with respect to xy axes

product of inertia with respect to x;y, axes (rotated axes)
polar moment of inertia

principal moments of inertia

torsion constant

stress-concentration factor, bulk modulus of elasticity, effective
length factor for a column

spring constant, stiffness, symbol for ~/ P/EI

torsional stiffness of a bar

length, distance

effective length of a column

natural logarithm (base e); common logarithm (base 10)
bending moment, couple, mass

plastic moment for a beam; yield moment for a beam
moment per unit length, mass per unit length

axial force
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Symbols

factor of safety, integer, revolutions per minute (rpm)
origin of coordinates

center of curvature

force, concentrated load, power

allowable load (or working load)

critical load for a column

plastic load for a structure

reduced-modulus load for a column; tangent-modulus load
for a column

yield load for a structure

pressure (force per unit area)

force, concentrated load, first moment of a plane area
intensity of distributed load (force per unit distance)
reaction, radius

radius, radius of gyration (r = JI/4)

section modulus of the cross section of a beam, shear center
distance, distance along a curve

tensile force, twisting couple or torque, temperature
plastic torque; yield torque

thickness, time, intensity of torque (torque per unit distance)
thickness of flange; thickness of web

strain energy

strain-energy density (strain energy per unit volume)
modulus of resistance; modulus of toughness

shear force, volume, vertical force or reaction
deflection of a beam, velocity

dvldx, d*vldx?, etc.

force, weight, work

load per unit of area (force per unit area)

rectangular axes (origin at point O)

rectangular axes (origin at centroid C)

coordinates of centroid

plastic modulus of the cross section of a beam

angle, coefficient of thermal expansion, nondimensional ratio
angle, nondimensional ratio, spring constant, stiffness
rotational stiffness of a spring

shear strain, weight density (weight per unit volume)
shear strains in x), yz, and zx planes

shear strain with respect to x,y; axes (rotated axes)
shear strain for inclined axes

deflection of a beam, displacement, elongation of a bar
or spring
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Ty, Ty

temperature differential

plastic displacement; yield displacement

normal strain

normal strains in X, y, and z directions

normal strains in x; and y, directions (rotated axes)
normal strain for inclined axes

principal normal strains

lateral strain in uniaxial stress

thermal strain

yield strain

angle, angle of rotation of beam axis, rate of twist of a bar
in torsion (angle of twist per unit length)

angle to a principal plane or to a principal axis
angle to a plane of maximum shear stress
curvature (k = 1/p)

distance, curvature shortening

Poisson’s ratio

radius, radius of curvature (p = 1/k), radial distance in polar
coordinates, mass density (mass per unit volume)

normal stress
normal stresses on planes perpendicular to x, y, and z axes

normal stresses on planes perpendicular to x,y, axes (rotated
axes)

normal stress on an inclined plane
principal normal stresses

allowable stress (or working stress)
critical stress for a column (o, = P,./A)
proportional-limit stress

residual stress

thermal stress

ultimate stress; yield stress

shear stress

shear stresses on planes perpendicular to the x, y, and z axes
and acting parallel to the y, z, and x axes

shear stress on a plane perpendicular to the x, axis and acting
parallel to the y, axis (rotated axes)

shear stress on an inclined plane

allowable stress (or working stress) in shear
ultimate stress in shear; yield stress in shear
angle, angle of twist of a bar in torsion
angle, angle of rotation

angular velocity, angular frequency (w = 27 f')
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This telecommunications tower is an assemblage of many members that act primarily in tension or compression.

Chapter Objectives

o Define mechanics of materials, which examines the stresses,
strains, and displacements in structures made of various
materials acted on by a variety of different loads.

o Study normal stress (o) and normal strain (&) in materials used
for structural applications.

o |dentify key properties of various materials, such as the modulus
of elasticity (£) and yield (o, ) and ultimate (o, ) stresses, from
plots of stress (o) versus strain ().

* Plot shear stress () versus shear strain (y) and identify the
shearing modulus of elasticity (G).

o Study Hooke's Law for normal stress and strain (o = E€)
and also for shear stress and strain (7 = Gvy).

