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General Equilibrium Conditions of a System

Basic Concepts in Mechanics

That branch of scientific analysis which deals with motions, time, and forces is called me-
chanics and is made up of two parts,statics and dynamics. © Statics deals with the analysis of
stationary systems,i. e. ,those in which time is not a factor,and dynamics deals with systems
which change with time.

Forces are transmitted into machine members through mating surfaces,e. g. .from a gear
to a shaft or from one gear through meshing teeth to another gear, from a connecting rod
through a bearing to a lever, from a V belt to a pulley,or from a cam to a follower. It is nec-
essary to know the magnitudes of these forces for a variety of reasons. The distribution of the
forces at the boundaries or mating surfaces must be reasonable,and their intensities must be
within the working limits of the materials composing the surfaces. ® For example, if the force
operating on a sleeve bearing becomes too high, it will squeeze out the oil film and cause met-
al-to-metal contact,overheating, and rapid failure of the bearing. If the forces between gear
teeth are too large, the oil film may be squeezed out from between them. This could result in
flaking and spalling of the metal, noise, rough motion, and eventual failure. ® In the study of
dynamics we are principally interested in determining the magnitude, direction, and location
of the forces.

Some of the terms used in this phase of our studies are defined below.

1. Force Our earliest ideas concerning forces arose because of our desire to push,lift,or
pull various objects. So force is the action of one body acting on another. Our intuitive con-
cept of force includes such ideas as pla(;e of application, direction, and magnitude, and these
are called the characteristics of a force.

2. Matter Matter is any material or substance: if it is completely enclosed, it is called a body.

3.Mass Newton defined mass as the quantity of matter of a body as measured by its
volume and density. This is not a very satisfactory definition because density is the mass of a
unit volume. We can excuse Newton by surmising that he perhaps did not mean it to be a def-
inition. Nevertheless, he recognized the fact that all bodies possess some inherent property
that is different from weight. Thus,a moon rock has a certain constant amount of substance.
even though its moon weight is different from its earth weight. This constant amount of sub-
stance,or quantity of matter,is called the mass of the rock.

4. Inertia Inertia is the property of mass that causes it to resist any effort to change its

motion. €



5. Weight Weight is the force of gravity acting upon a mass. The following quotation is
pertinent

The great advantage of SI units is that there is one,and only one unit for each physical
quantity-the metre for length, the kilogram for mass, theNewton for force, the second for
time, etc. To be consistent with this unique feature it follows that a given unit or word should
not be used as an accepted technical name for two physical quantities. However, for genera-
tions the term“weight”has been used in both technical and nontechnical fields to mean either
the force of gravity acting on a body or the mass of a body itself. ®

6. Particle A particle is a body whose dimensions are so small that they may be neglec-
ted.

7.Rigid Body All bodies are either elastic or plastic and will be deformed if acted upon
by forces. When the deformation of such bodies is small, they are frequently assumed to be
rigid,i. e. ,incapable of deformation,in order to simplify the analysis.

8. Deformable Body The rigid-body assumption cannot be used when internal stresses
and strains due to the applied forces are to be analyzed. Thus we consider the body to be ca-
pable of deforming. Such analysis is frequently called elastic-body analysis, using the addi-
tional assumption that the body remains elastic within the range of the applied forces. ©

9. Newton’s Laws Newton’s three laws are:

Law 1 If all the forces acting on a particle are balanced, the particle will either remain
at rest or will continue to move in a straight line at a uniform velocity.

Law 2 If the forces acting on a particle are not balanced, the particle will experience an
acceleration proportional to the resultant force and in the direction of the resultant force.

Law 3 When two particles react,a pair of interacting forces come into existence: these
forces have the same magnitudes and opposite senses, and they act along the straight line
common to the two particles.

Forces and Moments

When a number of bodies are connected together to form a group or system, the forces of
action and reaction between any two of the connecting bodies are called constraint forces. €
These forces constrain the bodies to behave in a speéific manner. Forces external to this sys-
tem of bodies are called applied forces.

Electric, magnetic, and gravitational forces are examples of forces that may be applied
without actual physical contact. ® A great many,if not most,of the forces with which we shall
be concerned occur through direct physical or mechanical contact.

Force F is a vector. The characteristics of a force are its magnitude,its direction,and its
point of application. The direction of a force includes the concept of a line,along which the
force is directed,and a sense. Thus,a force is directed positively or negatively along a line of
action.

