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Chapter -1

Stress and Strain

Strength of material: The resistance offered by the material of body due to applied
force (which test to define the body) is known as strength of material.

Load: An external force acting on a body.

Classification according the nature of application:

1) Dead load or Study Load: These are the load which are applied very gradually i.e.
increase from zero to their maximum value. These load do not change their magnitude,
direction and point of application. example roof, bridge.

2) Live or Fluctuating Load: A load is said to be life of fluctuating load, when it changes
continuously of suddenly.

a) Variable Load: A load is said to be variable when it changes continuously. Examples
traffic crossing a bridge.

b) Suddenly Load: A load is said to be applied or shock load, when it suddenly applied
or removed.

c) ImpactLoad: Aload is said to be an impact load, when it is applied with some initial
velocity. Example hammer blow.

Classification of load according to the effect produce on the member:

1) Tensile Load: The load which tend to pull the member in the direction of its
application is called tensile load.

2) Compressive Load: The load which tends to push together the opposite end of the
member is called compressive load.

3) Share Load: The load which tends to cause sliding of one face relative to the other,
and consists of equal, parallel and opposite forces so as to form couple are called
sharing road.

4) Twisting load or Torsional Load: The load produced by two couple applied at
opposite ends of the member, tending to cause one end to rotate about its longitudinal
axis relative to other end are called twisting or torsional load.

5) Bending Load: The load which tend to cause a certain degree of curvature or bending
in the member are called bending loads.

Stress: The internal resistance per unit area of cross section is called stress. It is defined
as the force per unit area.

Force (P)

Stress (o) = Area (A)



Unit of stress: - N/m2, N/mm?

Types of Stress: Stress can be classified into categories.

1.

2.

Force (P) _ 1 newton2 - 1 N/m?
Area (A) (1 metre)
1N 1 Pa(Pascal) =1 N/m?

2 =—— —106mm?
1N/m (1000mm)’ 10-°mm

Stress (o) =

1 MPA =1 N/mm?
1 MPA =106 x N/m?
1 GPA =103 x N/mm?2
=106 x 10-°mm?2 = 1 N/mm?

=1 KN/mm?

1. Direct Stress

2. Indirect Stress
Direct stress: when a force is applied perpendicular to the cross section of member the
stress induced is known as direct stress and it is also called normal stress.

a) Tensile stress: The stress produce in member when it is
subjected to equal and opposite pulls is called tensile
stress. The effect of tensile stress is increase the length of * _
the body. m
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b) Compressive stress: The stress produce member when T 7
two equal and opposite force are applied on a body is
called compressive stress. The effect of compressive
stress is to decrease the length of the body. R

P
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A

c) Shear stress: If two equal and opposite force applied tangentially to
the cross section of a body the stress induced is known as shear

stress. Shear stress is also called tangential stress.

P
==
A

Indirect Stress: The stress which are developed internally to resist the deformation are

called indirect stress.

a) Bending Stress: The tensile and compressive stress
induced due to bending on a beams in direction of their
length are called bending stress. The bending stress is two \! X
type tensile bending stress and compressive bending stress. 7777
The axis of beam the at which stress is zero called neutral axis.

b) Torsional stress: When two equal and opposite
torques are applied ate the two ends of a shaft, the Q%}r =
shaft is said to be torsion. The stress thus produced is

called torsional stress. The torsional stress is equal to the product of the force applied
tangentially to the ends of shaft and the radius of the shaft.
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Stain: The ratio of change in dimension of the body to the original dimension is known is
strain.

Change in dimension

Strain (€) =

Original dimension
Types of strain

1. Tensile strain
2. Compressive strain
3. Shear strain
4. Volumetric strain
1. Tensile strain: The ratio of increase of dimension to the original dimension of body
is known as tensile strain.

. . increase inlength (l+61-1) R e
Tensile Strain (€t) = original length = "
6[ la- " {_u[u} I ._.II

2. Compressive strain: The ratio of decrease in dimension to the original dimension off

the body is known as compressive strain.
increase in length _ (1-(1-61)

Compressive Strain (€c) = >
P (€9 original length l (T
= . } 150 ,,:
€c= 1 I ! +
3. Shear strain: The strain produced by shear stress in . , .

known as shear strain.

cc
Shear Strain (€c) = B_C1 =tanp=¢
4. Volumetric strain: The ratio of change in volume to the original volume is known as

volumetric strain.

eV
Vo y

Elasticity: 1t is the property of material od a body by virtue of which it opposes any change
being produced in its shape and size external force and its tend to regain its original shape
and size after the removal of external force.

Elastic limit: The value of stress corresponding to this limiting force up to which the
material is perfectly elastic is known as elastic limit.

Hook’s Law: When a material loaded in elastic limit, the stress is directly proportional to the
strain is known as hook’s law.



(o) Stress « Strain (€)
Young modulus or Modulus of elasticity: It is ratio of tensile stress to the tensile strain
It is denoted by (E).

Tensile stress Ot
Young Modulus (E) =——————=—"
Tensile strain €t

Shear modulus or Modulus of rigidity: It is ratio of Shear stress to the Shear strain

It is denoted by (G).

Shear stress _ T
Shear strain ¢

Shear Modulus (G)=

Bulk Modulus: 1t is ratio to the normal stress to the volumetric strain. It is denoted by (K).

Normal stress O

Bulk Modulus (K) = ; ;
Volumetric strain ¢,

Longitudinal Strain: The strain along the direction of the applied force is known as

longitudinal strain or linear strain.

[ 1.
3

» Ty,

6l
Longitudinal strain = n (tensile)

Lateral Strain: The strain at right angle to the direction of the applied force is known as
lateral strain or transverse strain. e 1+ 8D -

kg
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éd
Lateral strain = v (Compressive)

Poisson’s ratio: The ratio of lateral strain and longitudinal strain is known as Poisson’s ratio.

