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Abstract: In industries, many unexpected failures of machine 

components occurs due to lack of proper design, sudden changes 
that happen during working conditions and pre-existing 
geometrical irregularities. The geometric discontinuities cannot 
be avoided as they fulfill functional requirements. The shaft or 
round bar with shoulder fillet is one of the machine components 
working under different loading conditions. In the present work, 
shoulder filleted shaft/round bar working under bending loading 
conditions is taken for study and the stress concentration factor 
was evaluated. Finite element analysis (FEA) is performed for a 
total of seven different geometries with different D/d ratios and 
analyzed them using ANSYS 19.0 workbench software. Based on 
the equivalent (Von Mises) stresses obtained from the FEA, stress 
concentration factor (SCF) for the shoulder filleted shaft is 
calculated and compared with the theoretical results obtained 
from derived modified Pilkey’s equations, Roark’s equations, and 
S. M. Tipton equations. The outcome of results shows that for 
lower D/d ratios both results were identical in nature but for 
higher D/d ratios, the results found deviated. The SCFs are 
decreased with increasing D/d ratios. The results of SCFs are 
presented in the form of graphs for comparison purpose as well as 
one can refer it for his/her applications.  

Keywords: Bending loading; finite element analysis; stress 
concentration factor; shoulder fillet; equivalent (Von Mises) 
stress.   

I. INTRODUCTION 

Round bars (Shafts), flat bars and flat plates are most 
important as they are widely used in the different mechanical 
and other related industries for making of different types of 
machinery and their parts. Among these, round bars are used 
for making various types of shafts, spindles, and axles. All 
these elements are widely used for motion and power 
transmission purpose in the various mechanical devices and 
systems. These elements are continuous in length and 
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sometimes steps are provided as per needs. So the design of 
these elements is very crucial especially shafts under different 
loading conditions i.e. axial tension, bending and torsional 
loading. To perform specific functions, different types of 
geometrical discontinuities are provided on the shafts. For 
example shoulder fillets are provided on the shaft to couple 
the bearings and pulleys, to align the shaft, keyways are  

provided on the shafts, etc. Due to these discontinuities, 
strength of the shafts may reduce; therefore sometimes these 
discontinuities are called as stress risers. To evade abrupt 
change in cross-section of the shafts, steps with shoulder 
fillets are provided for the gradual reduction in diameter to 
keep the stress lines uniform and to avoid higher stress 
concentration [1]. In the design of any shaft, to achieve 
appropriate and effective design, the study of the effects of 
geometrical discontinuities is very important. These 
geometric discontinuities will cause significant stress 
concentrations. Fillets are widely used in mechanical parts to 
provide smooth move-in regions where there is an abrupt 
change in cross-section like in shoulders [2]. 

 
Fig. 1 Geometry of round bar [2] 

Figure 1 shows a shaft with a shoulder fillet. Maximum stress 
is accrued in the shaft where an abrupt change in the 
cross-section is presented in figure 1. This accrued stress is 
known as stress concentration (SC) and it can be measured 
using factor known as stress concentration factor (SCF). SCF 
is the ratio of the maximum stress  to the nominal 
stress  as presented in Equation (1). 

                                    (1) 

Where   Stress concentration factor 

In the number of machine elements design textbooks, the 
stress concentration factors (SCFs) for the shaft with shoulder 
fillet radius are fully explained and sets of stress 
concentration factor (SCF) graphs were presented by Norton, 
Shigley and Robert [1, 3].  
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SCF is higher for larger D/d ratio and smaller fillet radius (r) 
which can be clearly observed from figure 2. Due to 
mechanical restrictions like space limits or the presence of 
neighboring parts, it is often challenging to take higher fillet 
radius [3]. 

