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This paper highlights the use of the finite element technique for analyzing stress and displacement distributions in wheels of
automotive vehicles when subject to the conjoint influence of inflation pressure and radial load. The most commonly used con-
siderations in the design of the rotating body are elucidated. A potentially viable technique for finite element modeling of radial
wheel, subjected to loading, is highlighted. The extrinsic influence of inflation pressure on performance of the rotating body, that
is, the wheel, is rationalized.
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1. INTRODUCTION

Automotive wheels have in the time period spanning the
last five decades progressively evolved starting with the early
spoke designs of wood and steel, the carryovers from wagon
and bicycle technology, flat steel disks, and more recently
stamped metal configurations. The metal configurations in
the present and newer generation of ground vehicles are
made from cast aluminum alloys either in the as-cast or as-
cast plus forged condition. Historically, successful design was
arrived at after years of experience coupled with extensive
field testing. Since the 1970s several innovative methods of
testing and experimental stress measurements have been de-
veloped and tried. During the most recent decade, the proce-
dures have significantly improved by the emergence of a va-
riety of experimental and analytical methods for structural
analysis. Durability analyses, that is, fatigue life prediction
and reliability methods, for dealing with variations inherent
in engineering structures have been used for the study of au-
tomotive rims [1–7].

Wheels can be looked upon as safety-related compo-
nents. Consequently, fatigue performance and state of stress
distribution in the rim, under various loading conditions, is
a subject of concern. Furthermore, a comprehensive study
of performance of the rotating wheel continues to receive
significant importance as increased emphasis is laid on de-
creasing weight by either using lightweight materials or us-
ing materials of thin gauge. Although the loads applied on

the rotating wheel are complex in nature and the resultant
state of stress is usually high, the weight of the rotating body
continues to remain as one of the most significant require-
ment desiring attention. This has necessitated the emergence
and use of cast aluminum alloys in both existing and emerg-
ing rim designs. Lightweight rims made from a lightweight
aluminum alloy are increasingly popular. Further, end-users
consider the nature of the rotating wheel on their vehicle as
a symbol of status. The sustained drive to reduce fuel con-
sumption provided the impetus for car manufacturers to
make rapid strides in altering traditional vehicle designs. Re-
search efforts have found that a smooth outer wheel surface
facilitates a reduction in air resistance.

The objective of this paper is to present and discuss the
conjoint influence of inflation pressure and radial load on
stress and concomitant displacement distribution in the rim
of a rotating body, the wheel. The influence of circumferen-
tial angle on stress and displacement distribution is also ex-
amined. Influence of tire inflation pressure on performance
of the rotating body is rationalized. The reference directions
and terminologies related to wheel configuration are shown
in Figures 1 and 2.

2. MODELS AND APPLICATION

2.1. Analysis under radial load

The vertical reaction forces exerted by the road surface on
four tires balance the total weight of a car on a horizontal.
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Figure 2: The full finite element model of the wheel and terminol-
ogy related to a wheel.

Each force passes through the tire and tends to compress
the wheel in the radial direction. When the car is in mo-
tion, the radial load becomes cyclic in nature with a con-
tinuous rotation of the wheel. Hence, a careful evaluation
of wheel fatigue strength, under radial load, is important
for purposes of structural integrity. According to the soci-
ety of automotive engineers (SAE), a wheel should maintain
structural integrity, without developing macroscopic cracks
or undergoing excessive plastic deformation, for more than
4 × 106 rotations, under the influence of a radial load (Q).
The radial load is expressed by the equation

Q = Sr · Fr , (1)

where Sr is acceleration test factor in conformance with SAE
J328 specification (Sr = 2.2), and Fr is the maximum load
on the tire. In this application Fr = 7157 N (1609 lbs) and
Q = 15.74 KN (3539 lbs).

In this research study the radial load is considered to be
the force exerted on the bead seats arising as a result of a
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Bead seat rb

θ0 θ0

Figure 3: A schematic showing the radial loading condition.

vertical reaction of the weight of the automobile on the road
surface. The radial load is considered to be equivalent to a
static load imparted on both the rim and tire in a direction
normal to the surface of the road. Summing horizontal com-
ponents of the force vector due to the normal loads does not
change the resultant state of stress in the rotating wheel. This
enables significantly less computation time. For a radial load,
the tensile strength of the rim exerts a profound influence on
durability, or fatigue life, of the rotating wheel. This ensures
a precise evaluation of the stresses to be centered on the rim.
In this study, the contact condition between the disk-spoke
and the rim well is assumed to be perfectly bonded.

