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Preface

Statics and dynamics form the foundation of many engineering disciplines and
are, therefore, essential to the training of an engineer. Mastery of these subjects
requires a clear understanding of the principles, and experience in applying
the principles to a wide range of situations. Because the applications require
reasoning rather than memorization, statics and dynamics are perceived by
students as difficult courses, making their teaching particularly challenging.

This textbook on statics and its corapanion volume on dynamics were
developed over many years of teaching. The salient features of Statics are as
follows:

¢ The selection of homework problems strives for a balanced presentation.
It includes many “textbook” problems that illustrate the principles in a
straightforward manner. In addition, there are numerous problems of di-
rect engineering relevance, which are more interesting and challenging.

¢ The problems are evenly divided between SI and U.S. Customary units.

¢ The analysis of equilibrium is presented in three articles. The first teaches
how to draw a free-body diagram, and the second shows how to write the
equilibrium equations from a given free-body diagram. The third article
combines the methods just learned to arrive at a logical scheme for the
complete analysis of a problem.

* The Sample Problems separate the method of analysis from the math-
ematical details of the solution. This approach to equilibrium analysis
teaches the student to “think before calculating.”

* The text continually emphasizes the importance of comparing the num-
ber of independent equations with the number of unknowns.

The book contains several optional topics, which are marked by an as-
terisk (*). This material can be omitted without jeopardizing the presentation
of other parts of Statics. An asterisk is also used to mark problems that require
advanced reasoning, '

New to the Second Edition The considerable feedback we received from the
users of the first edition was very helpful in the preparation of the second edi-
tion. As the result of their comments and of suggestions made by the reviewers,
we made the following changes:

¢ The number of homework problems has been increased.

* Approximately one-third of the homework problems are new or have
changed numerical values.

* A new problem set involving units and dimensions has been added to the
first chapter.
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* Several chapter introductions have been rewritten to place the topics in
a better perspective.
¢ A number of improvements in notation have been made.

Andcillary  Study Guide to Accompany Pytel and Kiusalaas, Engineering Me-
chanics, Statics, Second Edition, J. L. Pytel, 1999. The goal of this study guide
is to help students master the problem-solving skills required in their study
of Statics. Students are prompted to interact with the material as they work
through “guided” problems. The study guide contains additional problems that
are accompanied by complete solutions.

Acknowledgments Statics and dynamics is a mature field of study that has
been built over many generations. Thus any new textbook pays tacit homage to
the books that preceded it and to their authors. We are also grateful to the fol-
lowing reviewers for their valuable suggestions: Duane Castaneda, University
of Alabama-Birmingham; Scott G. Danielson, North Dakota State Univer-
sity; Richard N. Downer, University of Vermont; Howard Epstein, University
of Connecticut; Ralph E. Flori, University of Missouri-Rolla; Li-Sheng Fu,
Ohio State University; Susan L. Gerth, Kansas State University; Edward
E. Hornsey, University of Missouri—Rolla; Cecil O. Huey, Clemson Univer-
sity; Thomas J. Kosic, Texas A&M University; Dahsin Liu, Michigan State
University; Mark Mear, University of Texas—Austin; Satish Nair, Univer-
sity of Missouri-Columbia; Hamid Nayeb-Hashemi, Northeastern University,
Boston; Robert Price, Louisiana Tech University; Robert Schmidt, Univer-
sity of Detroit-Mercy; Robert Seabloom, University of Washington-Seattle;
Kassim M. Tarhini, Valparaiso University; Dennis Vandenbrink, Western
Michigan University; Carl Vilmann, Michigan Tech University.

We especially recognize our indebtedness to Dr. Christine Masters, who
checked the solutions to the homework problems.

Andrew Pytel
Jaan Kiusalaas
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Introduction to Statics

1.1 Introduction

a. What is engineering mechanics?

Statics and dynamics are introductory engineering mechanics courses, and
they are among the first engineering courses encountered by most students.
Therefore, it is appropriate that we begin with a brief exposition on the mean-
ing of the term engineering mechanics and on the role that these courses play in
engineering education. Before defining enginecring mechanics, we must first
consider the similarities and differences between physics and engineering.

In general terms, physics is the science that relates the properties of mat-
ter and energy, excluding biological and chemical effects. Physics includes the
study of mechanics,* thermodynamics, electricity and magnetism, and nuclear
physics. On the other hand, engineering is the application of the mathemati-
cal and physical sciences (physics, chemistry, and biology) to the design and
manufacture of items that benefit humanity. Design is the key concept that
distinguishes engineers from scientists. According to the Accreditation Board
for Engineering and Technology (ABET), engineering design is the process of
devising a system, component, or process to meet desired needs.