1
It is denoted by p or p”

Lateral strain

Poisson ratio =
(1) Longitudinal strain

Proof Stress: Maximum stress required to cause a permanent extension to a definite

percentage of gauge length is called proof stress. The proof load divided by original cross-

section area gives 0.2% proof stress.

Ultimate stress: 1t is the ratio of maximum load to which a specimen is subjected in a tensile
test and the original cross-sectional area of the specimen. It is also known as maximum

stress.
Maximum Load

Ultimate stress = —— -
Original crosssection area



Working stress: It is the ratio of maximum stress to the factor of safety. The stress is also

known as allowable stress and permissible stress.
Maximum stress

Working stress =
Factor of safety

Factor of safety: (F.0.S.): It is the ratio of maximum stress to the working stress

Maximum Stress

F.0S.=

Working stress

Principle of superposition: When a number of loads are acting on a body, the resulting strain
will be algebraic sum of the strains cause by the individual forces.

81 _ (P]_l]_ + lez + P313)
A]_E]_ AzEz A3E3

Thermal Stress: when there is a change in the temperature of a body, its length gets changed.
If this change in length is prevented, then a stress is induced in the body. This stress is called
thermal stress or temperature stress and corresponding strain is called temperature strain.

[ =length of bar
t1 =initial temperature of bar
tz2 = final temperature of bar
a = Coefficient of linear expansion
The extension in the bar due to rise in temperature will be

=a(t2-t1) !

If this elongation in the bar is prevented by some external force by fixed the bar ends, the
temperature strain produced will be

a(t2-t1)l
Temperature Strain = % =« (t2 - t1) (compressive)

Temperature stress = a (t2 - t1) E (compressive)

If the temperature od bar is lowered, the temperature stress and strain will be tensile.

Mechanical properties of material:

1) Elasticity: The ability of material which has been deformed in same way, to return to
its original shape and size after the deformation force has been removed is called
elasticity.

2) Plasticity: The ability of a material to flow to new shape under stress and retain its
new shape is termed as plasticity. Plasticity is opposite to elasticity.

3) Strength: The ability off a material to withstand or support external loads without
any structural damage is called strength.



4) Stiffness: The ability of material to resist deflection or elastic deformation under
applied load is called stiffness or rigidity.

5) Toughness: The property of a material to offer resistance to fracture under shock
loads such as hammer blow is called its toughness.

6) Ductility: The ability of material to be drawn its wire without rupture and without
losing much strength is known as ductility.

7) Malleability: The ability of material to be deformed by being hammered, rolled or
pressed without fracture through cold or hot working is termed as its malleability.

8) Brittleness: Lack of ductility is brittleness. When a body break easily when subjected
to shocks it is said to be brittle.

9) Hardness: The property of material to resist scratching, abrasion, surface wear or
indentation by harder bodies is called hardness.

10)Fatigue: The phenomenon that lead to fracture in metals and alloys under repeated
fluctuating or alternating loads or stresses, too small to produced permanents
deformation when applied statically, is called fatigue.

11)Creep: The property of material due to which its undergoes slow plastic deformation
under prolonged loading, usually at high temperature, is called creep.

Stress and Strain diagram: In stress strain diagram, nominal stresses are
calculated by dividing the loads by original cross-section and strain are
calculated by dividing the extension or elongation by original length.

E
i —————————
g G
Buf===== S
Mel= =225 -+

fef- -z E

Yo AR I,) : A —Limit of proportionality.
0" Py B - Limit of elasticity.
ety ! C - Upper yield point.
0o X : D - Lower yie!d noint.
7! P F - Ultimate stress point.
T G - Fracture point.

- o ! ! [, - Stress at limit of proportionality.

B TR Jfe — Stress at elastic limit

&4 . fe - Yield stress
TR ]),1 - Ultimate stress
| ] 1
] I : I
1! L ]

O Strain ————

Stress—Strain curve for Ductile Materials

1. Limit of proportionality

2. Elastic limit

3. Yield point (upper yield point and lower yield point)
4. Ultimate stress point

5. Breaking point



. Limit of proportionality: Point O to point A, the hook’s law is obeyed. The
limit up to which the stress is directly proportional to strain called limit of
proportionality.

. Elastic limit: On the removal of load, no permanent deformation is observed
and material will regain its original shape and size. The point B is called
elastic limit point.

. Yield Point: Beyond the point B, the material goes to plastic stage until the
upperyield point Cisreached i.e. the removal of load does not allow to return
the specimen to its original form. Point C is upper yield point. At this point,
the cross-section area of the material starts decreasing and then the stress
decreases to a lower value at the point D, called lower yield point.

From point D, the specimen elongates by a considerable amount, without
any increase in stress, up to the point E. The portion DE is called yielding of
the material at constant stress.

. Ultimate stress point: From point E onwards, the stress again starts
increasing up to point F because the material picks up the ability to resist
increasing stress., but the elongation not increasing at a much faster rate. The
point is called ultimate stress point.

. Breaking point: Beyond the point F, elongation will continue at gradually
decreasing stresses due to local necking. It means extension of specimen
continues even with a lesser and lesser load and ultimately the specimen
breaks at the point G. Point G is known as breaking point or fracture point.
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Chapter - 2

Resilience or Strain Energy

Strain energy: the work done straining the body within the elastic limit is known as
strain energy.

Strain energy = Work done

Resilience: The strain energy stored by the body within the elastic limit when loaded
externally is called resilience.

Proof resilience: The maximum strain energy which can be stored in a body up to the
elastic limit is called proof resilience.

Modulus of resilience: Proof resilience per unit volume the body is known as
modulus od resilience.