In an actual wheel, the radial load is applied to the wheel
at the bead seats with the tire. As a result, distributed pressure
is loaded directly onto the bead seat of the model used in
this analysis. Pressure, along the circumferential direction, is
assumed to follow a cosine function distribution, as shown
in Figure 3. Accordingly, the distributed pressure Wr is given
by the expression

Wr =W0 · cos
(
π

2
· θ

θ0

)
. (2)

The total radial load W is calculated using (2) as follows:

Fr = 2b
∫ θ0

−θ0

Wr · rbdθ = 8 · b · rb · θ0 · W0

π
, (3)

where rb is the radius, b is the width of the bead seat, and θ0

is the angle of loading. From (3), we can calculate W0 with
given Fr . And the distributed pressure, Wr , on bead seats
can be decided by (2). In this analysis, a radial load (Fr) of
17.4 kN (4022.5 lbf) is applied to the model.

This load magnitude is chosen to be the same as that ex-
perienced by an actual wheel in stress measurement exper-
iments. In the stress measurement experiment, the rim was
fitted with an aqua-steel tire (model no. P22560R16). The
tire was inflated to a pressure of 303 kPa (44 psi). The assem-
bled wheel is then pressed against a flat plate using a load of
17.4 kN. Strain gages were fixed at regular intervals on the
rim surface, that is, at twenty-degree intervals, on the rim
surface, in both the axial and circumferential directions. The
central angle (θ0) of pressure distribution is 40◦ and is deter-
mined from the measured strain distribution of the flange of
the rim.
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Figure 4: A schematic showing the load induced by tire inner pres-
sure.

Pressure is applied to the bead seats on both the inboard
side and the outboard side. Half of the pressure on the in-
board side is applied to the inboard rim flange, while the
other half is applied to the inboard bead seat. This is done
because the inboard rim flange tends to deflect easily due to
the long inboard rim leg. Consequently, it becomes suscepti-
ble to loading from the tire. The loading condition is deter-
mined from comparisons made between the measured and
calculated stresses on the rim. In a real sense, the ratio of the
applied load on the bead seat to the applied load on the rim
flange is thought to vary in accordance with the contact con-
dition between the tire and the rim. This is affected by the
conjoint and interactive influences of the following: (a) type
of tire (bias or radial), (b) air pressure in the tire, (c) rein-
forcement structure or architecture of the tire, and (d) type
of rim used.

2.2. Influence of tire air pressure

Air pressure in the tire is assumed to be of constant load hav-
ing little influence on rotation of the wheel. However, the air
pressure in the tire does tend to influence stresses induced
on the rim. In subjecting the wheel to use, that is, sustained
rotation, the cyclically varying stresses, caused by either the
independent or conjoint influences of bending moment and
radial load, are superimposed on the constant stress gener-
ated by air pressure in the tire. Thus, from a structural point
of view, it is essential to evaluate the stress induced on the
rim surface by air pressure in the tire.

The air pressure in the tire is exerted on the tire cavity side
on the rim surface as shown in Figure 4. The tire air pressure
is applied both directly to the rim at its outer surface and
indirectly to the rim flange. The air pressure, acting against
the sidewall of the tire, generates a load, which is in the axial
direction. This load varies in accordance with the following:
(a) type of tire, (b) aspect ratio of the cross section of the tire,
and (c) reinforcement structure of the tire. To start with, we
consider a profile of the cross section of the tire and assembly
as exemplified in Figure 4. The axial component of the force
Fp, which results from the inflation pressure (P0) in the tire,
is estimated from the relationship

Fp = π
(
a2 − r2

f

)
P0, (4)

where a is the design radius of the tire and r f is the radius
of the loading point on the rim flange. Since axial load is
supported by both the tread of the tire and the flange of
the rim, approximately one half of the load is assumed to be
borne by each part. The load on a unit length of the circum-
ference of the rim flange of the rotating wheel is calculated
using the expression

Tf =
Fp

4π · r f =
(
a2 − r2

f

) P0

4 · r f . (5)

The applied air pressure in the tire chosen was (a) 0, (b) 117,
and (c) 241 kPa.

