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Stress Concentration:

Whenever a machine compone nt 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 distri bution 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 rough ness or scratches etc. In order to understand ful ly the idea
of stress concentration, consider a member with different cross-section under a t ensile load
as shown in Fig. A little considera tion 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
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average value. The maximum  stress
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occurs at some point on the fillet and is ) o E
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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 t he maximum
stress in a member (at a notch or a fillet) to the nominal stress at the same sectio n based
upon net area. Mathematically, theoret ical or form stress concentration factor,
Kt = Maximum stress/ Nominal stress

The value of K; depends upon the material and geometry of the part. In static
loading, stress concentration in ductile materials is not so serious as in brittle materia Is,
because in ductile materials local deformat ion or yielding takes place which reduces the
concentration. In brittle materials, cracks may appear at these local concentrations of stresss
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 n ot effective in relieving the concentration of stress caused by
cracks, flaws, surface roughnes s, or any sharp discontinuity in the geometrical form of the

member. If the stress at any poin t 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 H oles and Notches

Consider a plate with transvers e 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 fro m 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 concen tration factor,
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Fig.1. Stress concentration due to holes.

The stress concentration in the n otched 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 widt h of
the plate, may be obtained by the following equation,
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Fig.2. Stress concentration due to notches.



Methods of Reducing Stress C oncentration

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 presen ce of stress concentration can not be totally eli minated but it
may be reduced to some extent. A device or concept that is useful in assisting a design engineer
to visualize the presenc e 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 t heir spacing as far as possible.
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Fig.3
In Fig. 3 (a) we see that stress lin es 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.
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Fig. reducing stress co ncentration in cylindrical members with shoulders
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Fig. Reducing stress concentration in cylindrical members with holes.
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Fig. Reducing stress concentration in cylindrical members with hole s

Completely Reversed or Cyclic Stresses

Consider a rotating beam of circ ular cross-section and carrying a load W, as s hown in
Figl. This load induces stresses in the beam which are cyclic in nature. A little
consideration will show that the upper fibres of th e beam ( i.e. at point A) are under
compressive stress and the lower fibres (i.e. at point B) ar e 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 depen ds 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 min imum 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 a maximum
compressive) are called alternati ng stresses.

W

' e

Fig.1. Shaft subjected to cyclic load

Fatique and Endurance Limit

It has been found expe rimentally that when a material is subjectedd 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 pr ior
indication. The fatigue of material is effect ed by the size of the component, relative
magnitude of static and fluctuating loads and the nu mber of load reversals.
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Fig.2. Time-stress diagrams.

In order to study the effe ct 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 spe
cimen rotates, the bending stress at the upper fi bres varies from maximum compressive to
ma ximum tensile while the bending stress at th e 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 F ig.2 ( ¢). 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 (ce) It is defined as maximum value of
the compl etely reversed bending stress which a polished standard specimen can withstand
without failur e, for infinite number of cycles (usually 107 cy cles).

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 omin and omax 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 ov. The following relations are derived from Fig. 2 (e):

1. Mean or average stress,

For repeated loading, the stress varies from maximum to zero (i.e. omin = 0) in each cycle
as shown in Fig.2 (d).

_ _ O max
2 R ¢ 2

3. Stress ratio, R = omax/omin. 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

3c

r €

(o)
* 2-R

Effect of Loading on Endurance Limit—L oad Factor

The endurance limit (ce) 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 Ky, = 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.

.. Endurance limit for reversed bending load, o, =0,K,=0,
Endurance limit for reversed axizl load. c,, =0,k
and endurance limit for reversed torsional or shear load. T, =0, K

Effect of Surface Finish on En durance Limit—Surface Finish Factor

When a machine memb er is subjected to variable loads, the endurance limit of the
material for that member depe nds upon the surface conditions. Fig. shows the values of
surface finish factor for the vario us surface conditions and ultimate tensile stren gth.
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When the surface finish factor is known, then the endurance limit for t he material of
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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 a nd it goes on
reducing due to surface conditio n.

Let  Ksur = Surface finish fact or.

Then, Endurance limit,

o, =0,K,=0, KK =0 K, e Ky=1)
...(For reversed bending load)

=0,K_=0K K ...(For reversed axial load)
=t K =0, KK ...(For reversed torsional or shear load)



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 Ks, = Size factor.

