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UNIT 1

INTRODUCTION

.1. SCIENCE

In this modern age, the word ‘science’ has got different meanings for different people. An ordinary man takes it
as ‘something’ beyond his understanding, whereas others may take it as ‘mysteries of research’ which are understood
only by a few persons working amidst complicated apparatus in a laboratory. A non-scientist feels that it is a ‘subject’
whose endeavour is aimed to improve the man’s life on the earth. A business executive has the idea that it is
‘something’ which solves our day to day manufacturing and quality control problems, so that the nation’s economic
prosperity keeps on improving.
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this sense, the subject of science does not, necessarily, has to contribute something to the welfare
of the human life, although the man has received many benefits from the scientific investigations.

1.2. APPLIED SCIENCE

Strictly speaking, the world of science is so vast that the present day scientists and
technologists have to group the various spheres of scientific activities according to some common
characteristics to facilitate their training and research programmes. All these branches of science,
still have the common principle of employing observation and experimentation. The branch of
science, which co-ordinates the research work, for practical utility and services of the mankind, is
known as Applied Science.

1.3. ENGINEERING MECHANICS

The subject of Engineering Mechanics is that branch of Applied Science, which deals with
the laws and principles of Mechanics, alongwith their applications to engineering problems. As a
matter of fact, knowledge of Engineering Mechanics is very essential for an engineer in planning,
designing and construction of his various types of structures and machines. In order to take up his
job more skilfully, an engineer must persue the study of Engineering Mechanics in a most
systematic and scientific manner.

1.4. BEGINNING AND DEVELOPMENT OF ENGINEERING MECHANICS

It will be interesting to know, as to how the early man had been curious to know about the
different processes going on the earth. In fact, he used to content himself, by holding gods
responsible for all the processes. For a long time, the man had been trying to improve his ways of
working. The first step, in this direction, was the discovery of a circular wheel, which led to the
use of animal driven carts. The study of ancient civilization of Babylonians, Egyptians, Greeks and
Roman reveal the use of water wheels and wind mills even during the pre-historic days.

It is believed that the word ‘Mechanics’ was coined by a Greek philosopher Aristotle (384—

322 BC). He used this word for the Sir Issac Newton (1643-1727) problems  of
lever and the concept of centre of gravity. At that
time, it included a few ideas, which were odd,



unsystematic and based mostly on observations containing incomplete information. The first
mathematical concept of this subject was developed by Archimedes (287-212 BC). The story, for
the discovery of First Law of Hydrostatics, is very popular even today in the history of the
development of Engineering Mechanics. In the normal course, Hieron king of Syracuse got a
golden crown made for his use. He suspected that the crown has been made with an adultrated
gold. The king liked the design of the crown so much that he did not want it to be melted,in order
to check its purity. It

is said that the king announced a huge
reward for a person, who can check
the purity of the crown gold without
melting it. The legend goes that
Archimedes, a pure mathematician,
one day sitting in his bath room tub
realised that if a body is immersed in
water, its apparent weight is reduced.
He thought that the apparent loss of
weight of the immersed body is equal
to the weight of the liquid displaced. It
is believed that without further

thought, Archimedesjumeped out of the bath tub and ran naked down the street shouting ‘Eureka,
eureka !’ i.e. I have found it, I have found it !”

The subject did not receive any concrete contribution for nearly 1600 years. In 1325, Jean
Buridan of Paris University proposed an idea that a body in motion possessed a certain impetus i.e.
motion. In the period 1325-1350, a group of scientists led by the Thomas Bradwardene ofOxford
University did lot of work on plane motion of bodies. Leonarodo Da Vinci (1452—1519), a great
engineer and painter, gave many ideas in the study of mechanism, friction and motion of bodies on
inclined planes. Galileo (1564—1642) established the theory of projectiles and gave a rudimentary
idea of inertia. Huyghens (1629—-1695) developed the analysis of motion of a pendulum.

As a matter of fact, scientific history of Engineering Mechanics starts with Sir Issac
Newton (1643—1727). He introduced the concept of force and mass, and gave Laws of Motion in
1686. James Watt introduced the term horse power for comparing performance of his engines.
John Bernoulli (1667—1748) enunciated the priciple of virtual work. In eighteenth century, the
subject of Mechanics was termed as Newtonian Mechanics. A further development of the subject
led to a controversy between those scientists who felt that the proper measure of force should be
change in kinetic energy produced by it and those who preferred the change in momentum. In the
nineteenth century, many scientists worked tirelessly and gave a no. of priciples, which enriched
the scientific history of the subject.

In the early twentieth century, a new technique of research was pumped in all activities of
science. It was based on the fact that progress in one branch of science, enriched most of the
bordering branches of the same science or other sciences. Similarly with the passage of time, the
concept of Engineering Mechanics aided by Mathematics and other physical sciences, started
contributing and development of this subject gained new momentum in the second half of this
century. Today, knowledge of Engineering Mechanics, coupled with the knowledge of other
specialised subjects e.g. Calculus, Vector Algebra, Strength of Materials, Theory of Machines etc.
has touched its present height. The knowledge of this subject is very essential for an engineer to
enable him in designing his all types of structures and machines.

1.5. DIVISIONS OF ENGINEERING MECHANICS

The subject of Engineering Mechanics may be divided into the following two main groups:
1. Statics, and 2. Dynamics.

1.6. STATICS



It is that branch of Engineering Mechanics, which deals with the forces and their effects,
while acting upon the bodies at rest.

1.7. DYNAMICS

It is that branch of Engineering Mechanics, which deals with the forces and their effects,
while acting upon the bodies in motion. The subject of Dynamics may be further sub-divided into
the following two branches :

1. Kinetics, and 2. Kinematics.

1.8. KINETICS

It is the branch of Dynamics, which deals with the bodies in motion due to the application of forces.

1.9. KINEMATICS

It is that branch of Dynamics, which deals with the bodies in motion, without any reference
to the forces which are responsible for the motion.

1.10. FUNDAMENTAL UNITS

The measurement of physical quantities is one of the most important operations in
engineering. Every quantity is measured in terms of some arbitrary, but internationally accepted
units, called fundamental units.

All the physical quantities, met with in Engineering Mechanics, are expressed in terms of
three fundamental quantities, i.e.

1. length, 2. mass and 3. time.

1.11. DERIVED UNITS

Sometimes, the units are also expressed in other units (which are derived from fundamental
units) known as derived units e.g. units of area, velocity, acceleration, pressure etc.