2.3. Finite element modeling

A full three-dimensional stress analysis was performed us-
ing the mesh subdivision shown in Figure 2. The finite ele-
ment model was constructed such that the model geometry
exactly duplicates the rim. The finite element model consists
of (a) 32 059 brick and wedge elements, (b) 18 021 nodes, and
(c) 432 504 degrees of freedom. Cast aluminum alloy (A356-
T6) was the material chosen for the rim, with properties of
Young’s modulus = 73.1 GPa, Poisson’s ratio of 0.33 and a
yield strength of 275,760 kPa. The boundary conditions at
the bolt circle were fixed. The forces from (2) and (5) were
applied to the positions outlined in the preceding subsec-
tions. The tire air pressure is applied on the rim outer sur-
face between the inboard bead seat and outboard bead seat.
The ALGOR finite element system was used to analyze the
problem.

The nomenclatures of key locations on the wheel are
shown in Figure 2. The key locations are (a) the outboard
and inboard bead seats, (b) well and hump on the rim, and
(c) the disk hat and outer pad. These were investigated on the
disk portion of the wheel.

3. RESULTS AND DISCUSSION

3.1. Von Mises stress distribution

The distribution of Von Mises stress for an air pressure of
241 kPa is shown in Figure 5. It is observed that the stresses
are well distributed along the disk portion of the rim. This is
clearly indicative of safe design practice. The Von Mises stress
calculated in the disk is much lower than the Von Mises stress
calculated in the rim. Of all the critical areas in the rotating
wheel, the in-board bead seat is identified as being the high-
est stressed area in the wheel. Since the Von Mises stresses are
low, the stress distribution fails to provide adequate informa-
tion pertaining to the design criterion for bead retention.

3.2. Displacement distribution

Displacement becomes a key design factor and is shown in
Figure 6. The magnitude of the displacement vector is great-
est on the inboard side of the rim, which is free to flex when
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Figure 5: The Von Mises stress distribution in the wheel under
241 kPa pressure.
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Figure 6: The displacement magnitude of the rim at an inflation
pressure of 0 kPa (view from inboard side).

compared to the outboard side that is supported by the disk.
The finite element model predicts a maximum displacement
of 0.223 mm. The deformed shape of the wheel is not sym-
metric with respect to the vertical plane since the spokes are
not arranged symmetrically with respect to the plane in this
finite element model. Nevertheless, displacement is symmet-
rical, implying that the rotating wheel tends to distort into an
oval shape about the point of loading. This is encouraging
when rationalizing the reason as to why the quarter model
fails to accurately predict full-symmetry displacements. The
half symmetry model yields consistent results, depicting a
similar shape for the displacement and its magnitude. How-
ever, the quarter symmetry model fails to predict the same
trend in deformation. Other investigators [6–10] have suc-
cessfully used the full and one-half symmetry models in their
analysis.

Upon application of a radial load the rim bends inward at
θ = 0◦. This occurs because of an offset, along the axial direc-
tion, between the disk pad and the center of the rim width.
The end view of the displaced rim is shown in Figure 7. The
inboard flange of the rim deforms elliptically when com-
pared to the outboard rim flange, which is supported by the
disk. Symmetric bending of the rim occurs as a direct result
of varying deformation between the inboard side of the rim
and the outboard side of the rim. When the wheel is put in
motion, that is, rotation, the inboard flange bends inward
when θ = 0◦ and bends outward when θ = 90◦. However,
when θ = 180◦ the inboard flange bends inward and bends
outward when θ = 270◦ just as for θ = 90◦.

Results at both the disk hat and the outer pad reveal the
displacements to be essentially low when compared to other
key locations on the surface of the rim. Variations in infla-
tion pressure resulted in small differences in the maximum
displacement of the order of 0.002 mm, which is negligible.
For all of the inflation pressures examined in this study,

(a) the highest displacements occurred when the rotating
body was loaded at a circumferential angle of 0◦,

(b) the minimum values occurred when the circumferen-
tial angle was 70◦ and 170◦ (Figure 8).

For θ < 70◦ the displacement is larger at the higher infla-
tion pressures, and when θ > 70◦ the displacements become
larger at the higher inflation pressures. A similar effect was
seen at the outer pad even though the displacements are neg-
ligible.

