
 

Stress 

When some external system of forces or loads acts on a body, the internal forces (equal and 

opposite) are set up at various sections of the body, which resist the external forces. This 

internal force per unit area at any section of the body is known as unit stress  or simply a  

stress. It is denoted by a Greek letter sigma (σ). Mathematically, 

 

Stress, σ = P/A 
 
 

Where P = Force or load acting on a body, and 

A = Cross-sectional area of the body. 
 

 
In S.I. units, the stress is usually expressed in Pascal (Pa) such that 1 Pa = 1 N/m2. In actual 

practice, we  use bigger units of stress  i.e. megapascal (MPa) and gigapascal (GPa),  such that  

1 MPa = 1 × 106 N/m2 = 1 N/mm2 

And 1 GPa = 1 × 109 N/m2 = 1 kN/mm2 
 
 

Strain 

When a system of forces or loads act on a body, it undergoes some deformation. This 

deformation per unit length is known as unit strain or simply a strain. It  is  denoted  by a 

Greek letter epsilon (ε). Mathematically, 

 

Strain,  ε= δl / l or δl = ε.l 

Where δl = Change in length of the body, and 

l= Original length of the body. 

Tensile Stress and Strain 
 

 

Fig. Tensile stress and strain 

When a body is subjected to two equal and opposite axial pulls P (also called tensile load) as 

shown in Fig. (a), then the stress induced at any section of the body is known as tensile stress 



 

as shown in Fig. (b). A little consideration will show that due to the tensile load, there will be 

a decrease in cross-sectional area and an increase in length of the body. The ratio of the 

increase in length to the original length is known as tensile strain. 

Let P = Axial tensile force acting on the body, 

A = Cross-sectional area of the body, 

l = Original length, and 

δl = Increase in length. 

Then  Tensile stress, σt = P/A 

and tensile strain, εt = δl / l 

 

Young's Modulus or Modulus of Elasticity 

Hooke's law* states that when a material is loaded within elastic limit, the stress is directly 

proportional to strain, i.e. 

 

where E is a constant of proportionality known  as Young's modulus or modulus of elasticity. 

In S.I. units, it is usually expressed in GPa i.e. GN/m2 or kN/mm2. It may be  noted that  

Hooke's law holds good for tension as well as compression. 

 
The following table shows the values of modulus of elasticity or Young's modulus (E) for the 

materials commonly used in engineering practice. 

Values of E for the commonly used engineering materials. 
 

Material Modulus of elasticity (E) in 

GPai.e. GN/m2 for kN/mm2 

Steel and Nickel 200 to 220 

Wrought iron 

Cast iron 

Copper 

Brass 

190 to 200 

100 to 160 

90 to 110 

80 to 90 

Aluminium 

Timber 

60 to 80 

10 



 

Shear Stress and Strain 

When a body is subjected to two equal and opposite forces acting tangentially across the 

resisting section, as a result of which the body tends to shear off the section, then the stress 

induced is called shear stress. 

 
 

Fig. Single shearing of a riveted joint. 

 

 

 The corresponding strain is known as shear strain and it is measured.

Deformation accompanying the shear stress. The shear stress and shear strain are denoted by 

the Greek letters tau (τ) and phi (φ) respectively. Mathematically, 

 
 

Shear stress, τ = 

Tangential force 

 
 

 

Resisting area 
 
 

Consider a body consisting of two plates connected by a rivet as shown in Fig.  (a).  In this  

case, the tangential force P tends to shear off the rivet at  one cross-section as shown in Fig.  

(b). It may be noted that when the tangential force is resisted by one cross-section of the rivet 

(or when shearing takes  place at one cross-section of the rivet), then the rivets are said  to be   

in single shear. In such a case, the area resisting the shear off the rivet, 
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  And shear stress on the rivet cross-section 
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Now let us consider two plates connected by the two cover plates as shown in Fig. (a). In this 

case, the tangential force P tends to shear off the rivet at two cross-sections as shown  in Fig. 

(b). It may be noted that when the tangential force is resisted by two cross-sections of the 

                   rivet. 

 



 

Double shear area  :   A  2  
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and shear stress on the rivet cross-section. 
 

 

Fig. Double shearing of a riveted joint. 
 
 

Notes: 

1. All lap joints and single cover butt joints are in single shear, while the butt joints with double 

cover plates are in double shear. 

2. In case of shear, the area involved is parallel to the external force applied. 

3. When the holes are to be punched or drilled in the metal plates, then the tools used to 

perform the operations must overcome the ultimate shearing resistance of the material to be cut. 

If a hole of diameter ‘d’ is to be punched in a metal plate of thickness ‘t’, then the area to be 

sheared, 

A = π x d × t 

And the maximum shear resistance of the tool or the force required to punch a hole, 
 

Where σu= Ultimate shear strength of the material of the plate. 
 
 

Shear Modulus or Modulus of Rigidity 

It has been found experimentally that within the elastic limit, the shear stress is directly 

proportional to shear strain. Mathematically 

 
 



 

Where τ= Shear stress, 

φ = Shear strain, and 

C = Constant of proportionality, known as shear modulus or modulus of rigidity. It is 

also denoted by N or G. 

 

The following table shows the values of modulus of rigidity (C) for the materials in every day 

use: 

Values of C for the commonly used materials 
 

Material Modulus of rigidity (C) in GPa i.e. GN/m2 or kNmm2 

Steel 80 to 100 

Wrought iron 

Cast iron 

80 to 90 

40 to 50 

Copper 

Brass 

Timber 

30 to 50 

30 to 50 

10 

 
Linear and Lateral Strain 

Consider a circular bar of diameter d and length l, subjected to a tensile force P as shown in  

Fig. (a). 

