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Abstract — The main purpose of this paper is the fatigue and strain distributions on the net section is valuable for
assessment and determination of stress concentration in practical design and application of various engineering

U-shaped notched round bars under multi-axial loading. | s St d strai trati . ¢ f
Despite its importance in the factors of mechanical elements. Sress and strain concentrations In any type o

design, very little work has been done in this field. The loading arise when uniformity of geometry is disrupted.
fatigue life prediction model relies on the assumption Particularly, geometrical irregularities such as notches,
that both the smooth and the notched samples fail when grooves, holes, or defects are acting as local stress and
a critical value of the total strain energy density is strain raisers. They alter the lines of the principal stress;
reached. In a first instance, consists of developing a and bring about the stress and strain concentrations at the

fatigue master curve that relates the total strain energy
density and the number of cycles to failure using smooth
specimens subjected to strain-controlled conditions. In a

notch tip. Moreover, biaxial or triaxial stress state is
produced at the net section even if the single loading,

second stage, the total strain energy density of the like axial tension, is applied to the notched bars. This
notched samples is computed from representative single loading generates the uniaxial stress state in the
hysteresis loops obtained through a three-step un-notched part with the gross section. It should be
procedure: reduction of the multiaxial stress state to an noted that the net section is subjected simultaneously to

equivalent stress state using a linear-elastic finite-
element model.

Keywords- Stress concentration, FEA, Multi-axial
loading.

the stress and strain concentrations and the multiaxial
stress state.

A considerable amount of work has been completed with
regard to the determination of elastic stress concentration
I- INTRODUCTION factor for common discontinuities or geometrical
irregularities under static loading. Results of these
studies have been presented in graphical representation

Most of the engineering components contain ) .
of analytical results, FEA results and experimental

geometrical discontinuities, such as shoulders, keyways, results.Fewer studies have been done examining the
and grooves, generally termed notches. When a notched SNCF of discontinuities under static loading. For static
component  Is loaded  then I_ocal stress and  strain tension, it has been predicted by Neuber’s that the plastic
concentrations are generated in the notch area. The SNCF increases and the plastic SSCF decreases from
stresses often exceed the yield limit of the material in the their elastic values as plastic deformation develops from
small region around the notch root, even at relatively the notch root.

low nominal elastic stresses. The knowledge of stress
29
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Many experimental or analytical studies under static
axial tension have confirmed this prediction. These
results indicate that the SNCF is more important than the
SSCF. This is because the plastic SNCF maintains a
value much greater than unity while the plastic SSCF
decreases towards unity. There have been many studies
used to calculate the stress and strain at the notch root
under static and cyclic tensile loading using Neuber’s
rule, Glinka’s method, and linear rule. The predicted
values have been compared with finite element and
experimental ones. The results of these comparisons
indicate that there is no rule which can accurately predict
the magnitude of the axial strain at the notch root.

I1- METHOLOGY

Analytical investigation for stress concentration factor to
account for the peak in stress near a stress raiser, the
stress  concentration factor or theoretical stress
concentration factor is defined as the ratio of the
calculated peak stress to the nominal stress that would
exist in the member if the distribution of stress remained
uniform; that is,

O-max

Kt =

O-nom

The nominal stress is found using basic strength-of-
materials formulas, and the calculations can be based on
the properties of the net cross section at the stress raiser.
Sometimes the overall section is used in computing the
nominal stress. The effect of the stress raiser is to change
only the distribution of stress. Stress concentration
results not only in unusually high stresses near the stress
raiser but also in unusually low stresses in the remainder
of the section. When more than one load acts on a
notched member (e.g.2500N, 5000N, 7500N, 10000N,
12500N and 15000N) the nominal stress due to each
load is the stress concentration factor corresponding to
each load, and the resultant stresses are found by
superposition.

The line spacing for the table content should be single
only.

