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JAMES LATHROP MERIAM
1917-2000

Dr. James Lathrop Meriam, internationally known author of engi
neering mechanics textbooks and distinguished professor of engineering,
died at his Santa Barbara home on July 18, 2000. Because of his nu
merous and significant contributions to the engineering profession, Dr.
Meriam is regarded as one of the premier engineering educators of the
twentieth century. Dr. Meriam (known as Lath to his friends) received
three degrees from Yale University, ending with the Ph.D. in 1942. He
served in the U.S. Coast Guard during World War II. His early industrial
experience came at Pratt and Whitney Aircraft and the General Electric
Company.

Dr. Meriam was a member of the faculty of the University of Cali
fornia-Berkeley for twenty-one years. During this period he served as
Professor of Engineering Mechanics, Assistant Dean of Graduate Stud
ies, and Chairman of the Division of Mechanics and Design. From 1963
to 1972, he was Dean of Engineering at Duke University. In 1972 he
returned to full-time teaching at California Polytechnic State Univer
sity-San Luis Obispo, and retired in 1980. Subsequently, he was vis
iting professor at the University of California-Santa Barbara and
retired for a second time in 1990.

Recognition of his superb teaching abilities followed him wherever
he went. At Berkeley in 1963, he was the first recipient of the Outstand
ing Faculty Award of Tau Beta Pi. In 1978 he received the Distinguished
Educator Award from the Mechanics Division of the American Society
for Engineering Education (ASEE). In 1992 he received the Benjamin
Garver Lamme Award from ASEE. He was a fellow member of both
ASEE and the American Society of Mechanical Engineers (ASME).

Dr. Meriam began his Engineering Mechanics textbook series in
1950. The Statics and Dynamics texts reshaped undergraduate mechan
ics and became the definitive textbooks in the field for the next five
decades. In addition to the U.S. version, the books have appeared in SI
versions and have been translated into many foreign languages. His
books have been characterized by clear and rigorous presentation of the
theory, instructive sample problems, and numerous and realistic home
work exercises. From the outset, a high standard of illustration has dis
tinguished the series.

In the early 1980s, Dr. Meriam designed and hand-built, over a pe
riod of more than three years, a 23-foot wooden sailboat named Mele
Kai, which is Hawaiian for Song of the Sea. Over the next several years,
he and his fortunate sailing companions spent many happy hours sailing
off the coast of Santa Barbara. Dr. Meriam also designed and built four
homes, including a vacation home on the island of KauaL

In addition to his many professional accomplishments, Lath Meriam
will be long remembered for his open friendliness, gentlemanly de
meanor, mature judgment and leadership, generosity, and absolute com
mitment to the highest educational standards.
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PREFACE

Engineering mechanics is both a foundation and a framework for most of the
branches of engineering. Many of the topics in such areas as civil, mechanical,
aerospace, and agricultural engineering, and of course engineering mechanics itself,
are based upon the subjects of statics and dynamics. Even in a discipline such as
electrical engineeri.ng, practitioners, in the course of considering the electrical com
ponents of a robotic device or a manufacturing process, may find themselves first
having to deal with the mechanics involved.

Thus, the engineering mechanics sequence is critical to the engineering curric
ulum. Not only is this sequence needed in itself, but courses in engineering me
chanics also serve to solidify the student's understanding of other important
subjects, including applied mathematics, physics, and graphics. In addition, these
courses serve as excellent settings in which to strengthen problem-solving abilities.

PHILOSOPHY

The primary purpose of the study of engineering mechanics is to develop the
capacity to predict the effects of force and motion while carrying out the creative
design functions of engineering. This capacity requires more than a mere knowledge
of the physical and mathematical principles of mechanics; also required is the abil
ity to visualize physical configurations in terms of real materials} actual constraints}
and the practical limitations which govern the behavior of machines and structures.
One of the primary objectives in a mechanics course is to help the student develop
this ability to visualize, which is so vital to problem formulation. Indeed, the con
struction of a meaningful mathematical model is often a more important experience
than its solution. Maximum progress is made when the principles and their limi
tations are learned together within the context of engineering application.

There is a frequent tendency in the presentation of mechanics to use pl'Oblems
mainly as a vehicle to illustrate theory rather than to develop theory for the purpose
of solving problems. When the first view is allowed to predominate, problems tend
to become overly idealized and unrelated to engineering with the result that the
exercise becomes dull} academic, and uninteresting. This approach deprives the



student of valuable experience in formulating problems and thus of discovering the
need for and meaning of theory. The second view provides by far the stronger
motive for learning theory and leads to a better balance between theory and appli
cation. The crucial role played by interest and purpose in providing the strongest
possible motive for learning cannot be overemphasized.

Furthermore, as mechanics educators, we should stress the understanding that,
at best, theory can only approximate the real world of mechanics rather than the
view that the real world approximates the theory. This difference in philosophy is
indeed basic and distinguishes the engineering of mechanics from the science of
mechanics.

Over the past several decades, several unfortunate tendencies have occu.rred in
engineering education. First, emphasis on the geometric and physical meanings of
prerequisite mathematics appears to have diminished. Second, there has been a
significant reduction and even elimination of instruction in graphics, which in the
past enhanced the visualization and representation of mechanics problems. Third,
in advancing the mathematical level of our treatment of mechanics, there has been
a tendency to allow the notational manipulation of vector operations to mask or
replace geometric visualization. Mechanics is inherently a subject which depends
on geometric and physical perception, and we should increase our efforts to develop
this ability.

A special note on the use of computers is in order. The experience of formu
lating problems, where reason and judgment are developed, is vastly more impor
tant for the student than is the manipulative exercise in carrying out the solution.
For this reason, computer usage must be carefully controlled. At present, con
structing free-body diagrams and formulating governing equations are best done
with pencil and paper. On the other hand, there are instances in which the solution
to the governing equations can best be carried out and displayed using the com
puter. Computer-oriented problems should be genuine in the sense that there is a
condition of design or criticality to be found, rather than "makework" problems in
which some parameter is varied for no apparent reason other than to force artificial
use of the computer. These thoughts have been kept in mind during the design of
the computer-oriented problems in the Fifth Edition. To conserve adequate time
for problem formulation, it is suggested that the student be assigned only a limited
number of the computer-oriented problems.

