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Strength of Materials

Objective of the Course:

1) To know different types of the stresses which may subjected to the mechanical
elements and their expected effects such as strain.
2) To study the shear forces and bending moment diagrams with essential stresses

Syllabus of the First Semester:

Week Subject

15t- 2" | Simple stress

379 - 4% | Shearing stress, Bearing stress

5t - 6" | Thin wall cylinders

7t - 8™ | Simple strain, stress-strain diagram, Hook’s law
9th_ 10" | Thermal stress
11t - 12t | Welded connection
13t - 14t | Riveted joints
15t - 16™ | Torsion
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Types of Loads :

A A

Simple supported beam

Cantilever

T [T 1117
- L
non uniform distributed load uniforrggistributegload
Mechanical Engineering
Solid Fluid and Thermal Production &
Mechanics Mechanics Metallurgy

It is a branch of applied mechanics that deal with behaviors of solid bodies
subjected to various loading

Strength of material or, mechanic of material or, mechanic of solid

¢ In strength of material (S.0.M) it is assuming:
1) The body is deformable
2) Both the internal and external force are considered

Mechanical properties:

1) Strength: it is a material property which refer to the resistance of the
material to the failure

2) Stiffness: it is a material property refer to the resistance of the material to
the deformation
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Assumptions:

1) The material is continuous (no voids, no cracks) which means there are no
defects

2) The material is homogenous (it means at any point in one direction, the
properties are the same) example: wood, steel, gold

3) The material is isotropic (it means one point in any direction; the
properties are the same) example: graphite

Note: orthotropic (onisotropic) material (directional properties)
(Al LSl Gl g2l Cilalai¥) JS

Example: composite material
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* Load: it is the external force acting on the body
» Stress: the force of resistance per unit area offered by a body against

L)

CR 2

L)

L)

deformation

i.e. the load is applied on the body while the stress is induced in material of the

body
Define stress and strain

- Applied force
1) Stress: it is a measure of : PP f - -
Area over which that force is applied

F
Normal stress (o) = 1

¢ Tensile stress: it the applied force is tensile force

o =+ve
s compressive stress: it the applied force is compression force

Tensile Force

o =-ve
—~— —
. N Kg

unit of stress m ;W Compressive Force
e | | ————

where:

. N N Kg
o = stress in g Sl b AL
______ 2
F = Applied force ' I

A = the cross-section area normal to the applied force

AP X El j al L
2) Strain: it is a measure of : Ongau,mf of materia
The original length
AL L,—1L sl Y AL
Normal strain (g) = =2 1= 100% ; , 5
L L4 r T Tes
sl — sl sl AL T
= 7 + 7 or Lo

Units: dimensionless
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The relationship between stress and strain

Lo

Stranded specimen

Ol plaaiuly (Tensile test) 2l pasd ¢l jal (a jal 3ale JSI W juaad 2 dpuld die

Stress
a upper yield /
point (yield strength) Ultimate Strength
S Feaphre
: Stress
lower yelid
point
ductile
material
: — —> Strain
elastic limit \ plastic limit ‘

elastic —plastic limit

Typical stress-strain curve for steel
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s Hook’s law defines the relationship between the stress and strain where:

stress (o) & strain (&)

¢ the stress is Proportional to the strain within the elastic limit

mathematically:

brittle
o X ¢ material
oco=E.¢ & A A
o
“E =— 2
e | i
ield point
Where: (yield strength) @
)
(75]
o = Normal stress
o S

Elastic region

€ = Normal strain 0.2% g

E = modulus of elasticity Strain —

For the material which has no yield point in the stress-strain curve, offset
method is used
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F P
AL sl
o

If we substitute equation 1 & 2 in equation 3, we get

_P.L
RN ¢

Ex1: A hollow steel tube with an inside diameter of 100 mm must carry a tensile
load of 400 KN. Determine the outside diameter of the tube if the stress is
limited to 120 MN/m?

Sol:
~ D >
P=cA <100 mm —
where:
P = 400kN = 400 000N
o = 120 MPa
A= ;7wD? — $7(100%)
A = ;m(D? —10000)
Thus,

400000 = 120 [ ;7(D? — 10000) ]
400000 = 307 D? — 300 0007

s = = = = —
e — — — — —

D2 _ 400 000 + 300 0007
307
D =119.35 mm answer

P =400 kN
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Ex2: A spring 4mm in diameter has original length of 2m. The spring is pulled by
force 200 N if the final length of the spring is 2.02 m. Determine

1) Stress
2) Strain
3) Young’s modulus or modulus of elasticity

Sol:

Known :

Diameter (d) =4 mm = 0.004 m

Radius (r) = 2 mm = 0.002 m

Area (A) = nr’ =(3.14)(0.002 m)?

Area (A) = 0.00001256 m*= 12.56 x 10° m?
Force (F) =200 N

Original length of spring (Io) =2 m

The change in length (Al) =2.02 -2 =0.02 m

Solution :

(a) The stress
__Force|F |
B Areal Al
200 N
12.56x10 °m’
Stress =15.92x10° N /m’

Stress

Stress =

(b) The strain

Strain= The change inlength|Al)

Original length|l,,|
0.02m

Strain=

Strain=0.01

(c) Young's modulus
Stress

Strain

15.92 x10°N/m®
0.01

Young'smodulus=1592x 10°N /m’
Young'smodulus=1.6 x10’ N/m’

Young' s modulus =

Young' s modulus =
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Ex3: An aluminum tube is rigidly fastened between a bronze rod and a steel rod
as shown in the fig. below. Axial loads are applied at the positions indicated.

Determine the stress in each material.

Bronze A_Iuminum , Steel
A =700 mm? A=1000 mm* A _ 800 mm?

20 KN—bl J5 KN T KN 10 KN

Sol:
(o) = Z_BB
(04) = Z_i
(05) = j_i

To know the force of applied on each material, we must draw the free body

diagram (F.B.D) for each material.