I11- PROBLEM DEFINITION

The problem under consideration is to investigate the
interference effect of U and V notch at fix parameters
such as, Notch width, Notch inclination, Notch depth,
Notch centre distance and Notch root shape (U-shaped,
V shaped) of double circumferential notch shaft on
stress-strain  concentration for multi-axial loading
conditions. The detail work is carried out with the help

30

of Numerical method and the results are validated
analytically (in some cases through redefining the
existing mathematical models for our problem) & also
experimentally. [1, 3]
Terminology used in Figure 1 as,
do= initial net-section diameter,

D, = initial gross diameter

po= initial notch radius

2L, = the un-notched length from the notch
center to the loaded end,

2l, = the notch pitch or the distance between the
centers of the two notches.

Fig 1: Cylindrical bar with double-slant
circumferential U notches.

Objective of the proposed work with reference to the
above problem, the following objectives are set for this
project:

1. Redefining the existing mathematical models to
suit for our problem, and obtaining the stress &
stain concentration analytically.

2. To analyze circumferential double notch shaft
for its stress concentration & stress interference
effect numerically.

3. Investigating the effect of same notch
parameters discussed above on elastic stress
concentration & interference effect through
detail Numerical analysis.

4. Experimental investigation of the same to
validate the FEA results.

5. To compare findings of the Numerical &
experimental investigation for deriving the
characteristic curves & comparative statistics of
both notch parameters as an attempt to set the
standard use of notch parameter selection for
specific application in future.

Calculation of Stress concentration factor in elastic range
Following standard analytical steps are used to calculate
Stress Concentration Factor and maximum stress at
notch root in Elastic Range. Depends on the geometry of
notches of notched specimen and load types the
calculations and formulae are different. Refer to figures
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for the geometries of the specimen’s calculations
notations used for calculations are as follows,
Notation,
K; = Stress Concentration Factor in Elastic
Range
o = Applied stress in N/mm?,
P = Applied axial force in N,
M = Applied moment in Nmm,
T = Applied torque in Nmm,
Gnom = Nominal normal stress in N/mm?,
omax = Maximum normal stress at stress raiser
in N/mm?,
Toom = NOminal shear stress in N/mm?,
Tmax = Maximum shear stress at stress raiser in
N/mm?.

U-shaped notch in semi-infinite plate

%
i3l be
Fig: 2 U-shaped Notch in semi-infinite plate

Fig 2 shows the U-shaped notch in semi-infinite plate
having notch radius r and notch depth h and thickness t.
Point A is the bottom most point of notch where stress is
maximum Stress G max.

U-shaped Notch in semi-infinite plate having uniaxial
tension

- —
-
- >
T - —p O
-
- -

Fig: 3 U-shaped Notch in semi-infinite plate having
uniaxial tension

Figure 3 shows the U-shaped notch in semi-infinite plate
having uniaxial tension which gives nominal stress o.
Stress concentration factor is calculated by,

Ky=0.855+2.21,/h/r for 1 <h/r <361

31

Maximum stress is present at point A, and is calculated
by,

Omax=0a = Kio
Opposite single U-shaped notches in finite-width plate

Fig: 5 shows the Opposite single U-shaped notches in
finite-width plate having notch radius r and notch depth
h and thickness t. The bottom most point of notch having
maximum Stress Gay..

U-shaped circumferential groove in circular shaft

h

Fig: 9 U-shaped circumferential grooves in circular shaft

From, Fig: 9 shows the shaft having circumferential U-
shaped notch. Diameter of un-notched portion of shaft is
indicated by D, and notched diameter is denoted by the

d, also r is the root radius and h is depth of the notch.
Stress concentration factor of U-shaped
circumferential groove in circular shaft under axial

loading is calculated by,
2h\! 2h\?
Kt =C1 + Cz (F) + C3 (F)
2hy*
+a(3)
Where,

0.1< hir<2.0 2.0< h/r< 50.0

Ci 089+ 2208,/h/r— 1.037+ 1.967./h/r +

0.094h/r 0.002h/r
C, -0.923- ~2.679 — 2.980,/h/1
6.678\/h/r + ~ 0.053n/r
1.638h/r
(s 2893+ 6.448,/h/r 090 + 2.124\[h/r +
~ 2.516h/r 0.165h/r
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C, -1912-