Two equal and opposite forces acting along two noncoincident parallel straight lines in a
body cannot be combined to obtain a single resultant force. Any two such forces acting on a
body constitute a couple. The arm of the couple is the perpendicular distance between their

2



lines of action,and the plane of the couple is the plane containing the two lines of action.

The moment of a couple is another vector M directed normal to the plane of the couple;
the sense of M is in accordance with the right-hand rule for rotation. The magnitude of the
moment is the product of the arm of the couple and the magnitude of one of the forces.

A rigid body is in static equilibrium if.

(1) The vector sum of all forces acting upon it is zero.

(2) The sum of the moments of all the forces acting about any single axis is zero.

Mathematically these two Statements are expressed as:

2F=0>M=0

The term“rigid body”as used here may be an entire machine, several connected parts of a.machine,
a single part,or a portion of a part. A free-body diagram is a sketch or drawing of the body, isolated
from the machine,on which the forces and moments are shown in action. ® It is usually desirable to in-
clude on the diagram the known magnitudes and directions as well as other pertinent information.

The diagram so obtained is called“free”because the part or portion of the body has been
freed from the remaining machine elements and their effects have been replaced by forces and
moments. If the free-body diagram is of an entire machine part, the forces shown on it are the
external forces(applied forces)and moments exerted by adjoining or connected parts. If the
diagram is a portion of a part, the forces and moments acting on the cut portion are the inter-
nal forces and moments exerted by the part that has been cut away.

The construction and presentation of clear and neatly drawn free-body diagrams repre-
sent the heart of engineering communication. This is true because they represent a part of the
thinking process, whether they are actually placed on paper or not,and because the construc-
tion of these diagrams is the only way the results of thinking can be communicated to others.
You should acquire the habit of drawing free-body diagrams no matter how simple the prob-
lem may appear to be. Construction of the diagrams speeds up the problem-solving process
and greatly decreases the chances of making mistakes. ®

The advantages of using free-body diagrams can be summarized as follows:

(1) They make it easy for one to translate words and thoughts and ideas into physical
models.

(2) They assist in seeing and understanding all facets of a problem.

(3) They help in planning the attack on the problem.

(4) They make mathematical relations easier to see or find.

(5) Their use makes it easy to keep track of one’s progress and helps in making simpli-
fying assumptions.

(6) The methods used in the solution may be stored for future reference.

(7) They assist your memory and make it easier to explain and present your work to
others.

In analyzing the forces in machines we shall almost always need to separate the machine
into its individual components construct free-body diagrams showing the forces that act upon

each component. Many of these parts will be connected to each other by kinematic pairs.
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- That branch of scientific analysis which deals with motions, time,and forces is called me-

chanics and is made up of two parts,statics and dynamics.
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- The distribution of the forces at the boundaries or mating surfaces must be reasonable,and

their intensities must be within the working limits of the materials composing the surfaces.
XENENRSEREGRANIHLAEE, ENOAXILFERNBRRSEZEOM BT
YERBR LY.

. This could result in flaking and spalling of the metal, noise, rough motion,and eventual

failure.

XEEMEROFRMME  RERK . ZHREH . EERE. result in FBLEM.

. Inertia is the property of mass that causes it to resist any effort to change its motion.
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5. However, for generations the term“weight”has been used in both technical and nontechni-
cal fields to mean either the force of gravity acting on a body or the mass of a body itself.
ﬂ%ﬁ%@ﬂ*f@%ﬁﬁﬁ&ﬁ*ﬁﬁﬂ#ﬁ*ﬁﬁ*ﬂﬁm%%%iﬁmﬁ—¢%
K EmE S TNRARYEA G FEE, either-- or --- R M 553 0mm "

6. Such analysis is frequently called elastic-body analysis, using the additional assumption
that the body remains elastic within the range of the applied forces.
ﬁ#%ﬁﬁﬁﬁﬁﬁﬁﬁﬁ%ﬁﬁ%ﬁﬁﬁ%%ﬁﬁ%ﬂEﬁmﬁ%ﬁﬁﬁJ%W%ﬁﬁ
. elastic-body Mk,

7. When a number of bodies are connected together to form a group or system, the forces of
action and reaction between any two of the connecting bodies are called constraint forces.
%~§%%EE@—E%E—T%%§%§%%JHWWTHE%%%WZE%WHﬂﬂ
RAERI 1 8RR R 253 7,

8. Electric, magnetic,and gravitational forces are examples of forces that may be applied with-

out actual physical contact.

ft’.)‘]ﬁﬁj]fﬂij]%ﬂﬂ*%%ﬁﬁﬂ‘]ﬁ&ﬁﬂﬁﬁﬁﬁmB"Jﬁﬂ‘]iﬁlo
9. A free-body diagram is a sketch or drawing of the body, isolated from the machine, on

which the forces and moments are shown in action.