1. F.B.D for Bronze tube

20 KN —» G—F,

Fp = 20 KN

2. F.B.D for Aluminum tube

20 KN—> «— 15 KN %—Fa

Fa=5KN
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3. F.B.D for Steel tube

20 KN 15KN 15 KN g ,
F. =10 KN
+ (o) = 20X10°N o0 o 106 N/m? = 28.6 MP
BT S0 x 106 m2 °° /m” = 28.6 MPa
()= O XACN o 05 N/m? = 5 MP
%7 = 1000 x 106 m? /m”=>5Mpa
(05) = 10X 10°N =12.5x 10° N/m? = 12.5 MP
%)= 800x 10-6mz "~ fm” = R&YTPa

Factor of safety (F.O.S) or Safety Factor (S.F)

Factor of safety: - is refers to how much the part will stand

yield stress or ultimate stress or maximum stress

F.0.§ =
working stress (allowable stress)
o
F.0.§ = s B ()
Oworking (Gattowabie)
O' .
Gworking(o-allowable) = % e (%)

Oworking = Omaximum Dy JUlbg 1 60 FLOLS (A Jh gl 8 (3 k% ol 1)
(*) Ulaa (ki o g F.O.S dad Jl ) & Lldac) 13) L
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sl=AL=L,—L, gl i
AL sl : F— 3
I s )

Elongational strain: - . —

Cuaterator ranserse) = o = — 5
Poisson's Ratio (u): - within the elastic limit, the ratio of the lateral strain
(transverse strain) (g;4;) to the longitudinal strain (&;) will be always constant
for the material. This ratio is termed as Poisson's ratio (u)

—&
Poisson’s Ratio (1) = lat
€1
sd
_ _ d
=5

uitsrange 0.1-0.3

Shear stress (7)

F

1. Normal stress or simple stress (o) = "

Applied force on a material

2. Shear stress:- its measure of : , : :
Area over which that force is applied parallel

shear force V _ !
T = “hear Area =A_s (single shear) T O ol
-~
P L@Q"’P
P
d o (double shear)
T = = ouble shear
24 T2
s 2(z42)
[ a
v 4 f=
- -
p 4 f= | ~

.
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Ex: - for the wooding cantilever shown in the fig. below calculate

1) The normal stress due to the 10 KN axial force
2) The shear stress due to the 15 KN shear force
Sol:

a)

100 mm

Normal stress(o) = 1 F=10KN

_loxiot
= Toox 10~ [ON/mm

b)

V 15x103
shear stress (1) = —

=27 15 N/mm?
A, 100 x 10 /mm

Shear strain (y)

Shearing force cause a shearing deformation

_5 [
¢ 55 /I N
any = —

V=1 // //

Since the angle y is very small F - v 4 i

/ / |
tany = y and we obtain : / Py '
L -

Y=T F

Where : y is shear strain which is defined as angular deformation between two
perpendicular force of differential element

Lema 451 311 (5 sl Lells o B e 4550 3 ()5S0 Laie *

ol
Strain (g) = —
L
o X ¢
o=E.¢
Pagel2
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o
~ E = ? within the elastic limit

TXYy

t=0G.y

Hooke's law is applied in the case of shear stress

Within the elastic limit of the material, the shear stress is proportional to the
shear strain

TXYy
t=0G.y
T
G =—
)4
Where :
N KN
T = shear stress in or
mm?2  m?

y = shear strain

G = modulus of rigidity
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Bearing stress (o)

Forces

a Py i
b e 7/ | —

/4

Bearing stresses at
the contact surface F|g 1

Fig. 2

It is the contact pressure between the separate bodies. It is differ from the
compressive stress, as it is an internal stress caused by compressive force.

F

Bearing stress(o,) = —

Ap

Ay, =aXb for fig. 1
Ay =d Xt for fig. 2

Where :
a = rived diameter

b = plate diameter
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Thermal stresses (o)

LLLLLLLL

L sk— dL—

A PENRRENPTR

SONNNANNNNNN

Aga) a5

when there is some increase or decrease in the temperature of a body, it
causes the body expand or contract. If the body is allowed to expand or
contract freely with the rise or fall of the temperature, no stresses are
induced in the body. But, if the deformation of the body is prevented, some
stresses are induced in the body. Such stresses are known a s thermal stress

6l=1lalt
Where:
61 = deformation or change length or extension
[ = original length of the body
At = change in temperature (t; — t1)

a = thermal expansion coefficient

ANNNNAN
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Ex: - A steel bar is constrained with two end A x B as shown in the figure
below. Determine the change in length, thermal stress if the temperature of
the bar is raised from 30 °C to 90 °C and the deformation that will happen in
the bar. Coefficient of thermal expansion of steel is 11.7um /m.°Cand E =
200 x 10° N/m?

A [ =100mm B

Sol:
Sl=1aAt=100%x10"3x11.7%x107° % (90 —30) = 7.02x 10> m

o, = a At .E =117 X 107 X (90 — 30) x 200 x 10° = 1404><106 Al

51 = deformation or change length or extension = 7.02 X 107>

Stresses in thin cylindrical shell

>

<‘TTTTTTTTT

9]

“lllllllll

>
—
—
e
]

>

-«

S

T |« / >|

-

A Cylindrical tank or pipe carrying a fluid or gas under pressure is subjected to
a tensile force, which resist bursting developed a cross longitudinal and
transverse section
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1. Longitudinal stress g;

Pd
o = yry
2. Hoop or transverse stress
Pd
oy = o

Ex: - A cylindrical steel pressure vessel 400 mm in diameter with a wall
thickness of 20 mm is subjected to an internal pressure of 4.5 MN/m?

1) calculate the hoop and longitudinal stresses in the steel
2) To what value may the internal pressure be increased if the stresses in
the steel is limited to 120 MN/m?

