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Abstract

Stress concentration is a condition when stress increases only at a
certain area of a component compared to the stress at the uniform
cross-section of the component when given a
phenomenon can occur due to irregular geometry such as a hole,
sharp angle, cross-section change, notch, threads, groove, crack,
etc. Any change in geometric shape on a uniform cross-section will
cause a stress increase. Therefore, high-stress concentrations need
to be reduced to prevent the faster failure of a component. The stress
concentration can be determined using stress concentration factors
(Ky). Using the Finite Element Method (FEM) method, the simulation
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obtained stress distribution in the modelled shaft without and with the

additional groove. The results obtained by adding a semi-circular
groove can reduce stress concentrations by up to ten percent.
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INTRODUCTION

Stress concentration is a condition when
the stress increases only in a certain area of a
component compared to the stress in the uniform
part of the component when it is given a load.
This phenomenon can occur due to geometric
irregularities such as holes, sharp angles,
changes in cross-section, notches, threads,
grooves, cracks, and so on [1][2]. Any change in
geometric shape in a uniform cross-section will
cause an increase in stress. The location of
stress concentration usually occurs around the
irregular geometry area. The high-stress
concentrations need to be reduced to prevent
faster failure of a component. For example,
cracks that occur begin in the stress
concentration region. The value of the stress
concentration that happens can be known by
using the stress concentration factor (Kt).

However, the machine’s components do not
always have a uniform cross-section. For
example, a shaft has two different diameter sizes
equipped with fillets, so the stress concentration

occurs in the fillet section. The way that can be
done to reduce stress concentration is to provide
additional grooves on these components. The
extra track will be a reinforcement because it helps
distribute the stress in the stress concentration
area so that the stress that occurs in that area
becomes smaller. The reduction’s magnitude
depends on the reinforcement grooves’ size and
location in the stress concentration region.
Additional grooves in a shaft can be stated
to be a relatively simple approach to reduce stress
concentrations and extend shaft fatigue life,
provided the suitable size and location of groove
positions are chosen. The effectiveness of using
more grooves has been demonstrated by
experience and theoretical analyses (stress
reduction) [3]. The reduction of stress
concentration using an additional groove was first
proposed by Peterson [2]. It was found that adding
grooves could reduce the stress concentration,
which was experimentally proven by Ermishkin et
al. [4]. The study determination of stress
concentration factors using photometric analysis
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stated that adding a notch to Aluminium alloy
decreases the cross-section moment resistance.

Analyzing the effect of the reinforcing
groove’s size and location on stress concentration
reduction requires a lot of experimentation. Some
ways that can be used to save the cost and time
of the experiment is by modelling analysis using
ANSYS software. The purpose of this study is to
get the relationship between the additional of the
plot reinforcement to the stress concentration
factor value (K:i), make a graph of the factor stress
concentration (Kt) from the analysis using ANSYS
software, and know the stress concentration
reduction that occurs in the modelling. On the
other hand, Muminovic et al. [5] only study a
concentration factor on the shaft using CATIA
along the cut area surface. Furthermore, Liang et
al. [6] conducted an experimental investigation of
artificial pitting on the stress concentration factor
of the mechanical properties of steel plates.

Moreover, Ozkan and Toktas [7] studied a
determination of the stress concentration factor in
a rectangular hole under tensile stress using
different methods. The best way to obtain the
results is using an Artificial Neural Network (ANN)
method compared to FEA. Meanwhile, Norton [8]
proposed making design changes such as relief
grooves to  qualitatively lower  stress
concentrations in step shafts without providing
guantitative data on the groove geometry.

The application of reducing stress
concentration with the addition of a notch has also
been applied to gears. Vuckovic et al. [9] predicted
the bending fatigue failure using numerical
simulation with adding a dimension and shape to
the adjacent tooth. Kumar et al. [10] carried out
numerical research on gears to reduce stress in
the root fillet region. Furthermore, Sutar et al. [11]
summarize the papers contains the effect of relief
stress grove on gears and improved the
placement of these elements to reduce stresses
and extend the life of the gear.

