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ABSTRACT

Fims are essential salety components for support, steering,
wabality and break systems in automobile. Aluminum alloy rims are
scommuonly used in the automobile industry due to their durability.
light weight, high strength, good hear conductor, wear resistance
and aesthetics characteristics. However, their structural integrity
under diverse operating conditions is not well understoad. [nithis
stucly, the combined elfects of static louds due to varying aitomobile
weights and tyre air inflation pressures on the total displaicement,
von Mlises stress and principal steain of an aluminum~alloy
sutomobile  rim
investigared using o commercially available 3-dimensional finice
glement codein FEMLAR™ 3.0. The effeets ofthe loading condition
were investigated at the point of contact of tyrewyich the ground;
vuthoard and inbourd bead seies; and thewelly Resules showed that
maximum delleerion oceurred at the inbetrd bead seat, while the
most steessed area occurred ar chewell Jfcrease in - auromobile
weight and tyre inflation pressurdled toancreased state of stress and
seraun, This study provides bagic mSighes into the state of stress in
aluminum aloy rims under divesst loading conditions.

Keywords: Fite clancafmethod. alipinam alloy vim, antomobide, seructiral
atinitars, von Miscs sticss, pruu’i]mf strain

I INTRODUCTION

Rims dee essential safery components lor support, steering,
mability and beeaking systems in automabile. There are important
structural members of the vehicular  suspension system that
supports the static and dynamic loads encountered during vehicle
operation (Cerit, 2010). Automuobile rims have evolved over the
decides Trom carly spoke designs of wood and steel rims, carryovers
From wagon and bieyele cechnology, to Hlae steel dises and hinally o

(Toyota 6.0]XISH2ET, CMSISUCNGO4) was

the stamped metal configurations and @medern, cast and forged
aluminum alloy rims of today’s modern vehicles (Stearns, 2000). The
main fearures and nomenclature of ‘modern auromobile rims are
shown in a ¥ section of the rim in Figure |

Outboard Inboard
Bead seat Hump Bead Seat
o
Outboard — . % well 1 Inboard
Rim Flange A Rim Flange
Disk
Hat
Outer
Pad [ 1——-~olt circle
location

Opening lor
bearing race

Figure I: Automobile rim (Stearns, 2000

The global concern for reduction in greenhouse gas emissions
and the associated climate change of the Kyoto protocol (IPCC,
1995) is a major compelling facror driving the automobile indusery in
their effores to reduce weighe of vehicle in order to improve the fuel
efficiency. Hence, light aluminum alloys are currently enjoying wider
applications in the automobile industey  (Stearns, 2000). In
particular, aluminum alloy rims are becoming increasingly popular in
automobile rim manulacture on account of numerous advantages
over the wooden and steel rims which include: durability, light
weight, high strength, good hear conductor, wear resistance and
aestheties aetributes (Stearns, 2000), Automobile rims are loaded in
complex manner and ace highly stressed and therefore safety related
components. Hence, latigue performance and the state of stress in
the rim under various loading conditions are prime concerns in
vehicle design (Stearns, 2000, Cerir, 2010). Historieally, successful
designs are achicved alter years of experience and extensive field
testing, Several innovative merthods of resring and experimenral
steess measurements have been developed (Kruse and Mahnig, 1976).
In recent years, the procedures have been improved by a variety of
experimental and analytical methods for structural analysis (Stearns,
2000). The earliest published reports span the mid 1970s and most
deale primarily wich impact strengeh and dynamic testing of steel
and aluminum alloy wheels (Stearns, 2000).  These analyrical
mechods are koown  to be complex and  strong  cheoretical
buckyrounds aee required, while the experimental methods are
costly and time consuming. To this effeet, application of numerical
merhods such as hinite element method (FEM) 1s currently gaining
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nore: ground in- steuceural analysis of automobile rims (Stcarns,
2000} Rihda (1976) appiied the finite clement method to determine
the rotul required sereagth, and aptimum distribution of stress and
strain in automebile wheels: Moriva er al. (1987; 1989), Tanuke ef al
(19873, Wrighe (1983) and Kawashima and Ishiliara (1989) used the
nite element method to simulate the dynamie effects of rolling,
cornering and braking loads in steel rims. Reipert (1985) and
Mizowuchi ¢ al (1982) pertormed a serics of finite element analysis
on alununum alloy 3454 rim using NASTRAN to rationalize the
Latigue design. Morita et ol (1987) performed a 3-dimensional finite
cloment stress evaluation for wheels during endurance tests,
kasvashima and tshihar (1959) developed o guantitative mechod for
eviluaring the induced stress of the automobile rim. Konisht et of
(1996, 1997) actempted parametric studics on impact strength in
aluminum wheeis where typical aluminum alloy wheels of various
dimensions were analyzed. It was lound thae impact strength was
characterized by ritn fange chickness and spoke rigidity when the
rum tlange failure occurred,