As with previous editions, this Fifth Edition of Engineering Mechanics is writ
ten with the foregoing philosophy in mind. It is intended primarily for the first
engineering course in mechanics, generally taught in the second year of study. En·
gineering Mechanics is written in a style which is both concise and friendly. The
major emphasis is on basic principles and methods rather than on a multitude of
special cases. Strong effort has been made to show both the cohesiveness of the
relatively few fundamental ideas and the great variety of problems which these few
ideas will solve.

PEDAGOGICAL FEATURES

The basic structure of this textbook consists of an article which rigorously
treats the particular subject matter at hand, followed by one or more Sample Prob
lems, followed by a group of Problems. There is a Chapter Review at the end of
each chapter which summarizes the main points in that chapter, followed by a
Review Problem set.
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Problems. The 80 Sample Problems appear on specially colored pages by them
selves. The solutions to typical statics problems are presented in detail. In addition,
explanatory and cautionary notes (Helpful Hints) in blue type are number-keyed
to the main presentation.

There are 963 homework exercises, of which approximately 50 percent are new
to the Fifth Edition. The problem sets are divided into IntroductolY Problems and
Representative Problems. The first section consists of simple, uncomplicated prob·
lems designed to help students gain confidence with the new topic, while most of
the problems in the second section are of average difficulty and length. The prob
lems are generally arranged in order of increasing difficulty. More difficult exercises
appear near the end of the Representative Problems and are marked with the symbol
... Computer-Oriented Problems, marked with an asterisk, appear in a special sec·
tion at the conclusion of the Review Problems at the end of each chapter. The
answers to all odd-numbered problems and to all difficult problems have been
provided.

In recognition of the need for emphasis on SI units, there are approximately
two problems in SI units for everyone in U.S. customary units. This apportionment
between the two sets of units permits anywhere from a 50-50 emphasis to a 100
percent SI treatment.

A notable feature of the Fifth Edition, as with all previous editions, is the
wealth of interesting and important problems which apply to engineering design.
Whether directly identified as such or not, virtually all of the problems deal with
principles and procedures inherent in the design and analysis of engineering struc·
tures and mechanical systems.

Illustrations. In order to bring the greatest possible degree of realism and clarity
to the illustrations, this textbook series continues to be produced in full color. It is
important to note that color is used consistently for the identification of certain
quantities:

· red for forces and moments,

• green for velocity and acceleration arrows,

· orange dashes for selected trajectories of moving points.

Subdued colors are used for those parts of an illustration which are not central
to the problem at hand. Whenever possible, mechanisms or objects which commonly
have a certain color will be portrayed in that color. All of the fundamental elements
of technical illustration which have been an essential part of this Engineering Me
chanics series of textbooks have been retained. The author wishes to restate the
conviction that a high standard of illustration is critical to any written work in the
field of mechanics.

Features New to this Edition. While retaining the hallmark features of all previous
editions, we have incorporated these improvements:

The theory portions were rewritten for clarity and readability, with a higher
level of friendliness and a more active voice.

Sections have been shortened and more subheads added to make information
easier to find.



Key Concepts areas within the theory presentation have been specially
highlighted with blue screens.

The Chapter Reviews have been revised and highlighted, and feature
itemized summaries.

• Approximately 50 percent of the homework problems are new to this Fifth
Edition, and include new problems in the area of biomechanics.

ew Sample Problems have been added.

• All Sample Problems are printed on specially colored pages for quick
identification.

• The text has been printed in a new, larger format for a more open look.

ORGANIZATION

In Chapter 1, the fundamental concepts necessary for the study of mechanics
are established.

In Chapter 2, the properties of forces, moments, couples, and resultants are
developed so that the student may proceed directly to the equilibrium of noncon
current force systems in Chapter 3 without unnecessarily belaboring the relatively
trivial problem of the equilibrium of concurrent forces acting on a particle.

In both Chapters 2 and 3, analysis of two-dimensional problems is presented
in Section A before three-dimensional problems are treated in Section B. With this
arrangement, the instructor may cover all of Chapter 2 before beginning Chapter
3 on equilibrium, or the instructor may cover the two chapters in the order 2A, 3A,
2B, 3B. The latter order treats force systems and equilibrium in two dimensions
and then treats these topics in three dimensions.

Application of equilibrium principles to simple trusses and to frames and ma
chines is presented in Chapter 4 w.ith primary attention given to two-dimensional
systems. A sufficient number of three-dimensional examples are included, however,
to enable students to exercise more general vector tools of analysis.

The concepts and categories of distributed forces are introduced at the begin
ning of Chapter 5, with the balance of the chapter divided into two main sections.
Section A treats centroids and mass centers; detailed examples are presented to
help students master early applications of calculus to physical and geometrical prob
lems. Section B includes the special topics of beams, flexible cables, and fluid forces,
which may be omitted without loss of continuity of basic concepts.

Chapter 6 on friction is divided into Section A on the phenomenon of dry fric
tion and Section B on selected machine applications. Although Section B may be
omitted if time is limited, this material does provide a valuable experience for the
student in dealing ,vith both concentrated and distributed friction forces.

Chapter 7 presents a consolidated introduction to virtual work ,vith applica
tions limited to single-degree-of-freedom systems. Special emphasis is placed on the
advantage of the virtual-work and energy method for interconnected systems and
stability determination. Virtual work provides an excellent opportunity to convince
the student of the power of mathematical analysis in mechanics.

Moments and products of inertia of areas are presented in Appendix A. This
topic helps to bridge the subjects of statics and solid mechanics. Appendix C con
tains a summary review of selected topics of elementary mathematics as well as
several numerical techniques which the student should be prepared to use in com
puter-solved problems. Useful tables of physical constants, centroids, and moments
of inertia are contained in Appendix D.

