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Abstract— Due to many unexpected harsh environmental
conditions of the road, automotive wheel is a vital part to
ensure the vehicle safety and performance. ISO-3006 provides
a comprehensive fatigue life experiment to validate proper
wheels. This article is investigating a car wheel under the
dynamic radial fatigue test of the ISO standard. This study
aims to compare five different commercially available
materials of the wheel concerning the ISO test conditions. As
the wheel rim weight has a great impact on the performance of
the vehicle, this comparison is considering the weight of the
wheel made of various materials. The test is simulated via
ANSYS software with a dens mesh to ensure the highest
possible accuracy of results. Among selected materials, the
CFRP is demonstrating the best fatigue strength to weight
ratio in ISO radial fatigue test.

Keywords— Radial Fatigue, CFRP, Wheel Analysis, ISO-
3006

1. INTRODUCTION

The automotive wheel has a critical role in vehicle safety
and performance; therefore it must meet a certain level of
quality factors. Although the wheel strength can guarantee
the minimum level of vehicle safety, wheel weight and
inertia can significantly reduce the car performance.
Decreasing the weight of the wheel via design modification
is done for many years. The recent models had been altered
many times. To have a wheel with higher performance and
life, researchers are working on new alloys and composites.

The conventional and commercially available materials
for wheel manufacturing are aluminum alloys, hot-rolled
steel, magnesium alloys, and titanium alloys. Recently,
composite materials became commercially available for
wheel production, for example, carbon fiber reinforced
plastic (CFRP) is an eye-catching material in the field[1].

As the maximum optimization is done on steel and
aluminum wheels, obtaining a higher quality of the wheel is
achievable through employing lighter materials. On the other
hand, the manufacturing efficiency is a great concern for
wheel producers. With growing the number of inventions in
the composite field, new production methods are found to
help the automotive industry for utilizing composite
materials efficiently[2].

Often wheel manufacturing companies run a set of
analysis of finite element method (FEM), before producing a
prototype, and when all necessary tests are passed by
prototypes, they plan for massive production. FEM is utilized
to minimize the number of prototype failures. As computers
are performing the FEM analysis automatically, there is a
possibility to transfer data-driven from FEM structural
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analysis to an optimization program such as a neural
network. Among a large amount of data, the best cases are
selected concerning the desired factors and properties by the
neural network[3].

Similarly, Pang[4] employed a multi-object optimization
program by algorithms of genetic to optimize the wheel rim
model. The FEM results of radial and bending fatigue tests
were given to the optimization program. With this method,
they obtained a 13% lighter wheel.

However, the wheel standardization depends on the
origin of the manufacturer; several tests are common in all
countries. Impact, rigidity, radial fatigue, and cornering
(bending) fatigue are often performed by the international
wheel producers.

The rigidity test is performed by Zheng [5], on a steel
wheel. The wheel rim surface is dragged by its bolts to
demonstrate the amount of displacement and deformation of
the rim. During this research, the maximum deformation
obtained by FEM results had less than 20% difference with
experimental data.

The impact test is necessary when it comes to vehicle
safety. In an accident, the automotive wheel may face a
sudden momentum caused by an external object. This test is
performed with different angles, depends on the
standardization system. Recently, Gao[6] investigated a

90 impact test of a steel wheel. During this experiment, a
sudden force is applied to the wheel in a radial direction.
This test was studied via a FEM model, and the maximum
deformation was 30% lower than the experimental results. In
a similar manner, but with a tire on the wheel, Xiaofei

[7]studied a 13 impact test for a car wheel. They believe the
complexity of the tier should not be ignored in a FEM model,
thus they designed the complex model of the tier. Finally,
due to this suggestion, the FEM error was decreased to less
than 5%.

In most of the studies, the FEM model is considered
isotropic, and production effects are ignored. Meng [8],
demonstrated the influence of metal stamping on wheel
strength. The stamping process causes thickness variation
and strain hardening. By utilizing a data mapping method,
they transferred the forming simulation data to the FEM
model for fatigue analysis. The fatigue FEM simulation
results indicate a considerable drop in simulation errors
comparing to experimental values.

The wheel profile shape has a direct effect on the wheel
life. Linghu [9], used Brown-Miller biaxial fatigue theory to
optimize a steel wheel of a truck in Abaqus. The FEM
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analysis has been done for bending and radial fatigue
analysis.

Considering long glass fiber reinforced (LGFT), Chai[10]
suggests designing an anisotropic model of the composite via
developing a donor mesh with fiber orientation tensors. The
final result shows that the simplified isotropic model has a
36% error more than the anisotropic model.

Recently,Rapids [11] invented a novel method of the car
wheel assembly and manufacturing which is made of carbon
fiber reinforced plastic (CFRP). This technique has increased
the wheel strength and stiffness up to 16%. Another recent
invention was established by Friske [12]. they suggested new
form of spokes. These new spokes have H-beam and I-beam
profile or wing-like extensions. With this method, they
improved the integrity and interchangeability of the wheel.