1.12. SYSTEMS OF UNITS

There are only four systems of units, which are commonly used and universally recognised.
These are known as :
1. C.G.S. units, 2.F.P.S. units, 3. M.K.S. units and 4. S.I. units.

In this book, we shall use only the S.I. system of units, as the future courses of studies are
conduced in this system of units only.

1.13. S.I. UNITS (INTERNATIONAL SYSTEM OF UNITS)

The eleventh General Conference* of Weights and Measures has recommended a unified
and systematically constituted system of fundamental and derived units for international use. This
system of units is now being used in many countries.

In India, the Standards of Weights and Measures Act of 1956 (vide which we switched over
to M.K.S. units) has been revised to recognise all the S.I. units in industry and commerce.

In this system of units, the ffundamental units are metre (m), kilogram (kg) and second (s)
respectively. But there is a slight variation in their derived units. The following derived units will
be used in this book :

3
Density (Mass density) kg /m
Force N (Newton)

2 2
Pressure N/mm  or N/m
Work done (in joules) J=N-m
Power in watts W=1J/s

International metre, kilogram and second are discussed here.

+ The other fundamental units are electric current, ampere (A), thermodynamic temperature, kelvin (K)
and luminous intensity, candela (cd). These three units will not be used in this book.



1.14. METRE

The international metre may be defined as the shortest distance (at 0°C) between two
parallel lines engraved upon the polished surface of the Platinum-Iridium bar, kept at the
International Bureau of Weights and Measures at Sevres near Paris.

A bar of platinum - iridium metre kept at a
temperature of 0° C.

1.15. KILOGRAM

The international kilogram may be defined as the
mass of the Platinum-Iridium cylinder, which is also

kept at the International Bureau of Weights and at the International Bureau of Weights
Measures at Sevres near Paris. and Measures at Serves in France.
1.16. SECOND

The fundamental unit of time for all the four systems is second, which is 1/(24 x 60 x 60) =
1/86 400th of the mean solar day. A solar day may be defined as the interval of time between the
instants at which the sun crosses the meridian on two consecutive days. This value varies
throughout the year. The average of all the solar days, of one year, is called the mean solar day.

1.17. PRESENTATION OF UNITS AND THEIR VALUES

The frequent changes in the present day life are facililtated by an international body known
as International Standard Organisation (ISO). The main function of this body is to make
recommendations regarding international procedures. The implementation of ISO
recommendations in a country is assisted by an organisation appointed for the purpose. In India,
Bureau of Indian Standard formerly known as Indian Standards Institution (ISI) has been created
for this purpose.

We have already discussed in the previous articles the units of length, mass and time. It is
always necessary to express all lengths in metres, all masses in kilograms and all time in seconds.
According to convenience, we also use larger multiples or smaller fractions of these units. As a
typical example, although metre is the unit of length; yet a smaller length equal to one-thousandth
of a metre proves to be more convenient unit especially in the dimensioning of drawings. Such
convenient units are formed by using a prefix in front of the basic units to indicate the multiplier.



1.1COMPOSITION OF RESOLUTION OF FORCES

2.1. INTRODUCTION

The force is an important factor in the field of Mechanics, which may be broadly *defined as an agent
which produces or tends to produce, destroys or tends to destroy motion. e.g., a horse applies force to pull a cart
and to set it in motion. Force is also required to work on a bicycle pump. In this case, the force is supplied by the
muscular power of our arms and shoulders.

Sometimes, the applied force may not be sufficient to move a body, e.g., if we try to lift a
stone weighing 2 or 3 quintals, we fail to do so. In this case we exert a force, no doubt, but no
motion is produced. This shows that a force may not necessarily produce a motion in a body ; but
it may, simply, tend to do so. In a tug-of-war the two parties, when balanced, neutralize each
other’s force. But the moment one party gets weaker, the other party pulls off, in spite of first
party’s best effort to destroy motion.

2.2. EFFECTS OF A FORCE

A force may produce the following effects in a body, on which it acts :

1. It may change the motion of a body. i.e. if a body is at rest, the force may set it in
motion. And if the body is already in motion, the force may accelerate it.

2. It may retard the motion of a body.

It may retard the forces, already acting on a body, thus bringing it to rest or in
equilibrium. We shall study this effect in chapter 5 of this book.

4. It may give rise to the internal stresses in the body, on which it acts. We shall study
this effect in the chapters ‘Analysis of Perfect Frames’ of this book.

2.3. CHARACTERISTICS OF A FORCE

In order to determine the effects of a force, acting on a body, we must know the following
characteristics of a force :

1. Magnitude of the force (i.e., 100 N, 50 N, 20 kN, 5 kN, etc.)

2. The direction of the line, along which the force acts (i.e., along OX, OY, at 30° North
of East etc.). It is also known as line of action of the force.

3. Nature of the force (i.e., whether the force is push or pull). This is denoted by placing
an arrow head on the line of action of the force.

4. The point at which (or through which) the force acts on the body.
2.4. PRINCIPLE OF PHYSICAL INDEPENDENCE OF FORCES

It states, “If a number of forces are simultaneously acting on a*particle, then the resultant
ofthese forces will have the same effect as produced by all the forces. ”

2.5. PRINCIPLE OF TRANSMISSIBILITY OF FORCES

It states, “If a force acts at any point on a Trigid body, it may also be considered to act at
anyother point on its line of action, provided this point is rigidly connected with the body.”

2.6. SYSTEM OF FORCES

When two or more forces act on a body, they are called to form a system of forces.
Following systems of forces are important from the subject point of view :
1. Coplanar forces. The forces, whose lines of action lie on the same plane, are known
ascoplanar forces.
2. Collinear forces. The forces, whose lines of action lie on the same line, are known
ascollinear forces.

* A particle may be defined as a body of infinitely small volume and is considered to be concentrated
point.



T A rigid body may be defined as a body
3. Concurrent forces. The forces, which meet at one point, are known as concurrent
forces.The concurrent forces may or may not be collinear.

4. Coplanar concurrent forces. The forces, which meet at one point and their lines of
actionalso lie on the same plane, are known as coplanar concurrent forces.

5. Coplanar non-concurrent forces. The forces, which do not meet at one point, but
theirlines of action lie on the same plane, are known as coplanar non-concurrent forces.