Preface ix



x Preface

SUPPLEMENTS

The following items have been prepared to complement this textbook:

Instructor's Manual. Prepared by the authors, fully worked solutions to all prob
lems in the text are available to faculty by contacting their local Wiley
representative.

Solving Mechanics Problems with.... A series of booklets introduces the use of
computational software in the solution of mechanics problems. Developed by Brian
Harper at Ohio State University, the booklets are available for Matlab, MathCAD,
and Maple.

Wiley Website (www.wiley.com/college/meriam). Items on this site include:

• Electronic figures for most of the figures from the text are available
electronically for use in creating lectures.

· Electronic transparencies for over 100 solved problems, similar to those in the
text, are available for use in lecture or in self-study by students.

On-line problem soluing, a program called eGrade, provides over 400
problems in mechanics for students to solve, featuring step-by-step
procedures and immediate feedback. These were developed by Joe Torok at
Rochester Institute of Technology.

• Extension sample problems build on sample problems from the text and show
how computational tools can be used to investigate a variety of "what if"
scenarios. Available to both students and faculty, these were developed by
Brian Harper at Ohio State University.

ACKNOWLEDGMENTS

The contribution of Professor William J. Palm, III, of the University of Rhode
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entire text. Professor Palm has inspected the structure of every sentence and, where
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and friendly. He has carefully modified the heading structure in order to make the
text more easily readable, and reorganized the Chapter Review sections so that the
student can efficiently survey what has been presented. Professor Palm has worked
under a number of constraints and has done so in a friendly and timely manner.

Special recognition is again due Dr. A. L. Hale, formerly of Bell Telephone
Laboratories, for his continuing contribution in the form of invaluable suggestions
and accurate checking of the manuscript. Dr. Hale has rendered similar service for
all previous versions of this entire series of mechanics books, dating back to the
1950s. He reviews all aspects of the books, including all old and new text and
figures. Dr. Hale carries out an independent solution to each new homework ex
ercise and provides the author with suggestions and needed corrections to the so
lutions which appear in the Instructor's Manual. Dr. Hale is well known for being
extremely accurate in his work, and his fine knowledge of the English language is
a great asset which aids every user of this textbook.

Professor J. Wallace Grant of VPI&SU has kindly provided several excellent
equilibrium problems in the area of biomechanics. These new problems serve to
strengthen the textbook in this important application field.
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members who responded to a market questionnaire concerning these textbooks and
the 30 faculty members who responded to a telephone survey concerning the web
site materials.

The contributions by the staff of John Wiley & Sons, Inc., including Editor Joe
Hayton, Development Editor Johnna Barto, Senior Production Editor Christine
Cervoni, Copy Editor Suzanne Ingrao, Senior Designer Dawn Stanley, and Illustra
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CHAPTER OUTLINE

1/1 Mechanics
1/2 Basic Concepts
1/3 Scalars and Vectors
1/4 Newton's Laws
1/5 Units
1/6 Law of Gravitation
1/7 Accuracy, Umits, and Approximations
1/8 Problem Solving in Statics

Chapter Review

1/1 MECHANICS

Chapter

INTRODUCTIO"N
TO STATICS

I

Mechanics is the physical science which deals with the effects of
forces on objects. No other subject plays a greater role in engineering
analysis than mechanics. Although the principles of mechanics are few,
they have wide application in engineering. The principles of mechanics
are central to research and development in the fields of vibrations, sta
bility and strength of structures and machines, robotics, rocket and
spacecraft design, automatic control, engine performance, fluid flow,
electrical machines and apparatus, and molecular, atomic, and sub
atomic behavior. A thorough understanding of this subject is an essential
prerequisite for work in these and many other fields.

Mechanics is the oldest of the physical sciences. The early history
of this subject is synonymous with the very beginnings of engineering.
The earliest recorded writings in mechanics are those of Archimedes
(287-212 B.C.) on the principle of the lever and the principle of buoy
ancy. Substantial progress came later with the formulation of the laws
of vector combination of forces by Stevinus (1548-1620), who also for
muJated most of the principles of statics. The first investigation of a
dynamics problem is credited to Galileo (1564-1642) for his experiments
with falling stones. The accurate formulation of the laws of motion, as
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Chapter

FORCE SYSTEMS
CHAPTER OUTLINE

2/1 Introduction
2/2 Force

SECTION A. Two-Dimensional Force Systems
2/3 Rectangular Components
2/4 Moment
2/5 Couple
2/6 Resultants

SECTION B. Three-Dimensional Force Systems
2/7 Rectangular Components
2/8 Moment and Couple
2/9 Resultants

Chapter Review

2/1 INTRODUCTION

In this and the foLlowing chapters, we study the effects of forces
which act on engineering structures and mechanisms. The experience
gained here will help you in the study of mechanics and in other subjects
such as stress analysis, design of structures and machines, and fluid flow.
This chapter lays the foundation for a basic understanding not only of
statics but also of the entire subject of mechanics, and you should master
this material thoroughly.

2/2 FORCE

Before dealing with a group or system of forces, it is necessary to
examine the properties of a single force in some detail. A force has been
defined in Chapter 1 as an action of one body on another. In dynamics
we will see that a force is defined as an action which tends to cause
acceleration of a body. A force is a vector quantity, because its effect
depends on the direction as well as on the magnitude of the action. Thus,

23

































































































































































Chapter

EQUILIBRIUM
CHAPTER OUTLINE

3/1 Introduction

SECTION A. Equilibrium in Two Dimensions
3/2 System Isolation and the Free-Body Diagram
3/3 Equilibrium Conditions

SECTION B. Equilibrium in Three Dimensions
3/4 Equilibrium Conditions

Chapter Review

3/1 INTRODUCTION

Statics deals primarily with the description of the force conditions
necessary and sufficient to maintain the equiLibrium of engineering
structures. This chapter on equilibrium, therefore, constitutes the most
important part of statics, and the procedures developed here form the
basis for solving problems in both statics and dynamics. We will make
continual use of the concepts developed in Chapter 2 involving forces,
moments, couples, and resultants as we apply the principles of
equilibrium.