Mechanics is the branch of physics that considers the action of forces
on bodies or fluids that are at rest or in motion. Correspondingly, the primary
topics of mechanics are statics and dynamics. The first topic that you studied
in your initial physics course, in either high school or college, was undoubt-
edly mechanics. Thus, engineering mechanics is the branch of engineering
that applies the principles of mechanics to mechanical design (i.e., any design
that must take into account the effect of forces). The primary goal of engi-
neering mechanics courses is to introduce the student to the engineering appli-
cations of mechanics. Statics and Dynamics are generally followed by one or
more courses that introduce material properties and deformation, usually called
Strength of Materials or Mechanics of Materials. This sequence of courses is
then followed by formal training in mechanical design.

Of course, engineering mechanics is an integral component of the edu-
cation of engineers whose disciplines are related to the mechanical sciences,

*When discussing the topics included in physics, the term mechanics is used without a modifier.
Quite naturally, this often leads to confusion between “mechanics” and “engineering mechanics.”
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such as aerospace engineering, architectural engineering, civil engineering,
and mechanical engineering. However, a knowledge of engineering mechan-
ics is also useful in most other engineering disciplines, because there, too, the
mechanical behavior of a body or fluid must often be considered. Because me-
chanics was the first physical science to be applied to everyday life, it follows
that engineering mechanics is the oldest branch of engineering. Given the in-
terdisciplinary character of many engineering applications (e.g., robotics and
manufacturing), a sound training in engineering mechanics continues fo be one
of the most important aspects of engineering education.

b. Problem formulation and the accuracy of solutions

As you will soon discover, your mastery of the principles of engineering me-
chanics will be reflected in your ability to formulate and solve problems. Unfor-
tunately, there is no simple method for teaching problem-solving skills. Nearly
all individuals require a considerable amount of practice in solving problems
before they begin to develop the analytical skills that are so necessary for
success in engineering. For this reason, a relatively large number of sample
problems and homework problems are placed at strategic points throughout
the text.

To help you develop an “engineering approach” to problem analysis, we
think that you will find it instructive to divide your solution for each homework
problem into the following parts:

1. GIVEN: After carefully reading the problem statement, list all the data
provided. If a figure is required, sketch it neatly and approximately to
scale.

2. FIND: State precisely the information that is to be determined.

3. SOLUTION: Solve the problem, showing all the steps that you used in
the analysis. Work neatly so that your work can be easily followed by
others.

4. VALIDATE: Many times, an invalid solution can be uncovered by sim-
ply asking yourself, “Does the answer make sense?”

When reporting your answers, use only as many digits as the least ac-
curate value in the given data. For example, suppose that we are required to
convert 12 500 ft (assumed to be accurate to three significant digits) to miles.
Using a calculator, we would divide 12 500 ft by 5280 ft/mi and report the an-
swer as 2.37 mi (three significant digits), although the quotient displayed on
the calculator would be 2.367 424 2. Reporting the answer as 2.367424 2 im-
plies that all eight digits are significant, which is, of course, untrue. It is your
responsibility to round off the answer to the correct number of digits. In this
text, you should assume that given data are accurate to three significant digits
unless stated otherwise. For example, a length that is given as 3 ft should be
interpreted as 3.00 ft.

When performing intermediate calculations, a good rule of thumb is to
carry one more digit than will be reported in the final answer; for example, use
four-digit intermediate values if the answer is to be significant to three digits.
Furthermore, it is common practice to report an additional digit if the first digit
in an answer is 1; for example, use 1.392 rather than 1.39.



1.2 Newtonian Mechanics

a. Scope of Newtonian mechanics

In 1687 Sir Isaac Newton (1642-1727) published his celebrated laws of mo-
tion in Principia (Mathematical Principles of Natural Philosophy). Without a
doubt, this work ranks among the most influential scientific books ever pub-
lished. We should not think, however, that its publication immediately estab-
lished classical mechanics. Newton’s work on mechanics dealt primarily with
celestial mechanics and was thus limited to particle motion. Another two hun-
dred or so years elapsed before rigid-body dynamics, fluid mechanics, and the
mechanics of deformable bodies were developed. Each of these areas required
new axioms before it could assume a usablc form.