Chapter Outline

Investigate changes in lateral dimensions and volume of a
bar, which depend upon Poisson’s ratio (v) for the material of
the bar.

Study normal, shear, and bearing stresses in simple bolted
connections between members.

Use factors of safety to establish allowable values
of stresses.

Introduce basic concepts of design: the iterative process

by which the appropriate size of structural members is
determined to meet a variety of both strength and stiffness
requirements.

1.1 Introduction to Mechanics of Materials 2

1.2 Problem-Solving Approach 2

1.3 Statics Review 3

1.4 Normal Stress and Strain 22

1.5  Mechanical Properties of Materials 31

1.6 Elasticity, Plasticity, and Creep 38

1.7 Linear Elasticity, Hooke's Law, and Poisson'’s Ratio 44

1.8  Shear Stress and Strain 50
1.9  Allowable Stresses and Allowable Loads 63
1.10  Design For Axial Loads and Direct Shear 70

Chapter Summary and Review 74
Problems 77
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Chapter 1 Tension, Compression, and Shear

1.1 Introduction to Mechanics of Materials

Mechanics of materials is a branch of applied mechanics that deals with the
behavior of solid bodies subjected to various types of loading. Other names for
this field of study are strength of materials and mechanics of deformable bodies.
The solid bodies considered in this book include bars with axial loads, shafts in
torsion, beams in bending, and columns in compression.

The principal objective of mechanics of materials is to determine the stresses,
strains, and displacements in structures and their components due to the loads
acting on them. An understanding of mechanical behavior is essential for the
safe design of all types of structures, whether airplanes and antennas, buildings
and bridges, machines and motors, or ships and spacecraft. That is why mechan-
ics of materials is a basic subject in so many engineering fields. Most problems in
mechanics of materials begin with an examination of the external and internal
forces acting on a stable deformable body. First the loads acting on the body are
defined, along with its support conditions, then reaction forces at supports and
internal forces in its members or elements are determined using the basic laws
of static equilibrium (provided that the body is statically determinate).

In mechanics of materials you study the stresses and strains inside real bod-
ies, that is, bodies of finite dimensions that deform under loads. To determine the
stresses and strains, use the physical properties of the materials as well as numer-
ous theoretical laws and concepts. Mechanics of materials provides additional
essential information, based on the deformations of the body, to solve statically
indeterminate problems (not possible using the laws of static equilibrium alone).

Theoretical analyses and experimental results have equally important roles
in mechanics of materials. Theories are used to derive formulas and equations
for predicting mechanical behavior but these expressions cannot be used in
practical design unless the physical properties of the materials are known.
Such properties are available only after careful experiments have been carried
out in the laboratory. Furthermore, not all practical problems are amenable
to theoretical analysis alone, and in such cases physical testing is a necessity.

The historical development of mechanics of materials is a fascinating blend
of both theory and experiment—theory has pointed the way to useful results in
some instances, and experiment has done so in others. Such famous persons as
Leonardo da Vinci (1452-1519) and Galileo Galilei (1564-1642) performed exper-
iments to determine the strength of wires, bars, and beams, although they did
not develop adequate theories (by today’s standards) to explain their test results.
By contrast, the famous mathematician Leonhard Euler (1707-1783) developed
the mathematical theory of columns and calculated the critical load of a column
in 1744, long before any experimental evidence existed to show the significance
of his results. Without appropriate tests to back up his theories, Euler’s results
remained unused for over a hundred years, although today they are the basis for
the design and analysis of most columns (see Refs. 1-1, 1-2, and 1-3).

1.2 Problem-Solving Approach*

The study of mechanics divides naturally into two parts: first, understanding
the general concepts and principles, and second, applying those concepts and
principles to physical situations. You can gain an understanding of the general

*The four step problem-solving approach presented here is patterned after that presented
by R. Serway and J. Jewett in Principles of Physics, Se, Cengage Learnin\g;,7 2013.
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Section 1.3 Statics Review

concepts by studying the discussions and derivations presented in this book. You
can gain skill only by solving problems on your own. Of course, these two aspects
of mechanics are closely related, and many experts in mechanics will argue that
you do not really understand the concepts if you cannot apply them. It is easy to
recite the principles, but applying them to real situations requires an in-depth
understanding. Problem solving gives meaning to the concepts and also provides
an opportunity to gain experience and develop judgment.