Sol:
a)
Pd 4.5%x 400
0] = At = A% 20 = 22.5 MPa
Pd 4.5 x 400
= o T Taxz0 o MPa
b)
Pd
Oy ZE
400
120 = P X o——=
~ P =12 MPa
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Stress in compound section

Steel

/
-~
Copper

2
2.2

D)
7

Compound bars are containing two or more materials which can be regarded
as one unit
Castiron

€ =€
st C.I (Copper)
P = Py + P¢;

Steel

N

Pagell Prepared by : Asst. Prof. Dr. Hussein M. Ali



Ex: - A compound bar of length 2 m is subjected to axial load P. The bar is
formed cast iron and steel. The steel diameter is 50 mm and thickness for the
cast iron is 5mm. The deflection in both materials is 1 mm. Determine the
axial load P if the modules of elasticity for steel 200 X 10° N/m?2 and for cast
ironis 100 X 10° N/m?2

| D=60
i d=50
|
|
|
|
|
|
|
|
|
|
|
|
5 mm, 50 mm 5 mm.
Sol: \/
5 P.L
AE
Pg.Lg
Sl., =
St Ag.Eg
— 5l$t'ASt'ESt
St Lst
2
1x 1073 x % X (1380) % 200 x 10°
P, = ; = 196.3 KN
_ 6lC.I-AC.I ECI
¢l Lc,
2
1% 1073 x % % (6(1’0030) % 100 x 10°
P, = - =39KN
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Joining

v v

Temporary Joining Permanent Joining

A

Welding

A

Riveting

Welding connections
Welding

Welding is a method of a joining metals by fusion with heat from either an
electric arc or on oxyacetylene touch. The metal at the joint is melted and
fuses with additional metal from welding rod. The two principle types of a
welds are:

1) Butt weld joint
2) fillet weld joint

% N\

Single V-Butt weld joint

F;;////m\\\wﬁ

Double V-Butt weld joint
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== =

F
== -%
d _+
F ‘ '
Parallel fillet weld joint Transverse fillet weld joint

strength of Butt weld joint or load carrying Capacity of Butt weld joint

Let:
t = thickness of the body
o; = permissible tensile stress

[ = length of the weld

_P_ P
O T AT tx1
sP=0oXtxl
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Butt weld joint

Butt joint

/% N\ ol

P=og xtxl

\ ekl e Lie STl W () camg )5 alalll Lleay ) 55800

P = load carrying capacity or strength of the Butt weld

Fillet weld joint

» Strength of transverse fillet weld joint

Pl P

=t e

Let :
[, = is length of transverse fillet weld joint

o; = permissible tensile stress (N/mm?)

_P
=1
P=0oXA
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ﬁ F AE)O
— fillet weld

plate 2
\ = throat thickness (a) t
N~

Fl2 %

AN

90°

450

plate 1

A = throat thickness X length of weld (1)

throat thickness

"+ sin45 =

~ throat thickness = sin45 X t
~ throat thickness = 0.707 X t
~A =0707XtX Iy
=~ Strength or load carrying capacity of the transverse weld
P=0Xx0707XtX I
» Strength of a single parallel fillet weld joint

p| p
= =
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Let :
[, =is length of parallel fillet weld joint (mm)

T = permissible shear stress (N/mm?)

T:Z

load carrying capacity or strength of the single parallel fillet joint is :
P=1tXxA4A
P=1tx0.707 Xt X [,

Similarly, the strength of double fillet weld joint is :
P=2Xx((x0707%xXtxX [l,)

L

P P
= ==

L

Now if we have combined transverse and parallel fillet weld joint

L

P|, P
= o

2

The total load carrying capacity of both transverse and parallel fillet weld joint
can be calculate by :

P=P +P,
P=[ox0707xtX l;]+[2x(tx0707xtx I,)]
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Example : 4 plate 75 mm wide and 12.5 mm thick is joined with another plate by a single transverse
weld and a double parallel fillet weld as shown in Fig.1.

The maximum tensile and shear stresses are 70 MPa and 56 MPa
respectively. % :
Find the length of each parallel fillet weld. :

Solution.

Given : Width =75 mm ; Thickness = 12.5 mm ;
o0.=70 MPa =70 N/mm2 ; t= 56 MPa =56 N/mm2.

The effective length of weld (/,) for the transverse weld may be
obtained by subtracting 12.5 mm from the width of the plate.

[ = 75-125=62.5mm

/

Flars ould 8 )l 12
start and stop of welding =12.5 mm

1

Length of each parallel fillet
Let [, = Length of each parallel fillet.
We know that the maximum load which the plate can carry is
P = Area x Stress=75 x 12.5x70=65.625 N

Load carried by single transverse weld,
P,=0.707tx 1, xc,=0.707 x 12.5 X 62.5 x 70 = 38.664 N

and the load carried by double parallel fillet weld,
P,=2x0707tx1,x1t=2x0.707x12.5x1,x56=990, N

.. Load carried by the joint (P),
65.625=P, +P,=38.664+9901, or 1,=27.2mm

Adding 12.5 mm for starting and stopping of weld run, we have
[, =272+ 12.5=39.7 say 40 mm Ans.

12.5 mm —epai | olaa dic

12.5 mm e 7 yhisasa o 585 [ Ladie (Sl
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Riveted joint

It is one type of the permanent joining of the parts used mainly for fastening
sheet and shaped rolled metals. Riveting may be used in lap, abutment and
double- cover plate joints. Riveted joints are replaced by the more economical

welled and glued joints.
Types of Riveted joint
There are two types of riveted joint

1) Lap joints
2) Butt joints

UL
\

(a) Single riveted lap joint.

el

Single strap butt joint

£

Head

Body or
Shank

Tail

/U,

é}\

\

(b) Double riveted lap joint
(Chain riveting).

==l

Double strap butt joint
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Important terms used in riveted join

Pitch (P): it is the distance from the center of one rivet to the center of the
next rivet.

Back Pitch (Py): it is the perpendicular distance between the center lines of the
successive rows.

Diagonal Pitch (Pg): it is the distance between the rivets in adjacent rows of
zig-zag riveted joint.

