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Abstract: Rim wheel testing through the SAE standard is
necessary for driving safety. This study focused on rim
wheel tests carried out using the dynamic radial fatigue
test method, which has been included in the SAE stan-
dard using Fusion360 for the design and ANSYS for the
simulation. With different parameters for the rim wheel
type, only some parameters of the tested rim wheels
were able to pass the standardization by SAE; 16 rim
wheels passed the test, while the other 11 rim wheels
did not pass. Simulation results suggested that variations
in the thickness, geometry, and material affected the
displacement of the safety factor, which was inversely
proportional. In addition, the variation in the rim wheel
produced a change in the safety factor due to changes in
its mass and cost, which were directly proportional. The
results of this study will aid in rim wheel design, not only
in terms of achieving the best performance but also with
regard to cost efficiency.
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1 Introduction

In the automobile industry, the demand for energy saving
and environmental protection is increasing, and the eco-
nomic design of automobiles is attracting considerable
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attention [1]. Today, the need for high mobility is increasing
the demand for vehicles, and the use of cars is becoming
essential. One of the most important components of a
vehicle is the rim wheel because the vehicle cannot be
driven without it [2]. A rim wheel is a circular component
that can rotate on its axis, facilitating movement or trans-
portation and supporting a load (mass) [3].

Car rim wheels play an important role in vehicle
safety and performance. Rim wheel strength can maxi-
mize vehicle safety, but rim wheel mass and inertia can
significantly reduce vehicle performance [4]. In actual
conditions, there are still many rims that do not meet
the standards; therefore, it is necessary to test rim wheels
according to existing standards. Rim wheels can fatigue,
resulting in failure such as cracks [5]. Therefore, standar-
dized testing is carried out to meet a certain level of
quality factors.

One of the standards used in fatigue testing is the
SAE International standard. There are two main types
of fatigue test methods: the dynamic radial fatigue test
and the cornering fatigue test. Using test methods to
design wheel fatigue is time- and cost-consuming [6].
Das [7] argued that the best practice for car wheels is to
pass a dynamic radial fatigue test.

The test is usually carried out by machine testing;
however, there is an alternative approach in the feasi-
bility test, namely, through finite-element analysis (FEA).
For this purpose, FEA is typically used during the design
phase of product development [8]. In this study, ANSYS is
used for static analysis because fatigue stress obtained
from static stress analysis is reliable [9]. This simulation
starts with the geometry with Fusion360 and continues
with the static simulation on ANSYS. The simulation results
are the structural response and safety factors for further
analysis [10].

Rims that meet standards are built with ideal engi-
neering analysis, where costs are usually not considered.
Therefore, it is necessary to do a cost analysis, so that
the rim that meets the standard can be produced with
minimal cost. Karuppusamy et al. [11] only analyzed the
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effect of different materials on rim strength. In this dynamic
analysis, the results of statistical analysis and the best mate-
rials to make an effective rim structure were determined
[12]. The results of this study will determine the best rim
wheel design in terms of performance and cost-efficiency.
Subsequently, we discuss the effect of rim strength according
to SAE standards, after which the costs are analyzed to deter-
mine the rim performance that meets the standard with
minimal cost.

2 Benchmarking study

This study uses static analysis of wheel rims as a bench-
mark, in which the data are provided from ANSYS simu-
lations [2]. As shown in Figure 1, the design uses steel
alloy with a total dimension of 450 mm x 300 mm. It
consists of six-hole nuts (20 mm) with a thickness of
6 mm. The boundary condition is provided by the bench-
mark journal [11]. According to the benchmark journal, it
has a load of 21.3kN for each bolt hole, displacement
(translation and rotation in x-, y-, z-directions are zero),
and angular velocity (zero in x- and z-directions, and
62.8 rad/s in the y-direction is). The result of the bench-
mark study of the journal is shown in Table 1.

The benchmark method used is to vary mesh size from
5 to 60 mm within intervals of 5 mm. The mesh size variation
is applied to the body of the rim wheel. It can be found
that differences in meshing affected the parameters, which
are nodes, elements, von Mises stresses, and displacements.
The mesh convergence study with displacement ratio was
obtained by plotting the displacement with the element
length-to-thickness (ELT) ratio (Figure 2(a) and (b)). Mean-
while, the von Mises stress ratio is obtained by plotting the

(a)

Figure 1: (a) Rim wheel design in 3D and (b) rim wheel design in 2D. All sizes are in mm.
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Table 1: Properties of the material steel alloy on the benchmark
journal

Material Ax (mm) Oyon Mises (MPa)

Steel alloy 2.34 x 10° 240

stress ratio with the ELT. From this convergence study, it can
be concluded that the results are good at a mesh size of
20 mm, with an displacement error ratio of 0.938, error stress
ratio of 0.936, and percentage of error ratio of 6.31%.