. Therefore, they ran various experiments
with varying numbers of features and feature
combinations. Therefore, this study provides an
exact dimension of the addition reinforcement
grooves through modelling and analysis of the
reduction of stress concentration in the modelling
result.

METHOD
Dimension of Shaft without Reinforcement
Initial calculations are carried out to obtain
the normal stress and maximum stress on the
shaft modelling with two-fillet diameters with axial
load in the form of tensile load. The maximum
normal stress value can be obtained by multiplying
the nominal normal stress with the stress

concentration factor (K:) obtained from Figure 1
and stated as: (1), (2) and (3) [12].

F

Onormal = 2 (1)
M.C

Omax = — @
Omax

K = —— ()

Onormal

Where A is the cross-sectional area (m?), F is the
force (N), M is the moment (N.m), C is the distance
from the centre of the object to the target point (m),
| is the inertia (M*), and 0,0rmairs Omax 1S the normal
stress and maximum stress (Pa), respectively.

The shaft model is made with the geometry
as shown in Figure 2. The shaft is made of
stainless steel with a modulus of elasticity (E) 193
GPa, and a poison ratio of 0.31. The shaft is given
an axial load of 100 N with a concentrated load
while the other side is clamped. For initial
calculation, the authors set the shaft geometry
with the ratio of D/d = 2.

Therefore, the initial value of the
dimensions used in this study for the large
diameter (D) is 150 mm, and the small diameter
(d) is 75 mm. Next, the normal stress value is
obtained by using (1), the value of o,5rma IS
22635.37 Pa.

Based on the initial data that has been
known, namely D/d = 2 and r/d = 0.3, then to
determine the stress concentration factor, then
plot the data. Draw a straight line from r/d = 0.3
until it meets the gradient D/d = 2, then form a right
angle from the initial line formed and direct it
towards K.

From Figure 2, plotted, the stress
concentration factor value is 1.48, so the
maximum stress obtained using (3) is 33345.7 Pa.
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Figure 1. The factor of stress concentration (Ky)
[13]
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Figure 2. Modelling shaft [14]

Dimension of Reinforcement on Shaft

This section discusses the size of the shaft
that is being modelled. The discussion starts from
the fillet size and the reinforcement’s radius to the
size the distance between the reinforcement.
Figure 3 shows the shaft dimension with
reinforcement, where:

D: large diameter (mm)

d: small diameter (mm)

r: fillet (mm)

t: the difference between D and d of the shaft (mm)
L1: the distance to the radius of R1 (mm)

L2: the distance between R1 and R2 (mm)

R1: radius of reinforcement groove 1

R2: radius of reinforcement groove 2

According to the figure, the authors use ISO
18388:2016, specifying a series of relief grooves
for shafts and holes for general use in mechanical
engineering.

Furthermore, Table 1 and Table 2 are
dimension variations of the first reinforcement
groove (R1), smaller than the filet dimensions, so
that the stress concentration grooves can be
evenly distributed. Similarly, with reinforcement
groove (R2), the magnitude is the same and
smaller than R1, so it gets the effect of reducing
the voltage concentration.

Simulation Setup

In this study, several settings were applied
to achieve good simulation results; namely, the
type of stainless steel material selection when
setting engineering data on ANSYS is provided in
Table 3. The basic settings applied to meshing are
to set the physics preference to mechanical,
element order to quadratic, and the method used
is tetrahedrons.

Then the sizing section changed its
resolution to 2, smoothing to medium, and span
angle to fine.

Figure 3. Shaft dimension with reinforcement

Table 1. Variation of fillet dimension

r/d 0.05 0.075 0.1 0.125 0.15
0.175 0.2 0.25 0.275 0.3

(mrm) 3.75 5625 75 9.375 11.25 13.12
15 16.87 18.75 20.62 22.5

Table 2. Variation of reinforcement dimension
No of D d L1 R1 L2 R2
reinforcement  (mm) (mm) (mm) (mm) (mm) (mm)