6. Non-coplanar concurrent forces. The forces, which meet at one point, but their lines
ofaction do not lie on the same plane, are known as non-coplanar concurrent forces.

7. Non-coplanar non-concurrent forces. The forces, which do not meet at one point and
theirlines of action do not lie on the same plane, are called non-coplanar non-concurrent
forces.

2.7. RESULTANT FORCE

If a number of forces, P, Q, R ... etc. are acting simultaneously on a particle, then it is possible to
find out a single force which could replace them i.e., which would produce the same effect as produced
by all the given forces. This single force is called resultant force and the given forces R ...
etc. are called component forces.

2.8. COMPOSITION OF FORCES

The process of finding out the resultant force, of a number of given forces, is called
compositionof forces or compounding of forces.

2.9. METHODS FOR THE RESULTANT FORCE

Though there are many methods for finding out the resultant force of a number of given
forces, yet the following are important from the subject point of view :

1. Analytical method. 2. Method of resolution.

2.10. ANALYTICAL METHOD FOR RESULTANT FORCE

The resultant force, of a given system of forces, may be found out analytically by the
following methods :

1. Parallelogram law of forces. 2. Method of resolution.

2.11. PARALLELOGRAM LAW OF FORCES

It states, “If two forces, acting simultaneously on a particle, be represented in magnitude anddirection
by the two adjacent sides of a parallelogram ; their resultant may be represented in magnitude and direction
by the diagonal of the parallelogram, which passes through their point of intersection.”

Mathematically, resultant force,

R=\F"+ Fy"+2 F| Fycos0

F»>sin®
and tana=  F +Fcos@
1 2
where F1and F» = Forces whose resultant is required to be found out,

8 = Angle between the forces F'| and F», and

a = Angle which the resultant force makes with one of the forces (say F).



Note. It the angle () which the resultant force makes with the other forceF>,

F1sinB
then tan 0=  F +FcosB
Cor. 2 !
1. If 8 =0 i.e., when the forces act along the same line, then
R=F1tF, ...(Since cos 0° = 1)

2. If 8 =90° i.e., when the forces act at right angle, then

2 2
O=R=VNF1 +F ...(Since cos 90° = 0)

3. If 8 = 180° i.e., when the forces act along the same straight line but in opposite directions,
then R=F1-F ...(Since cos 180°=—1)
In this case, the resultant force will act in the direction of the greater

force. 4. If the two forces are equali.e., whenF'1=F>=Fthen

R :\/ F 2+ F 2+2 F 2co§6:2 F 2(1+cosB)

:,2 F*- 2c0s” €] ..Q 1 +cosb= 2cos” <]
2 2
=J4F % cos e - .8
2 2

Example 2.1.Two forces of 100 N and 150 N are acting simultaneously at a point. What
isthe resultant of these two forces, if the angle between them is 45°7
Solution.Given : First force (F1) = 100 N; Second force (F,) = 150 N and angle between

F1and F»(8) = 45°.
We know that the resultant force,

R=K|“+ Fy +2 F| Fycos8

—J(100)%+ (150)%+ 2 - 100 - 150 cos 45° N

= J/O 000 + 22 500 + (30 000 - 0.707)
N =232 N Ans.

Example 2.2.Two forces act at an angle of 120°. The bigger force is of 40 N and
theresultant is perpendicular to the smaller one. Find the smaller force.

Solution.Given : Angle between the forcesz4AOC=120°, Bigger force (F1) =40 N
andangle between the resultant and F(2BOC)=90° ;

Let F>= Smaller force in N
From the geometry of the figure, we find that 24OB,
a = 120°-90°=30°

We know that

F7sin®
tano="—"__ _
F1+ FycosB
F»sin120° Fsin 60°
tan 30° =40 +F cos120° =40 +F (- cos 60°)
2 2




F>:0.866 0.866 F»
40-F».05 40-05F,

0.577 =

4005 F=0806F _15F

20,577 2
2F> =40 or F=20 Ans.
Example 2.3. Find the magnitude of the two forces,such that if they act at right angles their
resultant is 10 N. But if they Act at 60°,their resultant is 13 N.

Solution.Given : Two forces =F1andF>.

First of all, consider the two forces acting at right angles. We know that when the angle
between the two given forces is 90°, then the resultant force (R)

J10 =, FJer2

2 2
Or 10=F1 +F3 ...(Squaring both sides)
Similarly, when the angle between the two forces is 60°, then the resultant force (R)

J13 :\/le +F?

2
13 :F2 +F 4+ 2FF 05 ...(Squaring both sides)
1 2 1 2

+ 2F Fcos 60°
1

2 2

22
Or F1Fp=13-10=3 ...(Substituting F1“+F = 10)
2 2
Weknow that (F1 + F)° =Fi” 4 Fy 2R Fy =10+ 6=16

Fi+ F23/_16:4 (0)

Similarly  (Fi-F) =F" +F -2FF, —10—6-4
Fi-Fa= 4=2 ...(ii)
Solving equations (i) and (if),
F1=3N and [f»>=1N Ans.
2.12. RESOLUTION OF A FORCE

The process of splitting up the given force into a number of components, without changing
its effect on the body is called resolution of a force. A force is, generally, resolved along two
mutually perpendicular directions. In fact, the resolution of a force is the reverse action of the
addition of the component vectors.

2.13. PRINCIPLE OF RESOLUTION

It states, “The algebraic sum of the resolved parts of a no. of forces, in a given direction,
isequal to the resolved part of their resultant in the same direction.”

Note :In general, the forces are resolved in the vertical and horizontal directions.

10



Example 2.4.4 machine component 1.5 m long and weight 1000 N is supported by
tworopes AB and CD as shown in Fig. 2.2 given below.

TT\ jfe— 1.5 m—»
TI
60" ‘
B P

Fig. 2.2.
Calculate the tensions T1 and Ty in the ropes AB and CD.