 

Fig. Linear and lateral strain. 

A little consideration will show that due to tensile force, the length of the bar increases by an 

amount δl and the diameter decreases by an amount δd, as shown in Fig. (b).  similarly, if the 

bar is subjected to a compressive force, the length of bar will decrease which will be followed 

by increase in diameter. 

It is thus obvious, that every direct stress is accompanied by a strain  in its  own direction  

which is known as linear strain and an opposite kind of strain in every direction,  at  right 

angles to it, is known as lateral strain. 



 

 

 

4.18 Poisson's Ratio 

It has been found experimentally that when a body is stressed within elastic limit, the lateral 

strain bears a constant ratio to the linear strain, Mathematically, 

Lateral Strain 
   Constant 

Linear Strain 

This constant is known as Poisson's ratio and is denoted by 1/m or . 

 

Following are the values of Poisson's ratio for some of the materials commonly used in 

engineering practice. 

Values of Poisson’s ratio for commonly used materials 
 

S.No. Material Poisson 's ratio 

(1/m or ) 

1 Steel 0.25 to 0.33 

2 Cast iron 0.23 to 0.27 

3 Copper 0.31 to 0.34 

4 Brass 0.32 to 0.42 

5 Aluminium 0.32 to 0.36 

6 Concrete 0.08 to 0.18 

7 Rubber 0.45 to 0.50 

 
Volumetric Strain 

When a body is subjected to a system of forces, it undergoes some changes in its dimensions. 

In other words, the volume of the body is changed. The ratio of the change in volume to the 

original volume is known as volumetric strain. Mathematically, volumetric strain, 

 v   V /V 

Where δV = Change in volume, and V = Original volume 

 
 

Notes : 1. Volumetric strain of a rectangular body subjected to an axial force is given as 
 

2. Volumetric strain of a rectangular body subjected to three mutually perpendicular forces is 

given by 



 

 

 
 

where εx, εy and εz are the strains in the directions x-axis, y-axis and z-axis respectively. 

Bulk Modulus 

When a body is subjected to three mutually perpendicular stresses, of equal intensity, then the 

ratio of the direct stress to the corresponding volumetric strain is known as bulk modulus. It 

is usually denoted by K. Mathematically, bulk modulus, 

 
 

 

Relation Between Bulk Modulus and Young’s Modulus 

The bulk modulus (K) and Young's modulus (E) are related by the following relation, 
 

 

Relation between Young’s Modulus and Modulus of Rigidity 

The Young's modulus (E) and modulus of rigidity (G) are related by the following relation, 
 

Factor of Safety 

It is defined, in general, as the ratio of the maximum stress to the working stress. 

Mathematically, 

Factor of safety = Maximum stress/ Working or design stress 

In case of ductile materials e.g. mild steel, where the yield point is clearly defined, the factor 

of safety is based upon the yield point stress. In such cases, 

Factor of safety = Yield point stress/ Working or design stress 

In case of brittle materials e.g. cast iron, the yield point is not well defined as for ductile 

materials. Therefore, the factor of safety for brittle materials is based on ultimate stress.  

Factor of safety = Ultimate stress/ Working or design stress 

This relation may also be used for ductile materials. 

The above relations for factor of safety are for static loading. 



 

Problem: 

A steel bar 2.4 m long and 30 mm square is elongated by a load of 500  kN. If poisson's ratio  

is 0.25, find the increase in volume. Take E = 0.2 × 106 N/mm2. 
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Stresses due to Change in Temperature—Thermal Stresses 

Whenever there is some increase or decrease in the temperature of a body, it causes the body 

to expand or contract. A little consideration will show that 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 as thermal stresses. 

Let     l = Original length of the body, 

t = Rise or fall of temperature, and 

α = Coefficient of thermal expansion, 

δl Increase or decrease in length, 

 

 
If the ends of the body are fixed to rigid supports, so that its expansion is prevented, then 

compressive strain induced in the body, 

 
Thermal stress, 

 

 
1. When a body is composed of two or different materials having different coefficient of 

thermal expansions, then due to the rise in temperature, the material with higher coefficient of 

thermal expansion will be subjected to compressive stress whereas the material with low 

coefficient of expansion will be subjected to tensile stress. 

2. When a thin tyre is shrunk on to a wheel of diameter D, its internal diameter d is a little 

less than the wheel diameter. When the type is heated, its circumference π d will increase to π 

D. In this condition, it is slipped on to the wheel. When it cools, it wants to return to its 

original circumference π d, but the wheel if it is assumed to be rigid, prevents it from doing 

so. This strain is known as circumferential or hoop strain. Therefore, Circumferential or 

hoop stress, 



 

 

 

 
 

 
 

 

 

Impact Stress 

Sometimes, machine members are subjected to the load with impact. The stress produced in 

the member due to the falling load is known as impact stress. Consider a bar carrying a load 

W at a height h and falling on the collar provided at the lower end, as shown in Fig. 

Let A = Cross-sectional area of the bar, 

E = Young's modulus of the material of the bar, 

l = Length of the bar, 

δl = Deformation of the bar, 

P = Force at which the deflection δl is produced, 

σi = Stress induced in the bar due to the application of impact load, and 

h = Height through which the load falls. 