A major objective of this text is to assist you in developing a structured solu-
tion process for problems in statics and mechanics of materials. This process
is referred to as a problem-solving approach (PSA) and is used in all example
problems in the text. The PSA involves the following four steps:

1. Conceptualize [hypothesize, sketch): List all relevant data and draw a sketch
showing all applied forces, support/boundary conditions, and interactions
between adjacent bodies. Development and refinement of the free-body
diagram is an essential part of this step.

2. Categorize [simplify, classify]: Identify the unknowns in the problem and
make any necessary assumptions to simplify the problem and streamline
the solution process.

3. Analyze [evaluate; select relevant equations, carry out mathematical
solution]: Apply appropriate theories, set up the necessary equations for the
chosen mathematical model, and then solve for the unknowns.

4. Finalize [conclude; examine answer—Does it make sense? Are units correct?
How does it compare to similar problem solutions?]: Study the answers, com-
pare them to those for similar problems you have solved in the past, and
test the robustness of the solution by varying key parameters to see how
the results change (perhaps even plot the main result as a function of that
parameter to investigate the sensitivity of the answer).

You are encouraged to study the problem-solving approach presented in
the example problems and then apply it to homework and in-class labora-
tory problems. This structured systematic approach also will be useful during
examinations. See Appendix B.2 for further discussion of the Problem Solving
Approach summarized above.

All problems appear at the ends of the chapters, with the problem numbers
and subheadings identifying the sections to which they belong.

In this book, final numerical results are usually presented with three sig-
nificant digits when a number begins with the digits 2 through 9, and with four
significant digits when a number begins with the digit 1. Intermediate values
are often recorded with additional digits to avoid losing numerical accuracy
due to rounding of numbers.

1.3 Statics Review

In your prerequisite course on statics, you studied the equilibrium of rigid bodies
acted upon by a variety of different forces and supported or restrained in such a
way that the body was stable and at rest. As a result, a properly restrained body
could not undergo rigid-body motion due to the application of static forces. You
drew free-body diagrams of the entire body, or of key parts of the body, and then
applied the equations of equilibrium to find external reaction forces and moments
or internal forces and moments at critical points. In this section, the basic static
equilibrium equations are reviewed and then applied to the solution of example
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Chapter 1 Tension, Compression, and Shear

structures (both two and three-dimensional) using both scalar and vector opera-
tions (both acceleration and velocity of the body are assumed to be zero). Most
problems in mechanics of materials require a static analysis as the first step, so
all forces acting on the system and causing its deformation are known. Once all
external and internal forces of interest have been found, you can proceed with
the evaluation of stresses, strains, and deformations of bars, shafts, beams, and
columns as described in subsequent chapters.

Equilibrium Equations

The resultant force R and resultant moment M of all forces and moments acting
on either a rigid or deformable body in equilibrium are both zero. The sum of
the moments may be taken about any arbitrary point. The resulting equilibrium
equations can be expressed in vector form as:

R=3F=0 (1-1)
M=3M=3(rXF)=0 (1-2)

where Fis one of a number of vectors of forces acting on the body and r is a
position vector from the point at which moments are taken to a point along the
line of application of any force F. It is often convenient to write the equilibrium
equations in scalar form using a rectangular Cartesian coordinate system, either
in two dimensions (x, y) or three dimensions (x, y, z) as

SF, =0 3F, =0 3M.=0 (1-3)

Equation (1-3) can be used for two-dimensional or planar problems, but in three
dimensions, three force and three moment equations are required:

3F, =0 3F, =0 3F =0 (1-4)
SM, =0 M, =0 IM.=0 (1-5)

If the number of unknown forces is equal to the number of independent equilib-
rium equations, these equations are sufficient to solve for all unknown reaction
or internal forces in the body, and the problem is referred to as statically determi-
nate (provided that the body is stable). If the body or structure is constrained by
additional (or redundant) supports, it is statically indeterminate, and a solution
is not possible using the laws of static equilibrium alone.