When a body is in equilibrium, the resultant of all forces acting on
it is zero. Thus, the resultant force R and the resultant couple Mare
both zero, and we have the equilibrium equations

(R=:l:F=O M=:l:M=O) (3/0

These requirements are both necessary and sufficient conditions for
equilibrium.

All physical bodies are three-dimensional, but we can treat many of
them as two-dimensional when the forces to which they are subjected
act in a single plane or can be projected onto a single plane. When this
simplification is not possible, the problem must be treated as three-

103





























































































































CHAPTER OUTLINE

4/1 Introduclion
4/2 ....ne TIUSSeS
4/3 Method of Joints
4/4 Method of 5edions
4/5 5pace Trusses
4/6 Fr.mes .nd MKhlnes

Ch.pter Revi_

STRUCTURES

4/1 INTRODUCTION

In Chapter 3 we studied the equilibrium of a single rigid body or a
system of connected members treated as a single rigid body. We first
drew a free-body diagram of the body showing all forces external to the
isolated body and then we applied the force and moment equations of
equilibrium. In Chapter 4 we focus on the determination of the forces
internal to a structure, that is, forces of action and reaction between the
connected members. An engineering structure is any connected system
of members built to support or transfer forces and to safely withstand
the loads applied to it. To determine the forces internal to an engineer
ing structure, we must dismember the structure and analyze separate
free-body diagrams of individual members or combinations of members.
This analysis requires careful application of Newton's third law, which
states that each action is accompanied by an equal and opposite reaction.

In Chapter 4 we analyze the internal forces acting in several types
of structures, namely, trusses, frames, and machines. In this treatment
we consider only statically determinate structures, which do not have
more supporting constraints than are necessary to maintain an equilib·
rium configuration. Thus, as we have already seen, the equations of equi
librium are adequate to determine all unknown reactions.

The analysis of trusses, frames and machines, and beams under con
centrated loads constitutes a straightforward application of the material
developed in the previous two chapters. The basic procedure developed
in Chapter 3 for isolating a body by constructing a correct free-body
diagram is essential for the analysis of statically determinate structures.

165

























































































































CHAPTER OUTLINE

5/1 Introduction

SECTION A. Centers of Mass and Centroids
5/2 Center of Mass
5/3 Centroids of Lines, Areas, and Volumes
5/4 Composite Bodies and Figures; Approximations
5/5 Theorems of Pappus

SECTION B. Special Topics
5/6 Beams-External Effects
5/7 Beams-Internal Effects
5/8 Flexible cables
5/9 Fluid 5tatics

Chapter Review

5/1 INTRODUCTION

Chapter

DISTRIBUTED
FORCES

In the previous chapters we treated all forces as concentrated along
their lines of action and at their points of application. This treatment
provided a reasonable model for those forces. Actually, "concentrated"
forces do not exist in the exact sense, since every external force applied
mechanically to a body is distributed over a finite contact area, however
small.

The force exerted by the pavement on an automobile tire, for in
stance, is applied to the tire over its entire area of contact, Fig. 5/1a,
which may be appreciable if the tire is soft. When analyzing the forces
acting on the car as a whole, if the dimension b of the contact area is
negligible compared with the other pertinent dimensions, such as the
distance between wheels, then we may replace the actual distributed
contact forces by their resultant R treated as a concentrated force. Even
the force of contact between a hardened steel ball and its race in a loaded
ball bearing, Fig. 5/16, is applied over a finite though extremely small
contact area. The forces applied to a two-force member of a truss, Fig.
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FRICTION
CHAPTER OUTLINE

6/1 Introduction

SECTION A. Frictional Phenomena
6/2 Types of Friction
6/3 Dry Friction

SECTION B. Applications ofFriction in Machines
6/4 Wedges
6/S Screws
6/6 Journal Bearings
6/7 Thrust Bearings; Disk Friction
6/8 Flexible Belts
6/9 Rolling Resistance

Chapter Review

6/1 INTRODUCTION

In the preceding chapters we have usually assumed that the forces
of action and reaction between contacting surfaces act normal to the sur
faces. This assumption characterizes the interaction between smooth
surfaces and was illustrated in Example 2 of Fig. 3/1. Although this ideal
assumption often involves only a relatively small error, there are many
problems in which we must consider the ability of contacting surfaces to
support tangential as well as normal forces. Tangential forces generated
between contacting surfaces are called friction forces and occur to some
degree in the interaction between all real surfaces. Whenever a tendency
exists for one contacting surface to slide along another surface, the fric·
tion forces developed are always in a direction to oppose this tendency.

In some types of machines and processes we want to minimize the
retarding effect of friction forces. Examples are bearings of all types,
power screws, gears, the flow of fluids in pipes, and the propulsion of
aircraft and missiles through the atmosphere. In other situations we
wish to maximize the effects of friction, as in brakes, clutches, belt
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CHAPTER OUTLINE

7/1 Introduction
7/2 Work
7/3 Equilibrium
7/4 Potential Energy and Stability

Chapter Review

Chapter

VIRTUAL WORK

7/1 INTRODUCTION

In the previous chapters we have analyzed the equilibrium of a
body by isolating it with a free-body diagram and writing the zero
force and zero-moment summation equations. This approach is usually
employed for a body whose equilibrium position is known or specified
and where one or more of the external forces is an unknown to be
determined.

There is a separate class of problems in which bodies are composed
of interconnected members which can move relative to each other. Thus
various equilibrium configurations are possible and must be examined.
For problems of this type, the force- and moment-equilibrium equations,
although valid and adequate, are often not the most direct and conve
nient approach.

A method based on the concept of the work done by a force is more
direct. Also, the method provides a deeper insight into the behavior of
mechanical systems and enables us to examine the stability of systems
in equilibrium. This method is called the method of virtual wor".