1 150 75 20 25 20 25
2 150 75 20 25 20 22,5
3 150 75 20 25 20 20
4 150 75 20 25 20 17,5
5 150 75 20 25 20 15
6 150 75 20 25 20 12,5
7 150 75 20 25 20 10
8 150 75 20 15 20 15
9 150 75 20 15 20 12,5
10 150 75 20 15 20 10
11 150 75 20 30 20 30
12 150 75 20 20 20 20
13 150 75 20 10 20 10

Table 3. Stainless steel material properties [15]

Properties Value Units
Density 7600-8100 Kg.m?3
Coefficient of Thermal expansion 1.7 x 10 ct
Young’s Modulus 19-20x 10" Pa
Poisson’s Ratio 0.31

1.693 x 10! Pa
7.366 x 10%° Pa
4.8 — 22x 108 Pa

Bulk Modulus
Shear Modulus
Tensile Yield Strength

Compressive Yield Strength 2.07 x 108 Pa
Tensile Ultimate Strength 4.8 -22x 108 Pa
Strength exponent -0.15

Ductility exponent 0.55

Cycling strength coefficient 1.96 x 10° Pa
Specific heat (1350 °C) 450 — 530 J/kg.°C
Energy 80 -89 MJ/kg

Meshing settings are needed to overcome the
limitations imposed by the software due to the use
of student licenses and increase the accuracy of
simulation results. The resulting nodes are about
20000 nodes using the settings as above. The
next step is to determine the type of support and
the type of loading, and its value to be used in the
shaft simulation. This arrangement can be made
on the static structural part. In this study, the type
of support used is a fixed joint which is applied to
the surface of the large shaft and the force of 100
Newton to the surface of the small shaft is applied
in the direction of the x component.

Figure 4 shows the simulation on the axis
that has been modelled. The results are that the
nominal normal stress is 22635 Pa and the
maximum normal stress is 33707 Pa. While Figure
5 is the simulation on the axis that has been
modelled, the results obtained are nominal normal
stress 22635 Pa and maximum normal stress
33052 Pa.
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62743 Max
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30728
32127
24435
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Figure 4. Shaft without reinforcement

33052 Max
29254
25456

10066
5465,
26711
-1126,5 Min

Figure 5. Shaft with reinforcement

This early stage research intends to
observe the software’s ability to show the nominal
normal voltage results. Theoretically, the nominal
normal stress results in calculations, modelling
without reinforcement, and modelling with
reinforcement must be the same because the size
of the radius of the reinforcement used does not
exceed the difference between the large diameter
and the small diameter shatft.

RESULTS AND DISCUSSION

The Effect of Reinforcement on Stress
Concentration
The simulation results show a

phenomenon, the addition of a reinforcement
groove can reduce the stress concentration.
However, it was also found that there were
variations in the size of certain reinforcement
grooves, which caused the decrease in stress
concentration. In general, it can be stated that the
addition of reinforcing grooves can reduce the
stress concentration factor (Ky).

Figure 6 shows the effect of the stress
concentration factor (Ki) with the variation of
reinforcement (R2) with constant R1 (25 mm). This
reinforcement size variation aims to observe the
maximum normal stress for the shaft, which has
the first reinforcement size approaching the shaft
fillet. It can be seen in the figure of r/d at 0.075 that
the shaft with R23 = 20 mm produces the smallest
stress concentration with 11.6% reduction,
followed by the shaft with R26 = 12.5 mm, R2; =
22,5 mm, R25 =15 mm, R24 = 17.5 mm, and shaft
without reinforcement produces the highest stress
concentration. Figure 7 shows the effect of the
stress concentration factor (Kt) with the variation
of reinforcement (R2) with constant R1 (15 mm).

The application of this reinforcement size
variation aims to observe the maximum normal
stress for the shaft with the first reinforcement size
away from the shaft fillet direction. It can be seen
in the figure of r/d at 0.125 that the shaft with R2g

= 12,5 mm produces the smallest stress
concentration with a 7.93% of reduction, followed
by the shaft with R210 = 10 mm, R2s = 15 mm, and
the shaft without reinforcement produces the
highest stress concentration. Figure 8 shows the
effect of stress concentration factor (Kt) with R1 =
R2. The application of this reinforcement size
variation aims to observe the maximum normal
stress for the shaft if the size of the first
reinforcement and the second amplifier is the
same. It can be seen that r/d at 0.125 that the shaft
with R211 = 30 mm produces the smallest stress
concentration with a 10.33% of reduction, followed
by the shaft with R212 = 20 mm, R213 = 10 mm.