H B‘:i%ﬁi%i}@%~¢MM%§‘PE%&5§H‘J%W%§E§2%Ei‘t@*ﬁ:ﬂiﬁ)fﬁf’ﬁﬁﬁi{%
hEmhmnE,

10. Construction of the diagrams speeds up the problem-solving process and greatly decreases

the chances of making mistakes.

%ﬁﬁm%ﬁﬁﬂ@ﬂu%%ﬁ&ﬂﬁ%ﬁgﬂkkﬁ¢ﬁiﬁﬁ%mAu

Ne ‘I'Q[y Reag

Supple

Mechanics

Mechanics is that branch of physical science which deals with the state of rest or motion
of bodies under the action of forces. No one subject plays a greater role in engineering analy-
sis than does mechanics. The early history of this subject is synonymous with the very begin-
nings of engineering. Modern research and development in the fields of vibrations, stability
and strength of structures and machines, robotics, rocket and spacecraft machines and appara-
tus,and molecular,atomic,and subatomic behavior are highly dependent upon the basic prin-
ciples of mechanics. 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 earliest recorded writings in this
field are those of Archimedes(287B. C. ~212B. C.) which concern the principle of the lever
and the principle of buoyancy. Substantial progress awaited the formulation of the laws of
vector combination of forces by Stevinus(1548~1620) , who also formulated most of the prin-

5



ciples of statics. The first investigation of a dynamic problem is credited to Galileo (1564 —
1642) in connection with his experiments with falling stones. The accurate formulation of the
laws of motion,as well as the law of gravitation, was made by Newton(1642~1727), who al-
so conceived the idea of the infinitesimal in mathematical analysis. Substantial contributions
to the development of mechanics were also made by da Vinci, Varignon, Euler, D’ Alembert,
Lagrange,Laplace,and others.

The principles of mechanics as a science embody the rigor of mathematics upon which
they are highly dependent. Thus mathematics plays an important role in achieving the pur-
pose of engineering mechanics, which is the application of these principles to the solution of
practical problems. The basic principles of mechanics are relatively few in number, but they
have exceedingly wide application, and the methods employed in mechanics carry over into
many fields of engineering endeavor.

The subject of mechanics is logically divided into two parts: statics, which concerns the
equilibrium of bodies under the action of forces,and dynamics,which concerns the motion of
bodies. v

Certain concepts and definitions are basic to the study of mechanics,and they should be
understood at the outset.

Space is the geometric region occupied by bodies whose positions are described by linear and an-
gular measurements relative to a coordinate system. For three-dimensional problems our space will re-
quire three independent coordinates. For two-dimensional problems only two coordinates will be re-
quired.

Time is the measure of the succession of events and is a basic quantity in dynamics. Time
is not directly involved in the analysis of statics problems.

Mass is a measure of the inertia of a body, which is its resistance to a change of velocity.
Of more importance to us in statics, mass is also the property of everybody by which it expe-
riences mutual attraction to other bodies.

Force is the action of one body on another. A force tends to move a body in the direction
of its action. The action of a force is characterized by its magnitude, by the direction of its ac-
tion,and by its point of application. Force is a vector quantity.

Particle A body of negligible dimensions is called a particle. In the mathematical sense a
particle is a body whose dimensions approach zero so that it may be analyzed as a point mass.
Also,when the dimensions of a body are irrelevant to the description of its position or the ac-
tion of forces applied to it.the body may be treated as a particle.

Rigid Body A body is considered rigid when the relative movements between its parts are
negligible for the purpose at hand. For instance, the calculation of the tension in the cable
which supports the boom of a mobile crane under load is essentially unaffected by the small
internal strains(deformations)in the structural members of the boom. For the purpose, then,
of determining the external forces which act on the boom, we may treat it as a rigid body.
Statics deals primarily with the calculation of external forces which act on rigid bodies which

are in equilibrium. To determine the internal stresses and strains.the deformation character-
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istics of the boom material would have to be analyzed. This type of analysis belongs in the
study of the mechanics of deformable bodies, which comes after the study of statics.
Mechanics deals with two kinds of quantities—scalars and vectors. Scalsr quantities are those with
which a magnitude alone is associated. Examples of scalar quantities in mechanics are time, volume, den-
sity ,speed, energy,and mass. Vector quantities,on the other hand, possess direction as well as magni-

tude. Examples of vectors are displacement,velocity,acceleration,force,moment,and momentum.