Solution.Given : Weight of the component = 1000 N
Resolving the forces horizontally (i.e., along BC) and equating the same,
T1cos 60° = Thcos 45°

T1=co0s 45°.79=0.707 Ty =1414T,
cos 60 ° 0.5
and now resolving the forces vertically,

Tysin 60° + Thsin 45° = 1000
(1.414 T») 0.866 + T x 0.707 = 1000

1.93 T, = 1000
7=1000 =518.IN  Ans.
2 1.93
And T1=1.414 x518.1=732.6 N Ans.

2.14. METHOD OF RESOLUTION FOR THE RESULTANT FORCE

(i)

1. Resolve all the forces horizontally and find the algebraic sum of all the horizontal

components (i.e., 2.H). I
[Component

2. Resolve all the forces vertically and
find the algebraic sum of all the vertical
components (i.e., 2.V).

3. The resultant R of the given forces will
be given by the equation :

R=(SH Y +(ZV )

4. The resultant force will be inclined at an

angle 6, with the horli/zontal, such that
tan9=Z

SH

Notes :The value of the angleBwill vary depending upon the values ofY, andX H as

Vdiscussed below :

1. When XV is +ve, the resultant makes an angle between 0° and 180°. But when 2.V is —

ve, the resultant makes an angle between 180° and 360°.

2. When X H is +ve, the resultant makes an angle between 0° to 90° or 270° to 360°. But

when Y H is —ve, the resultant makes an angle between 90° to 270°.

11



Example 2.5.4 triangle ABC has its side AB=40 mm along positive x-axis and sideBC =
30 mm along positive y-axis. Three forces of 40 N, 50 N and 30 N act along the sides AB, BC and
CA respectively. Determine magnitude of the resultant of such a system of forces.

Solution.The system of given forces is shown in Fig.
2.3.From the geometry of the figure, we find that the triangle  is a right angled triangle, in

ABC
which the *side 4C = 50 mm. Therefore
sinB= 30=0.6 50N
50
And cosB= 40=0.8 T
50
Resolving all the forces horizontally (i.e., along 30 mm
AB), 2.H =40 - 30 cosB 4 <0 l
) B » 40N
=40-(30 x 0.8)= 16 N and ,/|4_ 40 mm —»|
now resolving all the forces vertically (i.e., along BC) 30N

>V=50-30sin® Fig. 2.3.

=50-(30x 0.6)=32N

We know that magnitude of the resultant force,

2 2 2 2
R =(E/,H) +2 V) =(16) +¢52) =35.8 NAns.
Example 2.6.4 system of forces are acting at the corners of a rectangular block as
shownin Fig. 2.4.

50 kN
* » 25 kN
3m
20 kKN = &
l€— 4 m—p
A/
35kN
Fig. 2.4.

Determine the magnitude and direction of the resultant force.
Solution.Given : System of forces
Magnitude of the resultant force
Resolving forces horizontally,
YH=25-20=35
kNand now resolving the forces vertically
2V =(-50)+(-35)=-85kN
.. Magnitude of the resultant force

R=(XH ) +(SV Y =(5) +(a85) = 85.15 KNAns.

* Since the side 4B is along x-axis, and the side BC is along y-axis, there fore it is a right-angled
triangle. Now in triangle ABC,

2 2 2
AC= \[43 + BC :(40)% +(30) =50 mm

12



Direction of the resultant force
B = Angle which the resultant force makes with the horizontal.

Let
We know that
“8 _ 17 or 8=86.6°

XH 5
Since > H is positive and XV is negative, therefore resultant lies between 270° and 360°.

tan B= Z—V

Thus actual angle of the resultant force
=360°—86.6°=273.4° Ans.

Example 2.7.The forces 20 N,30 N,40 N,50 N and 60 N are acting at one of the
angularpoints of a regular hexagon, towards the other five angular points, taken in order. Find

the magnitude and direction of the resultant force.
Solution.The system of given forces is shown in Fig. 2.5

AS0N
/ \\
/ \
/ -
/ €
X > 30N
307302 /
3(_7100 / 20N
4 B o
Fig. 2.5.

Magnitude of the resultant force

Resolving all the forces horizontally (i.e., along AB),
2.H =20 cos 0° + 30 cos 30° + 40 cos 60° + 50 cos 90° + 60 cos 120° N

= (20 x 1) + (30 x 0.866) + (40 x 0.5) + (50 x 0) + 60 (— 0.5) N
(i)

=36.0N

and now resolving the all forces vertically (i.e., at right angles to AB),
2. V'=20 sin 0° + 30 sin 30° + 40 sin 60° + 50 sin 90° + 60 sin 120° N

= (20 x 0) + (30 x 0.5) + (40 x 0.866) + (50 x 1) + (60 x 0.866) N
...(ii)

=151.6 N

We know that magnitude of the resultant force,
R V(EH) 2 (517 %= V(36.0)2 + (151,62 = 1558 N Ans.

Direction of the resultant force

Let
We know that
151.6

tan 0= 2V =
> H 36.0
Note. Since both the values of> Hand> Vare positive, therefore actual angle of

0 = Angle, which the resultant force makes with the horizontal (i.e., 4B).

4211 o 0=176.6° Ans.

resultantforce lies between 0° and 90°.

13



Example 2.8.The following forces act at a
point:(i) 20 N inclined at 30° towards North of
East,

(if) 25 N towards North,

(iii) 30 N towards North West, and

(iv) 35 Ninclined at 40° towards South of West.

Find the magnitude and direction of the resultant force.

Solution.The system of given forces is shown in Fig. 2.6.

North
25N
A
30N
20N
450 0
West = 30 East
4Q°
35N

South
Fig. 2.6.

Magnitude of the resultant force
Resolving all the forces horizontally i.e., along East-West line,
2.H =20 cos 30° + 25 cos 90° + 30 cos 135° + 35 cos 220° N=
(20 x 0.866) + (25 x 0) + 30 (- 0.707) + 35 (- 0.766) N
=—30.7 N ...({) and now resolving all the forces vertically i.e., along
North-South line,
2V =20 sin 30° + 25 sin 90°+ 30 sin 135° + 35 sin 220° N
=(20 x 0.5) + (25 x 1.0)+ (30 x 0.707) + 35 (— 0.6428) N
=33.7N ()
We know that magnitude of the resultant force,

R =@EH (31 =(-30)7)%+(33.7)>=45.6 NAns.

Direction of the resultant force

Let 8 = Angle, which the resultant force makes with the East.
We know that
tan = 2V = 33.7 — _1,098 or 6=47.7°
>H -30.7

Since X.H is negative and XV is positive, therefore resultant lies between 90° and 180°. Thus
actual angle of the resultant = 180° —47.7° = 132.3° Ans.
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Example 2.9.4 horizontal line PORS is 12 m long,where PO=QR=RS=4 m.Forces of1000
N, 1500 N, 1000 N and 500 N act at P, Q, R and S respectively with downward direction. The
lines of action of these forces make angles of 90°, 60° 45° and 30° respectively with PS. Find the
magnitude, direction and position of the resultant force.