We know that energy gained by the system in the form of strain energy 
 

And potential energy lost by the weight 
 

Since the energy gained by the system is equal to the potential energy lost by the weight, 

therefore 

 

From this quadratic equation, we find that 
 

When h = 0, then σi = 2W/A. This means that the stress in the bar when the load in applied 

suddenly is double of the stress induced due to gradually applied load. 

Problem: 

An unknown weight falls through 10 mm on a collar rigidly attached to the lower end of a 

vertical bar 3 m long and 600 mm2 in section. If the maximum instantaneous extension is 

known to be 2 mm, what is the corresponding stress and the value of unknown weight? Take 

E = 200 kN/mm2. 



 

 

 

 

 
 

Resilience 

When a body is loaded within elastic limit, it changes its dimensions and on the removal of    

the load, it regains its original dimensions. So long as it remains loaded,  it has  stored energy  

in itself. On removing the load, the energy stored is given off as in the case of a spring. This 

energy, which is absorbed in a body when strained within elastic limit, is known as strain 

energy. The strain energy is always capable of doing some work. 

The strain energy stored in a body due to external loading, within elastic limit, is known as 

resilience and the maximum energy which can be stored in a body up to the elastic limit is 

called  proof  resilience.  The  proof  resilience  per  unit  volume  of  a  material  is  known  as 



 

 

modulus of resilience. It is an important property of a material and gives capacity of the 

material to bear impact or shocks. Mathematically, strain energy stored  in  a body due to  

tensile or compressive load or resilience, 

And Modulus of resilience 
 

Where σ = Tensile or compressive stress, 

V = Volume of the body, and 

E = Young's modulus of the material of the body. 

When a body is subjected to a shear load, then modulus of resilience (shear) 
 

Where τ = Shear stress, and 

C = Modulus of rigidity. 

When the body is subjected to torsion, then modulus of resilience 
 

Problem: 

A wrought iron bar 50 mm in diameter and 2.5 m long transmits shock energy of 100 N-m.  

Find the maximum instantaneous stress and the elongation. Take E = 200 GN/m2. 
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Torsional Shear Stress 

When a machine member is subjected to the action of two equal and opposite couples acting in 

parallel planes (or torque or twisting moment), then the machine member is said to be subjected 

to torsion. The stress set  up by torsion is known as torsional shear stress. It is zero at the 

centroidal axis and maximum at the outer surface. Consider a shaft fixed at one end and 

subjected to a torque (T) at the other end as shown in Fig. As a result of this torque, every cross-

section of the shaft is subjected to torsional shear stress. We have discussed above that  the 

torsional shear stress is zero at the centroidal axis and maximum at the outer surface. The 

maximum torsional shear stress at the outer surface of the shaft may be obtained from the 

following equation: 

 -------- (i) 

Where τ = Torsional shear stress induced at the outer surface of the shaft or maximum shear 

stress, 

r = Radius of the shaft, 

T = Torque or twisting moment, 

J = Second moment of area of the section about its polar axis or polar moment  of 

inertia, 

C = Modulus of rigidity for the shaft material, 

l = Length of the shaft, and 

θ = Angle of twist in radians on a length l. 
 

The above equation is known as torsion equation. It is based on the following assumptions: 

1. The material of the shaft is uniform throughout. 

2. The twist along the length of the shaft is uniform. 

3. The normal cross-sections of the shaft, which were plane and circular before twist, remain 

plane and circular after twist. 



 

4. All diameters of the normal cross-section which were straight before twist, remain straight 

with their magnitude unchanged, after twist. 

5. The maximum shear stress induced in the shaft due to the twisting moment does not 

exceed its elastic limit value. 

Note: 1. Since the torsional shear stress on any cross-section normal to the axis is directly 

proportional to the distance from the centre of the axis, therefore the torsional shear stress at a 

distance x from the centre of the shaft is given by 

2. From equation (i), we know that 
 

For a solid shaft of diameter (d), the polar moment of inertia, 
 

Therefore, 
 

In case of a hollow shaft with external diameter (do) and internal diameter (di), the polar 

moment of inertia, 

 
 

 

3. The expression (C × J) is called torsional rigidity of the shaft. 

4. The strength of the shaft means the maximum torque transmitted by it. Therefore, in order 

to design a shaft for strength, the above equations are used. The power transmitted by the 

shaft (in watts) is given by 



 

Where T = Torque transmitted in N-m, and 

ω = Angular speed in rad/s. 

Problem: 

A shaft is transmitting 100 kW at 160 r.p.m. Find a suitable diameter for the shaft, if the 

maximum torque transmitted exceeds the mean by 25%. Take  maximum  allowable  shear 

stress as 70 MPa. 

 
 

Bending Stress 

In engineering practice, the machine parts of structural members may be subjected to static or 

dynamic loads which cause bending stress in the sections besides other types of stresses such as 

tensile, compressive and shearing stresses. Consider a straight beam subjected to a bending 

moment M as shown in Fig. 

The following assumptions are usually made while deriving the bending formula. 

1. The material of the beam is perfectly homogeneous (i.e. of the same material throughout) and 

isotropic (i.e. of equal elastic properties in all directions). 

2. The material of the beam obeys Hooke’s law. 

3. The transverse sections (i.e. BC or GH) which were plane before bending remain plane   after 

bending also. 

4. Each layer of the beam is free to expand or contract, independently, of the layer, above or 

below it. 