Notes

Gl

1. No one subject plays a greater role in engineering analysis than does mechanics,
ELRAN T RAL NS ER R EEEEHNAET.

2. Modern research and development in the fields of vibrations, stability and strength of
structures énd machines, robotics, rocket and spacecraft machines and apparatus, and mo-
lecular,atomic,and subatomic behavior are highly dependent upon the basic principles of
mechanics.
’:Lié}\ﬁ?ﬁ:tal’%\%f@*ﬂmggﬂ‘]%%%*ﬂﬁfg‘%\mggk’%‘ﬂ(%ﬁ’%‘$'§!?—E§Gif\l"if‘ 8 3%
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6. For three-dimensional problems our space will require three independent coordinates.
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7. Mechanics deals with two kinds of quantities—scalars and vectors.
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Stress

Introduction

The main objective of the study of mechanics of
materials is to provide the engineer with the means of
analyzing and designing various machines and load-
bearing structures. ©
Consider the structure shown in Fig. 2. 1, consis-

ting of a boom AB and a rod BC. We propose to deter-

mine whether a 30kN load may safely be supported at

B by this structure.

From our knowledge of statics, we recognize that
AB and BC are two-force members acted upon at each Fig. 2.1
end by equal and opposite axial forces: Fag and F' a5 of
magnitude Fag,and Fpc and F'gc of magnitude Fgc (Fig. 2. 2). Drawing the free-body diagram

of pin B and the corresponding force triangle(Fig. 2. 3) , we write from similar triangles

and obtain

30kN

30kN

Fig. 2.2 Fig. 2.3

Passing a section through rod BC at some arbitrary point D, we obtain two portions BD

and CD. Since 50kN forces must be applied at D to both portions of rod to keep them in equi-

librium, we conclude that an internal force of 50kN is produced in rod BC when a 30kN load

is applied at B,and further note that rod BC is in tension. A similar reasoning shows that the
force in boom AB is 40kN and that the boom is in compression.

8



While the results obtained represent a first and
necessary step in the analysis of the structure, they do
not tell us whether the given load may be safely sup-
ported. ® Whether rod BC, for example, will break or ‘

not under this loading depends not only upon the val-

ue found for the internal force Fg,but also upon the

cross-sectional area of the rod and the material of

Fig. 2. 4

which the rod is made. Indeed, the internal force Fac
actually represents the resultant of elementary forces distributed over the entire area A of the
cross section(Fig. 2. 4)and the intensity of these distributed forces is equal to the force per u-
nit area, Fgc/ A,in the section. Whether or not the rod will break under the given loading
clearly depends upon the ability of the material to withstand the corresponding value Fg./ A
of the intensity of the distributed internal forces. It thus depends upon the force Fy., the
cross sectional area A,and the material of the rod.

The force per unit area, or intensity of the forces distributed over a given section, is
called the stress on that section and is denoted by the Greek letters (sigma). The stress in a
member of cross-sectional area A subjected to an axial load P is therefore obtained by divid-

ing the magnitude P of the load by the area A-
2. D

o =

>

A positive sign will be used to indicate a tensile stress(member in tension)and a negative
sign to indicate a com-pressive stress(member in compression).

Since SI metric units are used in this discussion,withP expressed in newtons(N)and A in
square meters(m?’) ,the stress ¢ will be expressed in N/nf. This unit is called a pascal(Pa).
However,one finds that the pascal is an exceedingly small quantity and that,in practice, mul-
tiples of this unit must be used,namely, the kilopascal(kPa),the megapascal (MPa) ,and the
gigapascal(GPa). We have

1 kPa =10° Pa = 10° N/m?
1 MPa =10° Pa = 10° N/m?
1 GPa =10° Pa = 10° N/m?’

Considering again rod BC,we shall assume that it is made of steel and has a diameter of

20mm. We have
P = Fp. = +50kN = 4+ 50 X 10° N

2
A=x?=nx (20'2“"‘) = x(10 X 10°m)? = 314 X 10°m?

_ P _ +50X10°N _ . o
° = A =3 axToc — T159X10°Pa = + 159MPa

To determine whether the rod BC may be used to support the given 30kN load, we must

compare the value obtained for 6 under this loading with the maximum value of the stress
9