3 Research methodology
3.1 Design of rim wheel

The main purpose of the rim wheel structure is to ensure
that all loads are distributed across the confluence of
each part of the frame. This ensures that the rim wheel
is not bent by force or restrained by bending loads [13].
The dimensions of the 2D design and 3D illustration of the
rim wheel are shown in Figure 3(a) and (b).

The rim wheel of the vehicle was designed by TE37
Volkrays with a 9-18-H5 15/112.5/73 profile. The dimen-
sion was 9 x 18 in. (228.6 mm x 457.2 mm) with five holes,
the diameter of the nut was 15 mm, the diameter of pitch
circle diameter was 112.5 mm, and the diameter of the
central hub was 73 mm. Three sizes of rim wheel thinness
were used: 15, 17.5, and 20 mm. The geometry included
three designs with four, five, and six spokes. At the same
time, the type of material used in the rim wheel design
included steel alloy, magnesium alloy, and aluminum

(b)
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Figure 2: (a) Mesh convergence study with the displacement ratio and (b) mesh convergence study with the stress ratio.

alloy. This research was carried out with the variations
shown in Table 2 and Figure 4.

3.2 Applied material

The materials used for the rim wheel in this study were
steel alloy, magnesium alloy, and aluminum alloy. Steel
alloy is made up of steel with a carbon content of <0.25%,
making it low-carbon steel. It also has the lowest cost
compared to the other materials. Aluminum alloy has
two important alloy compositions, namely Al (95.85-98.58%)
and Si (0.4-0.8%), where silicon provides characteristics
such as corrosion resistance. At last, magnesium alloys
are alloys whose minimum magnesium content is 97%.
Magnesium is the lightest structural metal due to its low
density of 1.77 g/cm? [14]. The material cost is affected by
the casting process in the manufacture of the rim wheel.
With the casting process, the weight of the end material
will be equal to the weight of the raw material used. These

three materials have different properties [15], as shown
in Table 3.

3.3 Meshing configuration

All rim wheel variants were simulated using the same
mesh parameters, namely, a standard 10-node mechan-
ical tetrahedron. Other mesh parameters were set by
default because different mesh densities were needed
for each rim wheel depending on the frame’s shape,
structure, and material [16]. The 10-node tetrahedron
mesh shape was chosen because it had excellent curve
informing ability despite fewer knots. In addition, its
accuracy remained high with simpler, lighter, and faster
calculations. Convergence is only guaranteed if a static
equilibrium line connects the solid states at the begin-
ning and at the end of a time increment [17]. The size of
the grid was designed based on the conclusions of the
convergence.

B457.2

Figure 3: (a) Rim wheel design in 2D and (b) rim wheel in 3D. All sizes are in mm.



DE GRUYTER

Table 2: Variations in designed rim wheels
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Figure 4: Research flow diagram.

3.4 Boundary condition

The SAE-recommended practice provides minimum per-
formance requirements and unified procedure standardiza-
tion of wheel fatigue testing for normal road traffic and
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temporary use in passenger cars [18]. This study uses the
dynamic radial fatigue test for simulations, as shown in

Figure 5.
The procedure for this test is to use tires that are repre-
sentative of the maximum size and with type 255/40 R18 [19].
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Table 3: Properties of the materials
Material Density Modulus of Yield Tensile Callister Marketplace
(g/cm3) elasticity (GPa) strength (MPa) strength (MPa) cost ($/kg) cost (S/kg)
Steel alloy 7.85 207 250 460 1.45 1.022
Aluminum alloy  2.77 71 280 310 6.1 3
Magnesium alloy 1.8 45 193 255 8.8 8

DRIVEN DRUM

Figure 5: Dynamic radial fatigue test [15].

The standard air pressure is 240 kPa for 690 kg maximum
loads. Subsequently, the tire is mounted and inflated to 448
+ 14 kPa, with the wheels nuts tightened to 115 + 7 Nm. In
the dynamic radial fatigue test, the load received by rim
wheels and the length of the test are adjusted to the stan-
dards that have been set. The amount of radial load received
can be formulated as follows:

F=W. K, 1

where F is the radial loads, W is half of the maximum
static load rating of the wheel as specified, and K is the
load factor.