Applied Forces

External loads applied to a body or structure may be either concentrated
or distributed forces or moments. For example, force Fy (with units of
newtons, N) in Fig. 1-1 is a point or concentrated load and is assumed to
act at point B on the body, while moment M, is a concentrated moment
or couple (with units of N - m) acting at point 4. Distributed forces may
act along or normal to a member and may have constant intensity, such as
line load ¢, normal to member BC (Fig. 1-1) or line load ¢, acting in the —y
direction on inclined member DF; both ¢, and ¢, have units of force intensity
(N/m). Distributed loads also may have a linear (or other) variation with some
peak intensity ¢, (as on member ED in Fig. 1-1). Surface pressures p (with
units of Pa), such as wind acting on a sign (Fig. 1-2), act over a designated
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Section 1.3 Statics Review 5

region of a body. Finally, a body force w (with units of force per unit volume,
N/m?), such as the distributed self-weight of the sign or post in Fig. 1-2,
acts throughout the volume of the body and can be replaced by the compo-
nent weight I acting at the center of gravity (c.g.) of the sign (W) or post
(W,). In fact, any distributed loading (line, surface, or body force) can be
replaced by a statically equivalent force at the center of gravity (or center of
pressure for wind) of the distributed loading when overall static equilibrium
of the structure is evaluated using Egs. (1-1) to (1-5).

Free-Body Diagrams

A free-body diagram (FBD) is an essential part of a static analysis of a rigid or
deformable body. All forces acting on the body, or component part of the body,
must be displayed on the FBD if a correct equilibrium solution is to be obtained.
This includes applied forces and moments, reaction forces and moments, and any
connection forces between individual components. For example, an overall FBD
of the plane frame in Fig. 1-1 is shown in Fig. 1-3a; all applied and reaction forces
are shown on this FBD and statically equivalent concentrated loads are displayed
for all distributed loads. Statically equivalent forces F,, F,;, and F,,, each acting
at the c.g. of the corresponding distributed loading, are used in the equilibrium
equation solution to represent distributed loads ¢, ¢;, and ¢,, respectively.

Next, the plane frame has been disassembled in Fig. 1-3b, so that sepa-
rate FBDs can be drawn for each part of the frame, thereby exposing pin-
connection forces at D (D,, D, ). Both FBDs must show all applied forces as
well as reaction forces A, and 4, at pin-support joint 4 and F, and F, at
pin-support joint F. The forces transmitted between frame elements EDC and
DF at pin connection D must be determined if the proper interaction of these
two elements is to be accounted for in the static analysis.

FIGURE 1-1

Plane frame structure

FIGURE 1-2
Wind on sign
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6 Chapter 1 Tension, Compression, and Shear

FIGURE 1-3

(a) Overall FBD of plane frame
structure from Fig. 1-1, and

(b) Separate free-body diagrams
of part ABCDE and part DF

of the plane frame structure in
Fig. 1-1

\ | -~ Resultant D
|2y D,

q1
————

(b)

The FBDs presented in Figs. 1-3a and 1-3b are essential parts of this solu-
tion process. A statics sign convention is usually employed in the solution for
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support reactions; forces acting in the positive directions of the coordinate
axes are assumed positive, and the right-hand rule is used for moment vectors.

Reactive Forces and Support Conditions

Proper restraint of the body or structure is essential if the equilibrium equations
are to be satisfied. A sufficient number and arrangement of supports must be
present to prevent rigid-body motion under the action of static forces. A reaction
force at a support is represented by a single arrow with a slash drawn through it
(see Fig. 1-3) while a moment restraint at a support is shown as a double-headed
or curved arrow with a slash. Reaction forces and moments usually result from
the action of applied forces of the types described above (i.e., concentrated,
distributed, surface, and body forces).