Solution.The system of the given forces is shown in Fig. 2.7

1000 N 1500 N 1000 N 500N

Magnitude of the resultant force
Resolving all the forces horizontally,
2H =1000 cos 90° + 1500 cos 60° + 1000 cos 45° + 500 cos 30° N
= (1000 x 0) + (1500 x 0.5) + (1000 x 0.707) + (500 x 0.866) N
=1890 N (D)
and now resolving all the forces vertically,
2V'=1000 sin 90° + 1500 sin 60° + 1000 sin 45° + 500 sin 30° N
= (1000 x 1.0) + (1500 x 0.866) + (1000 x 0.707) + (500 x 0.5) N
=3256 N ...(i0)
We know that magnitude of the resultant force,

R=V(EH) 2 (57) = V(1890) 2+ (3256) %= 3765 N Ans.

Direction of the resultant force

Let 0 = Angle, which the resultant force makes with PS.
3256
tan@= 2V = =1.722 or 8=159.8° Ans.
*H 1890

Note. Since both the values of2 Hand2 Vare +ve. therefore resultant lies between 0° and 90°.
Position of the resultant force
Let x = Distance between P and the line of action of the resultant force.

Now taking moments* of the vertical components of the forces and the resultant force about
P, and equating the same,
3256 x = (1000 x 0) + (1500 x 0.866) 4 + (1000 x 0.707)8 + (500 x 0.5)12
=13 852

x= 13852=425m Ans.
3256

*  This point will be discussed in more details in the chapter on ‘Moments and Their Applications’.
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EXERCISE 2.1

1. Find the resultant of two forces equal to 50 N and 30 N acting at an angle of 60°.
[Ans. 70 N ; 21.8°]
2. Two forces of 80 N and 70 N act simultaneously at a point. Find the resultant force, if the angle
between them is 150°. [Ans. 106.3 N ; 61°]
3. Find the resultant of two forces 130 N and 110 N respectively, acting at an angle whose tangent
is 12/5. [Ans. 185.7 N ; 30.5°]
4. A push of 180 N and pull of 350 N act simultaneously at a point. Find the resultant of the
forces, if the angle between them be 135°. [Ans. 494 N ; 30°]
5. Find the angle between two equal forces P, when their resultant is equal to (i) P and  (ii) P/2.
[Ans. 120° N ; 151°]
Hint. When resultant is equal toP, then

P:\/P2 +P2+2P.Pcos(9:P 2+ 2cosB
S 2cos0=—-1 or cosO=—0.5 or 6=120° Ans.
When resultant is equal to P/2, then

2 i
0.5 P:\/P + P2+2 P.PcosB= P V2 + 2cosO

o 2cos0=-1.75 or cosB=-0.875 or 8=151° Ans.
6. The resultant of two forces P and Q is R. If O is doubled, the new resultant is perpendicular
to P. Prove that O = R.

. 2 2
Hint. In first case, R= \6{’ + Q0 +2 PQcosb

2Q) sin 6

In second case, tan Yu~ :L
P +(2Q) cosb

Since tan 90° = «, therefore P + 2QcosB = 0

2.15. LAWS FOR THE RESULTANT FORCE

The resultant force, of a given system of forces, may also be found out by the following laws :
1. Triangle law of forces. 2. Polygon law of forces.

2.16. TRIANGLE LAW OF FORCES

It states, “If two forces acting simultaneously on a particle, be represented in magnitude
anddirection by the two sides of a triangle, taken in order ; their resultant may be represented in
magnitude and direction by the third side of the triangle, taken in opposite order.”

2.17. POLYGON LAW OF FORCES

It is an extension of Triangle Law of Forces for more than two forces, which states, “If
anumber of forces acting simultaneously on a particle, be represented in magnitude and
direction, by the sides of a polygon taken in order ; then the resultant of all these forces may be
represented, in magnitude and direction, by the closing side of the polygon, taken in opposite
order.”

EXERCISE 2.2

1. Find the magnitude and direction of the resultant of the concurrent forces of 8 N, 12 N, 15
N and 20 N making angles of 30°, 70°, 120°.25 and 155° respectively with a fixed line.

[Ans. 39.5 N ; 111.7°] 2. Find magnitude of the resultant force, if 30, 40, 50 and 60 N

forces are acting along thelines joining the centre of a square to its vertices.

[Ans. 28.3 N]

3. Four forces of 25 N, 20 N, 15 N and 10 N are acting simultaneously along straight



A A

lines OA4, OB, OC and OD such that

2AOB =45°,2 BOC=100° andz COD = 125°.
Find graphically magnitude and direction of the resultant force. Also check the answer
analytically. [Ans. 29.5 N ; 25.4° with OA4]

QUESTIONS

Define the term ‘force’, and state clearly the effects of force.

What are the various characteristics of a force?

Distinguish clearly between resolution of forces and composition of forces.

What are the methods for finding out the resultant force for a given system of forces?
State and prove parallelogram law of forces.

State triangle law of forces and polygon law of forces.

Show that the algebraic sum of the resolved part of a number of forces in a given
direction, is equal to the resolved part of their resultant in the same direction.

Explain clearly the procedure for finding out the resultant force analytically as well as
graphically.

MOMENT OF A FORCE

Moment is the measure of the capacity or ability of the force to produce twisting
or turning effect about an axis. This axis is perpendicular to the plane containing
the line of action of the force. The magnitude of moment is equal to the product
of the force and the perpendicular distance from the axis to the line of action of
the force. The intersection of the plane and the axis is commonly called the
moment center, and the perpe

h §
-
H_f"‘
,,-“’# F \’\HR‘“H
7 T
R‘x

Y ndicular

distance from the moment center to the line of action of the force is called
moment arm.
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Moment of a Force

T ) Moment about axis O-O is M, = Fd

Magnitude of M, measures tendency
of F to cause rotation of the body
about an axis along M,,.

0

Moment about axis O-O is M, = Frsina im

..--*""_H_"“"-—_._
M,=rxF '~ \_o

M
1
p'
,/ _—;% Sense of the moment may be determined by
o the right-hand rule
Moment of a Force 4

r

_Mo=1rxF=1r,2xF=rnXF
- - - - - - I
Principle of Transmissibility
Any force that has the same

magnitude and direction as F, is /‘9
ry

equivalent if it also has the same
line of action and therefore.
produces the same moment.