3.3. Maximum stress distribution

The maximum principal stress on the disk hat has a global
maximum occurring at the point of loading (0◦) and
steadily decreasing as the circumferential angle (θ) increases
(Figure 9). In this case, the high inflation pressure in the
rotating tire yields higher principal stresses for all angles
around the wheel. As the circumferential angle approaches
140◦ and becomes larger, the change in value of stress be-
comes negligible for angles greater than 140◦ and reveals a
decline near the top of the wheel at 180◦.

The influence of inflation pressure on maximum prin-
cipal stress on the disk hat area is shown in Figure 10. This
figure reveals a monotonic decrease in the level of stress for
angles less than 70◦, with an inflation pressure of 241 kPa
yielding the highest stresses. However, for angles greater than
70◦ the role of inflation pressure decreases the magnitude of
stress (the stresses at 0 kPa are greater). The largest maximum
principal stress occurs at 0◦.

The maximum principal stress at the outer pad of the rim
varies in accordance with the disk hat. Lower values of air
pressure in the tire results in higher stress values at this lo-
cation for angles greater than 40◦. For angles less than 40◦,
the higher values of tire air pressure result in higher values of
stress at this location.

Influence of inflation pressure on stress at the outer pad is
shown in Figure 11 with an observable variation in stress oc-
curring in the range of circumferential angles of 60◦ and 90◦.
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Figure 7: The end view of the deformed rim (view from θ = 0◦
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Figure 8: The magnitude of the displacement vector on the disk
hat near the bolt circle as a function of circumferential angle for
inflation pressure of 0 kPa, 117 kPa, and 241 kPa.

At a circumferential angle of 0◦ the stresses are tensile in na-
ture, with the maximum occurring at 60◦ and rapidly de-
creasing to a minimum at 100◦. In summary, influence of
inflation pressure on the maximum principal stress is small.
The stresses and resultant deflections on the disk hat are low
when compared to other key locations on the surface of the
rim. Also, minute variations in stresses and displacements are
low as inflation pressure changes. In a few cases, an inflation
pressure of zero in the rotating tire resulted in the highest
stress magnitudes and resulting deflections. This was found
to be dependent on the circumferential angle.

In Figure 12 is shown a progressive decrease in princi-
pal stress in the spoke area, with progression around the rim,
for circumferential angles from 0◦ to 360◦. It is worthy to
note that air pressure has little influence at this location of
the wheel. However, influence of air pressure at locations of
the spoke at 120◦ and 225◦ can be seen, as the difference in

magnitude of stresses becomes negligible. This clearly indi-
cates the effective reinforcement of the spoke. The geometry
of the spoke is the thickest portion on the entire assembly of
the rotating wheel, with five spokes spanning the wheel cir-
cumference.

The inboard bead seat and rim hump, geometrically close
to each other on the rim surface, were the other critical areas
that were investigated. In Figure 13 the maximum principal
stress is approximately symmetric about θ = 60◦ for 20◦ <
θ < 120◦ with the highest magnitude occurring at 60◦. For
θ > 120◦ the maximum principal stress remains a constant
value.

The influence of inflation pressure on displacement is
shown in Figure 14. It is observed that the curves exhibit
similar trends with only a marginal change in magnitude. At
an inflation pressure of zero, the displacements are greatest.
However, at 117 kPa and 241 kPa the displacements are less
at all of the key locations. A higher displacement occurs at
the 0◦ circumferential angle and the value of displacement
progressively decreases to 180◦, with a local maximum oc-
curring at the circumferential angle of 90◦, which was taken
as the reference. The displacement experienced by the hump
was found to be less than the displacement at the bead seat.
This is ascribed to its close proximity to both the bead seat
and the outer pad. Consequently, local moments generated
at this location are smaller in comparison to the bead seat.

The maximum principal stresses on the bead seat and the
hump are exemplified in Figure 15. The stresses in the bead
seat are constant around the rim. However, the rim hump ex-
periences a noticeable variation in stress. For the rim hump
the displacement is a local maximum at 0◦ resulting in a
maximum value of stress at this location. The hump reveals
for circumferential angles of 0◦ and 90◦ that the displace-
ments are positive. The local principal stresses are primarily
compressive in nature at 0◦ and tensile in nature at 90◦. This
was found to be true at all the three inflation pressures inves-
tigated in the rotating tire.