Then, Endurance limit,

c,=0,x K“___ ...(Considenng surface finish factor also)
= Gsfr'&:m"Ks: = Gs'K-E"K:ur'K:: = GBIK:HF"K:: I:- KE: = l}
=0 K K =0 K K K. ...(For reversed axial load)
=t K K =0 KK K. ... (For reversed torsional or shear load)

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 (Ks;) and load factors Ky, Ka and

Ks, there are many other factors such as reliability factor (K), temperature factor (K:),

impact factor (K;) 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,

c,=0,K K KKK,
2. For the reversed axial load, endurance limit,

¢’ =0_K K KKK,
3. For the reversed torsional or shear load, endurance limit,

o, =t K _K KKK,

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 (ce) of a material subjected to

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



For steel, o, =050 ;

Forcaststeel. o, =040, :

For cast iron, o,=0350,:

For non-ferrous metals and alloys. 6,=03 ¢

n

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,

Endurance limit stress o,
Factor of safety (F.S) = - 2 =
Design or working stress O
For steel, c,=08t09%¢c
a_ = Lodurance limit stress for completely reversed stress cycle, and|

o, = Yield point stress.

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,

X Endurance limit without stress concentration
A

Endurance limit with stress concentration

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 behaviour. 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 g is used in cyclic loading, then fatigue stress
concentration factor may be obtained from the following relations:

K, -1

K, -1

Or

q:
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K=1+qK&,—-1) ..[For tensile or bending stress]
And
Kﬁ =1+g(&, —1) ...[For shear siress]

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

and K = Theoretical stress concentr ation factor for torsional or shear loading

Proklem: Determine the thicknesTigtiand20omie pidte unifarm plate for sa fe continuous
operation if the plate istoehe4ub fectédtb24 temile load that has a maximum vallue of 250
kNSRRI AE TREDPHEN. The properties of the plate material are as follows:
Endurance limit stress = 2&5ﬂw&u&ﬂfmpgi&§§lf§séﬁa_owm Theyfactogofysafety

. . 2
based on yield point may be taken as 1.5. .
W, 175x10 :
= N/mm

Mean stress. 0 =

A 120¢
Variable load, ¥, = W ;Wﬂ-‘" D010 N =75x10° N
3
Variable stress. g = ul = M Nfmm™
Y4 120¢
According to Soderberg’s formula,
1 _Ow 0
FS. o, o,
1 _175x10°  75x10° 486 278 _7.64
15 120¢x%300 120rx225 ¢ ¢t

t=T764x15=1146say 11.5mm Ans.



Problem:

Determine the diameter of a circular rod made of ductile material with a fattigue strength
(complete stress reversal), ce = 265 MPa and a tensile yield strength of 3 50 MPa. The
member is subjected to a varyin g axial load from Wmin = — 300 x 10° N t0 Wmax = 700 x
10® N and has a stress concentration factor = 1.8. Use factor of safety as 2.0.

Let d = Diameter of the circular rod in mm.

By

n > 2 »
Area A = de’ =0.7854 d° mm~

We know that the mean or average load,

W

W W 3 7 3 =
7, = o * Py _ 700 x10° +(=300x10°) _ 00 03
2 2
W, 200x10° 2546x10° .  ,
Mean stress, 0, = - — = o N/'mm
4 078544° d’
W, .. — W 700x10° — (- 300x10°
Variable load, I, =—met——mi — % ; X10) _ 500x10° N
W, 500x10°  636.5x10° 2

N/mm”

.. Varable stress, G, =

A 078544  4°
We know that according to Soderberg's formula,

i G_+UVXKf

FS o o

¥ a

1 254.6x10° . 636.5x10° x1.8 727 . 4323 5050
d? %350 d? x 263 d= " s d’
=5050=2=10100 or 4=100.5 mm Ans.
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Problem:

A circular bar of 500 mm leng th 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 maxi mum value
of 50 kN. Determine the diameter of bar by taking a factor of safety of 1.5, size e ffect 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.
Solution. Given : /=500 mm: W, =20kN =20 x 10° N #, =50kN =50 x 10° N:

FS =15:K_=085:K, =09:0,=650 MPa=650 Nmu’: 0, = 500 MPa = 500 Nimm’:
G, = 350 MPa = 350 N/mm’ '
and variable bending stress,

M, 1875x10° 191x10°

v 2

MNimm~

o = = o
YT Z 0.09824° d’
We know that according to Goodman's formula,
1 _ O o, x Ky
F"Sr' UH Gﬁ' )'( K&Jii' X KS:
1 445x10° 19 1x10° x1 o
S + _(Taking K= 1)