Line of action

Varignon’s Theorem
(Principle of Moments)

Moment of a Force about a point is equal to
the sum of the moments of the force’s
components about the point.

]\"l{):rXF:]’X(lﬂ+F2)ZT><F|‘|‘I'>‘<F2
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4.8. COUPLE

A pair of two equal and unlike parallel forces
(i.e. forces equal in magnitude, with lines of action
parallel to each other and acting in opposite
directions) is known as a couple.

As a matter of fact, a couple is unable to
produce any translatory motion (i.e., motion in a
straight line). But it produces a motion of rotation in
the body, on which it acts. The simplest example of a
couple is the forces applied to the key of a lock, while
locking or unlocking it.

A couple is a pair of forces applied to the key of a lock.

19



4.9. ARM OF A COUPLE

The perpendicular distance (@), between the lines of
action of the two equal and opposite parallel forces, is
known as arm of the couple as shown in Fig. 4.11.

4.10. MOMENT OF A COUPLE Fig. 4.11.

The moment of a couple is the product of the force (i.e., one of the forces of the two equal
and opposite parallel forces) and the arm of the couple. Mathematically:

Moment of a couple =P x a
where P =Magnitude of the force, and
a = Arm of the couple.

4.11. CLASSIFICATION OF COUPLES

The couples may be, broadly, classified into the following two categories, depending upon
their direction, in which the couple tends to rotate the body, on which it acts :
1. Clockwise couple, and  2.Anticlockwise couple.

4.12. CLOCKWISE COUPLE

A couple, whose tendency is to rotate the body, on which it acts, in a clockwise direction, is
known as a clockwise couple as shown in Fig. 4.12 (a). Such a couple is also called positive couple.

{a) Clockwise couple {h) Anticlockwise couple
Fig. 4.12.

4.13. ANTICLOCKWISE COUPLE

A couple, whose tendency is to rotate the body, on which it acts, in an anticlockwise
direction, is known as an anticlockwise couple as shown in Fig. 4.12 (b). Such a couple is also
called a negative couple.

4.14. CHARACTERISTICS OF A COUPLE

A couple (whether clockwise or anticlockwise) has the following characteristics :
1. The algebraic sum of the forces, constituting the couple, is zero.

2. The algebraic sum of the moments of the forces, constituting the couple, about any
point is the same, and equal to the moment of the couple itself.

3. A couple cannot be balanced by a single force. But it can be balanced only by a couple
of opposite sense.

4. Any no. of coplaner couples can be reduced to a single couple, whose magnitude will
be equal to the algebraic sum of the moments of all the couples.
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Equilibrium Of Forces

5.1. INTRODUCTION

In the previous chapter, we have discussed the various methods of finding out resultant force,
when a particle is acted upon by a number of forces. This resultant force will produce the same

effect

as produced by all the given forces.A little consideration will show, that if the resultant of a

number of forces, acting on a particle is zero, the particle will be in equilibrium. Such a set of

forces
forces

, whose resultant is zero, are called equilibrium forces.The force, which brings the set of

in equilibrium is called an equilibrant.As a matter of fact, the equilibrant is equal to the

resultant force in magnitude, but opposite in direction.

5.2.

PRINCIPLES OF EQUILIBRIUM

Though there are many principles of equilibrium, yet the following three are important from

the subject point of view :

1.

5.3.

Two force principle. As per this principle, if a body in equilibrium is acted upon by
twoforces, then they must be equal, opposite and collinear.

Three force principle. As per this principle, if a body in equilibrium is acted upon by
threeforces, then the resultant of any two forces must be equal, opposite and collinear
with the third force.

Four force principle. As per this principle, if a body in equilibrium is acted upon by
fourforces, then the resultant of any two forces must be equal, opposite and collinear with
the resultant of the other two forces.

METHODS FOR THE EQUILIBRIUM OF COPLANAR FORCES

Though there are many methods of studying the equilibrium of forces, yet the following are

important from the subject point of view :

5.4.

1. Analytical method. 2. Graphical method.
ANALYTICAL METHOD FOR THE EQUILIBRIUM OF COPLANAR FORCES

The equilibrium of coplanar forces may be studied, analytically, by Lami’s theorem as dis-

cussed below :

P *\ /7( ,.Q

5.5. LAMI'S THEOREM \

It states, “If three coplanar forces acting at a point be @Q@

inequilibrium, then each force is proportional to the sine of the angle
between the other two.” Mathematically,

where,
Fig. 5.

point O. Let the opposite angles to three forces be a ,8 and y <
as shown in Fig. 5.2. o7

and OB as adjacent sides as shown in the figure. We know that P
the resultant of two forces P and O will be given by the diagonal
OC both in magnitude and direction of the parallelogram OACB.

sultant of the forces P and Q must be in line with OD and
equal to R, but in opposite direction.

P 0 R R
sina  sinf3 siny

P, O, and R are three forces and a, 3, y are the angles as shown in Fig. 5.1. Lami's theorem
1.
Proof

Consider three coplanar forces P, O, and R acting at a

Now let us complete the parallelogram OACB with OA A<

(<
& »> ad
e
o3

Since these forces are in equilibrium, therefore the re- Y

F rom the geometry of the figure, we find
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—B) +(180° —a)]

= 180°—-180°+ B —180° +a

=a+B-180°
a+pB+ y =360°

2CAO="180° — (£ AOC +2 ACO)
Subtracting 180° from both sides of the above
equation, (O +B- 180°) +y =360° — 180° = 180°
2 C4O =180° —y

We know that inctriangle AOC,

04 AC ocC

sin AA[CO =sin 2zAOC = sin zCAO

04 ( AC oc

I

sin (180 ° 8a) =sin (180°—B) =sin (180 °—y)
0

°p 0O R

] = = ...[Q sin (180° — B) = sin O]

sina sinf  siny

Example 5.1.4n electric light fixture weighting 15 N hangs from a point C, by two

stringsAC and BC. The string AC is inclined at 60° to the horizontal and BC at 45° to the
horizontal as shown in Fig. 5.3

15N
Fig. 5.3.
Using Lami’s theorem, or otherwise, determine the forces in the strings AC and BC.

Solution.Given : Weight atC= 15N

Let T4¢ = Force in the string AC, and Tgc=
Force in the string BC.

The system of forces is shown in Fig. 5.4. From the geometry of the
figure, we find that angle between T4 and 15 N is 150° and angle between
Tpcand 15 N is 135°.