Stuclies on the influence of wvarying radial loading due ta
vehicle weight, tyre inflation pressure, braking and cornering load
conditions on the facigue life of the rims have been the focus of many
researchers in order to ascertain the structural stability and hence
the salety of automobile rims during cheir warking life span. Tseng
{1989 and Jeusetre (1992) investigated the tyre eim interiace under
radial loading conditions. Jeusette (1992) studied the elfect of
inflation pressure vararions on the tyre/rim interface loading and
capcluded that reducing inflution pressure by hall reduced the
impused stress i same magnitude. Walter and Kimineez (1973) have
reparted a finite element analysis of the effect of heavy braking and
cornering mancuvers on the contact pressure and shear stress
distributions of sutomobile tyre/rim interface, Cerit (2010) has
reported an experimental anck pumerical ssimulation of dynamic
impuct loading of a cast aluminum alloy wheel due to collision with
the curh of the road or a large obstacle. The result obtained showed
that the maximum stress occurred in the lug region of the wheel,
This was primarily attributed to the fact chat the lug hole forms
geometrical complexities and ieregularicies in this region.

Stearns (2000) and Stearns e al (2004) reported an
expecimental  and  fintte clement study on  the fanalysis® of
displacement, stress and strain distributions in an automobile wheel
consisting of an aluminum alloy rim (Ford 16 SHQ scyle) #nd a run-
[lar ryre (P22560R16). The study evaluated the conjoint influence of
static load due to tyre inflation and sadial loads due to the vehicle
weight on the displacement, stress and stedimficlds. Apart from the
works of Stearns (2000) and Stearns erful, (2004), lunited studics
lewe bren reported on the linte elémenthanalysis of steuctueal
characteristics (displicement, stress afid strain distributions) of
aluminum alloy 'rim designs. Ne@ tesigng of these rims are being
developed on continuous basistand the deteemination of strucrural
perlormunce of these wheelsds essential for their sule operations, but
the physical testing andSnspecsion of the wheels during their
development process is time eosuming and costly. Therefore, it is
unpartant to reducetthe time spent during the development and
testing phase of newSeims by using numerical simulation mechods
such as linire elemeng :tn:lh'.‘sis. The aim of this present study was to
develop a 3-dimepsional flinice element model tor the analysis of the
conhined effedss of static load due ro varying autonwbile weighes
and tvre aidnllagion pressures on the total displacement, von Mises
stress and principal steun distributions in g new generation,
alummum alloy automebile om (Toyotn 6Q)XISH2ET,
UNSIGOCNG )

DA Fadare, 0.0 Qdebummi and 5.0, 1gbudu J::;:;'

2. MATERIALS AND METHODS

A pow generation, siuminom alloy automobile rim (Toyora
S.OIXISHIET, CMSISOCNGD4) of 15" (0381 m) diamerer, 7.48°
(0190 m) widch, 268" (0.068 m) hub opening dimerer and 0.74°
(0.0188 m) bale aircle diameter, bead sear ndius of 1397 (02021 m)
and bead scat width of 098" (0.025 m) was modeled using
commercial FEMLAB 3.0 code The rim-tyre assembly and the flinice
clement model are shown in Figures 2 (n & b). A total of 478,672 iso-
parametric clements with 1,839,630 degree of -Treedom were used in
the model. The mechanical and chemical propertics of the aluminum
alloy 3003 FIA rimore sumnurized in Tables [and 3, respectively.