15 47 %650 d° x350x009 %085
68x10° 71x10° 139x10°
= 3 ¥ 3 = 3
d d d
-~ d3=139x103%x1.5=209 % 10° or d=3593 mm
and according to Soderberg's formula,

1 O o, x K
2 i

M

F'S' B o ' 0—6 - K.SHI' = K::

¥

5x10° g 2y g
1 _445x10°  191x10°x1 (Taking K,= 1)

15 @*x500 d°x350%09x085
89x10° 71x10° 160x10°
P " FERE
2 d3=160=x10=x15=240=10° or d=62.1mm
Taking larger of the two values, we have d=62.1 mm  Ans.




Problem:

A 50 mm diameter shaft is mad e from carbon steel having ultimate tensile st rength of 630
MPa. It is subjected to a torque which fluctuates between 2000 N-m to — 80 0 N-m. Using

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

Solution. Given: d=50mm ; 6,= 630 MPa=630N/mm* : 7, =200CN-m: I, , =—300N-m
We know that the meanorav e:tage torgus.
T__+T . 2000+ (—800) e = e
I, === — = = — -~ =600 N-m =600x10 N-mm
. Mean or average shear stress,
P = 3 1 it - é T -17
o ESG  SOUOMEE s T=1_de‘}
" md n(50)° L 16
Variable torque,
VI 2000 — (— 00 R
T = m‘j‘ﬁ%:'gl = 90) _ 1400 N-m = 1400 x 10° N-mm
167, 16x1400x10° __ __
. Vanable shear stress. T =~ 3 — . =57 N'mm

fia it ['?UJ
Since the endurance limsit in reversed bendmng () 1s taken as one-half the ultimate tensile
strength (i.e. 6, = 0.5 0 ) and the endurance limit mn shear (T ) 1s taken as 0.35 o, therefore
T, =0550,=055« Qéﬁ,:ﬂ 275¢c

s N'mmy

B

=0275x630=1

.H
]
hh

F

Assume the yield stress {f} ) for carbon steel in reversed bending as 510 N/mm?, surface finish
factor (K ) as 0.87, size factor (K_) as 0 85 and fatsgue stress concentration factor (K Jas 1.

Since the yield stress mn shear (T ) for shear loading 1s taken as one-half the yield stress in
reversed bending (0 ). therefore

Let E.S. = Facior of safety
We know that according to Soderberg's formula.

1 T, LxKeg 44 57x1
LIS s N

FS 1, t1,xKxK. 255 T 17325% 0.87 x0.85
=009% +0445=0541
ES =1/0541 =185 Ans.



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 bea m 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 s afety
of 1.3, calculate the maximum value of P. Take a size factor of 0.85 and a surface finish
factor of 0.9.
Solution. Given: W, =P : W, =4P :L=500 mm: d=60 mm : 6, =700 MPa = 700 N/mm?:
o, =500 MPa = 500 N/mm?; 6, = 330 MPa =330 N'mm*; £§. =13 K_=085:K =09

We know that maximum bending moment.
Waax XL _ 4P %500 _

M = 5002 N-mm
max 4 4
and mmmum bending moment.
A o e XL BRI s e
min 4 4
.. Mean or average bending moment,
M, __+M__ 500P +125
M =_2= min P 3 = 312.5P N-mm
7 7
and vanable bending moment.
M, —M 500P - 125P
M, = —hm = —em > - 187.5P N-mm
s 7T 3_ W 3 31T w103 crerd
bccuoumodulu& Z = ;X d = ; (60) = ...1....1 X 10 mm
. Mean bending stress.
M 3125 5
g =——= 2 =00147P N/mm”

- Z Nlixw
and vanable bending stress.
g =—= — = 0.0088 F N/mm~
¥ Z 2121x10
We know that according to Goodman’s formula.

1 o, 0‘, x Kf
5 B, OREK. XK.
1

_00147P  0.0088Px1
13 700  330x09x0.85

21P  348P _558P
T10f 108 10°
-

X——=13785 N=13.785 kN
13 558

...(Taking K= 1)




and according to Soderberg’s formula,

& _ O . Oy X K¢
S 0y Oy XKgp XK
A _ 0.0147P " 0.0088P x 1 _ 294P " 348P » 64.2P
1.3 500 330x0.9x0.85 106 108 10¢
P= l><ﬁ=11982 N =11982 kN
13 642

From the above, we find that maximum value of P=13.785 kN  Ans.
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