Nevertheless, Newton’s work is the foundation of classical, or New-
tonian, mechanics. His efforts have even influenced two other branches of
mechanics, born at the beginning of the twentieth century: relativistic and
quantum mechanics. Relativistic mechanics addresses phenomena that occur
on a cosmic scale (velocities approaching the speed of light, strong gravi-
tational fields, etc.). It removes two of the most objectionable postulates of
Newtonian mechanics: the existence of a fixed or inertial reference frame and
the assumption that time is an absolute variable, “running” at the same rate
in all parts of the universe. (There is evidence that Newton himself was both-
ered by these two postulates.) Quantum mechanics is concerned with particles
on the atomic or subatomic scale. It also removes two cherished concepts of
classical mechanics: determinism and continuity. Quantum mechanics is es-
sentially a probabilistic theory; instead of predicting an event, it determines
the likelihood that an event will occur. Moreover, according to this theory,
the events occur in discrete steps (called quanta) rather than in a continuous
manner.

Relativistic and quantum mechanics, however, have by no means inval-
idated the principles of Newtonian mechanics. In the analysis of the motion of
bodies encountered in our everyday experience, both theories converge on the
equations of Newtonian mechanics. Thus the more esoteric theories actually
reinforce the validity of Newton’s laws of motion.

b. Newton’s laws for particle motion

Using modern terminology, Newton’s laws of particle motion may be stated as
follows:

1. If a particle is at rest (or moving with constant velocity in a straight line),
it will remain at rest (or continue to move with constant velocity in a
straight line) unless acted on by a force.

2. A particle acted on by a force will accelerate in the direction of the force.
The magnitude of the acceleration is proportional to the magnitude of the
force and inversely proportional to the mass of the particle.

3. Forevery action, there is an equal and opposite reaction; that is, the forces
of interaction between two particles are equal in magnitude and opposite
in direction.

1.2 Newtonian Mechanics
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Although the first law is simply a special case of the second law, it is custom-
ary to state the first law separately because of its importance to the subject of
statics.

c. Inertial reference frames

When applying Newton’s second law, attention must be paid to the coordinate
system in which the accelerations are measured. An inertial reference frame
(also known as a Newtonian or Galilean reference frame) is defined to be any
rigid coordinate system in which Newton’s laws of particle motion relative to
that frame are valid with an acceptable degree of accuracy. In most design
applications used on the surface of the earth, an inertial frame can be approxi-
mated with sufficient accuracy by attaching the coordinate system to the earth.
In the study of earth satellites, a coordinate system attached to the sun usually
suffices. For interplanetary travel, it is necessary to use coordinate systems
attached to the so-called fixed stars.

It can be shown that any frame that is translating with constant velocity
relative to an inertial frame is itself an inertial frame. It is a common practice
to omit the word inertial when referring to frames for which Newton’s laws
obviously apply.

d. Units and dimensions

The standards of measurement are called units. The term dimension refers
to the type of measurement, regardless of the units used. For example, kilo-
gram and foot/second are units, whereas mass and length/time are dimensions.
Throughout this text we use two standards of measurement: U.S. Customary
system and SI system (from Systéme internationale d’unités). In the U.S. Cus-
tomary system the base (fundamental) dimensions are force [F], length [L],
and time [T]). The corresponding base units are pound (Ib), foot (ft), and sec-
ond (s). The base dimensions in the S/ system are mass [M], length [L}, and
time [7], and the base units are kilogram (kg), meter (m), and second (s).
All other dimensions or units are combinations of the base quantities. For
example, the dimension of velocity is [L/T], the units being ft/s, m/s, and
S0 of.

A system with the base dimensions [FLT] (such as the U.S. Customary
system) is called a gravitational system. If the base dimensions are [MLT]
(as in the SI system), the system is known as an absolute system. In each sys-
tem of measurement, the base units are defined by physically reproducible
phenomena or physical objects. For example, the second is defined by the du-
ration of a specified number of radiation cycles in a certain isotope, the kilo-
gram is defined as the mass of a certain block of metal kept near Paris, France,
and so on.

All equations representing physical phenomena must be dimensionally
homogeneous; that is, each term of an equation must have the same dimension.
Otherwise, the equation will not make physical sense (it would be meaningless,
for example, to add a force to a length). Checking equations for dimensional
homogeneity is a good habit to learn, as it can reveal mistakes made during
algebraic manipulations.



e. Mass, force, and weight
If a force F acts on a particle of mass m, Newton’s second law states that
| F=ma | (1.1)
where a is the acceleration vector of the particle. For a gravitational [FLT]

system, dimensional homogeneity of Eq. (1.1) requires the dimension of mass
to be

(M] =

2
F%-] (1.2a)

In the U.S. Customary system, the derived unit of mass is called a slug. A slug
is defined as the mass that is accelerated at the rate of 1.0 ft/s? by a force of
1.0 1b. Substituting units for dimensions in Eq. (1.2a), we get for the unit of a
slug

1.0slug = 1.0Ib - s¥/ft

For an absolute {MLT] system of units, dimensional homogeneity of Eq.
(1.1) yields for the dimension of force
ML
n-[%
The derived unit of force in the ST system is a newron (N), defined as the force
that accelerates a 1.0-kg mass at the rate of 1.0 m/s?2. From Eq. (1.2b), we
obtain

(1.2b)

1.ON = 1.0kg - m/s?