Lots of research work was performed on wheel testing
and analysis, but there is no comparison between various
materials including CFRP. We implement a bending analysis
with conventional materials and CFRP, to compare the
material selection effects on the same model, therefore the
readers of this article will find a general idea about the effect
of material selection on the radial fatigue life of the wheel
with considering the wheel weight effects.

IL.

This article considers the most conventional materials of
the wheel rim. The following materials are used for the
cheap, middle class, sport, and luxurious cars. These
materials are utilized by wheel manufacturer companies,
tuning companies, and racing car producers. In this paper we
have analyzed: CFRP, SAPH 440, Al 6061, Mg-AZ31B, Ti-
6Al-4V.

Carbon fiber reinforced plastic (CFRP) has the lowest
density while having considerably high fatigue
strength[2].Concerning the CFRP T300, material properties,
and fatigue life tests are obtained from [13,14].

The hot-rolled steel (SAPH 440) formability, strength,
and low price made it a favorable choice for middle-class
and cheap cars. The low cost of manufacturing is a
meaningful reason to select this steel [5,15].

MATERIALS

Sports cars and medium-class vehicles usually run on
wheels made of aluminum alloys. Al 6061 is the grade which
also used for aircraft components. The wheel manufacturing
process begins with forging and ends with CNC machining
of the artistic features on the wheel. Material properties are
gained from [16,17]. Sports cars and medium-class vehicles
usually run on wheels made of aluminum alloys. Al 6061 is
the grade which also used for aircraft components. The
wheel manufacturing process begins with forging and ends
with CNC machining of the artistic features on the wheel.
Material properties are gained from [16,17].

Weldability, corrosion resistance, ductility at room
temperature, and significant strength to weight ratio have
made the magnesium alloy (Mg-AZ31B) a good choice for
components of aircrafts and racing cars. This alloy has a very
high portion of zinc and aluminum. Mechanical and fatigue
properties are obtained from[17,18].

Ti-6Al-4V is the most popular alloy of titanium with a
fascinating strength-to-weight ratio. Originally it was
developed for aviation structural parts and then engineers
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used it in industrial oil refinery plants, wind turbine blades,
and luxuries automobiles. Properties of this alloy are
collected from [17,19].

To explicate the fatigue characteristic of the mentioned
materials, we combined them in one figure (Fig.1). This
figure illustrates all the collected S-n curves.
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Fig. 1. S-n Curve of selected materials

III.

The automotive wheel is a vital component that
guarantees the safety of the vehicle, thus it should be tested
under specific terms and conditions. The international
organization of standardization (ISO) defines a reliable
procedure of testing to ensure the quality of the product. This
well-known standard system gives a way of comparison
between similar products all over the world. Consequently,
customers can rely on the product which has the certificate of
the ISO.

While driving a vehicle, various forces are applied to the
car wheel rim. During driving a car, radial forces caused by
the weight of the car are impacting the tire. The ISO (3006)
is a standard test that simulates the radial load of the vehicle.
In this test, the life of the wheel rim under a specific amount
of loading will be tested.

DYNAMIC RADIAL FATIGUE

Wheel Rim

Fig. 2. 1SO-3006 a) radial test b) uniformly distributed load applied to the
wheel rim

The test includes a drum that is imparting a radial load on
the wheel. The drum diameter should be a minimum 1.7m
and its section width must be larger than the tire. The test
wheel axes and the drum axes are in a parallel position. The
drum radial surface is in contact with the tire to apply the
force to the wheel(Fig.2.a). The wheel rotation represents the
number of cycles. The maximum expected force (defined by

the manufacturer) is  that is applied by the drum. The force
is transferred to the wheel rim after pressing the tire. A
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uniformly distributed load is applied on the wheel rim
surface (Fig.2.b). Finally, the test will terminate, if the wheel
was unable to sustain more rotation cycles or if a crack
appears on the wheel [20].

The Eq.1 indicates the radial load (F,) for the test.
F.=FK (1)
where,
Fr—radial load for the test;
Fv-radial load specified by the wheel manufacture;
K-accelerated test factor;

For performing a comparison study, we simulated the
ISO test for a range of forces. This range generates minimum

fatigue life from zero cycles (immediate failure) until !
cycles (safe life). The critical radial forces are calculated by
(Eq.1) and are shown in (Table 1).