A variety of different support conditions may be assumed depending
on whether the problem is 2D or 3D. Supports 4 and F in the 2D plane
frame structure shown in Fig. 1-1 and Fig. 1-3 are pin supports, while the
base of the 3D sign structure in Fig. 1-2 may be considered to be a fixed or
clamped support. Some of the most commonly used idealizations for 2D
and 3D supports, as well as interconnections between members or elements
of a structure, are illustrated in Table 1-1. The restraining or transmitted
forces and moments associated with each type of support or connection are
displayed in the third column of the table (these are not FBDs, however).
The reactions forces and moments for the 3D sign structure in Fig. 1-2 are
shown on the FBD in Fig. 1-4a; only reactions R, R,, and M are nonzero
because the sign structure and wind loading are symmetric with respect to
the y-z plane. If the sign is eccentric to the post (Fig. 1-4b), only reaction
R, is zero for the case of wind loading in the —z direction. (See Problems
1.8-19 and 1.9-17 at the end of Chapter 1 for a more detailed examination of
the reaction forces due to wind pressure acting on several sign structures
similar to that shown in Fig. 1-2; forces and stresses in the base plate bolts
are also computed).

FIGURE 1-4

(a) FBD of symmetric sign
structure, and (b) FBD of
eccentric sign structure

Copyright 2018 Cengage Learning. All Rights Reserved. May not be copied, scanned, or duplicated, in whole or in part. WCN 02-200-203



8 Chapter 1 Tension, Compression, and Shear

Table 1-1

Modeling reaction
forces and support
conditions in 2D or 3D
static analysis

Type of support

or connection

Simplified sketch of support
or connection

p

Display of restraint
forces and moments,
or connection forces

1. Roller Support: A single reaction force R is developed and is normal to the rolling surface; force R opposes
motion into or away from the rolling surface. The rolling surface may be horizontal, vertical, or inclined at some
angle 6. If friction is present, then include a force F opposing the movement of the support and tangential to the
rolling surface. In 3D, the roller moves in the x-z plane and reaction R  is normal to that plane.

he Earthquake Engineering
nline Archive

T
0

Bridge with roller support
(see 1.1, 1.2)

Bridge with rocker support
(see 1.3)

and-socket joint or support.

€L

1y (12) (1.3)

Horizontal roller support [(1.1),
(1.2)]; or alternate representation
as rocker support [(1.3)]

Both downward and uplift
motions are restrained.

¢ B

Vertical roller restraints

Rotated or inclined roller
support

3D roller support

(a) Two-dimensional roller
support (friction force F = 0
for smooth rolling surface)

(b) Three-dimensional roller
support (friction force F = 0
for smooth rolling surface;
reaction R, acts normal to
plane x-z on which roller

translates)
1y

2. Pin Support: A single resultant force, usually shown using two rectangular components R . and Ry
in 2D but three components in 3D, resists motion in any direction normal to the pin. The pin support
cannot resist moment, and the pin is free to rotate about the z axis. In 3D, the pin becomes a ball-

The Earthquake Engineering

Online Archive

Two-dimensional pin

(a) Two-dimensional pin support
y

Ry %Ry
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Ball-and-socket joint model
(camera mount, 3D)

Pelvis

Artificial
hip joint

Femur
(thigh bone)

Hip prosthesis for hip
replacement

// \\
- ~
- ~

- N
A

Z X
Ball-and-socket joint model

3. Sliding Support: A support that translates without rotation is a sliding support. Examples are a collar sliding
along a sleeve or a flange moving within a slot. Reactions in 2D are a force R, normal to the sleeve and a
moment M representing resistance to rotation relative to the sleeve. In 3D, the sliding support translates on
frictionless plane y-z and reaction moment components M i and M prevent rotation relative to that plane.

Section 1.3 Statics Review

'
A

I

%

(b) Three-dimensional pin
support

Sliding support for column light
stand
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Frictionless sleeve
on vertical shaft

Two-dimensional sliding support

Friction F opposes motion in
+y direction in 2D along sliding
surface; F is zero if smooth
surface is assumed.

In 3D, add restraint moment M .
to prevent rotation about x axis.

(a) Two-dimensional sliding
support
(support translates on
frictionless path along +y
or —y direction)
y

o

Three-dimensional sliding

(b)

support
(support translates on

frictionless y-z plane)
y

(Continued)