 
Fig. 2 Variation of stress concentration factor with r/d for 

a filleted shaft under bending loading [3] 
 

Augusto et al. presented a number of methods for finding the 
SCF i.e. analytical methods, experimental methods, and 
computational methods [4]. In the present work, SCF is 
derived using analytical method and results are confirmed by 
computational method (Finite Elements Methods - FEM). As 
described by Bhavesh Patel et al. [5], the number of 
researchers has carried out various techniques to determine 
the stress concentration factor for bending loading, torsional 
loading, and axial tension loading conditions. For bending 
loading Pilkey’s et al., Young et al. and Tipton et al. have 
given number of equations for different range of r/d and D/d 
ratios. All these equations are matched with the results 
presented by Peterson’s in the form of curves and provided 

wide range of h/r, r/d and D/d ratios. Numerous equations 
were modified and presented by Bhavesh Patel et al. [5] for 
bending loading for range from 0.1≤ h/r ≤ 2.0 to 2.0 ≤ h/r ≤ 20 
and the results compared and validated through Finite 
Element Analysis.   

II. METHODOLOGY 

The number of equations presented by Pilkey [6], Young et al. 
[7] and S M. Tipton et al. [8] are altered in the form of fillet 
radius by Bhavesh Patel et al. [5] for bending loading 
conditions through mathematical formulation for the same 
range of h/r (0.1 ≤ ℎ/  ≤ 2.0 to 2.0 ≤ ℎ/  ≤ 20) as mentioned 

in the Petersons SCF handbook [6]. Also in the paper [5], a 
range of SCFs were given for various modified equations of 
fillet radius. To obtain the fillet radius based on modified 
equations, it is essential to put the SCF from the range of SCF 
given by them and it gives an optimum value of SCF. Here, in 
the present work, effort is made to validate the results of SCFs 
which are given by Bhavesh Patel et al. [5] using 
computational method (Finite Element Analysis). Equivalent 
(von Mises) stresses have been calculated from the FEA 
results. 

III. FINITE ELEMENT ANALYSIS 

The Finite element analysis (FEA) is widely used for the 

complex geometries where traditional analysis methods are 
not able to solve the problems as FEA divides the complex 
geometries into smaller parts (elements). Finite element 
analysis of shoulder filleted shaft subjected to bending 
loading is carried out using ANSYS 19.0. Total seven 
different 3D models of shoulder filleted shaft with different 
D/d ratios are modeled in Solid works 16.0. EN31 was 
modeled as a linear elastic material in ANSYS as round bar 
material. Table 1 shows the material properties of EN31. 

Table 1 Material properties of EN31 
Property Value Unit 
Density 7600 Kg/m3 

Isotropic properties 
Young’s modulus 

Poisson’s ratio 
Bulk modulus 
Shear modulus 

207 
0.3 

172.5 
80 

MPa 
-- 

GPa 
GPa 

Tensile Yield strength 460 MPa 
Tensile Ultimate strength 560 MPa 

The shoulder filleted shaft has meshed with rectangular 
elements. The average value of the mesh size is 0.01 mm (fine 
size), resulting in 105460 nodes and 24461 elements. The 
meshed shoulder shaft with dimensions of D = 40 mm, d = 
33.33 mm (D/d = 1.20) and fillet radius as 3.34 mm is shown 
in figure 3. For bending loading as shown in figure 4, the 
model is fixed from the end of larger diameter and load is 
applied to the smaller end in the perpendicular direction. 

 

Fig. 3 Meshed model of shoulder shaft 

 

Fig. 4 Loading and boundary conditions 

The results of the finite element analysis are presented and 
compared for shoulder filleted shaft. Total seven different 
models are prepared, analyze and simulated. 
 
 
 



International Journal of Recent Technology and Engineering (IJRTE)  
ISSN: 2277-3878, Volume-8 Issue-4, November 2019 

 

1672 

 

Published By: 
Blue Eyes Intelligence Engineering 
& Sciences Publication  

Retrieval Number: C5349098319/2019©BEIESP 
DOI:10.35940/ijrte.C5349.118419 
Journal Website: www.ijrte.org 
 

 Figure 5 to figure 11 shows various FEA results of a shaft 
with shoulder fillet under bending loading. Here, for analysis 
purpose, the applied load is considered constant as 1000 N for 
all iterations with different D/d ratios. 