5. The Young’s modulus (E) is the same in tension and compression. 

6. The loads are applied in the plane of bending. 



 

 

 

A little consideration will show that when a beam is subjected to the bending moment, the  

fibres on the upper side of the beam will be shortened due to compression and those on the 

lower side will be elongated due to tension. It may be  seen that somewhere between the top  

and bottom fibres there is a surface at which the fibres are neither shortened nor lengthened. 

Such a surface is called neutral surface. The intersection of the neutral surface with any  

normal cross-section  of the beam is known as neutral axis. The stress distribution of a beam   

is shown in Fig. The bending equation is given by 

Where M = Bending moment acting at the given section, 

σ = Bending stress, 

I = Moment of inertia of the cross-section about the neutral axis, 

y = Distance from the neutral axis to the extreme fibre, 

E = Young’s modulus of the material of the beam, and 

R = Radius of curvature of the beam. 

From the above equation, the bending stress is given by 
 

Since E and R are constant, therefore within elastic limit, the stress at any point is directly 

proportional to y, i.e. the distance of the point from the neutral axis. 

Also from the above equation, the bending stress, 
 

The ratio I/y is known as section modulus and is denoted by Z. 

Notes: 1. the neutral axis of a section always passes through its centroid. 

2. In case of symmetrical sections such as circular, square or rectangular, the neutral axis  

passes through its geometrical centre and the distance of extreme fibre from the neutral axis 



 

is y = d / 2, where d is the diameter in case of circular section or depth in case of square or 

rectangular section. 

3. In case of unsymmetrical sections such as L-section or T-section, the neutral axis does not 

pass through its geometrical centre. In such cases, first of all the centroid of the section is 

calculated and then the distance of the extreme fibres for both lower and upper side of the 

section is obtained. Out of these two values, the bigger value is used in bending equation. 

Problem: 

A beam of uniform rectangular cross-section is fixed at one end and carries an electric motor 

weighing 400 N at a distance of 300 mm from the fixed end. The maximum bending stress in 

the beam is 40 MPa. Find the width and depth of the beam, if depth is twice that of width. 

 
 

Problem: 

A cast iron pulley transmits 10 kW at 400 r.p.m. The diameter of the pulley is 1.2  metre and    

it has four straight arms of elliptical cross-section, in which the major axis is twice the minor 

axis. Determine the dimensions of the arm if the allowable bending stress is 15 MPa. 
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Principal Stresses and Principal Planes 

In the previous chapter, we have discussed about the direct tensile and compressive stress as 

well as simple shear. Also we have always referred the stress in a  plane which  is  at right 

angles to the line of action of the force. But it has been observed that at  any  point  in a  

strained material, there are three planes, mutually perpendicular to each other which  carry 

direct stresses only and no shear stress. It may be noted that out of these three direct stresses, 

one will be maximum and the other will be minimum.  These  perpendicular  planes  which 

have no shear stress are known as principal planes and the direct stresses along these planes 

are known as principal stresses. The planes on which the maximum shear 

known as planes of maximum shear. 

stress act are 

 

Determination of Principal Stresses for a Member Subjected to Bi-axial Stress 

When a member is subjected to bi-axial stress (i.e. direct stress in two mutually perpendicular 

planes accompanied by a simple shear stress), then the normal and shear stresses are obtained  

as discussed below: 

Consider a  rectangular body ABCD of uniform  cross-sectional area and  unit  thickness 

subjected  to  normal  stresses  σ1  and  σ2  as  shown  in  Fig.  (a).  In  addition  to  these normal 

stresses, a shear stress τ also acts. It has been shown in books on ‘Strength of Materials’ that 

the normal stress across any oblique section such as EF inclined at an angle θ  with  the 

direction of σ2, as shown in Fig. (a), is given by 

 

And tangential stress (i.e. shear stress) across the section EF, 

Since the planes of maximum and minimum normal stress (i.e.  principal planes)  have  no  

shear stress, therefore the inclination of principal planes is obtained by equating τ1 = 0 in the 

above equation (ii), i.e. 

 



 

 

 

Fig. Principal stresses for a member subjected to bi-axial stress 

We know that there are two principal planes at right angles to each other. Let θ1 and θ2 be the 

inclinations of these planes with the normal cross-section. From the following  Fig.,  we find 

that 

 
 

 



 

 
 

The maximum and minimum principal stresses may now be obtained  by  substituting  the 

values of sin 2θ and cos 2θ in equation (i). 

So,  Maximum principal (or normal) stress, 
 

And  minimum principal (or normal) stress, 
 

The planes of maximum shear  stress are at right angles to each other and are inclined at 45°    

to the principal planes. The maximum shear stress is given by one-half the  algebraic 

difference between the principal stresses, i.e. 

 

Notes: 1. when a member is subjected to direct stress in one plane accompanied by a simple 

shear stress, then the principal stresses are obtained by substituting σ2 = 0 in equation (iv), (v) 

and (vi). 

 
 

 

2.  In  the  above  expression  of  σt2,  the  value  of is more than σ1/2 

Therefore the nature of σt2 will be opposite to that of σt1, i.e. if σt1 is tensile then σt2 will be 

compressive and vice-versa. 

 
Application of Principal Stresses in Designing Machine Members 

There are many cases in practice, in which machine members are subjected to combined 

stresses due to simultaneous action of either tensile or compressive stresses combined with 

shear stresses. In many shafts such as propeller shafts,  C-frames etc.,  there  are direct tensile  

or compressive stresses due to the external force and shear stress due to torsion, which acts 



 

normal to direct tensile or compressive stresses. The shafts like crank shafts, are subjected 

simultaneously to torsion and bending. In such cases, the maximum principal stresses, due to 

the combination of tensile or compressive stresses with shear stresses may be obtained. The 

results obtained in the previous article may be written as follows: 

1. Maximum tensile stress, 
 

2. Maximum compressive stress, 
 

3. Maximum shear stress, 
 

 

Where σt = Tensile stress due to direct load and bending, 

σc = Compressive stress, and 

τ = Shear stress due to torsion. 