7 /2 WORK

We must first define the term work in its quantitative sense, in
contrast to its common nontechnical usage.
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INDEX

Absolute system of units, 10
Acceleloation. of a body, 8, 115

due to gravity. 11
Accuracy, 13
Action and reaction, principle of, 8, 25, 105, 195,216,271
Active force, 390
Active·force diagram, 391
Addition of vectors, 6, 25, 28, 468
Aerostatics, 297
Angle, of friction, 331

of repose, 334
Approximations, 14, 246
Archimedes, 3
Area, first moment of, 230

second moment of, 230, 427
Area moments of inertia, see Moments of inertia of areas
Atmospheric pressure, 298
Axes, choice of, 27, 65, 108, 171,229,231

rotation of, 450
Axis, moment, 37, 74

Beams, concentrated loads on, 265
deHnition of, 264
distributed loads on, 265
external effects, 265
internal efTects, 271
loading-shear relation for, 272, 273
resultant of forces on cross section of, 271
shear-moment relation for, 272, 273, 274
statically determinate and indeterminate, 264
types of, 264

Bearing friction, 359
Belt friction, 368
Bending moment, 271
Bending.moment diagram, 272
Bodies, interconnected, 195, 390
Body, deformable, 5

rigid,4
Body force, 24, 226
Boundary conditions, 285
British system of units, 9
Buoyancy, center of, 303

force of, 303
principle of, 302

Cables, catenary, 287
flexible, 283

490

length of, 286, 289
parabolic, 285
tension in, 286, 289

Cajori, F., 8
Center, of buoyancy, 303

of gravity, 25, 227
of mass, 227, 229
of pressure, 299

Centroids, 230
of composite figures, 246
by integration, 230
of irregular volumes, 247
table of, 483
by theorems of Pappus, 256

Coefficient, of friction, 330, 331, 481
of rolling resistance, 369

Collinear forces, equilibrium of, 115
Components, of a force, 26, 27, 28

rectangular, 6, 27, 28, 64
scalar, 27
of a vector, 6, 26, 27, 64

Composite areas, moment of inertia of, 442
Composite bodies, center of mass of, 246
Composite figures, centroid of, 246
Compression in truss members, 167, 169
Computer-oriented problems, 18, 100, 161,221,322,381,

425,460
Concentrated forces, 25, 225

on beams, 265
Concurrent forces, equilibrium of, 115, 139

resultant of, 25, 57, 86
Cone of friction, 332
Constant of gravitation, 12, 482
Constraint, 118, 141

adequacy of, 119, 142
partial, 142
proper and improper, 119
redundant, 120, 142

Coordinates, choice of, 27, 65, 108,231,316,429
Coplanar forces, equilibrium of, 115, 116

resultant of, 28, 56
Coulomb,328
Couple, 48, 75

equivalent, 48
moment of, 48, 75
resolution of, 49, 86
resultant, 56, 85, 86



vector representation of, 48, 75
work of, 387

Cross or vector product, 38, 73, 469

D'Alembert, J., 4
da Vinci, 4
Deformable body, 5
Degrees of freedom, 392, 410, 420
Density, 229, 481
Derivative of vector, 470
Derivatives, table of, 471
Diagram, active-force, 391

bending-moment, 272
free-body, 16, 104, 108, 139
shear-force, 272

Differential element, choice of, 231
DiITerentials, order of, 14,231,316
Dimensions, homogeneity of, 17
Direction cosines, 7, 64
Disk friction, 360
Displacement, 386

virtual, 388
Distributed forces, 25, 225, 226, 316, 317

on beams, 265
Distributive law, 39, 469
Dot or scalar product, 65, 386, 469
Dynamics, 4, 8

Efficiency, mechanical, 393
Elastic potential energy, 405
Energy, criterion for equilibrium, 410

criterion for stability, 410
elastic, 405
potential, 405, 407, 409

Equilibrium, alternative equations of, 117
categories of, U5, 139
of collinear forces, 115
of concurrent forces, 115, 139
condition of, 56, 115, 138,389,391
of coplanar forces, 115, 116
energy criterion for, 409, 410
equations of, 115, 138
of interconnected rigid bodies, 195, 390
of machines, 195
necessary and sufficient conditions for, 115, 138
neutral,409
of parallel forces, 115, 141
of a particle, 389
of a ,oigid body, 389
stability of, 119,409
with two degrees of freedom, 392
by virtual work, 388, 389, 391

Euler, 4
External effects of force, 24

First moment of area, 230
Fixed. vector,S, 24
Flexible cables, 283

dilTerential equation for, 284
Fluids, 297

friction in, 328

Index 491

incompressible, 298
pressure in, 297

Foot, 9
Force, action of, 23, 105, 106, 140

active, 390
body, 24,226
buoyancy, 302
components of, 26, 27, 64
concentrated, 25, 225
concept of, 4
contact, 24
coplanar system of, 56
distributed, 25, 225, 226, 316, 317
effects of, 23
friction, to?, 327
gravitational, 12,25, 107,226
inertia, 428
intensity of, 226
internal, 24, 226, 271, 391
kinds of, 24
magnetic, 25, 107
measurement of, 25
mechanical action of, 105, 106, 140
moment of, 37, 73
polygon, 56, 117
reactive, 24, 390
remote action of, 107
resolution of, 26, 27, 64, 65
resultant, 56, 85, 86, 227, 316
shear, 271, 297
specifications of, 24
unit 0[, 9
work of, 386

Force·couple system, 49, 56, 76
Force system, concurrent, 57, 74, 86, 115, 139

coplanar, 56
general, 23, 85
parallel, 26, 57, 86

Formulation of problems, 15
Frames, defined, 195, 216

equilibrium of, 195
Frames and machines, rigidity of, 195
Free-body diagram, 16, 104, 108, 139
Freedom, degrees of, 392, 410, 420
Free vector, 5, 6, 48, 75
Friction, angle of, 331

bearing, 359, 360
belt, 368
circle of, 359
coefficients of, 330, 331, 481
cone of, 332
disk,360
d,-y or Coulomb, 328, 329
fluid,328
internal, 328
journal bearing, 359
kinetic, 330
limiting, 330
in machines, 348
mechanism of, 329
pivot, 360