The maximum static load received by each wheel is
690 kg. At the same time, the magnitude of the load factor
is different for each material used on the rim wheels. At SAE
] 328, the load factor and the minimum cycle used during
testing are set to obtain valid results. The magnitude of the
load factor and minimum cycles are shown in Table 4.

3.5 Static and fatigue settings for ANSYS
simulation

In this dynamic radial fatigue test simulation study, four
loads are given to test the rim wheel. The loads include
tire pressure, radial load, bolt tension load, and rim
wheel rotational speed load. The amount of load given
has been determined by the SAE standard.

According to SAE standards, the loading due to the
tire pressure is 65 psi (0.448 MPa), with the direction of
pressure on the entire outer surface of the rim to the
flange. The maximum static load on passenger cars for
the SNI standard tires is 690 kg or 6768.9 N, where the
value of W is 3384.45 N. From this value, the radial load
(Fr) on the rim wheel was calculated as 7615.0125N for
the value of Ferrous all (K = 2.25) and 8461.125 N for cast
and forged aluminum (K = 2.5). The bolt tension specified
by the SAE standard is 115 Nm. Before calculating the rota-
tion of the rim wheel, it is known that the spindle speed is
237 rpm. As a result, the spindle has an angular velocity of
24.8rad/s. The angular velocity of the rim wheel was
obtained from the ratio of the angular velocity and dia-
meter of the spindle and rim wheel, which is 50 rad/s. An
example of static loading is shown in Figure 6.

Fatigue setting [20] in this case study aimed to determine
the fatigue life and the area with the youngest age. Before
starting the simulation, it was necessary to define fatigue tools
to adjust the boundary conditions. In defining fatigue tools,
Soderberg’s theory was used with the assumption to determine
the age of the rim wheel up to the yield strength point. The
value of the ratio used was -1, and the scale factor was 1,
assuming that the loading was repeated according to the W
load. From Figure 7, we can see the fatigue setting for the
ANSYS simulation.

4 Comparative study for the radial
dynamic fatigue test

Karuppusamy et al. [11] conducted a study to optimize
fatigue on the rim wheel of four-wheeled vehicles using

Table 4: Test factor and minimum cycle requirements for wheels in
normal highway service-dynamic radial fatigue

Rim wheel type “K” front “K” Minimum cycles
(material) rear

Ferrous all 2.25 2.0 400,000
Aluminum all 2.5 2.25 600,000
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Figure 6: Static settings for ANSYS simulation.

the finite element method. The dimensions of the rim
wheel were 450 mm outside diameter, 254 mm width,
20 mm bolt hole diameter, and 150 mm hub hole dia-
meter. The materials used were steel alloy, aluminum
alloy, magnesium alloy, and forged steel. Each material
was tested using the radial dynamic fatigue test method.
The fatigue produced on the steel alloy was 2.17 x 10°
cycles, 1.32 x 10° cycles on the aluminum alloy, 1.2 x 10°
cycles on the magnesium alloy, and 1.97 x 10° cycles on the
forged steel. The results of the fatigue analysis obtained
from four different materials showed that alloy steel is the
best wheel rim material.

Shinde et al. [21] explained that reducing mass will
reduce the total weight of the vehicle, which is related to
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(a)

Forecasting technical performance and cost estimation = 205

reducing production costs. The lower the weight of the
vehicle, the better the fuel efficiency and performance. By
analyzing the data from this reference, the fatigue value
for four-wheeled vehicles can be determined. Therefore,
the trend obtained from Karupusamy’s research can be
improved by varying the material, the number of bars, and
the thickness to determine variations according to SAE
International standards. As Sindhe’s research showed that
a reduction in mass would reduce production costs, a good
rim wheel performance could be determined.

5 Results and discussion

5.1 Structural response due to variations in
material type

Gunawan et al. [22] stated that to avoid failure, the safety
factor must be greater than 1.0; depending on the situa-
tion, the value of the safety factor was 1.0 to a little above
10. Three types of materials were used in this simulation
were, namely, steel alloy (SA), magnesium alloy (MA),
and aluminum alloy (AA). In this simulation, the struc-
ture of the rim wheel had a thickness (T) of 15, 17.5, and
20 mm, and the numbers of spokes (P) were 4, 5, and 6.