Notes: 1. When τ = 0 as in the case of thin cylindrical shell subjected  in 

pressure, then σtmax = σt 

 

 

 

 
internal fluid 

2. When the shaft is subjected to an axial load (P) in addition to bending and twisting 

moments as in the propeller shafts of ship and shafts for driving worm gears,  then the stress  

due to axial load must be added to the bending stress (σb). This will give the resultant tensile 

stress or compressive stress (σt or σc) depending upon the type of axial load (i.e. pull or push). 

 

Problem: 

A shaft, as shown in Fig., is subjected to a bending load of  3 kN, pure torque  of  1000 N-m  

and an axial pulling force of 15 kN. Calculate the stresses at A and B. 
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Factor of Safety 

It is defined, in general, as the ratio of the maximum stress to the working stress. 

Mathematically, 

Factor of safety = Maximum stress/ Working or design stress 

In case of ductile materials e.g. mild steel, where the yield point is clearly defined, the factor 

of safety is based upon the yield point stress. In such cases, 

Factor of safety = Yield point stress/ Working or design stress 

In case of brittle materials e.g. cast iron, the yield point is not well defined as for ductile 

materials. Therefore, the factor of safety for brittle materials is based on ultimate stress.  

Factor of safety = Ultimate stress/ Working or design stress 

This relation may also be used for ductile materials. 

The above relations for factor of safety are for static loading. 

Design for strength and rigidity: 

Design for strength: 

All the concepts discussed so far and the problems done are strength based, i.e., there 

will be some permissible stress or strength and our task is to limit the stresses below the 

given permissible value and accordingly sizing the machine element. 

 
Design for rigidity or stiffness: 

It the ability to resist deformations under the action of external load. Along with 

strength, rigidity is also very important operating property of many machine components. Ex: 

helical and leaf springs, elastic elements in various instruments, shafts, bearings, toothed and 

worm gears and so on. 

In many cases, this parameter of operating capacity proves to be most important and 

to ensure it the dimensions of the part have to be increased to such an extent that the actual 

induced stresses become much lower that the allowable ones. Rigidity also necessary to 

ensure that the mated parts and the machine as a whole operate effectively.  

Forces subject the parts to elastic deformations: shafts are bent and twisted, bolts are 

stretched ect., 

1. When a shaft is deflected, its journals are misaligned in the bearings there by causing the 

uneven wear of the shells, heating and seizure in the sliding bearings. 

2. Deflections and angles of turn of shafts at the places where gears are fitted cause non- 

uniform load distribution over the length of the teeth. 



 

3. With the deflection of an insufficiently rigid shaft, the operating conditions or antifriction 

bearings sharply deteriorate if the bearings cannot self aligning. 

4. Rigidity is particularly important for ensuring the adequate accuracy of items produced on 

machine tools. 

Rigidity of machine elements is found with the help of formulae from the theory of 

strength of materials. The actual displacements like deflections, angles of turn, angles of twist 

should not be more that the allowable values. The most important design methods for 

increasing the rigidity of machine elements are as follows. 

a) The decrease in the arms of bending and twisting forces. 

b) The incorporation of additional supports. 

c) The application of cross sections which effectively resist torsion (closed tubular) and 

bending (in which the cross section is removed as far as possible from the neutral axis). 

d) The decrease of the length of the parts in tension and the increase of their cross section 

area. 

From the above it’s clear that the stiffness of a member depends not only on the shape and 

size of its cross section but also on elastic modulus of the material used.  

Preferred Numbers 

When a machine is to be made in several sizes with different powers or capacities, it is 

necessary to decide what capacities will cover a certain range efficiently with minimum 

number of sizes. It has been shown by experience that a certain range can be covered 

efficiently when it follows a geometrical progression with a constant ratio. The preferred 

numbers are the conventionally rounded off values derived from geometric series including 

the integral powers of 10 and having as common ratio of the following factors: 

5 10 ,10 10, 20 10, 40 10 

These ratios are approximately equal to 1.58, 1.26, 1.12 and 1.06. The series of preferred 

numbers are designated as *R5, R10, R20 and R40 respectively. These four series are called 

basic series. The other series called derived series may be obtained by simply multiplying or 

dividing the basic sizes by 10, 100, etc. The preferred numbers in the series R5 are 1, 1.6, 2.5, 

4.0 and 6.3. 
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Plane-Strain and Plane-Stress 

When a material with a crack is loaded in tension, the materials develop plastic strains as the 

yield stress is exceeded in the region near the crack tip. Material within the crack tip stress 

field, situated close to a free surface, can deform laterally (in the z-direction of the image) 

because there can be no stresses normal to the free surface. The state of stress tends to biaxial 

and the material fractures in a characteristic ductile manner, with a 45o shear lip being formed 

at each free surface. This condition is called “plane-stress" and it occurs in relatively thin 

bodies where the stress through the thickness cannot vary appreciably due to the thin section. 

However, material away from the free surfaces of a relatively thick component is not free to 

deform laterally as it is constrained by the surrounding material. The stress state under these 

conditions tends to triaxial and there is zero strain perpendicular to both the stress axis and 

the direction of crack propagation when a material is loaded in tension. This condition is 

called “plane-strain” and is found in thick plates. Under plane-strain conditions, materials 

behave essentially elastic until the fracture stress is reached and then rapid fracture occurs. 