1.944.[h/r +

0.963h/r

—0.424 — 1.153\/h/r
— 0.106h/r

For semicircular groove (h/r = 1.0)

K, = 004 — 5.963 <2h) + 6.836 (Zh)
£ ' D ' D

2.893 <2h)
' D

Maximum stress is calculated by,
Omax = Kt X Onom

Stress

o-nom -

concentration

where
4xP

d?xm

factor

2

3

of U-shaped

circumferential groove in circular shaft under bending
loading is calculated by,

Cs

2h\* 2h\?
K.=C + G (3) + G (F)
2hy\?
+¢ (3)
Where,
0.25<h/r< 20<h/r<
2.0 50.0
0.594 + 0.965 +
2.958,/h/r—  1.926\/h/T
0.520h/r
0.422 — -2.773 -
10.545./h/r + 4.414/hjT —
2.692h/r 0.017h/r
0.501 + 4785 +
14.375,/h/r—  4.681/h/r +
4.486h/r 0.096h/r
-0.613 — -1.995 —
6.573/h/r+  2.241[h/r -
2.177h/r 0.074h/r

For semicircular groove (h/r = 1.0)

2h
K, = 032 —7.431 <3)

+ 10.390 (Zh)
' D

5.009 <2h>
' D

Nominal stress calculated by,

Onom =

32X M
X d3

Maximum stress is calculated by,
Omax = K¢ X Onom

1

2

3

32

Stress  concentration factor of U-shaped
circumferential groove in circular shaft under twisting
loading is calculated by,

2h\! 2h
K,=C, + C, (3> + G, (—)

2

D
2hy?
+6 (5)
Where,
0.25<h/r<2.0 2.0<h/r <50.0
Ci  0.966 +1.056,/h/r—  1.089 +0.924,/h/r +
0.022h/r 0.018h/r
C;  -0.192-4.037/h/r+ 1.504—2.141/h/r -
0.674h/r 0.047h/r
C3  0.808+5.321,/h/r— 2.486 +2.289,/h/r +
1.231h/r 0.091h/r
Ci  -0.567-2.364/h/r+ -1.056-1.104,/h/r -
0.566h/r 0.059h/r

Maximum shear stress is calculated by,
Tmax = Kt X Thom
where
16 xT

fnom = 7748

IV- DESIGN OF EXPERIMENT FEA

1. Design analysis of notched bar in ANSYS
A typical ANSYS analysis has three distinct steps:

1. Build the model.

2. Apply loads and obtain the solution.

3. Review the results.
These steps are performed using pre-processing, solution
and post-processing processors of the ANSYS program.
Actually, the first step in an analysis is to determine
which outputs are required as the result of the analysis,
since the number of the necessary inputs, analysis type
and result viewing methods vary according to the
required outputs. After determining the objectives of the
analysis, the model is created in pre-processor. The next
step, which is to apply loads, can be both performed in
pre-processor or the solution processor. However, if
multiple loading conditions are necessary for the
required outputs and if it is also necessary to review the
results of these different loading conditions together,
solution processor must be selected for applying loads.
The last step is to review the results of the analysis using
post-processor, with numerical queries, graphs or
contour plots according to the required outputs.
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1.1 Determination of design outputs

The basic goals of FEA are to investigate the
interference effect of both U-Shaped and V-Shaped root
notch under axial loading.

1.2 Determination of design parameters

The notched bar design parameters are-

Notch root shape (U-shaped, V- shaped) of
circumferential double notch shaft on elastic stress-strain
concentration for multi loading conditions in axially.

1.3 Determination of loads

The different load on double circumferential notch shaft
will be axial tension load for both notches to find the
interference effect of stress concentration and strain
concentration and also find total deformation in notch
shaft or bar. Number of axial loads applied like 2500N,
5000N, 7500N, 10000N, 12500N and 15000N.