The tendency for improvement,
nonetheless, was not monotonic. For example, it
can be seen in Table 4 for R1 = 25 mm, where the
best r/d value is 0.075, while the best R2 value is
at 20 mm with an 11.60% reduction. The smaller
value of R2 and the smaller percentage of
reduction can be seen, but there is a limit to the
maximum of R2. It is due to the location of the
maximum stress, which can fail the shaft in the
contact area, which is transmitted to the area
where there is a reinforcing groove so that the
maximum stress on the leading edge can be
reduced. Figure 10 shows the result of the
reinforcement groove that spreads the maximum
stress and reduces the failure of the shaft
compared to the shaft without the reinforcement
groove shown in Figure 9.

Similar results were also proved by Erena
et al. [16], who investigated the influence of
artificial internal stress relief groove in fretting
fatigue and by Onyegiri et al. [17], that optimized
the threaded connectors for sandwich pipe using
stress relief groove. Zeng et al. [18] also
suggested a finite element (FE) model to simulate
fretting wear and fatigue in press-fitted railway
axles. The results suggest that increasing groove
depth or decreasing groove radius can reduce
fretting wear and improve fretting fatigue strength
by reducing stress concentration.

Table 4. Simulation result of reinforcement
groove combinations

R1 R2 r/id Omax Kt Reduction
(mm)  (mm) (N.m?) (%)
25 25 0.075 49551 2.19 10.38
25 22,5 0.075 49176 2.17 11.07
25 20 0.075 48876 2.16 11.60
25 17,5 0.075 49528 2.19 10.42
25 15 0.075 49493 2.19 10.48
25 12,5 0.075 49037 2.17 11.31
25 10 0.075 49734 2.20 10.05
15 15 0.125 43095 1.90 6.50
15 12,5 0.125 42623 1.88 7.53
15 10 0.125 42907 1.89 6.91
30 30 0.05 56426 2.49 10.07
20 20 0.05 57839 2.55 7.82
10 10 0.05 59026 2.61 5.92
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Figure 6. Stress concentration factor (D/d = 2, R1 = 25 mm)
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Figure 8. Stress concentration factor of (D/d = 2, R1 = R2)
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Result of Stress Distribution

FEM analysis determines the nominal
normal stress and the maximum normal stress that
occurs in the simulated multilevel shaft. It can also
be used to determine the stress distribution that
occurs [19][20]. The stress distribution that occurs
can be observed by performing a cross-section on
the shaft, which has been simulated. Simulation
results are listed for shafts with r/d = 0.2 or 15 mm
fillet size and for different sizes of reinforcement.
Observation of stress distribution was carried out
to see the influence of the size variation of the
reinforcement used to distribute the stress to
reduce the stress concentration in the fillet
section. After observing the behavior of the
reinforcement groove variation in reducing stress
concentration, the dimensions of the reinforcing
groove that are best in reducing stress
concentration will be obtained.

It can be observed that the stress
concentration continues to occur in the fillet
section for the gradual shaft without reinforcing
grooves and for graded shafts with reinforcing
grooves. Even so, it can be seen that the stress
distribution occurs very different, where the
multilevel shaft with reinforcing grooves has a
more even distribution of stress. The stress that
occurs is not only concentrated in the fillet area but
is evenly distributed towards the large diameter
part of the shaft.