Margin(M): it is the distance between the center of riveted hole to the
nearest edge of the plate.
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Failures in riveted joints (strength of riveted joints)

777228 %7
S

N
e— " —>
U

A=(@p—-d)xt

S
¥

Fig. 9.14. Tearing of the plate across the
rows of rivets.
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1) Tearing
2) Shearing
3) Crushing

1. Tearing

a) Tearing at the nearest edge of the plate from the center of the rivet. This
type of failure can be avoided if M = 1.5d

b) Tearing on the plate across row of rivets (P:)
Ppy=@—d)XtXo;

Where :

P() = tearing strength resistance of the plate

p = pitch

t = thickness of the plate

T = permissible tensile stress

Tearing of type (b) can be avoided if P(y) > applied force { Py > P }

2. Shearing of the rivets P(s)

)
AR

D000 »
| AR~

(a) Shearing of asingle riveted lap joint
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D

ﬁ\
RN\
-\ W7 I////////////f%*

{

Single rivet single strap Butt joint

}

/N
SN -
Ul

o=

Single rivet double strap Butt joint

N

number of rivets row

Tk ﬂ\
P«%////////////,l!///////l!///////% )
iy A=

o\

double rivet lap joint

PPPPP



\\/  r”“iy“‘ ’ B7/\
VN KRR | |
AT

SR
Yyv

S

double rivet double strap

T T
nxzxzxdzxr=2x2xzxd2xr

T
Py =n X yie d? Xt for single shear

P(s) = shearing resistance of the rivet material or shearing strength of the rivet

n = number of rivets row
([
Py =nx2X z Xd? Xt shear strength of double shear

double strap <l S Lavie Joasy double shear

Shearing failures can be avoided if P(s) > applied force { Py > P }

3. Crushing of the plate or rivets Pcr
Bearing stress s Crushing e J%
P.,.=nXdXtXa,
Where :
P, = Crushing strength of crushing resistance of the rivets or plate
d = hole diameter
0. = permissible crushing stress
If P.,.>P

Crushing failure will not happen
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Efficiency of riveted joints
least Of P(t) ) P(s) ,Pcr least Of P(t) , P(S) »Pcr

N of riveted joints —

strength of unrivted p XtXo;

Example 9.1. 4 double riveted lap joint is made between 15 mm thick plates. The rivet diameter
and pitch are 25 mm and 75 mm respectively. If the ultimate stresses are 400 MPa in tension,
320 MPa in shear and 640 MPa in crushing, find the minimum force per pitch which will rupture
the joint.

If the above joint is subjected to a load such that the factor of safety is 4, find out the actual
stresses developed in the plates and the rivets.

Solution. Given : = 15mm ; d=25mm ; p=75mm ; 6, =400 MPa =400 N/mm?;1t =320
MPa =320 N/mm?; 6, = 640 MPa = 640 N/mm?

Minimum force per pitch which will rupture the joint

Since the ultimate stresses are given, therefore we shall find the ultimate values of the resistances
of the joint. We know that ultimate tearing resistance of the plate per pitch,

P, =(p—d)txo, =(75-25)15x400 =300 000 N
Ultimate shearing resistance of the rivets per pitch,

T T
P =nx x xd?x1 =2x 1 (25)?320=314200N ..(-n=2)

and ultimate crushing resistance of the rivets per pitch,
P, =nxdxtxoc, =2x25x15x640=480 000N
From above we see that the minimum force per pitch which will rupture the joint is 300 000 N
or 300 kN. Ans.

Actual stresses produced in the plates and rivets
Since the factor of safety is 4, therefore safe load per pitch length of the joint

=300 000/4 =75 000 N

Leto,, T and 6, be the actual tearing, shearing and crushing stresses produced with a safe
load of 75 000 N in tearing, shearing and crushing.
We know that actual tearing resistance of the plates (7)),
000 =(p~d)txe, =(15-25)15% 6, =7500,
o, =75000/750=100 N/mm? = 100 MPa Ans.
Actual shearing resistance of the rivets (P ),

T 7T
75000 =nx + xd? xT =2x - (2571 =9827

T = 75000/982 =76.4 N/mm? = 76.4 MPa Ans.

and actual crushing resistance of the rivets (P,,),
75000 =nxdxtxo,=2%x25%x15%x0, =7500,,
o, = 75000/750 =100 N/mm?= 100 MPa  Ans.
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Example 9.2. Find the efficiency of the following riveted joints :
1. Single riveted lap joint of 6 mm plates with 20 mm diameter rivets having a pitch of 50 mm.

2. Double riveted lap joint of 6 mm plates with 20 mm diameter rivets having a pitch of 65 mm.
Assume

Permissible tensile stress in plate = 120 MPa

Permissible shearing stress in rivets = 90 MPa

Permissible crushing stress in rivets = 180 MPa

Solution. Given : =6 mm ; d=20 mm ; 6,= 120 MPa= 120 N/mm?; =90 MPa= 90 N/mm?
o, = 180 MPa = 180 N/mm?

1. Efficiency of the first joint
Pitch, p = 50mm ...(Given)

First of all, let us find the tearing resistance of the plate, shearing and crushing resistances of the
rivets.

(i) Tearing resistance of the plate
We know that the tearing resistance of the plate per pitch length,
P,=(p-d)txoc,=(50-20)6 x 120=21 600 N
(ii) Shearing resistance of the rivet

Since the joint is a single riveted lap joint, therefore the strength of one rivet in single shear is
taken. We know that shearing resistance of one rivet,

T m
P, = 1 xd?xt= n (20)> 90 =28 278 N
(iii) Crushing resistance of the rivet

Since the joint is a single riveted, therefore strength of one rivet is taken. We know that crushing
resistance of one rivet,

P, =dxtxc, =20x6x180=21600N
*. Strength of the joint
= Least of P,,P_and P_=21 600 N
We know that strength of the unriveted or solid plate,
P =pxtxoc,=50x6x120=36000N
. Efficiency of the joint,

_ Leastof A, P, and P, _ 21600
- P ~ 36 000

n =0.60 or 60% Ans.