Proof Resilience

Modulus of Resilience =
Volume of the body

Proof load: The maximum load which can be applied to a body without its permanent
deformation is called proof load.

Strain Energy in Simple Tension and compression

Let us take the case of bar of cross-section area A and length [ are subjected to load W.
Suppose this load extend the bar by the amount 8/ and produced a maximum stress o

The work done by W and hence strain energy U, stored in the material is equal to the area.

Strain energy stored in bar = Work done by the load
U=-Wsl
2

W ol

"2 E
oA ol

2 E
o2Al
2E

_ o’V
T 2E

If o, be the proof Stress or maximum stress to which the bar is stress up to the elastic
limit.
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Stress Due to different type of Load:

1. Gradually Applied Loads.
2. Suddenly Applied Loads.
3. Falling or Impact Loads.

Stress Due to gradually applied load: A body is said to be acted upon by a
gradually applied load if the load increase from zero and reaches its final value stepwise.

Let W be the load applied gradually on a body and lets 8/ and be the corresponding change
in length and maximum induced in it.

1
Energy due to external load = Y A &l

Work done on the body = % W 6l

Strain energy stored = work done on the body
ZoAsI==W 8l
2 2

Force (load)—

Py p——
Extension ——-—e

>| =

Stress Due to gradually applied loads: When the load is applied all the sudden

and not stepwise, it is called suddenly applied load. Let W be the load applied suddenly
on a body and lets 6/ and be the corresponding change in length.

Energy stored = external work done

W sl :iaA&

2W (Due to suddenly applied load is double that of
A gradually applied load.)

o=




Stress Due to Impact loads: The load which are fall from a height or strike the body
with certain momentum are called falling or impact loads.

Consider a weight W falling through a height h on a collar fitted on the rod which is of
length I and has cross-section area A.

Let the extension and maximum stress produced be 6/ and 0 respectively.

External work done on the bar = energy stored in the bar

W(h+8l)= = o Asl e
3
Rod
wW(h+%Z)=3oAZ N
E 2 E
l 2Al - T
w(h+%)=2 N (N
E 2E w o
2Al 2wl
‘- 2 ——Wh=0
2E E h
w1l W?I? | WhAI ~Collar
Gz?i E? i E l/_.‘[__
T e Sty
T T

CF T E1YTE Xy
0= AT
E
2hAE
W+W 1in

o =

A
w , 2hAE
G_Xll-l_ 1 iwl

If 61 is negligible as compared to h,

ow
7=

Strain Energy Stored in a body due shear stress:

Let us consider a cubical block ABCD of length / whose one face AD is fixed while shear
force load P applied on the opposite face BC. Let t is the shear stress induced and @ is
the corresponding shear strain. Let G is the modulus of rigidity.

0+P
Average Load = 5



Strain energy Stored U = work done in deforming the rectangular block

U = Average Load X Deformation

P
=—x CC
2
P
—EXDCQ
1
=ETX(BCX [) xDCx @

=%TX(Z)(BCXDCXD

1
=7 X Stress X Strain X Volume

1 T
=—TX=XV
2 C

2

U= — x V
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Chapter - 3

Moment of Inertia

Centre of gravity of a body(G): Itis defined as the point of through which T
the whole weight of a body may be assumed to act. It denoted by C.G. and Sl 1w
G. The position of C.G. depends upon the shape of the body.

Centroid: The centroid and centre of area is defined as the point where
the whole area of the figure as rectangle, square, triangle, circle etc. is v
assumed to be concentrated. Thus centroid can be taken as quite
analogous to centre of gravity when bodies have area only and not weight.

FA

Moment of inertia (I): The moment of force about any point is the
product of the force and the perpendicular distance between them. It also known as the
first moment of force. If this first moment is again multiplied by the perpendicular
distance between them the product so obtain is called second moment of force.

Moment if Inertia = Force X Square of perpendicular between them
[= Fy?
S.I. unit of moment of inertia is m*.

Second moment of area: the product of the area (or mass) and the square of the
perpendicular distance of the centre of gravity of the area (or mass) from reference axis
is known as second moment of area.

S.L unit Second of moment of area is m#.

Moment if Inertia = Area of lamina X Square of perpendicular between them

[= Ay?
Axis of Reference: In case of the two dimensional figures the W Retereee Ak
exact position of centre of gravity can be found by calculating the - 13 mm
horizontal and vertical distances with reference to some 17 f

assumed axis which are known as axis off reference. Pama

¥.

Reference Axis

Axis of symmetry: Axis of symmetry is that axis which divides 3 rd X
the figure into halves which are same in size and shape. The C.G.
of the figure lie on the axis of the symmetry.

o 100 mm O
L 150mm T ™ = ¥
Y1 s Y ' 30 mm
I 30 mm r
| Ea
¢ X ~ Lc.G.
Axis of -—% 100 mm
150mm, ' 1 symmegi } o ‘_39 mm
Axis of - f 1 | ¥
symumetry | | ] _ 1 30 mm
L I oL 100 mm X
OI -» be = !




Radius of gyration (K): it is defined as the distance from the axis of rotation at which, if
the whole mass of the body is concentrated, its moment of inertia about the axis is the
same as that which the actual distribution of mass.

Area squeezed into a strip
———
k
b J Yo s . *
x—1 ¥ ¥ % X X
(a) (%)

Let us consider a body dividing in numbers of area a1, az, a3, and situated at the distance
y1,y2, y3 from the axis of rotation.

— \'i=n 2

Moment of inertia of area = Y, ak?

Ixx = Ak2

o Where K is the radius of gyration.
K = [—

A

Ixx

e Minimum radius of gyration about X-axis (kx) = e
" . . . _[lyy

® Minimum radius of gyration about Y-axis (ky) = A

Section Modulus(Z): It is the ratio of moment of inertia of lamina about its centroidal
axis and distance of the extreme fiber from centroidal axis is called section modulus. It is
denoted by Z.