 

 

Fig. 5 Equivalent (von Mises) stress for D/d = 1.01 (D = 40 
mm and d = 39.6 mm) 

 

Fig. 6 Equivalent (von Mises) stress for D/d = 1.02 (D = 40 
mm and d = 39.21 mm) 

 

Fig. 7 Equivalent (von Mises) stress for D/d = 1.05 (D = 40 
mm and d = 38.095 mm) 

 

Fig. 8 Equivalent (von Mises) stress for D/d = 1.1 (D = 40 
mm and d = 36.36 mm) 

 

Fig. 9 Equivalent (von Mises) stress for D/d = 1.5 (D = 40 
mm and d = 26.67 mm) 

 

Fig. 10 Equivalent (von Mises) stress for D/d = 2 (D = 40 
mm and d = 20 mm) 

 

Fig. 11 Equivalent (von Mises) stress for D/d = 3 (D = 40 
mm and d = 13.33 mm) 

From the above FEA results, equivalent von Mises stresses of 
shoulder filleted shaft are identified and utilized them for 
determination of stress concentration factors (SCFs). All the 
results of FEA for SCFs are tabulated in the Table 2, Table 3 
and Table 4; and its comparison are made with SCFs obtained 
from modified equations presented by Bhavesh Patel et al. 
[5]. 
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Table 2 Comparison of SCFs obtained from FEA and theoretical SCFs obtained from the modified Pilkey’s equation [5] 

under bending loading  

D 
(mm) 

d 
(mm) 

D/d 

Fillet 
height 

h 
(mm) 

Fillet 
radius 

r 
(mm) 

Load  
P 

(N) 

M.I 
(mm4) 

Nominal 
stress 
(MPa) 

Equivalent 
(von Mises) 
stress (MPa) 

SCF  
(Kt) based on 

equivalent 
stress 

Theoretical  
SCF 
(Kt) 

40 39.6 1.01 0.20 0.20 1000 120651 9.02604 21.415 2.3726 2 

40 39.21 1.02 0.40 0.40 1000 115968 9.29806 16.226 1.7451 1.974 

40 38.09 1.05 0.95 0.95 1000 103329 10.1386 18.128 1.7880 1.91 

40 36.36 1.10 1.82 1.82 1000 85752 11.6603 17.631 1.5120 1.814 

40 26.67 1.50 6.67 6.67 1000 24822 29.547 20.607 0.6974 1.409 

40 20 2.00 10.00 10.00 1000 7850 70.0637 36.656 0.5232 1.229 

40 13.33 3.00 13.34 13.34 1000 1549 236.642 101.64 0.4295 1.114 

 
Table 3 Comparison of SCFs obtained from FEA results and theoretical SCFs obtained from the modified Roark’s 

equation [5] under bending loading 

D 
(mm) 

d 
(mm) 

D/d 

Fillet 
height 

h 
(mm) 

Fillet 
radius 

r 
(mm) 

Load  
P 

(N) 

M.I 
(mm4) 

Nominal 
stress 
(MPa) 

Equivalent 
(von Mises) 
stress (MPa) 

SCF  
(Kt) based on 

equivalent 
stress 

Theoretical  
SCF 
(Kt) 

40 39.6 1.01 0.20 0.20 1000 120651 9.02604 21.415 2.3726 1.965 

40 39.21 1.02 0.40 0.40 1000 115968 9.29806 16.226 1.7451 1.942 

40 38.09 1.05 0.95 0.95 1000 103329 10.1386 18.128 1.7880 1.879 

40 36.36 1.10 1.82 1.82 1000 85752 11.6603 17.631 1.5120 1.785 

40 26.67 1.50 6.67 6.67 1000 24822 29.547 20.607 0.6974 1.386 

40 20 2.00 10.00 10.00 1000 7850 70.0637 36.656 0.5232 1.212 

40 13.33 3.00 13.34 13.34 1000 1549 236.642 101.64 0.4295 1.101 

 
Table 4 Comparison of SCFs obtained from FEA results and theoretical SCFs obtained from the modified S.M. 