Examining the stress distribution over the bead seat, as a
function of inflation pressure of the tire (Figure 13), a wide
variation is observed in the magnitude of principal stress
both at and beyond a circumferential angle of 90◦. A shift, or
redistribution of stresses, occurs when the inflation pressure
in the tire drops from 117 kPa to 0 kPa. Overall, an estimated
20◦ shift occurs. However, no apparent shift in stresses was
evident when the inflation pressure decreased from 241 kPa
to 117 kPa. For an inflation pressure of 241 kPa the stresses
vary greatly with circumferential angle, in the range from
130◦ to 170◦. Thus, the area of the bead seat is identified
as having the largest magnitude of stresses induced and re-
sultant deflection. This is identified to be the critical design
location for the rim of the rotating wheel.

Based on results obtained, the stresses on the rim are
low and the magnitude is well below the endurance limit of
aluminum alloy A356-T6. However, at these locations dam-
age due to fatigue is favored to occur due to local stress con-
centration. Locations on the rim surface that are of concern
are (a) the bead seat, (b) the well, and (c) the rim hump.
At the microscopic level, the stress risers present in these
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Figure 9: The maximum principal stress on the hat near the bolt
circle as a function of circumferential angle for inflation pressure of
0 kPa, 117 kPa, and 241 kPa.
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Figure 10: Influence of inflation pressure on the maximum princi-
pal stress at the disk hat.

locations would tend to promote the occurrence of local plas-
ticity in the deformation zone surrounding these areas. Re-
peated loading causes plastic deformation to occur very early
in the use of the rim with the concomitant initiation and
rapid propagation of microscopic cracks.

The highest deflections observed in the aluminium alloy
rim, chosen in this study (A356-T6), are relatively small in
the bead seat area. This is clearly indicative that the tire will
tend not to dislodge itself from the rim. However, during the
impact loading, which wheel designers conservatively select
and use is a loading factor of three times the static load.
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Figure 11: Influence of inflation pressure on the maximum princi-
pal stress at the outer pad.
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Figure 12: Influence of inflation pressure on the development of
the maximum principal stress in the area of the spoke.

This observation was also noticed by researchers associated
with the SAE. The static model was rerun using a value
three times the current load so as to observe if significant
deflections were an exacerbating phenomenon. The highest
deflection was found to occur at the 90◦ location, with a
maximum value of 0.668 mm. The resultant highest max-
imum principal stress was 4.58 MPa. This is expected due
to a linear stress analysis performed here. With a predicted
endurance limit of 1/2 of the ultimate strength of aluminum
(31 GPa) being 15.5 GPa, stresses are low enough to ensure
longevity of the wheel.
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Figure 13: Influence of inflation pressure on the maximum princi-
pal stress distribution at the inboard bead seat.
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A location on the rim surface that is of concern is the
“well” primarily because maximum stress occurs as a result
of “local” bending stresses. A detailed examination of rim ge-
ometry reveals that the inside surface essentially remains un-
supported by the disk. In this case it is free to flex about the
well. However, if the applied forces are high then it can cause
the tire to dislodge itself from the bead seat on the inside or
alternatively the impact loading can cause the occurrence of
permanent damage to the rim. In summary, the wheel can be
considered a safety device. Damage occurring as a result of an
optimized geometry and resultant fluctuations in stress is not
an option for the designer. Since most wheels are designed to
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Figure 15: Variation of the maximum principal stress on the rim
as a function of circumferential angle for an inflation pressure of
0 kPa.

last a lifetime, the predicted finite element analysis validates
this point.

4. CONCLUSIONS

Based on the analysis performed on the influence of pressure
and radial load on stress and resultant displacement response
of a rotating wheel, the following are the observations made.

(1) Inflation pressure does have a direct effect on the state
of stress in an automobile rim under the influence of a load
of the maximum tire rating.

(2) Under a radial load the rim tends to ovalize about the
point of contact, with a maximum displacement occurring at
location of the bead seat.

(3) The inside bead seat deflects the highest and is prone
to loss of air pressure as a result of dislodgement of the tire
on the rim.

(4) The stresses are much higher in the rim than in the
disk.

(5) The critical design areas of the wheel are the inboard
bead seat and the well.
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