S.I. unit of section modulus is m3. I — - T

G| '
I G- = -G
;188 *-

y2

Ige = Moment of inertia about centroidal axis GG. I

Theorem of perpendicular axis: If Ixx and Iyy be the moment of inertia about mutually
perpendicular axes OX and OY in the plane of lamina and Iz is the moment of inertia of
the lamina about an axis OZ normal to the lamina and passing through the point of
intersection of the axis OX and OY then

IZZ: Ixx+ Iyy




Y

Theorem of Parallel Axis: If the moment of inertia of a plane area about an axis in the
plane of area through its C.G. be represented by I, then the moment of inertia of the given
plane area about a parallel axis AB in the plane of area at a distance y from the C.G. of the
area is given by

Iag= Ig + Ay?

Arvea of lamina (A)

G
B
Formulas
Determine the C.G. about the X - axis and Y - 60‘“ .
axis — Xa--= 5 ,]Lm;f T_x.g
oma] bart
—  a;X;tazx,tasx g :
C.G. about X- axis = X = ———= 2 373 v - !
a;+az+as g x:-._92b___._x',5 1L
Tf - - 18 £
11442424433 APy L 7T
— a‘y +a‘y“+a R EEg :
C.G. about X- axis =Y = Y 1 Z 3 4 %ff 1 _
al+a?+a oF = '
t - sm‘f:mMTme—P LT ~Reterece
Determine the MOI about the Ixx and lyy Y
3d13 _
Ixx1= P +ai(Y — y1)2 ( for single Rectangle part)
d13b13 N7 2 .
lyy1 = + a1(X — x1)? (for single Rectangle part)

Notes: Find MOI of individual rectangle figure and add this So get total MOI of given figure.

Ixx = Ixxa + Ixxz + Ixxs Iyy= Iyy1 + Iyyz + Iyy3



#)

5.No| Shape - i
i Area ¥ Figure Position of C.G.
1. |Rectangle X, .
g bxh b2 hi2 At intersection of
cle T diagonals
2. [Square bxb bi2 - bi2 An intersection of
diagonals
3. |Parallelogram| b x k bI2 hi2 At point of intersection
of its diagonals
4. |Circle nR2 R R At centre or at
intersection of two
diameters.
1 b h ] )
§. |Triangle 2 xbXh 3 3 At intersection of medians
F Y
C.G. "\
) R 4R y ] ar )
6. |Semi circle > R e oF = 3. on2 line
0-424R “ D perpendicular to the diamet
G
R -
7. |Quad R
* adrant 3 0-424R 0-424R - At a point which is 0-424 R
R I = towards right and -0-424 R
; > above base as shown.
) h| a?+p%vab|@a+b) h - —
8. |Trapezium ("-""bJ‘é‘ = % g x and y as shown in Fig.
2Rsina
9. |Circular oR? |—=- |0]
3a
sector
_Rsina |- _ 0
10. |Arc of - y
circle 20R,




Name of the Figure Moment of Inertia (I)
Y 3
A ! B Iy = éd_
12
db’*
Rectangle S, RESESNR. S o -
g % +:: < |d =
- bd®
C Y D @3
e b "
o=
R
. b
Triangle P
LT
i
BC= T3
4
lxx = IYY = ﬂ'_d_
64
Circle P
32
Txx=0.117+"
art
Semi — circle Iag = B
l ar
Yy=—¢
Ixx = 0.0549 r*
Quadrant rlv- ek |
X X;’;I
5 X 4
. A B © i e
(T AT
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Chapter -5

Bending Stress

Bending Stress: The resistance induced to resist bending is known as bending stress
or longitudinal stress.

Tension

Bending of overhanging Beam

Shearing Stress: The resistance induced to resist shearing is known as shearing stress.

Pure bending: The bending of beam is not accompanied by any shear force is known
as pure bending. Or simple bending.

W, Wy

Al B C ln
l-——al—-RB -ch——a-—-l

Loading Diagram

ERRRARAARRS
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S
5
=
ALY M M

TIFITIITT. {-\
E @ S.F. Diagram

1} 1
\E; @ 1
B.M. Duagram

Assumption in the theory of simple banding:

L

1) The plane transfer section remain plane even after bending.

2) The beam material is homogeneous and isotropic (i.e. same property everywhere
in the material).

3) The modulus of elasticity has the same value for tension and compression.

4) The beam material stressed within the elastic limit and obeys hook’s law.

5) There is no resultant push and pull on the beam section.

6) Each cross-section of the beam is symmetrical about the plane of bending.

7) The load are applied in the plane of bending.

8) The radius of curvature of the beam before bending is very large as compared to
the transverse dimensions of the beams.



Bending Equation:

Let us consider a small portion ABCD of the beam which is subjected to bending moment
M unaccompanied by any shear force between two parallel section AB and CD.

:
M M DR o
_ S P
N- _..G.._.__ILJ.,._._.Q_ A 1B
E F
B D 7
Beam before Bending
6 = angle by the arc at the centre Beam after Bending

R = Radius of curvature
Let us consider a layer EF and at a distance y from the neutral axis. After deformation, EF

will become E'F’.
Change in layer of layer EF =E'F’ - EF
=E'F - GH (~ EF =GH)
=(R+y)6 -RO
=R6O +yH - RO
=y6

Change in length of EF
original length of EF

Strain in layer EF, € =

yo 'y .
=% R (1)
But Strain, € :% ..(ii)
From equation (i) and (ii)
y O
R E
o E
y R
E
o= E Xy

E and R are the constant, stress in any fibre is proportional to the distance of the fibre
from the neutral axis.