2. Efficiency of the second joint
Pitch, p = 65 mm ...(Given)
(i) Tearing resistance of the plate,
We know that the tearing resistance of the plate per pitch length,
P =(p - d)txo,=(65-20)6x120=32400N
(ii) Shearing resistance of the rivets

Since the joint is double riveted lap joint, therefore strength of two rivets in single shear is
taken. We know that shearing resistance of the rivets,

/I TT
=nx 7 xd?xT=2x 7 (20 90=56556 N

S
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(iii) Crushing resistance of the rivet

Since the joint is double riveted, therefore strength of two rivets is taken. We know that crushing
resistance of rivets,
P =nxdxtxc,=2x20x6x180=43200N
". Strength of the joint
= Leastof P, P_and P, =32 400 N

We know that the strength of the unriveted or solid plate,
P=pxtxo0,=65x6x120=46800N

. Efficiency of the joint,
_ Leastof £, P, and P, 32 400

S

1 P = 46 800

=0.692 or 69.2% Ans.

Example 9.3. 4 double riveted double cover butt joint in plates 20 mm thick is made with
25 mm diameter rivets at 100 mm pitch. The permissible stresses are :
o, = 120 MPa; T = 100 MPa;, 0,.= 150 MPa
Find the efficiency of joint, taking the strength of the rivet in double shear as twice than that of
single shear.

Solution. Given : ¢ = 20 mm ; d = 25 mm ; p = 100 mm ; 6, = 120 MPa = 120 N/mm?;
7= 100 MPa =100 N/'mm?; ¢, = 150 MPa = 150 N/mm?

First of all, let us find the tearing resistance of the plate, shearing resistance and crushing
resistance of the rivet.

(i) Tearing resistance of the plate
We know that tearing resistance of the plate per pitch length,
P, = (p-d)txoc,=(100 x 25)20 x 120 = 180 000 N
(ii) Shearing resistance of the rivets

Since the joint is double riveted butt joint, therefore the strength of two rivets in double shear is
taken. We know that shearing resistance of the rivets,

T T
P=pgx2x 1 xd? xT=2x%x2x 1 (25)* 100 =196 375 N

(iit) Crushing resistance of the rivets

Since the joint is double riveted, therefore the strength of two rivets is taken. We know that

crushing resistance of the rivets,
P =nxdxtxgo,=2x25x20x150=150 000N

. Strength of the joint
= Leastof P,,P_and P, =150 000N

Efficiency of the joint
We know that the strength of the unriveted or solid plate,
P=pxtxo,=100x20 x 120 =240 000 N

Least of £, P, and £, 150 000

Efficiency of the joint = =
P 240 000

=0.625 or 62.5% Ans.
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Stress concentration

It is the increase in the stress near holes, notches, sharp corner and other
changes in section.
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Torsion of circular shafts

Represent (pure shear stress)

If a twisting load is transmitted through a member (like shaft), then it is
subjected to torsion

Torsion of a solid circular shaft: T is the twisting moment (Torque)
After application of the torque T, BA come to BA

y :is the shear strain measured in radian

As ¥ is small = Z\____é
A _ /
t AR AA A ey Y /
= = ——— = — = /
WYY T RA T M / H gk
AA=RH tan6=0 small &Y Fd /
RO B
e ')/ = T ——————— (1)
Where: radian ' B Jsa3 ) e *

0 is the angular of twist

Pagell Prepared by : Asst. Prof. Dr. Hussein M. Ali



shear stress

modulus of rigidity =
frig Y shear strain

T
G=—
)4
i @)
G
eq (1) =eq (2)
T RO T GO - . e
—=— or| —=— A 51 (A Cus hald T i R el e ¥
G l R [
£ 1 7. .
O — ]
\\ R //
,//
Atr=R S T is maximum T

This analysis could have been made for any radius r (r > R), since 6 and [
do not depend onrr.

GO
T—TXR=G]/
q GO
ro 1

GOr _
q= l =G')/

Where q is the shear stress at radius r.

So, the Shear stress and shear strain vary linearly with radius and have their
max value at the outside radius R.

qg v G6

“r R [
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Relation between torsion and shear stress: -

Consider the annular area whichis=2mnrdr=da

Shear force

Shear stress =
Area of shear

Shear force
2mrdr

Shear force = 2mrqdr

q:

Moment of this elementary force about the point O =2mrqdrXr

=2mr?qdr

Summation of such elementary moment area the entire cross section area =

Twisting moment applied (T)

R R
j anzqdr=]q.rda=T
0 0
_Ger
1=
RGe
T = — .r.rda
o [
GO (R
T=—/| r®da
L Jo
J = polar moment of inertia
GOJ T GO
T =—— S—=—
[ J [
Tt _q T GS6
R r | 1
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0 0
(=2 HR 21 R*
=ZT |— =
4 0 4
_TtD4
32
’l'_T _TR_ TD
R ] — "7 _2<1TD4)
32
_16T ¢ lid shaft _16T_T > Z_nD3
T—T[D3 max 7 for solid sha =737 where = Te
For a hollow shaft of internal radius r = %
R U U
]=21Tj r3dr = =(R*—1% or ]=—(D*—-d%
- 2 32
16 T
Tmax = (D% — %) max 7 for hollow shaft
T
T t (D* — d*)
Tmax = 7 where Z = €D

T =Torque applied

. . g = shear stress at any radius r
J = polar moment of inertia

G = modulus of rigidity r = the radius at which g is acting

) = is the shear strain
0 = angle of twist of the shaft 4
[ = length of shaft

T = shear stress at the surface = maximum shear

R = radius of the shaft

D = diameter of the shaft
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Ex: Calculate the max shear stress developed in a solid shaft of diameter 10
cm. If the torque transmitted through the shaft be 5 KN

Sol :
16T T 1
tYaps 7 T “R
T 1 TR
TR T T
1t D*
T 32
_TOD 581 x 106 me
32
- 5% 103 x 0.05 — 25.4 MN /m?
9.81 x 10-6

Section modulus (2)

For solid shaft:

Z _ Tmax
J R
TR T
o == T
R
J

— = 7| (Section modulus)

16T T
Tmax =153 = 7
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For hollow shaft:

T Tmax

% =7 (Section modulus)
Tt
Z-.§7(D4"d4)
_ D
n [((D* —d* /
z="(¢ ) /
16\ D |
16 T T
Tmax = 4 _gn 7 \
NOETORY
P =TXuw

1 N.m Joule
= N.m X = =
sec  sec sec

= watt or kw

Power transmitted by the shaft: -

T_6OxP
21N

Where :
T = Applied Torque (N.m)
N = Frequency of rotation (rev/min)

21t N = angular velocity (rad/min)

21t N
w = o0 angular velocity (rad/sec)

TX21T N N.m Joule
P = = = = watt

60 sec sec

‘max
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Springs
It is an energy absorbing units.