492 Index

Friction (Continued)
problems in dry friction, 333, 376
rolling, 369
screw thread, 349

static, 330
types of, 328
wedge, 348
work of, 392

Gage pressure, 298
Galileo,3
Gas, 297
Graphical representation, 15, 25, 26, 56
Gravitation, constant of, 12, 482

law of, 12
Gravitational force, 12, 25, 107, 226
Gravitational potential energy, 406
Gravitational system of units, 10
Gravity, acceleration due to, 11

center of, 25, 227
Guldin, Paul, 256
Gyration, radius of, 429

Homogeneity, dimensional, 17
Hydrostatic pressure, 298, 300, 301
Hydrostatics, 297
Hyperbolic functions, 288

Ideal systems, 390
Impending motion, 330, 332, 333
Inclined axes, area moments of inertia about, 450
Inertia, 4, 428

area moments of, see Moments of inertia of areas
principal axes of, 451
products of, 449

Inertia force, 428
Integrals, table of selected, 472
Integration, choice of element for, 231, 316

numerical techniques for, 477, 479
of vectors, 471

Interconnected bodies, 195, 390
Internal effects of force, 24, 226, 271, 391
Internal friction, 328
International System of units, 9

Joints, method of, 168, 189, 215
Joule, 388
Journal bearings, friction in, 359

Kilogram, 9, 10, 13
Kilopound, 10
Kinetic friction, 330

coefficient of, 331, 481

Lagrange, 4
Laplace, 4
Law, associative, 468

commutative, 468
of cosines, 468
distributive, 39, 469

of gravitation, 12
parallelogram, 6, 25, 56
of sines, 468
Pascal's, 297
triangle, 6, 26

Laws of motion, Newton's, 8
Length, standard unit of, 10
Limit, mathematical, 14
Line of action, 24
Liquids, 298
Loading-shear relation for beams, 272, 273

Mach, Ernst, 39
Machines, defined, 195, 216

equilibrium of, 195
friction in, 348
ideal or real, 328

Mass, 4,10
center of, 227, 229
unit of, 9, 10

Mathematical limit, 14
Mathematical model, 15
Mathematics, selected topics in, 465
Mechanical efficiency, 393
Mechanical system, 104
Mechanics, 3
Metacenter, 304
Metacentric height, 304
Meter, 10
Method, of joints, 168, 189, 215

of problem solution, 16,95, 120, 156, 215, 316, 376, 420
of sections, 179, 189, 215
of virtual work, 385

Metric units, 9
Minimum energy, principle of, 409
Mohr's circle, 451
Moment, bending, 271

components of, 74
of a couple, 48, 75
of a force, 37, 73
torsional, 271, 428
units of, 37
vector representation of, 38, 73

Moment arm, 37
Moment axis, 37, 74
Moments, principle of, 57, 85, 227, 233, 316
Moments of inertia of areas, 427

for composite areas, 442
dimensions and units of, 429
about inclined axes, 450
by integration, 428
maximum and minimum, 450, 451
Mohr's circle representation of, 451
polar, 429
principal axes of, 451
radius of gyration for, 429
rectangular, 428
table of, 483
tabular computation of, 442
transfer of axes for, 430, 449



Morin,328
Motion, impending, 330, 332, 333
Multi-force members, 195

/"

Neutral equilibrium, 409
Newton, Isaac, 4
Newton's laws, 8
Newton (unit), 9
Newton's method, 475
Numerical integration, 477, 479

Order of differentials, 14, 231, 316

Pappus, 256
theorems of, 256

Parallel-axis theorems, for area moments of inertia, 4i.1
Parallel forces, equilibrium of, 115, 141

resultant of, 26, 57, 86
Parallelogram law, 6, 25, 56
Particle, 4
Particles, equilibrium of, 389
Pascal (unit), 226
Pascal's law, 297
Pivot friction, 360
Polar moment of inertia, 428
Polygon, of forces, 56, 117
Potential energy, 405, 407, 409

datum for, 406
units of, 406, 407

Pound, standard, 10
Pound force, 9
Pound mass, 10
Pressure, 226, 297

atmospheric, 298
center of, 299
f1uid,297
gage, 298
hydrostatic, 298, 300, 301
on submerged surfaces, 298, 300, 301

Principal axes of inertia, 451
Principia, 8
Principle, of action and reaction, 8, 25, 105, 165, 19l, 216,

271
of buoyancy, 302
of concurrency of forces, 116
of minimum energy. 409
of moments, 57, 85, 227, 233, 316
of transmissibility, 5, 24, 56
of virtual work, 389, 391, 408

Products of inertia, 449
about inclined axes, 450

Products of vectors, 38, 65, 74, 386, 469

Radius of gyration, 429
Reactive forces, 24, 390
Rectangular components, 6, 27, 28, 64
Rectangular moments of inertia, 428
Redundancy, external and internal, 170, 188
Redundant supports, 119, 142

Index 493

Repose, angle of, 334
Resolution, force, 26, 27, 64

force and couple, 49, 56, 76
Resultant, of concurrent forces, 25, 57, 86

of coplanar forces, 28, 56
couple, 56, 85, 86
of fluid pressure, 298, 300
force,56,85,86, 227,316
of forces on beam cross section, 271
of general force system, 85
of parallel forces, 26, 57, 86

Right-hand rule, 37, 65, 73, 469
Rigid bodies, interconnected, 195, 390
Rigid body, 4

equilibrium of, 389
Rolling resistance, coefficient of, 369

Scalar, 5
Scalar components, 27
Scalar or dot product, 65, 386, 469
Screw, friction in, 349
Second moment of area, 230, 427
Sections, method of, 179, 189, 215
Series, selected expansions, 471
Shear force, 271, 297
Shear-force diagram, 272
Shear-moment relation for beams, 272, 273, 274
Shear stress, 428
Singularity functions, 274
SI units, 9
Sliding vector, 5, 24, 37, 75
Slug, 10
Space, 4
Space trusses, 188, 215
Specific weight, 226
Spring, linear and nonlinear, 107

potential energy of, 405
stiffness of, 405

Stability, of equilibrium, 119, 409
of floating bodies, 303
for single degree-of-freedom system, 409
of trusses, 170, 188