2. Specimen Geometries

o]

_Ido a.
T 7] l
— —.l-—zlu—so— y 34 —.J

Fig: 1 Specimen Geometry

o

The employed cylindrical bar  with  double
circumferential U-notches is shown in Figure 1. The net-
section diameter is denoted by d, (in mm), the gross
diameter is denoted by D, (in mm), D,=50mm, 2L,= the
un-notched length from the notch center to the loaded
end, 2l,= the notch pitch or the distance between the
centers of the two notches. The specimen length is
expressed as, Specimen length=2L,+2l, The un-notched
length is held constant, while the half notch pitch 1, is
varied from 0.0 to 25 mm to examine the interference
effect of the double circumferential U-notches. It should
be noted that the notch angle y =0° represents the
cylindrical bar with a circumferential U-notch,
perpendicular to the axial direction.

3. Sample analysis and Discussion of the results

The material for current sample analysis is selected as
Structural Steel Fatigue Data at zero mean stress comes
from 1998 ASME BPV Code, Section 8, Div 2 and
Table 5-110.1

Yield tensile strength and Yield compression strength
are Syt=Syc=2.5E+08Pa,

33

Ultimate tensile strength is, Sut =6 E+08Pa

Density of Structural Steel =7850kg/m™

Figure 2 shows the CAD Model of U-Shaped Notched
bar prepared in design modeler environment of ANSYS
Workbench. For the accuracy in result, a model is
meshed in symmetric shape with 450446 elements and
646900 nodes using tetrahedral element Solid 187
element. A mesh model of bar with U-notch is shown in
figure 3. A bar is having two notches along its length
and hence the refine meshing has been carried out at U-
notch section as shown in figure 4. To find the stresses
over the bar, it is fixed at one end and a load is applied at
another end. The applied boundary condition on the bar
is shown in figure 5.

%

Fie 2- Specimen Geometry U- Shaped Notched bar

Fig 3 -Meshing U-Shaped Notched bar

Fig 4- Refine Mesh at U-Notch
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Fig 5- Boundary and loading condition

g

et

CESAEN

:

Fig 8- Equivalent (von-Mises) Elastic Strain

34

Fig 10- Total Deformation (mm)

The first step of solution is to choose the analysis type
based on the loading conditions and the required outputs.
FEA Results give complete idea of the interference
effect of stress concentration and strain concentration. In
Figure 3 shows the meshing of U-notch geometry and
from Figure 6 FEA gives Equivalent (von-Mises) Stress
(MPa). From Figure 7, we can understand that the
Maximum Principal Stress concentration is occurred at
the notch root. Also stress interference is occurred at the
notched length of double circumferential inclined
notched. In Figure 8 FEA gives Equivalent (von-Mises)
Strain  which elaborate the concept of strain
concentration at notch root and strain interference at
notch length. Figure 9 indicates the pattern of Maximum
Principal Elastic Strain Intensity. Strain intensity is
occurred at the notched length. Figure 10 shows the total
deformation output from FEA which gives that
deformation is occurred maximum at free end where
load is applied and deformation is occurred minimum at
fixed end.

V- ANALYTICAL VALIDATION

1. Calculation of U-shaped circumferential notched in
circular shaft for axial load
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Consider the shaft having symmetrical circumferential
notch with un-notched diameter as 50mm, notch depth
6mm, notch root radius 1.5mm, hence notched diameter
of shaft is 38mm which is subjected to various axial load
of 2500N, 5000N, 7500N, 10000N, 12500N and
15000N.