Table 1. Mechmical propectics of the aluminunt allupaid0s- HiRgim

Property Value
Young's moddulus () 69¢’
Poisson’s ratio 133
Densicy (ka/m') 70
Thermul expansion cocll 23.2¢*
Heat capacity (|/K) ' 893
Thermal conduetiviey (Wam=E). 155

Sowrce: FEMLAD (2004),

2.1, Modeling the efléer ol automobile weighe on the rim

The ey&=barloading technique (Stearns, 2000) was
used o mael theellect of the vehicle weizhe on the rim. The
technique isjilustrared diageammatically in Figure 3.

Table 2: Chemical properties of the aluminum alloy 3003-HIS rim

Element Vitlue )
Aluminum Balance
Copper- 0.05-0.2
lron 0.7 max
Manganese I'=1:3
Remainder Each 0.05 max
Remainder Total 015 max
Silicon 0.6 max
Zinc 0.1 max

Source: Material Property Data Sheer (2011)
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Fi 2 The poneryre assembly (ae) cod feaite clement model (1) of the almninm alloy

Fial

Fiy 3 Schematic diagram of eve-bay analogy {Stearns, 2000)

Where, ris the radius of the hole, W is the load impacted, 0 is -
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2* W

z*r

()

£] 1y 18 i unit load and cis the radios of the bead seat (0.2021
m), Normally this radius is assumced ta be ncarly equal to the pin

qlmu

eading, Dividing ¢, by its width ol the vye-bur cross seetion

izives the compressive pressure loud.

Pressurc load - q,,,, /b ()
Where b is the wideh of the bead sear (0.025am), The rotal
wieight of a car is balanced wich a vertical reaceion loree from the
road through the tyre. This load constantly c@mpresses the wheel
rachally. While the car is running, the radial load becomes a eyclie
foad with the rotation of the wheel. Henee, thesaluarion of wheel -
fangue screngeh under radial load issan mportant performance
characteristic Tor structucl  integdry SAccording to the SAE
specification. a wheel should muaintain Strucrural imregrity wichout
any cracks or plastic delormatidn fornore than 4 & 107 rotations
wider o radial toad. The rdid load, . is exprassed by (Stearns,

2000):
Q=8 W (7

where, S, means teceleration test factor (8, =2.2) and W

r

" means maximum tyre doad. Under a radial load, the strength of the

rim usually determines the fatigue life of a wheel, so the stress
evitluation isamaitily focused on the radial load. The radial load is
applied from thie tyre to the rim through the bead seat therefore the
distributedipressure is applicd directly on the bead scac. On the
assumption.chac the load is equally or evenly distributed on the four
wheels, the weight of the automobile is related to the tyre load, W,

(Stesrns, 2000) as:

W, =W, *9.8/4 ®

Where W, is the maximum wheel load and W, is the
maximum mass ol the auromobile,

the angle and g is the maximum point load. The horizontal -

components of g are in balance with each other. The vertical forces

can be related to the external load, W which is extpressed as follows

(Srearns, 2000):

2
W=2*rjq‘|:csé’d6 (N
U a

Ry dehning g =q,,,, * cos @ untl substicuting into the above
cquation (Stearns, 2000),

xfE
W =2%; I Gt cOS* BdO (2)

u
integruring yields (Srearns, 2000)

. f2
W=2%r o '[§+ (S“‘J‘M]I (3)

Eviluating (Stearns, 2000),

W=23%p¥y . ’[(fi—:- + -—Si" 2‘: -‘?f:!] - l[?’}] (4)

ur

- 2.2. Modeling the tyre inflation pressure on the rim

During the rolling operation of the rim, the cyclically varying
seress due to the bending moment or the radial load 1s superimposed
on the constant stress generated by the tyre-air pressure. From
structural point of view, it is necessacy to precisely evaluate the
stress induced by the tyre-air pressure. The tyre air pressure is
applicd diceetly to the bead seat and indirectly to the rim flange, The
later load, which is direcred in an axial direction, is generated by the
air pressure pressing on the tyre side wall. This load varies according
to the type of tyre, the aspect ratio of the cross scction of the tyre
and the reinforcement structure of the tyre. The axial component of

~the force W, which results from the inflation of the tyre is

ealeulared by the equation (Stearns, 2000):

W, =x(a®~r} )R, (11)

Where a, is the design raclius of the tyre, 1y is the radius of the
loading point on the rim flange and Py is the tyre inflation pressure.
Because the axial load is supported by the teead of the tyre and che