It can be seen in Figure 9 and Figure 10 that
there is a reduction in the maximum stress
concentration as significant as 2109 Pa in the
notch area in the shaft, which has reinforcement
dimensions R1 = 25 mm, R2 = 15 mm. Moreover,
Figure 11, Figure 12, and Figure 13 are the shaft
with the addition of two reinforcements of the
same size of 10 mm, 20 mm and 30 mm,
respectively. Moreover, it can be seen in Figure
11-12 that there is a decrease in maximum stress
concentration with the increase in dimensions of
the reinforcement. This is evidenced by a wider
area of color gradation on the shaft with a large
reinforcing groove. In this case shaft with
R1=R2=30 mm produces the smallest maximum
stress concentration with 36589 Pa, followed by a
shaft with R1=R2=20 mm and R1=R2=10 mm with
36659 Pa and 37784 Pa, respectively.

-1425,3 Min 0000 9100 0.200(m)
0050 0150

Figure 9. Shaft without reinforcement

2035,1
1282,8 Min 0,000 01c0 0,200(m)
— —

Figure 10. Shaft with RL=25 mm, R2=20 mm

-1183,9 Min 0000 0,192 0,200 (m)
0050 0150

Figure 11. Shaft with R1= R2 = 10 mm

-1545,5 Min 0000 0100 Qa00(m)
0.050 0,150

Figure 12. Shaft with R1 = R2 = 20 mm

28391
-13796 Min 0,000 Q100 0,200 (my
0050 0750

Figure 13. Shaft with R1 = R3 = 30 mm

In addition, the results of the stress
distribution from the ANSYS simulation obtained
different behavior between the reinforcement
grooves, which have the same size and the
amplifier grooves, which have different sizes of R1
and R2. When Figure 9, Figure 10, Figure 11, and
Figure 12 are observed, when the sizes between
reinforcement R1 and R2 are made different, it can
be seen that there is a considerable impact in
distributing the stress concentration. As shown in
Figure 9, when the difference in the size of the
shaft geometry gets gentler, the stress distribution
is better. It can also be seen from the maximum
normal stress that occurs at the lowest value with
the widest area of color gradation. Thus, the
reinforcing groove can reduce the stress
concentration in the fillet part of the shaft even
though the value is not uniform.

Similar results research by Mantovani et al.
[21] proposed a simplified method for evaluation
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of multiaxial stress concentration factors (SCFs) to
account the poisson’s ratio effect for U-grooved
shafts. Moreover, Wang et al. [22] conduct a
simulation and an experimental investigation on
elasto-hydrodynamic lubrication of the journal
bearing system using a relief groove in the scroll
compressor.

In experimental investigation, Ma et al. [23]
researched the effect of fitting morphologies on
the static behavior of steel bars with the addition
of notch variation, and H. Zeng et al. [24] predicted
notch wear of AerMetl00 to influence stress
concentration. Both of the research resulted in the
similar characteristic of addition notch or
reinforcement will decrease stress concentration
at some level. Furthermore, Zhu et al. and Asmara
[25][26] compiled some researches of notch
effects in metal fatigue, and they concluded that
the influence of notch effect on fatigue lifetime
reduction is a barrier that cannot be avoided in
structural design of engineering components. Only
by precisely understanding the effect of notch
features on fatigue strength can theoretical
approaches consistent with fatigue failure
mechanisms be devised, avoiding conservative
design and reaching optimal structure design. As
a result, the works mentioned earlier in the
literature are intended to strengthen the findings of
this study about shaft reinforcement in response
to stress concentration.

CONCLUSION

Adding reinforcing grooves, in general,
can reduce the stress concentration that occurs in
an object to reduce the risk of failure of the object
when given a load. The reinforcement groove
aims to refine the stress distribution that occurs.
The reinforcing groove indirectly distributes the
stress to the narrowed part of the object. It can be
concluded based on the analysis that the shaft
with reinforcement R1=25mm and R2=15mm
produces the smallest og,,,, Wwith 36002 Pa
compared to the shaft with the same
reinforcement size (R1=R2) and based on the filet
variation from r = 3.75 to 22.5, turned out to be the
best in reducing stress concentration at r = 5.625
or r/d = 0.075. This approach can optimize the
shaft to reduce stress concentrations. The results
are encouraging as the approach can lead to shaft
optimization featuring multiple stress relief
methods or experiencing multi-axial loads. Further
development and application of this methodology
to practical design cases should include
appropriate safety factors.
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