Stress concentration factor of U-shaped
circumferential groove in circular shaft under axial
loading is calculated by,

K¢ c <2h)1 c (Zh)2
=C, + —) + —
t 1 2 D 3 D

2h\3
Gy (E)

Where,
0.1< h/ir<2.0 2.0< h/r< 50.0
C, 0.89 + 1.037 +
2.208,/h/r — 1.967/h/r +
0.094h/r 0.002h/r
C, -0.923 - —2.679 -
6.678\/h/r + 2.980,/h/r —
1.638h/r 0.053h/r
C; 2.893 + 090 +
6.448,/h/r - 2.124/h/r +
2.516h/r 0.165h/r
C, -1.912 - -0.424 -
1.944./h/r + 1.153,/h/r -
0.963h/r 0.106h/r
h 6
T 15
Hence, should select the
range 2.0 < h/r < 50.0
C, =1.037 +
1.967,/h/r + 0.002h/r
=1.037 + 1.967V4 +
0.002 x 4
=4.974
C, = —2.679 —
2.980,/h/r — 0.053h/r
= —-2.679
— 2.980V4
— 0.053 x4
=-10.71

35

C; =090+ 2.124,/h/r + 0.165h/r

= 090 + 2.124V4 + 0.165 X 4
= 8.808

C, =-0.424-
1.153,/h/r— 0.106h/r
=-0.424 — 1.153\/4- 0.106X 4

=—-154
And,
2h 2Xx6
— = = 0.24
D 50
K- c <2h>1 (2h>2
t 1 2 D 3 D
c (2h)3
+ PR
*\p

K, = 4974 — 10.71 (0.24)!
+ 8.808 (0.24)2
—154 (0.24)3
K, = 2.8697
1.1 Calculate Nominal and Maximum stress in
Notch shaft for axial load 2500N
Nominal stress can be calculated as,
4P 4x2.5x10°
a 7(38)?
Maximum stress is calculated by,
Omax = KiGnom
Omax = 2.8697 X 2.2043
Omax = 6.3256 N/(mm)?

= 2.2043N/(mm)?

Gnom=

1.2 Calculate Nominal and Maximum stress in
Notch shaft for axial load 5000N
Nominal stress can be calculated as,

4P 4x5x103
ad 7(38)>
Maximum stress is calculated by,

Omax = KiGnom

Gmax = 2.8697 X 4.4087

Omax = 12.6517 N/(mm)?
Calculate Nominal and Maximum stress in
Notch shaft for axial load 7500N
Nominal stress can be calculated as,

4P 4x75x10° 2
= e 6.6130N/(mm)

= 4.4087N/(mm)?

Gnom=

121

Gnom=

Maximum stress is calculated by,

Omax = KiGnom

Omax = 2.8697 X 6.61

Omax = 18.9775N/(mm)?
Calculate Nominal and Maximum stress in
Notch shaft for axial load 10000N

1.2.2
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Nominal stress can be calculated as,
3

== 411(2;120 = 8.8174N/(mm)?
Maximum stress is calculated by,

Gmax = KiGrnom

Omax = 2.8697 X 8.8174

Omax = 25.3034N/(mm)?
Calculate Nominal and Maximum stress in
Notch shaft for axial load 12000N

Nominal stress can be calculated as,

i —4X12'5x21°3 = 11.0218N/
nd m(38)

(mm)?
Maximum stress is calculated by,
Omax = KiGnom
Omax = 2.8697 X 11.0218
Omax = 31.6292N/(mm)?
Calculate Nominal and Maximum stress in
Notch shaft for axial load 15000N
Nominal stress can be calculated as,
3
% = 411(:;120 = 12261N/(mm)?
Maximum stress is calculated by,
Gmax = KiGnom
Omax = 2.8697 X 12261
Omax = 37.9551N/(mm)?

Gnom=

1.23

Gnom=

1.2.4

Gnom=

From above analytical investigation, we got that the
maximum stress at notch root for various loads and from
FEA we get the maximum principal stress is shown in
previous section 5 which clearly shows the stress
interference and stress concentration at notch root with
magnitude. So, both analytical stress intensity and
maximum principal stress by FEA at notch root much
closed with analytical calculations and their details
results shown in Table 1.