- rim [lange, approximately, half of the loud is assumed to be loaded on
*cach part. Henee, the load on the ciccumlerential unit lengeh of the

rim llange is caleulated by the foree, Ty, expressed as (Stearns, 2000):
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The combined cffects of the varying automobile weights
(radial loads) of 4630.5, 52185 and 5885.5 N and tyre inflation
pressures of 17, 241 and 303 kPa on the displacement, von Mises
atress and principal steain distributions were investigated. The
weight of 46305 N represents the normal weighe of a 5-seater salon
cac and five (5) passengers. the 53185 N weight represenrs the
weight of the car plus 3 passengers and one (I) extra passenger,
while the 58855 N represents the weight of the. car plus 5
passengers and two (2) extra passengers. The tyre inflation pressure
ol 241 kP represents normal tyre inflation pressure, while 117 and
303 kPu represents uncder and over inflation pressures, respectively.
The weights and tyre inflatian pressures swere combined into three
loading conditions: (1) 4630.3 N and 117 kPa; (2) 5218.5 N and 241
kPa: and (3) 588535 N and 303 kPa The elfects of the loading
conditions were investigated ar the poinr of contact of tyre with the
around: outhoard and inboard bead scats; and the well,

2.3. Imposed boundiry conditions ™

To avoid rigid body motion and ensure convergence in the
solution, the nodal points of the elements at the circumlerence of the

holes of centre bolts were constrained from translational mation in

che three perpendicular dicections (x,y. 2).

3. RESuLTs AND Discussion

The influence of the loading condition on the toral
displacement, von Mises stress and prineipal strain fields were
wsessed using the postprocessing and visualization medule of the
A LA soltware, The surface plot of the cross-seerion of the rim

wilel was switched to the different ficlds showing the toral
displacement, von Mises stress and principal strain ac dillepent
points of interest on the rim. The deformed solid model of chérim
under the loading condlition 3 1s shown in Figure 4, The colourmip
<hows total displacement field of the rim.

3.1, Observations at the point of contact with the ground

The influence of the loading condition on the toral
displacement. von Mises stress and principul serain fields at the
pwint of contact with the ground (0/360" “eircumferential angle)
slong the nm o wideh are shown in Figures' S (-2¢)."As shown in
Figure 5(a), the maximum total displicement in the rim oceurred at
the inboard bead seat. while nodppreciable displacement was
vhserved at the disk hae. —__

Fig 4 Deformed vl wodel under the louding comdirion 3

DA Fadare, 0.0. Odebunnii and S.0. Igbudu i‘:z;

Increase in the radial load and tyre inflation pressure as
depicted in the loading conditions 1 to 3 led to linear increase in the

‘total displacement. Excessive displacement of the inboard bead sear

can lead ro sudden dislodgement of the tyre from the rim and thus

" leading to deflation of tyre which may results to fatal accidents, The

von Mises stress distribution for the three loading conditions are
shown in Figure 5(b). As shown, the minimum stress occurred at the
outboard bead scat and increased to the peak ar the rim well for all
the loading conditions. For the loaduy condition 3. the stresses
remained constant rowards the inboard bead scat, while it decreased
for the loading conditions 1and 2. There was no notable influencg of
loading condition from che disk hat o the rim well, but norable |
vartution was obtained beyone the rim well tosinboardibead seat.
The influence of loading condition on the Jprincipal  strain
distriburions are shown in Figure 5(ci. A simila¥ patrern like stress
field was also observed in the sceun felds The minimum and
maximum strains occurred ar the inbeard béad seat and the well,
respectively.  The trends obrained 4 the rotal displacement, von
Mises stress and principal strain marched perfectly the observations
reported by Steaens (Stearns, 2000,