TABLE L. THE MAXIMUM RADIAL FORCE OBTAINED BY ISO-3006
FORMULA
K F, (N) F.(N) K F,(N) F.(N)
2.4 45000 108000 3.5 |10104.3 | 35365.05
2 45000 90000 3.4 |10104.3 | 34354.62
1.9 45000 85500 3.2 |10104.3 | 32333.76
1.8 45000 81000 2.8 |10104.3 | 28292.04
1.7 45000 76500 2.5 |10104.3 | 25260.75
1.6 45000 72000 2.25 | 10104.3 | 22734.675
2 30000 60000 222 |10104.3 | 22431.546
2 25000 50000 1.9 |10104.3 | 19198.17
4.8 | 10104.3 |48500.64 | 1.8 |10104.3 | 18187.74
44 | 101043 |4445892| 1.7 |10104.3 | 17177.31
4.3 | 10104.3 |43448.49| 1.6 | 101043 | 16166.88
4.2 | 10104.3 |42438.06 | 1.4 |10104.3 | 14146.02
4.15]1 10104.3 |41932.845] 1.35 | 10104.3 | 13640.805
4.1 10104.3 |41427.63 | 1.33 | 10104.3 | 13438.719
4 10104.3 | 40417.2 | 1.26 | 10104.3 | 12731.418
3.9 | 10104.3 |39406.77 | 1.1 10104.3 | 11114.73
3.8 | 10104.3 |38396.34 1 10104.3 | 10104.3
3.6 | 10104.3 |36375.48

IV. SIMULATION

Firstly, an automobile wheel is designed via SolidWorks
software according to commercial tires and considering
previous research works[21,22,23,24]. The wheel standard
code is215/45 R20 109V, and the inner dimensions are
considered similar to previous research works. Next, the
model was sent to ANSYS. A comprehensive material
library for the mentioned materials was made. Then, a high-
density mesh with high quality was employed (Fig.3). The
total amount of elements exceeds 375 k to ensure the quality
of the result.
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According to the ISO-3006 test, the wheel was fixed on
the drive axle in the hub area via bolts and nuts. Then the
radial force was applied to form the drum. During the
ANSYS simulation, the Goodman theory was used, and the
load was fully reversed with 1.5 scale factors to apply sudden
environmental harsh clashes.

Fig. 3. High-density mesh

V. RESULTS

Considering the static loading, the maximum
displacement occurs on the inner surface of the wheel rim
and the maximum stress happens on the edges of designed
spoke slots on the backside (Fig.4.).

Fig. 4. Static results a) von-misses stress b) deformation

As we observe the maximum stress on the inner side of
the spoke, we expect fatigue failure in that area too (Fig.5).
We did not consider the manufacturing effects and we
assumed the model to be isotropic, thus analysis error will
appear considerably. As mentioned in the introduction,
previous research works indicate a 30% to 40% error. We
consider a 1.5 force scale to cover the analysis error.

Fig. 5. Minimum fatigue life
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Concerning the five accounted materials, the results are
described for a range of critical radial forces (Tablel). A
fatigue life representation is indicated in (Fig.6). For each
radial force, the minimum fatigue life of the wheel is
obtained via ANSYS simulation and analysis.

Considering Fig.6, Ti-6Al-4V and Mg-AZ31B has the
maximum and minimum life respectively among the
mentioned materials. CFRP, Al 6061, and SAPH 440 are
very close to each other.

Although fatigue life is a vital factor, the density of the
material is important too, because the weight of the wheel
has a direct impact on vehicle performance. The following

bar chart compares the radial force of materials at
besides the wheel weight for each one (Fig.7).

cycles

The steel alloy is the heaviest material among others,
while fatigue stress is comparatively low. On the other hand,
titanium alloy is more resilient, but it is heavier than CFRP,
aluminum, and magnesium. The CFRP wheel is almost five
times lighter than the steel alloy wheel, while the fatigue
strength of CFRP is very close to steel alloy.
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Fig. 6. Wheel fatigue life
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Fig. 7. Radial force at 10° cycle and wheel weight

Although Fig.7 shows a comparison between fatigue
strength and weight, all the available data is not included,
thus another comparative figure (Fig.8) is described to
elaborate the details. Concerning Fig.8, the Y-axis displays
the radial force divided by wheel weight and the X-axis is
the fatigue life. The CFRP is more resilient respecting its
lower weight. This comparison displays the cause for recent
trends towards composite materials in the automotive
industry.
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Fig. 8. Radial force to weight ratio and fatigue life

VI. CONCLUSION

This article investigates the effect of dynamic radial force
on the automotive wheel rim which is made of different
materials. We focused on five common materials to perform
a comparative study concerning the wheel fatigue test (ISO-
3006). The key points of the conclusion are as below:

1. The maximum stress happens on the inner side of
the wheel on the edge of the wheel spoke slot, and
the maximum displacement occurs around the inner
edge of the rim.

Although the steel alloy can resist higher forces,

comparing to CFRP and aluminum, the steel wheel

is considerably heavier. The high density of steel
alloy can decrease automobile performance
significantly.

3. Regarding fatigue life, despite aluminum alloy and

CFRP are very close to each other, CFRP

isnearly40% lighter.

The best mechanical properties are expressed by

titanium alloy with an average long life span. A

titanium wheel can endure extremely high amount

of radial forces.

5. CFRP is almost the best option in our study if we
consider radial forceto weight ratio. A composite
wheel (CFRP T300) can promise the highest
performance with reasonable fatigue strength.
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