Its function is to store and restore energy. (e.g. spring application in a motor
vehicle to acts as buffers between the vehicle and external forces, applied
through the wheels uneven road condition) without permanent distortion of

the material.

Types of springs:
1) Close-coiled helical spring.
2) Open-coiled helical spring.
3) Leaf spring (carriage spring).
4) Spiral spring.

Closed coil helical spring

Leaf spring Spiral spring
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Close-coiled helical spring: -

Each turn is so close to the adjacent, i.e. each turn may be considered to lie in
horizontal plane if the center axis of the spring is vertical.

| D

— -
-

D : :

R = 5 mean coil radius (cm, mm)
d . :

r = - wire radius

n = number of turns (number of coils)
[ =length of the wire=mt D n
6 = axial deflection

w = axial load (N, KN)

Wire

consider one half turn of the spring every cross section will be subjected to
torque (T) = W R, tends to twist the section. To determine the max stress,
torsion theory will be applied

Tmax _ Z
r | \

T=WR

] T[d4=ET'4

~32 2

R
Tmax = ] = %,,A _ }/K/
,

d

max stress =
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Also, from half turn: -

T G6
.'.TZT
6=T_l _ W X R x (mR)
ez
2 WR?
=G, i angle of twist of the turn of the spring

deflection of halfturn = 8 = R 0

_ _ 2 WR?
~ Total deflection =6 =2n =2 X R X G Xn
B 4R3Wn
= (cm, mm)

Where:

6 = deflection of the spring
W = axial load one the spring
n = number of coils

R = mean coil radius

r = wire radius

G = modulus of rigidity
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Ex: A close-coiled helical spring of round steel wire 6mm in diameter having
14 complete coils of 6cm mean diameter is subjected to an axial load of
150 N, find the deflection of the spring and the max shearing stress in the

material if G = 80 GN/m?

Sol:
AWR3n
TGt
4 %150 % (3)* x 107° x 14
= TBOx10°x 3t x 1012 03vm=35cm
2WR
max shear stress = 3
Tr
_ 2 X 150 x 3 x 102 MN
- max shear stress = T3 X 10 = —
Deflection = e o-is = (m)

1. Series connection

w

S

w W
=Sl+52=—+—

S
w
S S1 Sy

Sz+Sl

S1 52

S1S52

combined stiffness S =

Sl+ Sy

Where:
s = is the stiffness of spring 1

s, = is the stiffness of spring 2

S2

Springs in series.

Tow spring carrying a
common load (W)
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2. Parallel connection

Total load =W =w; +w,

s W _w_w 51 52
S S1 S
WSl WSZ
W, = Wy = — W1 W»
S S
W=w;+w, d
_ Ws, N Ws, Springs in parallel.
S S

74
Wz?(31+52)

~ combined stiffness S=s;+ s,

Ex: A close-coiled helical spring is subjected to a load of 100 N, and the max
shear stress is limited to 10 KN/cm?. Determine the spring diameter for coil

and wire if g =8

Sol:

N OO

10 x 103 2 X (
104 d3

d =0.00451m
~ D =8x%0.00451 = 0.03608 m = 36.08 cm
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Shearing Force & Bending Moment Diagram in beams

1

Simply supported beam with Simply supported beam with
uniformly distributed load (U.d.l) w. concentrated load w1 and w..

Cantilever beam with Cantilever beam with uniform

concentrated load w. distributed load w.

a) Simply supported beam

Shearing force (S.F.): - It is defined as the algebraic sum of the forces to the
left or to the right of a section of the beam.

Bending Moment (B.M.): - It is defined as the algebraic sum of the moment of
the forces acting to the left or to the right of a section of the beam.

Shearing Force and Bending Moment Diagram: - It gives the value and
variation of the Shearing Force and Bending Moment at any section
respectively w

}

S.F.=w

B.M.=wX
T —x
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Sign convention: -

——--—- X

Shear Force & Bending Moment Diagram aiud Jai Laxie *
(Sign convention) <l JLaY) Glua 8 auai b il

ve

(.LE.LJ\ L.sj\) section line (nar e 48l 5l 5 g8l o <6 Ladie
Lall) section line sl e dadl sl & gall culS 5 eV

1

—————— X

oV & () 5S3 (shear force) of (s 13 i) ) (daiial)
(- ve) Al L JLE) 05855 L)

(.Laﬁ.'z.d\ Lﬂ\) section line (e e 48l 5l 5 g8l o <0 Ladie o

ve

Lﬂ\) section line Jbu (e 4=3) 4l 3 g8l cuilS 4 Jasy |
oY) 3 (5SS (shear force) of sz 12 el I (dasiall

q

C.wW A.C.W

.-y

B.M. +ve

Sagging beam

(+ ve) dox 5o L LE) (sS85 o gall

e e gl moment oS Lexie
oSe (Ll Lall) section line o

C.%%‘) e &l moment OS deludl o jlae

A.C.W C.W e as (hildl ladll) section line U
Bending ) s, o i 138 de L)
B.M. -ve (+ ve) e oS5 (Moment

Hogging beam

ClEe ae (Liwdl ball) section line o e & 3 moment osS Ledie (s B
Aol o jlie e (Ll Jadll) section line Uk e &8I moment OS5 deludl

(- ve) Ll (58 (Bending Moment) s ol ixg 138
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Ex: Find the shear force (S.F.) and bending moment (B.M.) diagram for the
following beam

- ¢ >
- = - | - —
2 2
%%
w X W
2 - 2
Sol:
1_
U P
i w
T 2 WA W
-ve +ve M 3
S.F. S.F. (S.F.D) Sl
2- z
A 2
When X lies betweenOandé ¢ // x=%l
B.M=% /\
/ﬁ)\
B.M=0 (B.M.D)
bending moment & Jik ki 4lls shear force (2 (88 b JS*
B.M=§.0=o at x=0
B.M=Kl at x=£
4 2
B.Mzm.i—ﬂ at x =-
24 8
at x=§l
4
BM=22—w(d - )= _m
2 "4 4 2 8 4 8 8

Page]|3 Prepared by : Asst. Prof. Dr. Hussein M. Ali



b) Cantilever beam with concentrated load

S.F.