Weight is the force of gravitation acting on a body. Denoting gravitational
acceleration (free-fall acceleration of the body) by g, the weight W of a body
of mass m is given by Newton’s second law as

W =:)E (1.3)

Note that mass is a constant property of a body, whereas weight is a variable
that depends on the local value of g. The gravitational acceleration on the sur-
face of the earth is approximately 32.2 ft/s?, or 9.81 m/s%. Thus the mass of a
body that weighs 1.0 Ib on earth is (1.0 1b)/(32.2 ft/s?) = 1/32.2 slug. Simi-
larly, if the mass of a body is 1.0 kg, its weight on earth is (9.81 m/s?)(1.0kg) =
9.81 N.

At one time, the pound was also used as a unit of mass. The pound mass
(Ibm) was defined as the mass of a body that weighs 1.0 1b on the surface of
the earth. Although pound mass is an obsolete unit, it is still used occasionally,
giving rise to confusion between mass and weight. In this text, we use the
pound exclusively as a unit of force.

f. Conversion of units

A convenient method for converting a measurement from one set of units to
another is to multiply the measurement by appropriate conversion factors. For
example, to convert 240 mi/h into ft/s, we proceed as follows:

1.2 Newtonian Mechanics

5
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. pd 1.0X _ 5280ft
240 mi/h = 240 W X 36005 X 0
where the multipliers 1.0 h/3600 s and 5280 ft/1.0 mi are conversion factors.
Because 1.0 h=3600 s and 5280 ft = 1.0 mi, we see that each conversion factor
is dimensionless and of magnitude 1. Therefore, a measurement is unchanged
when itis multiplied by conversion factors—only its units are altered. Note that
it is permissible to cancel units during the conversion as if they were algebraic
quantities.
Conversion factors applicable to mechanics are listed inside the front
cover of the book.

= 352 fu/s

g- Law of gravitation

In addition to his many other accomplishments, Newton also proposed the law
of universal gravitation. Consider two particles of mass m4 and mp that are
separated by a distance R, as shown in Fig. 1.1. The law of gravitation states
that the two particles are attracted to each other by forces of magnitude F that
act along the line connecting the particles, where

mamp
R?

F=G (1.4)

The universal gravitational constant G is equal to 3.44 X 1078 ft*/(1b - s%), or
6.67 x 10711 m3/(kg - s?). Although this law is valid for particles, Newton
showed that it is also applicable to spherical bodies, provided that their masses
are distributed uniformly. (When attempting to derive this result, Newton was
forced to develop calculus.)

If we let my = M, (the mass of the earth), mg = m (the mass of a body),
and R = R, (the mean radius of the earth), then F in Eq. (1.4) will be the
weight W of the body. Comparing W = GM,m/R? with W = mg, we find
that g = GM,/R2. Of course, adjustments may be necessary in the value of g
for some applications in order to account for local variation of the gravitational
attraction.



Sample Problem 1.1
Convert 5000 1b/in.2 to Pa (1 Pa= 1 N/m?).

Solution

Using the conversinn factors listed inside the front cover, we obtain

in? = 500005 x 4HBN (39373t ¥
5000 Ib/in. —SOOOMX 1018 X Tom

= 34.5 x 10° N/m*> = 34.5MPa Answer

Sample Problem 1.2

The acceleration a of a particle is related to its velocity v, its position coordinate x, and
time ¢ by the equation

a = Ax’t + Bvi® (a)

where A and B are constants. The dimension of the acceleration is length per unit time
squared; that is, [a} = [L/T?]. The dimensions of the other variables are [v] = [L/T],
[x] = [L], and [¢t] = [T']. Derive the dimensions of A and B if Eq. (a) is to be dimen-
sionally homogeneous.

Solution

For Eq. (a) to be dimensionally homogeneous, the dimension of each term on the right-
hand side of the equation must be [L/T?], the same as the dimension for a. Therefore,
the dimension of the first term on the right-hand side of Eq. (a) becomes

L
[4x'1) = (ANl = [AJLLPNT) = [ﬁ] (b)
Solving Eq.(b) for the dimension of A, we find
] L 1
1= g 72| = e Anemer

Performing a similar dimensional analysis on the second term on the right-hand
side of Eq. (a) gives

{Bv?] = [BIVIIF*] = (BT{L;}(TZI = [%] (c)

Solving Eq. (c) for the dimension of B, we find

=52 - [ prover