Since little or no plastic deformation is noted, this mode fracture is termed brittle fracture. 

Plane-Strain Fracture Toughness Testing 

When performing a fracture toughness test, the most common test specimen configurations 

are the single edge notch bend (SENB or three-point bend), and the compact tension (CT) 

specimens. From the above discussion, it is clear that an accurate determination of the plane- 

strain fracture toughness requires a specimen whose thickness exceeds some critical thickness 

(B). Testing has shown that plane-strain conditions generally prevail when: 

 

 
Where: B 

is the minimum thickness that produces a condition where 

plastic strain energy at the crack tip in minimal 

KIC is the fracture toughness of the material 

sy is the yield stress of material 



 

Plane-Stress and Transitional-Stress States 

For cases where the plastic energy at the crack tip is not negligible, other fracture mechanics 

parameters, such as the J integral or R-curve, can be used to characterize a material. The 

toughness data produced by these other tests will be dependent on the thickness of the 

product tested and will not be a true material property. However, plane-strain conditions do 

not exist in all structural configurations and using K IC values in the design of relatively thin 

areas may result in excess conservatism and a weight or cost penalty. In cases where the 

actual stress state is plane-stress or, more generally, some intermediate- or transitional-stress 

state, it is more appropriate to use J integral or R-curve data, which account for slow, stable 

fracture (ductile tearing) rather than rapid (brittle) fracture. 

Uses of Plane-Strain Fracture Toughness 

KIC values are used to determine the critical crack length when a given stress is applied to a 

component.



 

 
 
 

Stress Concentration: 
 

Whenever a machine component changes the shape of its cross-section, the 

 

 
simple stress 

distribution no longer holds good and  the  neighborhood of  the discontinuity is  different.   His 

irregularity  in  the  stress  distribution  caused  by  abrupt  changes  of  form  is  called  stress 

concentration. It occurs for all kinds of stresses in the presence of fillets, notches, holes, 

keyways, splines, surface roughness or scratches etc. In order to understand fully the idea of 

stress concentration, consider a member with different cross-section under a tensile load as 

shown in Fig. A little consideration will show that the nominal  stress  in the  right and  left 

hand sides will be uniform but in the region where the cross-section is changing, a re- 

distribution of the force within the member must take place. The material near the edges is 

stressed considerably higher than the 

average value. The maximum stress 

occurs at some point on the fillet and is 

directed parallel to the boundary at that 

point. 

 

 

 

 

Fig. Stress concentration 

 

Theoretical or Form Stress Concentration Factor 

The theoretical or form stress concentration factor is defined as the ratio of the  maximum  

stress in a member (at a notch or a fillet) to the nominal stress at the same section based upon 

net area. Mathematically, theoretical or form stress concentration factor, 

Kt = Maximum stress/ Nominal stress 

The value of Kt depends upon the material and geometry of the part. In static loading, 

stress concentration in ductile materials is not so serious as in brittle materials, because in 

ductile  materials  local deformation  or  yielding takes  place  which reduces the  concentration. 

In  brittle  materials,  cracks  may  appear  at  these  local  concentrations  of  stress  which   will 

increase the stress over the rest of the section. It is,  therefore,  necessary that  in designing  

parts  of brittle materials such as castings, care should be  taken. In order to avoid failure due   

to stress concentration, fillets at the changes of section must be provided. 

In cyclic  loading, stress concentration in ductile materials is always serious  because  

the ductility of the material is not effective in relieving the concentration of stress caused by 

cracks, flaws, surface roughness, or any sharp discontinuity in the geometrical form of the 

member. If the stress at any point in a member is above the endurance limit of the material, a 



 

 

crack may develop under the action of repeated load and the crack will lead to failure of the 

member. 

Stress Concentration due to Holes and Notches 

Consider a plate with transverse elliptical hole and subjected to a tensile load as shown in 

Fig.1(a). We see from the stress-distribution that the stress at the point away from the hole is 

practically uniform and the maximum stress will be induced at the edge of the hole. The 

maximum stress is given by 

 

And the theoretical stress concentration factor, 
 

 

Fig.1. Stress concentration due to holes. 

The stress concentration in the notched tension member, as shown in Fig. 2, is influenced by  

the depth a of the notch and radius r at the bottom of the notch. The maximum stress, which 

applies to members having notches that are small in comparison with the width of the plate, 

may be obtained by the following equation, 

 

Fig.2. Stress concentration due to notches. 



 

 

Methods of Reducing Stress Concentration 

Whenever there is a change in cross-section, such as  shoulders,  holes,  notches or  keyways 

and where there is an interference fit between a hub or bearing race and a shaft, then stress 

concentration results. The presence of stress concentration cannot be totally eliminated but it 

may be reduced to some extent. A device or concept that is useful in assisting a design engineer 

to visualize the presence of stress concentration and how it may be mitigated is that  of stress 

flow lines, as shown in Fig.3. The mitigation of stress concentration means that the stress flow 

lines shall maintain their spacing as far as possible. 

 

Fig.3 

In Fig. 3 (a) we see that stress lines tend to bunch up and cut very close to the sharp re-entrant 

corner. In order to improve the situation, fillets may be provided, as shown in Fig. 3 (b) and 

(c) to give more equally spaced flow lines. 