Statically determinate structures, 119, 142, 165, 170
Statically indeterminate structures, 119, 142, 170,

189, 195
Static friction, 330

coefficient of, 330, 481
Statics, 4
Stevinus,3
Stiffness of spring, 405
Stress, 226

shear,428
Structures, statical determinacy of, 119, 142, 165, 170,

189, 195
types of, 165

Submerged surfaces, pressure on, 298, 300, 301
Subtraction of vectors, 6, 468
Symmetry, considerations of, 229, 449
System, with elastic members, 405

force-couple, 49, 56, 76



494 Index

System (Continued)
of forces, concurrent, 25, 57, 74, 86, 115, 139

coplanar, 56
general, 23, 85
parallel, 57, 86, 115, 141

ideal,390
of interconnected bodies, 195, 390
mechanical, 104
real,392
of units, 9

Table, of area moments of inertia, 483
of centroids, 483
of coefficients of friction, 481
of densities, 481
of derivatives, 471
of mathematical relations. 465
of solar system constants, 482

Tension in truss members, 167, 168
Theorem, of Pappus, 256

ofVarignon, 38, 57, 74
Three-force member, 116
Thrust bearing, friction in, 360
Time, 4,11
Ton, 10
Torque, see Moment, of force
Torsional moment, 271, 428
Transfer of axes, for moments of inertia, 430

for products of inertia, 449
Transmissibility, principle of, 5, 24, 56
Triangle law, 6, 26
Triple scalar product, 74, 470
Triple vector product, 470
Trusses, definition, 167

plane, 167
simple, 167, 188
space, 188, 215
stability of, 170, 188
statical determinacy of, 170, 188, 215
types of, 166

Two-force members, 116, 167

u.s. customary units, 9
Units, 9, 37, 388
Unit vectors, 7, 27, 64, 66, 74
Unstable equilibrium, 409

Varignon,4
Varignon's theorem, 38, 57, 74
Vector equation, 8
Vectors, 5, 23

addition of, 6, 25, 28, 468
components of, 6, 26, 27, 64
couple, 48, 75
cross or vector product of, 38, 73, 469
derivative of, 470
dot or scalar product of, 65, 386, 469
fixed, 5, 24
free, 5, 6, 48, 75
moment, 38, 73
nctation for, 5
resolution of, 26, 27, 64, 65
sliding, 5, 24, 37, 75
subtraction of, 6, 468
unit, 7, 27, 64, 66, 74

Vector sum, of couples, 76, 85
of forces, 25, 28, 56, 85

Virtual displacement, 388
Virt1ial work, 385, 388

for elastic systems, 408
for ideal systems, 390, 391
for a particle, 389
for a rigid body, 389

Viscosity, 328

Wear in bearings, 360
Wedges, friction in, 348
Weight, 13,25, 107, 226
Work, of a couple, 387

of a force, 386
units of, 388
virtual, 385, 388

Wrench,86



To convert from

(Acceleration)
foot/seoond' (llisec')
inch/second2 (in./sec2)

(Area)
[oot2 (ft2)

inch2 Un.2 )

Conversion Factors
u.s. Customary Units to SI Units

To

meter/second2 (mls2)

meter/second2 (mls2 )

meter2 (m2)

meter2 (m2)

Multiply by

3.048 X lO- b

2.54 X 10-2•

9.2903 X 10-2

6.4516 X
10-4•

(Density)
pound masslinch3 Obmfm.3)

pound rnasslfoot3 Obmlft3)

(Force)
kip (1000 Ib)
pound force (Ib1

(Length)
foot (ft)
inch (in.)
mile (mO, m.s. statute)
mile (mD, (international nautical)

(Mass)
pound mass Ohm)
slug (lb·sec'/ft)
ton (2000 Ibm)

(MOlMnt of force)
pound-foot Ob-ft)
pound-inch (Ib-in.)

(Moment of inertia, area)
inch4

(Moment of inertia, area)
pound.[oot'BeCond2 Ob-ft-sec2)

(Momentum, linear)
pound-second (lb-sec)

<Momentum. angular)
pound-foot-second Ob-ft-sec)

(Power)
foot-pound/minute (ft·lblmin)
horsepower (550 f't-lblsec)

(Pressure, stress)
atmosphere (std)(l4.71b1in.2)

poundlfoot' (Iblft')
poundlinch2 (lb/in.2 or psi)

(Spring constant)
pound/inch Ob/in.)

(Velocity)
foot/second ({lJsec)
knot (nautical miJhr)
mileJhour (mi/hr)

milelhour (mi/hr)

(Volume)
foot3 (fts)
inch3 (in.3)

(Work, Energy)
British thermal unit (BTU)
foot-pound force (flAb)
kilowatt-hour (kw-h)

·Exact value

kilogram/mete"> (kg!m')
kilogramlmeter3 (kg/m3)

newton (N)
newton (N)

meter (m)
meter (m)
meter (m)
meter (m)

kilogram (kg)
kilogram (kg)
kilogram (kg)

newton-meter (N - m)
newton-meter (N. m)

kilogram.meter2 (kg -m2)

kilogram-meter/second (kg' mls)

newton-meter.second (kg' m2/a)

watt (W)
watt (W)

newton/meter2 (N/m2 or Pal
newton/meter2 (N/m2 or Pal
newtonlmeter2 (N/m2 or Pal

newton/meter (N/m)

meter/second (m/a)
meter/second (mla)
meter/second (mla)

kilometer/hour (kmIh)

meterS (m3 )

meterS (m3)

joule (J)
joule (J)
joule (J)