Let us consider elementary areas ai, az, ...... etc. at a distance of y1, y2, .... etc. respectively
from neutral axis. Let g4, 0;.... be the stresses on elementary areas a1, az,

Force on elementary area a1 =04 a1
Force on elementary area az = g, az

Moment of all these forces bout neutral axis

M=ociaiy1+o0zazy2+.. ..(1ii)

<19

Q
I
o lm = m
X
<
]
=
]
l
i
|
i
|

Nj A
E
o= —X
1= 7 J1
E
0= — X
2= R Y2
Putting the value of ¢4, 6, in equation (iii)
E E _
M:Ey1a1y1 +Ey2 ayz+t ... A

ML vize Sa, 2y ?’
=Rt ay | , .

E .
M=—(a1y12+a2y22+ .......... ) g - R
R Stress Diagram

This is the bending equation

Moment of resistance: The sum of moments of the internal forces about neutral
axis is known as the moment of resistance of flexural strength.

T

M=07Z Z is known as section modulus.




Section Modulus: 1t is ratio of moment of inertia od section about the neutral axis to
the distance from the extreme fibre from the neutral axis.

[ = moment of inertia of the beam
y = distance of the extreme fibre from the neutral axis

Neutral axis: the intersection of neutral surface with the cross- section of beam

perpendicular to its longitudinal axis is called neutral axis. Neutral axis of a beam is the
axis at which is stress is zero.

0

Transverse
section of beam

Neutral
surface

Modulus of Rupture

If M is the bending moment at which the beam fails due to bending, then the value of
calculated by formula is called modulus of rupture of the material.

Formula M

Z

Flexural Formula

Flexural formula can be used to compute the maximum stress due to bending.

My
Omax =~

I

omax = Maximum stress at the outer most fibre of the beam
M = Bending moment

ending moment

y = distance from the neutral axis of the beam

[ = Moment of inertia of the cross- section



Scction

Section Modulus

|
><|<—-|:;_—-¢-

—————— R, —————

Solid Section

_ . 3
Rectangular X v Ix =%‘ Vmax =d /2
Solid socti . Iyx bd>/12  bd?
olid section = = =
_._ib_,. xX Ymax di2 6
!
. 3 3 3, 3
Hollow ! i Ixx = BD" bd = BD” — bd
J f 12 12 12
D
Rectangular X~ - o { X Ymax ™ 5~
1 D ._'
. i Iyx  (BD?—ba*y/12
Section ) Zxx= o=
1 “ xx lelEl.X- D f 2
[~—to
+—— B —— 7 BD’ — bd®
XX =" ¢h
1
Circular

D
Holiow I= %(D“ —d*)s Ymax = 5
L 4 4y
— (D" —d")
Circular secticn ‘= yr:ax - D/2
5 _ (D -d*)
~ 32D
Formulas
3
=== Z=— Omax =~ o= i = 12
I y R y Z
4 T db®
I, = For Solid Shaft [p = — (D*—d*) For Solid Hollow Shaft lyy=—o
P=35 32 12
wi . .y
= (for point load condition)
wr?
M= ( for UDL condition)
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Chapter - 6

Column and Strut

Strut: The structural member subjected to an axial compressive load in any position
other than the vertical and fixed rigidly or hinged and pin jointed at one or both the ends
is called strut. Ex. Connecting rod.

Column: The structural members subjected to an axial compressive load inclined at 90°
to the horizontal position is called column. Ex. Vertical pillar between roof and floor.

Slenderness Ratio: The ratio of length of column to the minimum radius of gyration
of cross-section area of the column in known as Slenderness Ratio.
length of column l

Slenderness ratio = —— , — =
Minimum radius of gyration K.,

Imin

Kmin = minimum ratio of gyration =

Imin is selected lower value from Ixx and Iyy

Buckling Load: The minimum limiting load at which the column tends to have lateral
displacement or tends to buckle is called a buckling or crippling or critical load.

Safe Load: The load to which a column is subjected and which is below the buckling load
is called safe load.

Buckling Load
Safe load = =

Factor of safety

Equivalent length: Equivalent or effective length of the column is the length which
give the same buckling load as given by a both ends hinged column.

Crushing Load: The maximum axial compressive load which a column can take

without failure by crushing is called crushing load. Short column fails due to crushing
load.

Classification of column
Column are classified in to three classes

1) Short column
2) Medium or intermediate column
3) Long column
1) Short column: The which have length is less than 8 times of their diameter or
slenderness ratio less than 32 are called short column.
2) Intermediate column: The column which have length varying from 8 to 30 times
of their diameter or their slenderness ratio varying from 32 to 120 are known as
medium or intermediate column.



3) Long column: The column which have length is more than 30 times of their
diameter or slenderness ratio more than 120 is called Long column.

Strength of column: The strength of column depends upon the following factors:

1. End condition
2. Slenderness ratio of the column
3. Material of the column

As the slenderness ratio increases, the compressive strength of column decrease and
tendency of buckling increase.

End Condition of column

Both ends are hinged or pin joined
Both ends fixed

One ends fixed and other hinged
One ends fixed and other free

B W=

1. Both ends of column are hinged

The ends of column do not move or have their lateral displacement. The column is free to
slope when it buckles.

Equivalent length = Actual length

L=1

2. Both ends fixed

The both ends of column are rigidly fixed i.e. these ends neither move nor take any slope.

. Actual length
Equivalent length = —————
l
L= -
2
P
Ly
: Hinged 4 0%, 07 Fixed End I Hil‘lged Free End
_1 L=2
! ) L=< [ 2

/I

L=

///H//‘/{/fﬂ!{{ﬂ Fixed End

\\-E-/ Fixed End
Both ends hinged Both ends fixed One ends fixed and One ends fixed
Joint other hinged and other free

. 3 o .- . o
Hinged | mr“n'm-lmmw Fixed End |
. H i . ) 1
LX)



3. One ends fixed and other hinged

The one end of the column is fixed i.e. it neither move nor does it takes any slope. The
other ends are hinged i.e. it does not move but free to slope.