Fig. reducing stress concentration in cylindrical members with shoulders 

 

Fig. Reducing stress concentration in cylindrical members with holes. 



 

 

 

Fig. Reducing stress concentration in cylindrical members with holes 
 
 

References: 

1. Machine Design - V.Bandari . 

2. Machine Design – R.S. Khurmi 

3. Design Data hand Book - S MD Jalaludin 



 

Completely Reversed or Cyclic Stresses 

Consider a rotating beam of circular cross-section and carrying a load W, as  shown in Fig1. 

This load induces stresses in the beam which are cyclic in nature. A little consideration will 

show that the upper fibres of the beam (i.e. at point A) are under compressive stress and the 

lower fibres (i.e. at point B) are under tensile stress. After half a revolution, the point B  

occupies the position of point A and the  point A occupies the position of point B. Thus the  

point B is now under compressive stress and the point A under tensile stress. The speed of 

variation of these stresses depends upon the speed of the beam. 

From above we see that for each revolution of the beam, the stresses are reversed from 

compressive to tensile. The stresses which vary from one value of compressive to the same 

value of tensile or vice versa, are known as completely reversed or cyclic stresses. The stresses 

which vary from a minimum value to a maximum value of the same nature, (i.e. tensile or 

compressive) are called fluctuating stresses. The stresses which vary from zero to 

a certain maximum value are Called repeated stresses. The stresses which Vary from a 

minimum value to a maximum value of the opposite nature (i.e. from a certain minimum 

compressive to a certain maximum tensile or from a minimum tensile to 

compressive) are called alternating stresses. 

 

Fig.1. Shaft subjected to cyclic load 

a maximum 

 
 

Fatigue and Endurance Limit 

It has been found experimentally that when a material is  subjected  to  repeated  

stresses; it fails at stresses below the yield point stresses. Such type of failure of a material is 

known as fatigue. The failure is caused by means of a progressive crack formation which are 

usually fine and of microscopic size. The failure may occur even without any prior indication. 

The fatigue of material is effected by the size of the component, relative magnitude of static  

and fluctuating loads and the number of load reversals. 



 

 

 

Fig.2. Time-stress diagrams. 

In order to study the effect of fatigue of a material, a rotating mirror beam method is 

used. In this method, a standard mirror polished specimen, as shown in Fig.2 (a), is rotated in    

a fatigue testing machine while the specimen is loaded in bending. As the specimen rotates,    

the bending stress at the upper fibres varies from maximum compressive to maximum tensile 

while  the  bending  stress  at  the  lower  fibres  varies  from  maximum  tensile  to  maximum 

compressive. In other words, the specimen is subjected to a completely reversed stress cycle. 

This is represented by a time-stress diagram as shown in Fig.2 (b). A record is kept of the 

number of cycles required to produce failure at a given stress, and the results are plotted in 

stress-cycle curve as shown in Fig.2 (c). A little consideration will show that if the stress is   

kept below a certain value as shown by dotted line in Fig.2 (c), the material will not fail 

whatever may be the number of cycles. This stress, as represented by dotted line, is known as 

endurance or fatigue limit (σe)  It is defined as maximum value of the completely reversed 

bending stress which a polished standard specimen can withstand without failure, for infinite 

number of cycles (usually 107 cycles). 

It may be noted that the term endurance limit is used for reversed bending only while 

for  other  types  of  loading,  the  term  endurance  strength  may  be  used  when  referring the 



 

fatigue strength of the material. It may be defined as the safe maximum stress which can be 

applied to the machine part working under actual conditions. 

We have seen that when a machine member is subjected to a completely reversed 

stress, the maximum stress in tension is equal to the maximum stress in compression as 

shown in Fig.2 (b). In actual practice, many machine members undergo different range of 

stress than the completely reversed stress. The stress verses time diagram for fluctuating 

stress having values σmin and σmax is shown in Fig.2 (e). The variable stress, in general, may 

be considered as a combination of steady (or mean or average) stress and a completely 

reversed stress component σv. The following relations are derived from Fig. 2 (e): 

1. Mean or average stress, 
 

2. Reversed stress component or alternating or variable stress, 

 

For repeated loading, the stress varies from maximum to zero (i.e. σmin = 0) in each cycle as 

shown in Fig.2 (d). 

 
 

3. Stress ratio, R = σmax/σmin. For completely reversed stresses, R = – 1 and for  repeated 

stresses, R = 0. It may be noted that R cannot be greater than unity. 

4. The following relation between endurance limit and stress ratio may be used 
 

 

Effect of Loading on Endurance Limit—Load Factor 

The endurance limit (σe) of a material as determined by the rotating beam method is for 

reversed bending load. There are many machine members which are subjected to loads other 

than reversed bending loads. Thus the endurance limit will also be different for different 

types of loading. The endurance limit depending upon the type of loading may be modified as 

discussed below: 

Let Kb = Load correction factor  for  the reversed  or rotating bending  load. Its  value  is  

usually taken as unity. 

Ka = Load correction factor for the reversed axial load. Its value may be taken as 0.8. 



 

Ks = Load correction factor for the reversed torsional or shear load. Its value may be 

taken as 0.55 for ductile materials and 0.8 for brittle materials. 

 
 
 

Effect of Surface Finish on Endurance Limit—Surface Finish Factor 

When a machine member is subjected to variable loads, the endurance limit of the 

material  for  that  member  depends  upon  the  surface  conditions.  Fig.  shows  the  values   of 

surface finish factor for the various surface conditions and ultimate tensile strength. 
 