Tipton’s equation [5] under bending loading   

D 
(mm) 

d 
(mm) 

D/d 

Fillet 
height 

h 
(mm) 

Fillet 
radius 

r 
(mm) 

Load  
P 

(N) 

M.I 
(mm4) 

Nominal 
stress 
(MPa) 

Equivalent 
(von Mises) 
stress (MPa) 

SCF  
(Kt) based on 

equivalent 
Stress 

Theoretical  
SCF 
(Kt) 

40 39.6 1.01 0.20 0.20 1000 120651 9.02604 21.415 2.3726 1.968 

40 39.21 1.02 0.40 0.40 1000 115968 9.29806 16.226 1.7451 1.942 

40 38.09 1.05 0.95 0.95 1000 103329 10.1386 18.128 1.7880 1.867 

40 36.36 1.10 1.82 1.82 1000 85752 11.6603 17.631 1.5120 1.756 

40 26.67 1.50 6.67 6.67 1000 24822 29.547 20.607 0.6974 1.305 

40 20 2.00 10.00 10.00 1000 7850 70.0637 36.656 0.5232 1.105 

40 13.33 3.00 13.34 13.34 1000 1549 236.642 101.64 0.4295 0.961 

 

IV. RESULTS AND DISCUSSION 

There are no such techniques exist by which one can select 
suitable fillet radius for shoulder shafts which will give 
minimum stress concentration factor for a given geometry. 
Therefore, an effort is made to develop a criterion for 
selection of fillet radius for shoulder filleted shaft which will 
give least SCF. Modified equations for the SCFs with 
different D/d ratios, r/d and h/r range presented by Bhavesh 

Patel et al. [5] for bending loading condition are studied and 
their results of SCFs are compared with results obtained from 
FEA. ANSYS workbench 19.0 is used for FEA. Figure 12 to 
14 shows the comparison of SCF obtained from FEA results 
and theoretical results as presented in the tabulated form in 
Table 2 to 4 for the modified Pilkey’s, Roark’s and S M 

Tipton equations. 
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Fig. 12 D/d vs. SCF (From the results of modified Pilkey’s 

equation)   

 

Fig. 13 D/d vs. SCF (From the results of modified Roark’s 

equation) 

 

Fig. 14 D/d vs. SCF (From the results of modified S. M. 
Tipton equation) 

V. CONCLUSIONS 

Following conclusions are made based on the comparison 
between the results of SCF obtained from modified equations 
developed by Bhavesh Patel [5] and SCFs obtained from FEA 
for shoulder filleted shaft (round bar) under bending loading 
condition.  
 From the figure 12 to 14, it is observed that for lower D/d 

ratios (D/d = 1.01, 1.02, 1.05, 1.1), theoretical results of 
SCFs are very nearer to the FEA results of the SCFs.  

  It is also observed that for higher D/d ratios (D/d = 1.5, 2 
and 3) there are much variations in the results of theoretical 
SCFs (based on modified Pilkey’s, Roark’s and S. M. 

Tipton equations) and SCFs obtained from FEA. These may 
possible if D/d ratio increased, in theoretical results of SCFs 
follow the same pattern of iterations but FEA iterations may 
not follow the same pattern.  

 Also, it is perceived that the SCFs obtained by FEA and 
SCFs based on modified equations is decreased with 
increasing the D/d ratios.  

 Obtained results are graphically presented and it can be 
utilized by design engineers based on desired D/d ratio for 
designing the round bar or shaft working under bending 
loading. 
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