Actual length

V2
l

V2

Equivalent length =

L=

4. One ends fixed and other free

One ends is fixed rigidly i.e. it does not move and does not take any slope. The other ends
is free to take up any position and slope.

Equivalent length = 2 X Actual length
L= 2xI

Equivalent length of column

The equivalent length of given column with the ends condition in the length of an
equivalent column of the same material and cross- section with hinged ends having the
value of buckling load is equal to that of the given column.

[ = Actual length of column
L = equivalent length of column

1.

B W N

When the both ends hinged L=
When both ends fixed L=1/2
When one ends is fixed and other hinged L=l/\2
When one ends is fixed and other is free L=2I]

Euler’s theory of long column
Assumptions:

1)

2)
3)
4)
5)
6)

The material of column s homogeneous and isotropic i.e. the elastic properties
are same in all the direction.

The length off column is more than 30 times of its diameter.

The cross- section of column is uniform throughout its length.

The self-weight of column is neglected.

The column failed by buckle alone.

The direct stress is very small as compare to the bending stress.

The Euler’s formula is given by

Pe = Buckling load or critical load T2EI
E = modulus of elasticity Pe = L2
[ = minimum value of MOI (Ixx and L)

L = equivalent length of column



- Relation between Euler’s Buckling load
End condition of . .
Sr. no. column effective length (L) in tem of actual
And Actual Length (I) | length
2
1 Both ends hinged L=1 ﬂlfl
2
2 Both ends fixed L = i 4mEl
2 2
3 One ends is fixed and L= L 2m*El
other hinged V2 12
- - 2
4 One er.lds is fixed and L=2] m“El
other is free 417

Rankine Gordon formula

Euler’s formula is valid for only long column. Rankine proposed an empirical formula for
column which cover all type of column from very short to long column.

Very short column is subjected to axial compressive load fail by crushing load

Pc :O-cA

Long column or strut fail by buckling

w2El
LZ

Pe =

The buckling load or crippling load by Rankine formula

1 1 1

o — + —_—

P, Pc Pe

P = Crippling load by Rankine formula

Pc = Crushing or compressive load

Pe =Crippling load obtain by Euler’s formula

By Rankine Gordon formula

PR PcPe
PP
PR: et cC
l:)C
Pr= P
1+5<
Pe
P oc A
R 1+ Oc AL2
2EI

(-~ Ocisultimate compressive strength)

Putting [ = Ak where kis the least radius of gyration of the column section.



oc A

Oc A E 2
1+ TT2E (k)
oc A
Pr= L\ 2
1+ CZ(E)
Oc )
where & = ﬁ is a constant called Rankine constant.
Rankine Constant
Material 0. (N/mm?2) Constant «a ( for both ends
hinged)

1
Cast Iron 550 _
1600

1
Wrought Iron 250 —
9000
Aluminum 119.1 L
5000

1
Mild steel 320 N
7500
Timber 473.6 L
2000

1
Medium carbon steel 500 _
5000

Rankine formula for long column: In case of long column, the value of L is large, therefore

1 1
value of Pe will be small. Hence the value ofP—e will be large enough as compared with Pe

1
. Hence the value e of may be neglected in Rankine formula.

11
Pr  Pe
PR=Pe

Rankine formula for short column: In case of short column, the value of L is small,

1
therefore, value of P. will be large. Hence, value ofP—e will be small enough as compared

1 1
to the value OfP_c . Hence value OfP_e may be neglected in the Rankine formula.
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Chapter - 7

Torsion

Torque or Twisting Moment: The product of tangential force and the distance
between the point of application of the force and the axis of the shaft is called twisting
moment or turning moment and simply torque. It is denoted by T.

T=F Xr

Due to the torque the shear stresses are induced in
the cross-section of the shaft. Such stresses are
called “Torsional Shear stress”.

Unit of torque: S.I. Unit of torque is N-m.

Torsion: The twisting moment produced in the shaft when a force acts tangentially to
the circumference of the shaft is known as torsion. The torsion measured in degrees and
radians.

Angle of twist: the angle through which the cross- section of the shaft is rotated by the
action of twisting moment or torque is called angle of twist.

Pure torsion: A shaft is said to be pure torsion if it is subjected to equal and opposite
end torques whose axes coincide with the axis of the shaft.

Young modulus or Modulus of elasticity: 1t is ratio of tensile stress to the tensile strain
It is denoted by (E).

Tensile stress ﬁ

Young Modulus (E) = Tensile strain €
t

Shear modulus or Modulus of rigidity: It is ratio of Shear stress to the Shear strain
It is denoted by (G).
Shear stress _ T

Shear Modulus (G)= S ———— g

Difference Between Torque and Torsion

Sr. no. Torque Torsion

1. | Itis the effect of force about any point | It is the phenomenon is applying torque
i.e. Applying force at some distance | on shaft i.e. applying equal and opposite
from the given point. torque on both end of the shaft.
2. | Itismeasured in N-m. It has no physical unit but measured in
degrees and radians.

3. | Itisrelated with many physical works | It is related with only shaft.
like opening of door and wrench it.

4. | Torque can be measured. Torsion cannot be measured.
5. | Itinly occurs when force is applied. It only occurs where torque is applied.
6. | Only one force is needed at a distance | Torque is needed at both ends of the

from the given point. shaft.




Assumptions in the theory of pure torsion

1. The material of shaft is homogeneous and isotopic i.e. having same elastic properties

in all the directions.

The cross- section of the shaft in uniform throughout.