.2 ACB =180° — (45° + 60°) = 75°Applying

Lami’s equation at C,
1

15 AC BC
sin75° =sinl35° = sin150°
1 1
15 AC BC
or N =. =
sin75° sin45° sin 30°
T

A€ =15sin 45 °=15-0.707  =10.98 N Ans.
sin 75° 0.9659
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15-0.5
T=15sin 30° = =7.76 N Ans.

and B sin75°  0.9659
Example 5.2.4 string ABCD,attached to fixed points A and D has two equal weihts
of1000 N attached to it at B and C. The weights rest with the portions AB and CD inclined at

angles as shown in Fig. 5.5.
you .

i \'
B
1000 N
1000 N
Fig. 5.5.

Find the tensions in the portions AB, BC and CD of the string, if the inclination of the
portion BC with the vertical is 120°.

Solution.Given : Load atB= Load atC= 1000 N

For the sake of convenience, let us split up the string ABCD into two parts. The system of
forces at joints B and is shown in Fig. 5.6 (a) and ().

\

1\
} D
Tz \ 300
\Y 120° Ton
B
Ty c
\ 4 \{
1000 N 1000 N
(2) Joint B (h) Joint C
Fig. 5.6.
1
Let 48 = Tension in the portion 4B of the string,
1
sc = Tension in the portion BC of the string, and
=
¢o  Tension in the portion CD of the string.
Applying Lami’ ls equationl at joint B,
AB BC 1000
sin 60 ° = sin150 ° = sin150°
1 1
4B BC 1000
sin 60 ° - sin 30° _sin 30° [Q sin (1800 — 9) =sin G]
T =
48 1000 sin 60°-1000-0.866 - 1732 N Ans.
sin 30° 0.5
1UVV S1n 3V~
T = =1000 N Ans.
and Be $in30°
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Again applying Lami’s equation at joint C,
! BC ! €D 1000
sin 120° =sin 120 ° =sin 120°
! cp =1000 sin 120°-1000 NAns.
sin 120°
Example 5.3.4 light string ABCDE whose extremity A is fixed,has weights Wjand

Wattached to it at B and C. It passes round a small smooth peg at D carrying a weight of 300 N
at the free end E as shown in Fig. 5.7.

Fig. 5.7.

If in the equilibrium position, BC is horizontal and AB and CD make 150° and 120° with BC,
find (i) Tensions in the portion AB, BC and CD of the string and (ii) Magnitudes of W1 and W>.
Solution.Given : Weight atE=300 N

For the sake of convenience, let us split up the string ABCD into two parts. The system of
forces at joints B and C is shown in Fig. 5.8. (a) and (b).

D

A f

] 50” I 200 300 N
B 6 B c

W, W,

(a) Jont B () Joint C
Fig. 5.8.
(i) Tensions is the portion AB, BC and CD of the string
Let T 4p= Tension in the portion 4B, and

Tgc= Tension in the portion BC,
We know that tension in the portion CD of the

string. Tcp= Tpe= 300 NAns.
Applying Lami’s equation at C,
1
BC Wy 300
sin 150° =sin 120 ° =sin 90°
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T
BC " 300
sin30° Tsin60° T 1
Trc=300 sin 30° =300 x 0.5 = 150 NAns.

and Wh= 300 sin 60° =300 x 0.866 =259.8 N
Again applying Lami’s equation at B,
1 1

4B W BC
sin 90° =sin 150 ° = sin 120°
1

A

&

1 =sin30° sin 60°
150 150

Sin 600~ 0.866 02N Ans.

Typ=

W=150sin 30° —150-0.5-86 6 N
' sin60° 0.866

and
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SINGER EM TEXTBOOK PROBLEMS AND SOLUTIONS

@

4. Components OF A Foree
Fing, A ond Y Componentg r:lj Eoch ql .-]l:uf ,Jm Bhoton in F’ﬂ

Foree P

—

T= 728N

i
F = 200cos 60 = +loo N y l :
' |

[y - 2008060 = +I713.2N. — 7

| F= 448N
Fove T Gracan | |
T, ==722€08 563 = - 4005 N (3
~ o f3) = 63
Ty: 72280 56-31 = —600- 7 N.
©, = Ton” (-—_.:_) = 2656
Force

Qy = — 40035 = ~23T-6 N

Qg —400sin35= ~229.4N.

Foxce F
Fx: 445 cos 2656 = 4{1:}‘?2“

Fy = “448-8in26.56 = ~20032N,
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2,
The bﬂd{l On the Jncline g subjecied fo the Vertical and  horizpntol
.{mte,a 2howon.

Find 4he componenta d| eoch Jorce alo:ﬂ X-Y Oxes Orienfed poamlie)

ond pevpendiculor o the Jincline. o4 [ P=IcoN ﬁi\/f-

ﬂ,‘-: + 400 cos30D = -:'f.lirﬁ*.efl N

1-'? = ~400-8nZ0 - -200 N

F; = = |200S8in30= —600 N

Py = - 1200 €830 = —1039-2 N.
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3. ;
Dakerming the Componenia o] e imgg pn.n:l:‘;}c:lagﬂfba owes
Hhich are. pavalle! ond Perpendiculor fothe incline.

O Bi(3) = 234
L(J.'lt ﬁn"(%) '—: GT“EB;

O - m“"(—f-)y-:_ 3687

Fx = —260ces [6738-3687] = ~224N
F_y = =2602in [GT'E"%lﬁﬂ—‘ -39 N,

F}: 5‘.’3!@5[5*% tSEr&-'{] = 12015 N,

Py = ~36l.sin [ 33:62+36:87] = ~340-42N,
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©)

2. RESUTANT OF A FORCE SveTEM

Shodn in 4he _jiawe_

O Br(z) = 26.56° Y
©: Tan"(%) . GT3a° 224N

R, ;| (Boocoszo) - (294 cosoess)  ©

e

- (200coseo) {30 caseras) &

= 109.45 N.