The naming of each variation has the following order:

(material; SA, MA, AA) — P (number of spokes; 4, 5, 6)
— T (thickness; 15, 17.5, 20)

Constant Amplitude Load
Ratio

15

1
05
o,
05
1,

4,5

Mean Stress Correction Theory

SN-None
Gerber

ASME Elliptical
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Figure 7: Fatigue settings for the ANSYS simulation: (a) configuration in fatigue tool, and (b) assumed load ratio and mean stress.
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Figure 8: Variations of the rim wheel that experienced fatigue failure in the form of cracks: (a) SAP4T17.4; (b) MAP4T17.5; and (c) AAP6T15.

For example, the steel alloy with 4 spokes and a
thickness of 15mm is SAP4T15, the magnesium alloy
with 5 spokes and a thickness of 17.5 mm is MAP5T17.5,
and the aluminum alloy with 6 spokes and a thickness of
20 mm is AAP6T20.

Based on the SAE ] 328 standard used in the dynamic
radial fatigue test for passenger cars, the minimum fatigue
life is 400,000 rounds for ferrous and 600,000 rounds for
aluminum alloy. Meanwhile, the minimum fatigue life for
some of these wheel designs is less than the minimum
cycles. Three rim wheels with the steel alloy material, eight
rims for the magnesium alloy, and five rims for the alu-
minum alloy passed the test. Meanwhile, 11 designs experi-
enced fatigue failure caused by cracking before reaching the

100,00
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el
e
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211172021009

N s
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minimum cycles value. Fatigue failure caused by cracks
occurred at the edge of the rim. Some of the fatigue failure
simulation results are shown in Figure 8.

Zhu et al. [23] conducted a study to meet the safety
demands during operation. It is necessary not only to
balance the strength and toughness of the wheels but
also to have a complete understanding of the service con-
ditions of the wheel materials.

In this study, the simulation results showed several
designs fail to meet the standards. The failed designs are
steel alloy materials under 400,000 cycles with 4 spokes
for all thicknesses, 5 spokes for 15 mm thickness, and 6
spokes for 15 and 17.5 mm thicknesses; magnesium steel
alloy material with 4 spokes for 15 mm thickness; and
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Figure 9: Rim wheel life due to the SAE standardization test.
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aluminum alloy under 600,000 cycles with 4 spokes for
15 and 17.5 mm thicknesses, 5 spokes for 15 mm thick-
ness, and 6 spokes for 15 mm thickness. Eleven designs
did not pass the SAE standard and the remaining 16
passed the test, as shown in Figure 9.

Aluminum material with 6 spokes and a thickness of
20 mm had a highest rim wheel life of 67,687,000 cycles,
while steel alloy with 4 spokes and a thickness of 15 mm
had the lowest rim wheel life is a life of 35,969 cycles.
Eleven failed designs were caused by the cracks on the
spoke ends, which resulted in the wheels undergoing
permanent deformation before reaching their minimum
cycle value. From Figure 9, the higher the life (cycles)
on the rim wheel design, the higher the safety factor
produced.
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b

Figure 11:

® Rim Wheel Pass Test
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5.2 Structural response due to displacement

The displacement of the rim wheel structure is caused by
radial load, nut load, and tire pressure. The value of the
displacement of the structure must be less than the allow-
able displacement of the material. The results of the
response deformation due to the safety factor of each
simulation of deformation testing of the safety factor
are shown in Figure 10.

Murugu Nachippan et al. [24] conducted a study in
which general dimensions were controlled by decreasing
the number of spokes with the same working character-
istics and lower weight on the wheels. Different displace-
ments could be seen from the six-spoke, five-spoke, and
four-spoke wheels. However, the results of the number of

)

0w 200,00 (mem)
)
10000

(b)

The highest value of displacement and safety factor: (a) MAP5T15 and (b) AAP5T15.
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Figure 12: The lowest value of displacement and safety factor: (a) SAP6T20 and (b) MAP5T15.

bars could not be generalized to show which one is
the best.

This study discusses the rim wheels that passed the
SAE standardization test. Magnesium material with 5
spokes and a thickness of 15mm has the highest rim
wheel displacement of 4.061 mm; steel alloy material
with 6 spokes and a thickness of 20 mm has the lowest
rim wheel displacement of 0.275 mm. The highest rim
wheel safety factor is 14.52, held by aluminum material
with 6 spokes and a thickness of 20 mm, while the lowest
rim wheel safety factor is 9.367, held by magnesium alloy
material with 5 spokes and a thickness of 15 mm. The
results of the highest and lowest displacement and safety
factor simulations are shown in Figures 11 and 12.