Maximum shear stress induced in the shaft does not exceed its elastic limit value.

The twist along the length of the shaft in uniform throughout.

The shaft is straight and circular in section throughout and its length remain circular

after loading.

6. The distance between any two normal cross-section remain the same after the
application of torsion.

7. The shaft is under pure torsion ie. the pure twisting moment is applied to the shaft
and it acts in plane perpendicular to the axis of the shaft.

SN

Torsion equation for a solid shaft

T = Torque or twisting moment

R = radius of shaft.

[ =length of the shaft.

G = modulus of rigidity.

T = maximum shear stress at the surface of the shaft.
0 = angle of twist.

Ip =Polar moment of inertia of the shaft.

(0.7 NG
3 C/6
- 7B
— 1 —
The shear strain is deformation per unit length.
. cc
Shear strain(@) = AC
cc
== tan@ =0 (is very small angle .- tan @ = @)
But arcCC" =R6
RO
Shear strain(@) = 7 (1)
. : Shear Stress
Also Shear strain(@) = Modulus of rigidity
T
=G (M)

From equation (i) and (ii)

QlA



T GO
R ” ..(iii)
GxO0xR
T =
l
Go
T=—XR

T =Constant X R
T XR

T
— = Constant
R

The shear stress at any section in the shaft is directly proportional to the distance of the
section from the axis of the shaft. Maximum shear stress will be at the outer surface and
minimum shear stress (i.e. zero) will be at the axis of the shaft.

ety

| G/

Let us consider an elementary circular ring of thickness dr at a distance r from the centre
of the shaft.

T
Shear stress at a distance r from the centre of the shaft = E X r

Area of elementary circular ring = 21tr dr
=~ Shear resistance of the elementary ring = shear stress X area of elementary ring

= (I X r) X (2mrdr)

R
T
=—x 2mrédr
R
Turning moment of shear resistance offered by elementary ring
T
dT = Eertrzerr
T
=— X 2mridr
R

Total turning moment = summation of the turning moment of shear resistance offered by
all the elementary rings.

R
Tzde
0

R
T
T=f — X 2mr?dr
OR
r4|R

T
=— X 2T
R

0



T
T==X2T X—
R 4
4
T 1(D
T=—><2T[—(—) (v R=2)
R 4\2 2
T D*
T==Xx21
R 4X16
T nD* D%
T=R*%32 ( 32 Ip)
T= z X 1
=g X
T T .
b R ..(1v)
From equation (iii) and (iv)
. . T T Go
Torsion Equation E "R "1
Strength of Solid shaft

The maximum torque or power transmission by a solid shaft is known as strength of
solid shaft.

T = maximum torque transmitted by the shaft

D= diameter of the shaft

T = maximum shear stress at the outer surface of the shaft

T T
Ip R
T d |
=— X
R p
T ntD*
T==—X%x2X
D 32
T=2Z1D3
16

Strength of Hollow shaft

The maximum torque or power transmission by a hollow shaft is known as strength of
hollow shaft.

T = maximum torque transmitted by the shaft

D= Outer diameter of the shaft

d= Inner diameter of the shaft

T = maximum shear stress at the outer surface of the shaft

T T

Ip_R

T ! [

==X

R p
T T

T==X2X—(D*-d%)
D 32

T D%-d*
T=—T( )
16 D




Torsional rigidity of a shaft
The torque required to produce a twist of one radian per unit length of the shaft.
T G6

I, [
Go
T:TXIp

6= 1 unitand [ = 1 unit then T = Torsional of rigidity
Torsional of rigidity, T = Glp

Power transmission by the shaft
The main purpose of a shaft is to transmit power from one shaft to another.
N = number of revolution of the shaft per minutes.
T = average or mean torque transmitted by the shaft.
Work done by the shaft per second

= Mean torque X average velocity of the shaft
21N

L. 2TINT
Power transmission by the shaft, P = o0 watts

1 H.P. = 735.5 watts

Formulas
T T _Gb T=Fxr
Ip R I 1 Pa(Pascal) =1 N/m?2
T=%TD3 1 MPA = 1 N/mm?
1 GPA =103 x N/mm?2
T D%-d4 =1 KN/mm?
T=—1 ( )
16 D
_ZnNT
T 60
GO
T = T X Ip
_nD* = a4
I, =2 Ip = - (D4—d")
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Chapter - 8

Spring
Spring

e A spring is an elastic member which can be absorb energy by very last change in
its form and then release then the same required.

e Spring are elastic member which deform and deflect under load by storing energy
in them and regain their original shape when the load is removed.

Function of spring

1) They are used to measure the forces as in spring balances.

2) They are used to store energy as in clock spring.

3) They are used absorb shock or impact loading as in carriage spring.

4) They are used to apply forces and to control motions as in brake and clutches.

Types of spring

1) Helical spring
a) Close coil Helical spring
b) Open coil Helical spring
2) Laminated spring (leaf spring)
a) Full elliptical spring
b) Semi elliptical spring
c) Cantilever
3) Spiral spring

Helical Spring: Alength of wire when wound in helix forms a helical spring.

1) Closed coil helical spring: Closed coil helical spring are coiled in such a way that
the coils are in contact with each other and slope of helix is so small that bending
effect can be neglected. Closed coil are used mostly in tensile load only, because
coils are contact with each other.

P Tensio P Compression
” sion
Dia.mel:el-
) ) of wireg
P Tension
Tension Helical Spring Compression Helical spring

(Closed Coil Helical Spring) (Open Coil Helical Spring)



2) Open coil helical spring: Open coil helical spring there is a large gap between two
consecutive coil. These spring are used in compressive as well as tensile load. The
are subjected in bending load.

Terms related to helical spring

1) Stiffness of a spring (S): It is defined as the load per unit deflection. It is denoted

by S. It is also known as spring constant.