R 370 K
2Ry, (2003in20) r (224210 26:56) ~(20081N60) - (Fq0.8in 67 38)
= - 28305N,
Namiion, Jos »/ ZR'c SRy 68;02)‘
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B
The. Jorce Byatem Bhown in - ho2 o seautiont Q| 2con peining
up t}'lﬂtﬂ'iha Y-z,

Computie the Volues o| F ard © sequied Hogive this esuion.

y

ZR, = (Feas0) + (240 casz0)-500 -0 —
| F

SRy - (:F.E.ine‘}h{mgs‘m.ﬂn} =200 —@)

- ©
FeasO = 2%3.15 SON | 2P
F_gr]ﬂ.E} = -5.‘10
Tan@ = |-0as o
©= 476°

F.'_'. 4—33'-3 M
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@

3 the meautont ;
1 42 300 N down 10 7iget o) 60° Witk 1o X -0,

compute the Volues ©| Fand O, |

(r
&c” Ry | F
R ==oonN. T =ton
Ry 1
Ryx= 3ococoseo = (fmse'}f@mcmsnj—.ﬁ:ﬂ \ ﬂi‘ﬂﬂ

Fee©= 44215 N. — (1)
Ry=-200<in 60 = (FSind) - (240.8in30),
Fain@ = -8 n — ).
FomDg@;, O IT-546
F- ﬁ&&;ﬂ M. > Fx
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o | |

Repioce the 2ustem g 4arr=aaacﬁr3 Onthe Jame in Fq, Rya
regutiont Jorce R whﬁaﬂdammaﬂifzﬂ horizprally
Mﬁﬂﬂfﬂ cC. SON

!
L'_'.'A
ﬁz.mﬂmﬂﬁihm:ﬁhﬁ

L
Al

2Ry 720+30-60 = ~5ON. 1!
;ﬁf.;ﬂdmxwfd& - ]
' Moment ojall Jores akoul A S P
30N EON

=DM fon)r{eor4) -200N-m

Weneed. couple oefitg horigpotally fhvough Band €. |
Fore&2 = 290

" oree = ION Toworda naﬁﬂté“‘ﬂ

fowds ki atC.
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Jn Ag- 0 Jorce P infersects the X- omig o 4m o tre sight ©|O.
J) 448 momac okout A i% 170 N-m clounterclockwige ond

A2 moment Oboat B 42 40 N-m clockwige,

determine its Y- Anteveeps.

DM/ - 170 =P cass) 3~ (Rsinbyis |

170 = 3PcosO + 4Psin® — () A L

P_ - .
TDME = 40+ (25*"53(5) ' "-'-'|: / "6 B
2. BPein@:= 20 d

F-'nm@j © ' Peoso = 30O

O:= 33.69”
p= E)'EJ"QﬁN .

omp - [Sessinsseas - - [Seseesssarly

'ﬂ = 2-GFm.
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Jnthe ﬂOCZmOrm,shOtDnin_jiq./ the moment Q]Famdo
bolances 4hat 9 P akou O,

Fird F. Fe .
O

e,: T&n”(‘ﬁ‘\ = QGSGO [

Gm
6 =T (2) - s687°

Os- TOn"(-z’-) - 3687°

"'DME = 't) M([))

- LFCOS (26.56)}* 6 = 2508in[36:8713687| 45

F= 29359 N.
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EQUILLBRIUM - 1

A .
300 N box js held of 723t On 0 2mooth ancline by o Jorce
p mol:inm on angle © with the incling Q2 hoon Jn Fiq.

TJ ©: 487 detomine the volue o| P

Pcosss = 2008030
P= 2123N.
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2. The Jorea on the Quaset plalp go joint in o bridog truas
Oct 08 ghown in Fuﬂr

Determine the Voluga 91 P ord F 40 maintoin aquilibrium ﬂ:‘he:j@iﬂ‘]’-

SFx=0; BN p
b5 s
(Prosi5) — (4000 casss) ~ (Fcases) —— -
=0 — (3
ZF‘F =0, F | . 13000

(ersms"} 1 (4::::35’;1’11..5) - ( F2in60) -fa::c;:m{j r@

FomD £ ;
P= 334278 N
F= &00-9N.
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4. Cods owe Joopad Orcurd o small Bpaee ﬁﬂmmﬁﬂ +00 z;ﬂhrxtq,aﬁ
eoch wei{:lhla 400N and poas 02 Shomn Jnﬂiﬂfnm,_;ﬁﬂw |
Pﬂh{{g'}o mﬂmqmumﬂému.

Determing 1he 0'3]{ O ord the nomal Zeoction N betieen the ﬂlfnda;:a
ond the 2mocth hovizprrial\ &lqﬂﬂ?

I.I:'-

ZFx=0,
B0 cos) = E:uc::u
S= '?E'nfﬁlﬂ

2 Fy=0;
N+ 008N 70-55 = 800
N= 234.32N.
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Determine 1he value Q) P thotail] pravent mofion.
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Three. cdlindess ore. piled in o nectonqulor ditch 08 ghown in Fig.
Nﬁ'wﬁ'ﬂ The Jiiction, deremine the siaoction behwoen cq)mdm A

andihe. Vertieo Noll.

7
oo, £

0,: HAS2

0, = 5047

Bocke!
R, = R,8in39-52
Lo R,cas308 2
R, = 8518864\,
R,= 32996N

~R,as3687 = O

800 +RSiInS0%TF = RENS g
R, - 192996 N.

&: Q,WON
Bleck A

Re: R,cs3687 = 1600N.
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EQuILBRIUM -TT

.. Determine fhe Value 9T, .}JM-JWEE&E:PWM-EJHDn in Fig-

ol a2 an @uilibrium.

=R "Iﬁn‘""(-_%—) = 533

10 B (1) - 2686

- 100N
7 200+ 05313\ —(Pees 96:56) = O —O
| y I

EIF;:.'-“ﬂ'
ZFy=0) (Ton5313-(Psin2656)~lo =0 ~ —— @)

fom() £@);  T= 3999 N.
P= 4Q1-85N.
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Determing . the —‘]'C)t‘fag L E’ F, ord T 2e0uired fo kﬂﬂp the
1Tﬁfﬁu't&f -]ff-imtl ABL ghown in H‘Q in equilibrium. P

e
5|=ﬁn“’(é—) = 18643 ?té\*[:

©, - 'iEm“'(%) - 3360

. BRI "y
ZFx=0; " .ELam :—f%mrq

Tr(Feos336a) - pesn(i8us) =0 _ O®
2F=0;' =2e¢00- 1200 QEﬂin:s.?;-Esﬂl —Fﬁn I843=0 -——-@

]

+JME" =0, 3600(12) = T(8)
T= 5400 N. '———@

F: T.EI'EH.
P: &5&4‘% H.-
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