From Figure 10, it can be seen that the largest dis-
placement was found with the magnesium alloy, fol-
lowed by the aluminum alloy and the steel alloy, which
showed the lowest maximum displacement value. More-
over, Figure 10 shows that the effect of the displacement
response on the safety factor is inversely proportional,
i.e., the higher the displacement, the lower the safety
factor, and vice versa.

The influence of mass also affects the safety factor.
The simulation results showed that the steel alloy mate-
rial has the heaviest mass of 26.543 kg. The magnesium
alloy material has the lowest mass of 4.088 kg (Figure 10).
The results of the mass response to the safety factor in each
simulation are shown in Figure 13. Moreover, Figure 13
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Figure 13: Response mass due to the safety factor.
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Figure 14: Impact of rim wheel cost on the safety factor (all costs are in US$).

shows that the effect of mass on the safety factor is directly
proportional, i.e., the lower the mass, the lower the safety
factor, and vice versa.

5.3 Response of rim wheels to cost

This study had three variations in terms of material, geo-
metry, and thickness. In this study, these three variations
influenced the given cost. The costs incurred fluctuated;
here, the average costs in the existing Callister book and
the marketplace were taken [15]. The cost was obtained
by multiplying the mass (kg) of each variation by the
cost/mass ($/kg) of the material, while the cost factor
was obtained from the average of the cost for each varia-
tion in the cost results from the Callister book and the
marketplace. Therefore, the average cost was calculated
from these results to analyze the effect of costs on the
safety factor. The graph of the impact of costs on the
safety factor is shown in Figure 14.

From the graph, the magnesium alloy with 6 spokes
and a thickness of 20 mm had the highest average cost of
US$ 51.13, while the lowest average price of US$ 26.6 was
seen for stainless steel with 5 spokes and a thickness of
17.5 mm. Figure 14 shows that the effect of cost on the

safety factor is directly proportional, i.e., the higher the
cost, the higher the safety factor, and vice versa.

This cost estimation approach can be used for further
analysis, especially in terms of critical transportations,
such as ships, container trucks, liquefied natural gas car-
riers, etc. Performance is related to the mass, with the
lightest mass seen with magnesium alloy, followed by
aluminum alloy and finally steel alloy. However, in terms
of cost, steel alloy had the lowest cost, followed by mag-
nesium alloy, and the highest cost was for aluminum
alloy. Considering the lowest mass and then the lowest
cost, it can be seen that the magnesium alloy rim had the
best performance, followed by steel alloy and finally alu-
minum alloy. In refs [25-31], the authors determined the
needs of the components with consideration to the expected
loads and casualties during their operations [32-36].

6 Conclusion

All variations in the test of the rim wheel structure were
analyzed based on the effect of the response of the struc-
ture on the safety factor based on dynamic radial fatigue
simulation tests. The following can be concluded:
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The largest displacement occurred with magnesium
alloy, followed by aluminum alloy and steel alloy,
which had the lowest maximum displacement value.
The effect of the displacement response on the safety
factor was inversely proportional, i.e., the higher the
displacement was, the lower the safety factor; conver-
sely, the lower the displacement, the higher the safety
factor.

. The lightest mass was found for magnesium alloy, fol-

lowed by aluminum alloy and steel alloy, which had
the highest mass. The effect of mass on the safety
factor was directly proportional, i.e., the lower the
mass, the lower the safety factor, and vice versa.

. The lowest cost was found for steel alloy, followed by

magnesium alloy, and the highest cost was for alu-
minum alloy. The effect of cost on the safety factor
was directly proportional, i.e., the higher the cost,
the higher the safety factor, and vice versa.

. Considering the lowest mass and then the lowest cost,

it can be seen that the magnesium alloy rim that had
the best performance, followed by the steel alloy rim
and then the aluminum alloy rim.

. The forecast of this analysis result could be improved

by comparing the geometry with that of other mate-
rials using the comparative rim wheel designs in the
market. Considering the mesh size, it is important to
determine the range of mesh sizes first and then more
accurately determine the mesh size. This will help
authors evaluate the results of their simulations in a
wider variety of ways.
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