When the surface finish factor is known, then the endurance limit for the material  of  

the machine member may be obtained by multiplying the endurance  limit and the surface  

finish factor. We see that for a mirror polished material, the surface finish factor is unity. In 

other words, the endurance limit for mirror polished material is maximum and it goes on 

reducing due to surface condition. 

Let Ksur = Surface finish factor. 

Then, Endurance limit, 

 



 

Effect of Size on Endurance Limit—Size Factor 

A little consideration will show that if the size of the standard specimen as shown in Fig.2 (a) 

is increased, then the endurance limit of the material will decrease. This is due to the fact that 

a longer specimen will have more defects than a smaller one. 

Let Ksz = Size factor. 

Then, Endurance limit, 

 

The value of size factor is taken as unity for the standard specimen having nominal diameter 

of 7.657 mm. When the nominal diameter of the specimen is more than 7.657 mm but less 

than 50 mm, the value of size factor may be taken as 0.85. When the nominal diameter of the 

specimen is more than 50 mm, then the value of size factor may be taken as 0.75. 

 
Effect of Miscellaneous Factors on Endurance Limit 

In addition to the surface finish factor (Ksur), size factor (Ksz) and load factors Kb, Ka and Ks, 

there are many other factors such as reliability factor (Kr), temperature factor (Kt), impact  factor 

(Ki) etc. which has effect on the endurance limit of a material. Considering all these factors, the 

endurance limit may be determined by using the following expressions: 

1. For the reversed bending load, endurance limit, 
 

2. For the reversed axial load, endurance limit, 
 

3. For the reversed torsional or shear load, endurance limit, 
 

In solving problems, if the value of any of the above factors is not known, it may be taken as 

unity. 

Relation between Endurance Limit and Ultimate Tensile Strength 

It has been found experimentally that endurance limit (σe) of a material subjected to 

fatigue loading is a function of ultimate tensile strength (σu). 



 

 

 
 

Factor of Safety for Fatigue Loading 

When a component is subjected to fatigue loading, the endurance limit is the criterion for 

failure. Therefore, the factor of safety should be based on endurance limit. Mathematically,  
 

Fatigue Stress Concentration Factor 

When a machine member is subjected to cyclic or fatigue loading, the value of fatigue stress 

concentration factor shall be applied instead of theoretical stress concentration factor. Since 

the determination of fatigue stress concentration factor is not an easy task, therefore from 

experimental tests it is defined as 

Fatigue stress concentration factor, 
 

Notch Sensitivity 

In cyclic loading, the effect of the notch or the fillet is usually less than predicted by the use 

of the theoretical factors as discussed before. The difference depends upon the stress gradient 

in the region of the stress concentration and on the hardness of the material. The term notch 

sensitivity is applied to this behavior. It may be defined as the degree to which the 

theoretical effect of stress concentration is actually reached. The stress gradient depends 

mainly on the radius of the notch, hole or fillet and on the grain size of the material. Since the 

extensive data for estimating the notch sensitivity factor (q) is not available, therefore the 

curves, as shown in Fig., may be used for determining the values of q for two steals. When 

the notch sensitivity factor q is used in cyclic loading, then fatigue stress concentration factor 

may be obtained from the following relations: 

Or 



 

 

 

 
 

And 
 

Where Kt = Theoretical stress concentration factor for axial or bending loading, and 

Kts = Theoretical stress concentration factor for torsional or shear loading. 
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Problem: Determine the thickness of a 120 mm wide uniform plate for safe continuous 

operation if the plate is to be subjected to a tensile load that has a maximum value of 250 kN 

and  a  minimum  value  of  100  kN.  The  properties  of  the  plate  material  are  as  follows: 

Endurance limit stress = 225 MPa, and Yield point stress = 300 MPa. The factor of safety  

based on yield point may be taken as 1.5. 

 

Problem: 

Determine  the  diameter of  a  circular  rod  made  of  ductile  material  with a  fatigue  strength 

(complete  stress  reversal),  σe  =  265  MPa  and  a  tensile  yield  strength  of  350  MPa.  The 

member is subjected to a varying axial  load from Wmin = – 300  × 103  N to Wmax = 700 × 103  

N and has a stress concentration factor = 1.8. Use factor of safety as 2.0. 

 



 

 

 

Problem: 

A circular bar of 500 mm length is supported freely at its two ends. It is acted upon  by a  

central concentrated cyclic load having a minimum value  of 20 kN and a maximum value of  

50 kN. Determine the diameter of bar by taking a factor of safety of 1.5, size effect of 0.85, 

surface finish factor of 0.9. The material properties of  bar are  given by: ultimate strength of 

650 MPa, yield strength of 500 MPa and endurance strength of 350 MPa. 
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Problem: 

A 50 mm diameter shaft is made from carbon steel having ultimate tensile strength of  630 

MPa. It is subjected to a torque which fluctuates between 2000 N-m to – 800 N-m. Using 

Soderberg method, calculate the factor of safety. Assume suitable values for any other data 

needed. 

 
 

Problem: 

A simply supported beam has a concentrated load at the centre which fluctuates  from a  value 

of  P to 4 P. The span of the beam is 500 mm and its cross-section is circular with a  diameter  

of 60 mm. Taking for the beam material an ultimate stress of 700 MPa, a yield stress of 500 

MPa,  endurance  limit  of  330  MPa  for  reversed  bending,  and  a  factor  of  safety  of  1.3, 

calculate the maximum value of P. Take a size factor of  0.85  and a surface finish  factor of  

0.9. 
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