+ve

S.F.
B.M
X
C.wW A.C.W
B.M. +ve
B.M.D
M, =—wx
At x =0
BM.=-wx0=0
At x =1

B.M.=—-wXI[l=—-wl
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Ex: Draw the shear force (S.F.) and bending moment (B.M.) diagram for the

following beam

S.F.

+ve -ve
S.F. S.F.

S.F. at X between 0 and 1 =5 KN

At X between 1 and 4

B.M.
X X N
CW A.CW
Gels) (&
A.C.W
M, = —wx
At x =0

B.M.=-5%x0=0
BM.=-5x1=-5 Atx=1

At x betweenland4
BM.=-5xx—-10(x—1)
BM.=-5%Xx4-104—-1)At x=4
B.M.=-20—-30 =-50

10 KN 5KN

3m —» | 4>
Im

X
—~——

t

/
=

~

B.M.D
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Bending stress (o)

Assumption: -

1) The beam is initially straight and unstressed.

2) The material of the beam is homogeneous.

3) The elastic limit is no where exceeded, i.e. stresses do not exceed the
limit of proportionality.

4) Plane cross section remain plane before and after bending.

5) There is no resultant force perpendicular to any cross section.

Max tensi}l/e stress
%>
A >
4"
e‘

A

Side view of the beam . . Max compression stress
Fig.1 Front view of the beam

Linear stress distribution
_ with max tensile and
G compression stresses at
the external fibers and
zero at N.A (neutral axis)

- tensile

compression

Yy

Fig. 2 stress distribution along the beam
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JE 38 e 2 ey Al Sy beam U centroid Jb e g3l ball s 1 Neutral axis (N.A)
Ja (5S) stress ) saie s beam I

N.A represent the locus at which the stress in zero
R is the radius curvature of the N.A

Before bending, AB is parallel to CD

After bending AB and CD will subtend the angle 6

Consider the fiber EF, at a distance y from N.A. After bending, it will be
stretchedto EF

. strain in fiber EF = -2 —EF
=~ strain in fiber =—%r
EF=GH=GH because at the N.A the stress = zero
. strain i EF_EF—EF_(R+y)e—Re_Re+ye—Re
. strain in =—ZF = % = T
& Strain in EF = % (1)
, stress (o)
strain = (2)

young’s modulus (E)

If we substitute equation 1 in equation 2, we get

o Yy
E R
o _E
: ; v (3)
E
SOy = E.y (so op will vary linearly with y)

y bl g Llad T s i g, elisaY) dga) ol Gl
N.A oo 2 Gl ALl ke 4 =y
I NLA e dilaall (5 bt Lgia ()5S Ailaal) laie JVgadl (8 Jamy o) Jla i

beam J) zlaw
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Consider the area dA.

The stress on the strip of area dA, at a distance y from the N.A is: -

g, = = [ i ]

b - R 'y | ‘ 'd i
y

Force ! 1
Area N ! 1A

Stress =

Y2

!

The force on the strip of area dA = 0 X dA = %.y x dA
Moment of the strip of area dA about N.A=dM = %.y. dA Xy = g.yz. dA

_ E
~ Total moment for the whole cross-section = = D y2 dA
|

Where Y. y2.dA represent the second moment of area

Y1 Y1
I=Zy2.dA=Jy2.b.dy=bjyz.dy
Y2 Y2
N— . p— -
y_E M _E
"R TR
M_E_O'b 4
T=R™Y (4)

E,l, M =constant

R is the radius of curvature, where the beam will bend as a circular arc.
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Ex: Determine the bending stress at a section midway between the supports
at 2.5 cm below the upper surface at the beam.

tensile stress distribution

h= =2
15cm ?
3
&
compression stress distribution
l=24cm
Sol:
. M
From equation 4 we get g, = -y
- wl
1= 2=
5 M—Rxl Wl>< l _le Wl2_8wl2—4wl2_4wl2_wl2
U 2 274 4 8 32 32 8
6 X 103 x 2.42
= = 4320 N.m
8
15
y=—-=25=5cm
2
bh3 (7.5%107%) x (15 x 1072%)
I = = = 2.109 x 1075
12 12 09 0
_ M ) 4320 & % 10-2
% =Y 72109 x 10-5

op = 10.23 MN /m?
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M
bending stress (0p) = T.y

=7 Ymax = 7
I (ymax)

M M
I

Omax

I

Where = z = modulus of section or Section modulus

ymax

M

“ Omax = ?

For rectangular section: - - b

— — -
Z 7 7 7
1 /// A A /. /S
¥ SoA e o S
SN A A W //
AHe A A 7 A

= — h

ymax - 2

bh3 .
g I VA _bh
ymax ﬁ 6

2

For circular cross-section: - —

nD* D
64 ' Ymax = 5
77,'D4 D3 N }‘ D ’{ A
61 ™

D 32

2

For hollow circular beam: -

n(D{ — D3) D, \

A A—

! 64 ’ Ymax = >

n(D{ — D3) f’ __D24~ x‘
64 _ n(D{ — D7) | |
& 32 Dl \\\ e /
2 N Y,
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For triangle

bh3 2
= 3_2 ) Ymax = §h
b
. 7= I 37 _ bh
Ymax %h 24

!

o

Ex: For the beam shown, the allowable working stress in tensile and
compression = 144 MN/m?, height of the beam {h = 2 width (b)}. find and b?