2.7680 X 104

1.6018 x 10

4.4482 x 10'
4.4482

3.048 X lO- h

2.54 X 10-2•

1.6093 X 103

1.852 X 103•

4.5359 X 10- 1

1.4594 x 10
9.0718 X 102

1.3558
0.11298

41.623 X 10-8

1.3558

4.4482

1.3558

2.2597 X 10-2

7.4570 x 10'

1.0133 X 105

4.7880 x 10
6.8948 X 103

1.7513 X 102

3.048 X 10- 1•

5.1444 X lO-1

4.4704 X
10-1.

1.6093

2.8317 X 10-2

1.6387 X 10-5

1.0551 x 10'
1.3558
3.60 x 106•



Quantity

(Base UnitV
Length
Mass
Time

51 Units Used in Mechanics
Unit

meter·
kilogram
second

SI Symbol

m
kg
8

<Derived Units>
Acceleration, linear meter/second2

Acceleration, angular radian/second2

Area meter
Density kilogram/mete~
Force newton
Frequency hertz
Impulse, linear newton-second
Impulse, angular newton-Meter-second
Moment of force newton-meter
Moment of inertia, area meter"
Moment of inertia, mass kilogram-meter
Momentum, linear kilogram-meter/second
Momentum, angular kilogram-meter/second
Power watt
Pressure, stress pascal
Product of inertia, area meter"
Product of inertia, mas.s kilogram.meter
Spring constant newton/meter
Velocity, linear meter/second
Velocity, angular radian/second
Volume meter
Work, energy joule

(Supplementary and Other Acceptable Units)
Distance (navigation) nautical mile
Mass ton (metric)
Plane angle degrees (decimal)
Plane angle radian
Speed knot
T~e ~y

Time hour
Time minute

•Also spelled metre_

rn/s2

rad/52

m'
kg/m3

N (~ kg- m/s')
H, (= I/s)
N-s
N·m·s
N-m
m'
kg'm2

kg-m/s (~N-s)

kg·m2/s (== N'm'S)
W (= J/, = N-m/s)
Pa (= N'mlm2)
m'
kg·m2

N/m-
m/s
radls
m'
J(=N-m)

(= 1.852 km)
t (~ 1000 kg)

(1.852 km/h)
d
h
min

51 Unit Prefixes
Multiplication Factor
1000 000 000 000 = 1012

1000000 000 = 109

1 000 000 = 106

1000 = 10'
100 = 10'

10 = 10
0.1 == 10-1

0.01 = 10-2

0.001 "" 10-3

0.000 DOl = 10-'
0.000000001 = 10-9

0.000 000 000 001 = 10- 12

Prefix
to"
giga
mega
kilo
hecto
deks
deci
centi
milli
micro
nsoo
pico

Symbol
T
G
M
k
h
ds
d
c
m

"n
p

Selected Rules for Writing Metric Quantities
1. (a) Use prefixes to keep numerical values generally between 0.1 and 1000.

(b) Use of the prefixes hecto, deka, deci, and centi should generally be avoided

except for certain areas or volumes where the numbers would be awkward

otherwise.

(c) Use prefixes only in the numerator of unit combinations. The one exception

is the base unit kilogram. <Ezample: write kN/m not N/mm; J/kg not mJ/g)

(d) Avoid double prefixes. (Example: write GN not kMN)
2. Unit designations

(a) Use a dot for multiplication of units. <Example: write N . m not Nm)

(b) Avoid ambiguous double solidus. (Example: write N/m 2 not Nlmlm)

(c) Exponents refer to entire unit. (Example: mm2 means (mm)2)

3. Number grouping

Use a space rather than a comma to separate numbers in groups of three,

counting from the decimal point in both directions. (Example: -4 607321.04872)

Space may be omitted for numbers of four digits. (Example: 4296 or 0.0476)



Conversion Charts Between 51 and U.S. CU5toma Units
mm in.
SOO_--{=--20

4OO-=t:=-
-+--15

300--'-

--=1--10

2OO-::::I::::=-

:::j---,5

100----+-

0-----''--0

Length

m It
3O__~-100

90

80

70
20---=_

eo

---'=1=--50

40

30

20

0--=>=----0

Length

km
200

--=1--120

--:}--1l0

--4--100

-+--90

-11--80

~--70

l00-~__eo

--{--50

+--40

----:::1--30

--4--20

--:}--IO

0--'-----0
Length

kg Ibm
100-=..--220

N

1000---+-

Ib kPa Ib/in. 2

lOOO-3~ 140

=;E-50

lOO--==!~10

400--=::::g~eo

-E'-11O

700---::::1:=--100

::::::f=--80

BOO-=~~I20

3OO~E_4O

2OO--==F=--30

--1=--20

SOO--::=E~70

900-=£=--130

2OO-==t=~:50

400-----:::::1--
=1--100

700--=f==-150

l00----i=_

SOO--l=_

3OO--l=-

roo----=:::/_

800-----:-+-

9OO--::=F=---200

===1---120

=:Jf--14O

=l---IOO
4O--==t:=--

-+--:80

2O~~=4O

50--+--

so-:§==l80

9O,~=:::j---200

o 0
Mass

o 0
Force

o 0
Pressure or Stress



Conversion Charts Between 51 and u.s. Customa
N·m Ib·k Mg/m3 Ibm/ft3 kW bp
1000 10 200

700 600 260

900 9 180 240

600 500
220

800 8 100

200
700

500
7 140

180
400

600 6 120 100

400
140

500 5
300

100

120
400 300 4 80

100

200
300 3 60 60

200

00
200 2 40

100 40100
100 20

20

0 0 0 0 0 0
Moment or Torque Density Power

m/s ft/sec km/b mi!hr rn/s2 ft/sec2

100 500 50
320 300 160

90 300

280 140

80 260 400 250 40

240 120
70

220
200

00 200 300 30 100

180

50 100 150 80

140
40 200 20

120 00
100

30 100

80 40
20 00 100 10

50
40 20

10
20

0 0 0 0 0 0
Velocity Velocity Acceleration
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