Table 1- Analytical and FEA results for U shape notch

shaft or bar
Force Analytical FEA
(N) Max. Stress Max. Principal Stress
(Mpa) (Mpa)
2500 6.3256 5.7402
5000 12.6517 11.480
7500 18.9775 17.221
10000 25.3034 22.961
12500 31.6292 28.701
15000 37.9551 34.441

36

Hence one can say that FEA results for the axial load are
validated by analytical investigation. This validation
shown graphically in Figure 6.1 is as follows,

40
e A0 I Max Rross of

o FEA Max Principal Stess
35 /

o~

Stress(Mpa)
e NN W
(=] w [~ w o

5000 7500
Force{N)

10000 12500 15000

Fig - Analytical stress vs FEA Stress (Mpa) value for U
shape notch shaft

VI- MODEL EVALUATION

EFFECT ON NOTCH FOR AXIAL LOADS USING
FEA

The effect of notch parameters such as various loads on
U shaped and V shaped notches for axial loading is
performed and investigation of stress distribution at
notch surface are obtained by FEA software ANSYS.
The output of FEA is used deriving the characteristic
curves & comparative statistics of various notch loads as
an attempt to set the standard load and notch selection
for specific application in future.

Effect on U shaped notch for various axial load

The effect on U shape notch at various loads such as
2500N, 5000N, 7500N, 10000N, 12500N and 15000N
are observed for stress and strain distribution and check
for stress concentration over the notch surface. The FE
analysis for various loading condition are as follows,

1.1 Effect on U shaped notch at 2500N axial load

For notch depth 6mm, notched diameter 38mm and un-
notched diameter 50mm, angle of notch inclination 0°,
notch root radius 1.5mm and axial load 2500N, FEA
steps and output are discuss as per following figures.

In order to take the advantage of geometrical symmetry,
modeling geometry is done as shown in Figure 1 and
Figure 2 gives the loading condition on geometry. The
material of the specimen is considered as Structural Steel
having  S,=S,;=2.5E+08Pa, S, =4.6 E+08Pa,
Density=7850kg/m>.
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FEA Results give complete idea of the interference
effect of stress concentration and strain concentration. In
Figure 3 FEA gives Equivalent Stress. From Figure 3,
we can understand the concept of the stress
concentration at the notch root. Also stress interference
is occurred at the notched length of double
circumferential inclined notched. In Figure 4 FEA gives
Equivalent Strain which elaborates the concept of strain
concentration at notch root and strain interference at
notch length. Stress intensity is maximum at notch root
and interference of stress intensity is occurred at the
notched length. Figure 5 and Figure 6 shows the
Maximum Principal Stress (MPa) and Maximum
Principal Strain and both indicate the interference of
same clearly and Figure 7 gives the total maximum
deformation (in mm).

aaaaaa

Fig- Equivalent Stress

37

Fig - Equivalent Strain

vl
o

=@==Equivalent Stress (MPa)

Stress (MPa)
= [ N N w w H H
[05] o [9,] o (9] o (9] o (92

2500 5000 7500 10000 12500 15000
Force (N)

Fig - Force (N) vs Equivalent Stress and Maximum
Principal Stress (MPa)

45

Equivalent Stress (MPa)
= JEN N N w w N
(6] o (6] o (6] o (6] o

o

15 155 16 16,5 17 17.5 18 185 19 195
Lenght of bar at notch (mm)

Fig:-Equivalent Stress (Mpa) along length of bar at U-notch
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VII-  CONCLUSION

This paper describes the procedure for determination of
stress concentration factors using numerical simulation
as alternative to real mechanical tests. In particular, the
problems with bar of circular cross section with U-
groove subjected to tension and bending are
investigated.Geometrical variations for both tension and
bending are obtained using MATLAB, whereas the
calculation of stress concentration factors is performed
via ANSYS. Final expressions for stress concentration
factors are obtained using regression analysis tools in
MATLAB. The obtained values for stress concentration
factors over a range of geometrical variations for both
tension and bending show a very good agreement with
the data from literature.

Further investigation is also possible in order to extend
presented investigation for the case of torsion. However,
the procedure and software used in this paper could
be used for other cases of stress concentration, where
data are no available or to simplify and improve existing
models.
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