W
S=%

W = Axial load on spring
6 = Deflection of spring due to axial load W

2) Helix angle: It is the angle which the axis of the wire makes with a horizontal line
perpendicular to the axis of the spring.

3) Solid length of a spring: The solid length of spring means the distance between
the coils when the coils are touching each other i.e. there is no gap between the
spring coils.

Solid Length = Number of coils X Diameter of wire

4) Spring Index: It is ratio of the means coil diameter (D) to the diameter of spring

wire (d).

D
Spring Index = Pl

5) Angle of twist (0): it is the angle through which cross-section of a bar is twisted
due to twisting moment or torque.

6) Resilience (U): When a body stresses with in the elastic limit, the amount of
energy stored is called resilience or strain energy.

7) Proof load: It is maximum load to which the spring can be subjected without
undergoing permanent deformation.

8) Proof stress: It is maximum stress to which the spring can be subjected without
undergoing permanent deformation.

9) Proof resilience: It is maximum resilience of the spring without the occurrence
of permanent deformation in the spring.

10)Free length: The length of spring in the free or unloaded condition is called free
length.

Closed Coil Helical Spring

Let us consider a helical spring is subjected to axial load W. The upper end of the spring
is fixed due to axial load.

e Twisting moment (T=WR) will act on spring and generated shear stress.
¢ Due to shear load W, bending stress will be induced in the wire of spring. Bending
stress is very small as compared to shear stress. Hence bending stress is neglected.

d = Diameter of spring
n = Number of coil
D = Mean diameter of spring coil



D
R = Mean radius of spring coil =7

6 = Angle of twist in spring

6 = Deflection of spring

[ = Total length of spring wire

T = Maximum shear stress induced in spring wire = 2mRn
The torsion equation

T T Go
Ip r I

Twisting moment on the wire, T =WR

d*
Polar Moment of inertia of wire, I, = =

T =t
From torsion equation — ==
Ip r
WR 71
nd' " g2
32
16WR )
= — (1)
T GO
Further, —_—=—
Ip l
WR _ G6
md" ~ 27Rn
32
_ 64WR’n 3
6= “odt ..(ii)
Deflection of spring, § =R X 6
64WR*n
=R X —m
d=R w3
_ 64WR’n
6 = “odt ..(iii)
. . 1
Energy stored in the spring, U = 2% Tx6
1 64WR*n
U==XWRX—7p%m—
2 Gd
32W?R*n ]
U = T ...(IV]
32W?R3n
Futher, U=————

Gd*



U

_ 32R%n (‘L’XTL’d3)2
~ Gd* 16R

2

T
=—X nZdZRn
8G

2 dZ
U= z (Zan X n—)
4G 4

TZ
U= ke Volume of spring wire

U= G XV (V)
. . w w 4
Stiffness of the spring, S = E = CAWRn X Gd
Gd* ,
= iR°n ..(vi)

Let us consider a closed coil helical spring deflected due to impact loading falling from a
height.

Let W be the weight falling from height h and We is the equivalent steady load producing
same effect.

%Wex6=W(h+6)

64W R3n
Gd*

o=
Spring in series:
When two or more spring are joined end to end, they are said to be in series.

Total Extension, & =81 + &2

w w W
—_=— 4 —
S S, S;
1 1 1
- = — 4 —
S S S

i.e. reciprocal of stiffness of combination is the sum of reciprocals
of individual stiffness.

Spring in series



Spring in parallel:

When two or more spring are connected in such a way that
they share the load and deflect equally, then they are said to

be parallel.
Total Load, W=W;+W,;
6S=056S1+6S2
S=S1+8S2

i.e. stiffness of combination is the sum of individu

Leaf Spring or Laminated Spring:

al stiffness.

T

Spring in parallel

Leaf Spring or laminated spring consist of a number of thin plates of same width and
thickness, but of different lengths, all bent to the same curvature. Leaf spring are widely

used in railways carriages, motor vehicle and trol

Egg shaped i
end Ordinary rounde

lies etc.

d end

A oo S_“é‘ﬁre?é“d
S fadliE Rl

W = maximum load on the spring
[ =length of spring

t = Thickness of leaves or plates
b = width of leaves or plates

n = Number of leaves or plates

R = Radius of curvature of plates
6 = Deflection of top laminate

o = Maximum bending stress induced in the plates

WI

Maximum bending moment at the centre, M = —
. | bt e
Section Modulus of each plate, Z = — = =5y—= o

Section modulus od n plates, Z=

Centre bolt

w2 R+~ (R-§ . w2
- -~
— ,J l I 1 . o
= a5 -!—-mn-i—wﬁ-;-l-
AlY——-—- [ S B
Plates : 1‘

Centre bolt

Laminated spring



We know that

M=o0Z
Wl nbt?
—=0 X
4 6
3wl
27 nbt?
lZ
Initial deflection =—
8R
o _ E
y - R
o _E
! R
2
Et
R=—
20
) 12 ol?
From equation §=—fr=—
SXE 4Et

Substituting the value of ¢ from equation (vii) to equation (ix)

3wl 12 3 wi3

6=- > ==X S
2 nbt 4Et 8 nEbt
8 nEbt3s
W=-X—7
3 l
W 8 nEbt®
Stiffness of spring, S=—==-Xx—
5§ 3 l
. 1
Strain energy stored, U= 7% Wwé
1 3 wie
U_zw(ganth)
3w
" 16nEbt3
9 W23 1 n
U= (g ) X 55 % (3 10t)

O.Z
U= PR Volume of spring

%m ......... i
compression ;

Cross—section of plate Bending stress Diagram Shear Stress Diagram

Tension

2

Fird

h

..(vii)

..(viii)

..(ix)

w(x)