3.2, Obscrvations at the outboard bead seat

Figures 6 (1 - ¢) show thednlluence of the loading condition on
the total displacement, won Mises stress and principal steain fields at _
the outhoard beddseaty, As shown in Figure 6(4), the total
displacement saried widely along  the  circumferential  angle,
Noticeahle peaks in the toeal displacement occurred at 50" and 2500"
circumferential angles for all the loading conditions. The highest
tatal djsphccntt:nt was obtained for the loading condition 3, while
the minimum gotal displacement occurred at 2000" for all the loading
conditions: The influence of loading conditions was predominant on
the rotal displacement only between 0 and 100 The von Mises

wtress discributions for the three loading conditions are shown in

Figure 6(b). It can be seen, that the stresses varicd widely along the
ciccumleeential angle. Noticeable peaks similur ro the displacement
field were also obrained at 50" for loading condirion 3 and at 250", for
loading conditions, 1 and 3. The loading condition 3 had the highest
stress magnitude from 0 o 230% beyond this point, a reverse in the
trend was observed. Figure 6(c) shows the influence of loading
condition on the principu] strain. The strain also varicd widcly. with
maximum strain ar 250" for the loading conditions | and 2, while for

-the loading condition | the maximum occurred av 50" Similar to the

stress field, the loading condition 3 also had the highest stain
magnitude from 0 to 230", beyond this point, a reverse in the trend
wis observed. Similar trends have been reported by Stearns (Steaens,
2000). :

3.3. Observations at the inboard bead sear

Figures 7 (a - ¢) depict the influence of the loading condition
on the total displacement, von Mises stress and principal strain at
the inboard bead seat. The toral displacement ficld is shown in
Figure 7(a) The total displacement for all the loading conditions had
the maximum value at the point of contact with the ground (0/360"
circumferenrial angle), while the minimum vccurred at wichin 150 to
200" for the lvading condition | and ar 200" for both loading
conditions 2 and 3. The displacement was consistently higher with
increasing loading condition, except at rthe point of minimum
displacement (200%) where there was no notable effeet of loading
condition. The van Mises stress distribution is shown in Figure 7(b).
The von Miscs stress plot for all the loading conditions had che
maximum value at the point of contact with the ground (073607
circumferential angle). The stresses increased with increase in
loading condition, excepr at 80", where there was no appreciable
variation with the loading condition, As shown in Figure 7(c), the
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principul strain distribution alsa varied with increase in loading
condition. For cach loading condition, the maximum principal strain
occurred at the point of contact with the ground (0/360"
circumicrential angle). The observations of Stearns (2000) were
similut to the trends obtained.

e e g

g

+(c)

Fig 3¢ Influence of loading condition on the totul displacement (), vonMiscs stress (b)
and principal serain (¢) disteibutions at the poing of contacr with the ground

3.4 Observations at the well

The effect of loading condition on the total displacement,
von Mises stress and principal stptin at the well are depicted in
Figures 8 (a-c). As shown inwFigure B(a), the maximum toral
displacement  occugrete gt the  point  of  contact  (0/360°
circumferential angle)s, The total displacement increased with
increase in the loading condition. The minimum values oceurred at
100" for the laading condicion 1, while for the loading conditions 2
and 3, the minimum occurred ar 1500", For von Miscs-stress
distributiomshown in Figure 8(b), the maximum stress occurred at
the point of contact of tyre with the ground (0/360"), while the
quaximum vilues for the loading conditions 2 and 3 occurred at angle
90" The minimum values for the three loading conditions occurred
atangle 144"

The elfect of the load condition on the principal strain is
shown in Figure B(c), maximum striin oecurred at the point of
contact 0/360" and the minimum at angle 90" for the loading

R ] s 3

L s Aviagie (o e an )

()

o £ ey (0 Sums A — e
¢ Venadar Aryule (dmuren
(c)

Fig. 6: Influence of loading condition o the otal displace (u), von Mises stress (b) and
principal seeain () Jiclds ut the outbourd bead scat —_

condition 1 and at 150" for the loading conditions 2 and 3. At angle
270", a rise in the strain less than the maximum was obtained for
loading condicions 2 and 3. These observations were in agreement
with the report of Stearns (2000).

4. CONCLUSION -

The combined effeets of varying automobile weights and tyre
inflation pressures on the total displacement, von Mises stress and
principal steain of an aluminum alloy automobile rim has been
investigated and the stare of stress at the point of contact of tyre
with the ground, outboard and inbouard bead seats, and the well
were presented. For all the loading conditions. maximum deflection
occurred at the inboard bead seat, while the most stressed area
occurred at the well Increase in automobile weight and ryee
inflation pressure led to increase in state of stress and strain,
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