Sol: w =225 KN/m
h=2b 4 :
M. 4] ___ML_
Op = I .y
wir
6 — = Flg
144 x 10 b_h3 X >
12
22.5 x 103 5
144 x 106 ( 2 9) <10
0% E %
T
h =20.35cm
“h=2b
_h_2035 .
= > = 5 = . cm
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Moment of inertia for built up sections (l)

I_BD3 , bd?3
12 12

Neutral axis (N.A) Js> Jilaia JSAII 138

N.A

I = IABCD - IShaded area about DC + IEFGH about GH

W

%

Fig. 1

Neutral axis (N.A) Js~ Jilaia e JSAI 138

Centroid of the area Aiis (¥ )
Ay=XYAy=Ay: + Ay,
(A) total area = A + A,

_ Ay1+Ayy ,
=112 parallel axis theorem
Ai+Ay

Ixo A =Ixp A1 + Ixp A,
= (Iya+ A1d?) + (Iy4 + Ayd3)

3 3
Ixo A ="+ (bd)d? + 2 + (Ca)d3

Fig. 2
E F
b
A . A
I . 9
04
R _1 9 e - — — o — — E—
i [ -
d, 2\
| ‘ o Xo
y [
y
2 A,
--—C’--
Fig. 3

Neutral axis (N.A) Js~ Jilaia pe JSA 13
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Shaft subjected to bending moment and torque

1) To find stress due to bending effect

o M

y ]
_ md* _d
R y >

o M

y ]
d
T T nd

64
32 M
o= —3 Direct stress due to bending comp/r‘ession

2) To find stress due to torsion

T T

R ]
J = polar moment of inertia

_1Td4

1 A
-

TR T. >
== "\
32
16 T
T = —7 shear stress due to torsion

<€
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= An element at the top is loaded as shown: -

_32M

16T
Txy = md3

Maximum shear
stress on the shaft

d3 in the shaft

/ nd3 le N ye TZ] ~ ama‘x/ (1)

Maximum bending stress (0,,,4x) On the shaft due to the combined torque and

bending moment

1 (/32 M\? 16 T\?
tmax =5 |(ar) +* (ze)

Tmax = 2 X oo [ME A T2
max — o d3

16
‘[,'max = ﬁ\/ MZ + T2

Maximum shear stress on the shaft due to the combined torque and bending

moment
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1- Equivalent bending moment (Me)

Let (Me) be the equivalent bending moment (that bending moment if acting
alone will cause the same direct stress which is caused by the combined effect

of (M &T)

Me 04y

Iy
_nd4 d
“ 64 0 VT2

Me Omax
nd* ~ d

64 2

md* Oy
64 d

2

32 Me
Omax = Td3

Me = = [ M+ MZHT7 |

Me =

Put it in equation (1), we get:
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2- Equivalent torque (Te)

Let (Te) be the equivalent torque (That torque if acting alone will cause the
same maximum shear stress which caused by the combined effect of (M & T)

Te Tmax
T R

td*
T 32

d
=3

nd* T
Te = 37 d

2

16 Te
Wzl_max (2)

1 (/32 M\? 16 T\%> 16
Butrmax=z\/( )+4( )——\/M2+T2—(3)

d3 ntd3)  mwd3
From 2 and 3
16 Te 16
= — /M2 + T2
nd3® nd3

o Te =+ M?+T?
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Ex: A hollow shaft of 200mm outside diameter and 125 mm bore is subjected
simultaneously to a B.M of 43 kN.m and a torque of 65 kN.m. calculate the
bending stress and the torsional shear stress. Hence find the max. shear stress
in the shaft due to the combined torque and bending moment.

Sol:
M o,
Ty
[ n(D+ — D}) T (0.2* — 0.125%) 665 % 10-3
64 64
D- 200
y = > =5 T 0.1m
My 43 x10%x 0.1 ,
% = = eesx103 _ oHOMN/m
T T
R ]

td*
> =13.3x 10> m*

] = polar moment of inertia =

R=2-01
= 5 =uU.lm
_TR_65><103><0.1_488MN 2 . b0 torsi
T = [~ 133x108 T8 /m* shear stress due to torsion
Ox — Oy 2 5 >
Tmax = (T) T Ty A
o, = 48.8 MLV/m2 -
64.6\° ,
Tmax = (T) + (48.8) v
T
Tmax = 58.52 MN/m? max shear stress in the shaft T,y = 488
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Material subjected to direct and shear stress

If the material is subjected to the two types of stresses at the same time as
shown in fig.

Oy
Txy > ‘Txy
Oy Oy
\ 4
Txy <
Oy

the max. and min. stress will be find as follows:

A‘% (“x - Uy)z
2

Omax , min — 5 T

2
+Txy

Omax — 01 » Omin = 02

Ox — 0y
Tmax = (

2 2
> ) + Tyy
These stresses are termed as the principal stresses of the system acting on the
mutually perpendicular planes called principal planes.
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Ex: Under certain condition of loading the stresses in the walls of a cylinder
are as shown below. Calculate:

a) The principal stresses (g7 ,0,)

b) The max shear stress (T,,4x)

c) shear stress and the principal stress if o, & 0, is zero
d) max shear stress & direct stress if 0, & g, is zero

o, = 90 MN /m? tensile g, = 120 MN /m?
o, = 120 MN/m? tensile
A € B
Tyy = 75 MN/m?* 4
0, = 90 MN/m? < >
\ 4

Sol:
a)
o, + o O, — O\ 2
o ===+ |(F52) +1%
90 + 120 90 — 120\ 2 ,
n=—gt [(Fg ) +75

o, = 105 + 76.5 = 181.5 MN/m? —_, tensile

o Ox — Oy\?
7y = 2 _j(T) ey

o, = 105 — 76.5 = 28.5 MN/m?> —» tensile
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b)

A<€ B
_ Ox T oy Ox — Oy\? 5
01 = 5 + \/( 5 ) + Txy
— 2
01 = ’Txy_Txy D > C
1815 = 1,y 5 Tyy = 181.5 MN/m?
o, = 181.5 MN/m?
g, =0
d)
g, =0 , Ty = 0
O =?  Tmax = 76.5 MN/m?
Ox — Oy 2 ) A
Tmax = (T) T Tay
9% _ Oy ] —
765 = (7) ==
o, = 153 MN/m? 5
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