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Abstract

The aspect ratio of tires significantly influences the
tread contact patch, which is closely related to the ve-
hicle’s driving performance and handling. This study
investigates the effect of radial tires with varying as-
pect ratios on contact patches under different loads
and inflation pressures. The size and shape of the
contact patches, along with the pressure distribution
in tires with different aspect ratios, were analyzed.
Five finite element tire models with aspect ratios
of 55%, 60%, 65%, 70%, and 75% were developed.
The simulation models of 205/55R16 were validated
against experimental results. The findings reveal that
as the aspect ratio increases, the contact length along
the tire’s axial direction decreases, while the contact
width along the rolling direction increases. Minimal
differences in contact area were observed among tires
with different aspect ratios under the same static
load. For a given load, as the length-to-width ratio
increases, the tread width of the contact patch de-
creases, while its length increases. Additionally, with
an increasing length-to-width ratio, the contact patch
shape transitions from a saddle to a barrel-like form.
The maximum normal contact stress occurs at the
shoulder of the tire for aspect ratios of 55%, 60%, and
65%, but shifts to the center of the tread for aspect
ratios of 70% and 75%. The primary influence of the
aspect ratio is on the contact size.

Keywords: bumper, cabuya fiber, fiberglass, opti-
mization, resin, simulation, VARTM

Resumen

La relacion de aspecto de los neumaticos influye sig-
nificativamente en el area de contacto de la banda
de rodadura, afectando el rendimiento de conduccién
y manejo del vehiculo. Este estudio analiza el efecto
de neumaticos radiales con diferentes relaciones de
longitud y didmetro en las manchas de contacto bajo
diversas cargas o presiones de inflado. Se evaluaron el
tamano, forma y distribucién de presién en neumati-
cos con relaciones de aspecto de 55 %, 60 %, 65 %,
70 % y 75 %, mediante cinco modelos de elementos
finitos. El modelo 205/55R16 fue validado experimen-
talmente. Los resultados indican que, al aumentar
la relacién de aspecto, la longitud de contacto a lo
largo del eje del neumatico disminuye, mientras que la
anchura en la direccién de rodadura aumenta. Bajo la
misma carga estatica, el area de contacto varia poco
entre relaciones de aspecto diferentes. Sin embargo,
con mayor relacién longitud-anchura, el ancho de la
banda de rodadura disminuye y la longitud aumenta.
Asimismo, la forma de la mancha de contacto cambia
de silla de montar a tambor de cintura. Los maximos
valores de tension de contacto normal se localizan en
los hombros para relaciones de aspecto de 55 %, 60
% y 65 %, y en el centro de la banda para relaciones
de 70 % y 75 %. La principal influencia de la relacién
de aspecto radica en el tamano del contacto.

Palabras clave: Relacién vertical y horizontal,
parches de contacto, tensién de contacto, neumaticos
radiales
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1. Introduction

Tires are the only components of a vehicle that di-
rectly contact the road. They convert torque into force
at the contact patch, enabling vehicle motion and
significantly influencing driving and handling perfor-
mance [1,2]. The tire’s contact patch, which is closely
associated with rolling resistance [3,4], directly impacts
energy losses, fuel consumption, greenhouse gas emis-
sions, and tread durability. Consequently, the ground-
ing performance of tires has been extensively studied,
with particular focus on the size and shape of the
tire-road contact patch [5-9]. The finite element (FE)
method and advanced experimental techniques have
been widely employed to analyze tire grounding per-
formance [10-13]. Guo et al. improved the UniTire
side force model [14], demonstrating that the contact
patch plays a critical role in cornering stiffness and
lateral relaxation length. Patrick et al. [15] developed
a 3D brush model to characterize contact patch size
and pressure distribution. Alobaid et al. [16] enhanced
an in-plane rigid-elastic-coupled tire model by incorpo-
rating the wheel’s vertical movement as a rigid body.
This model connects road irregularities as input to
the contact patch and outputs the wheel’s vertical mo-
tion. Additionally, Fathi et al. [17] established a tire
finite element model using the Arbitrary Lagrangian-
Eulerian formulation for steady-state analysis. How-
ever, these models often require substantial computa-
tional resources and numerous parameter assumptions,
presenting challenges for practical applications.

To validate the simulation results, pressure mea-
surement film systems [18-22] have been developed
to capture ground pressure distribution at the tire-
road interface and analyze the relationships between
imprint geometry characteristics and tread wear. Addi-
tionally, computer vision techniques and laser tire sen-
sors have been employed to more accurately measure
contact patches and tire deflection [23,24]. Tomaraee
et al. [25] utilized a well-equipped single-wheel tester
to examine the relationship between imprint size, load,
and inflation pressure. Swami et al. [26] developed a
Stereo-Digital Image Correlation (DIC) application
to generate three-dimensional (3D) visualizations of
contact patches and extract dimensional information.
Xie et al. [27] established a 3D finite element (FE)
tire-pavement model to study the influence of bias-ply
and radial tires on contact stress distribution. Their
results demonstrated that the maximum contact stress
between a radial tire and the road surface exceeds that
of a bias-ply tire. Wang et al. [28] analyzed the effect
of friction coefficient on horizontal contact stress using
an improved simulation model that incorporates a neo-
Hookean rubber material and a multilayer pavement
structure. Oubahdou et al. [29] examined tire-pavement
contact by employing a realistic description of normal
sections and bends, providing detailed analyses of con-

tact patch shape, stress distribution, and surface shear
stresses at the tire-pavement interface. Jaime et al. [30]
investigated the influence of pavement stiffness on 3D
contact stress using a validated FE model. Their find-
ings indicated that while pavement stiffness minimally
affects normal contact stress, it significantly impacts
longitudinal contact stress. Using a nonlinear FE tire
model, Liu et al. [31] developed a tool for fast and accu-
rate prediction of non-uniform tire-pavement contact
stresses, integrating deep learning techniques. Rela-
tionships between wheel loading and contact patch
behavior have been widely explored [32-34]. Zhang et
al. [35] constructed a contact model for patterned tire-
asphalt pavement, analyzing contact behavior under
static load and ABS conditions. Their results revealed
that the contact area during braking is 7.7% smaller
than that under static loading. Comparisons of contact
pressure distributions under static and rolling condi-
tions using FE tire models have shown that braking,
acceleration, and cornering significantly impact con-
tact stress distributions, with contact patch length
increasing as tire speed decreases [36,37]. Gu et al. [38]
concluded that the longitudinal contact patch length
decreases with higher inflation pressure. The contact
patch width must be considered for lateral stress anal-
ysis [39].

The contact patch plays a crucial role in tire perfor-
mance, influencing tread wear, steering responsiveness,
wet and dry handling, traction, tire noise, and ride
quality. Therefore, investigating the tire contact patch
is essential for optimizing tire performance. Among the
factors affecting the contact patch, the tire aspect ratio
is a significant contributor. However, limited studies
have explored the relationship between the tire aspect
ratio and the contact patch. This study aims to exam-
ine the effects of tire aspect ratio on the contact patch
under various vertical load and inflation pressure con-
ditions. Finite element (FE) models of the 205/55R16
tire were developed using ABAQUS 6.14 and validated
by comparing simulation results of load and deflection
with experimental data. Additional FE tire models
with aspect ratios of 55%, 60%, 65%, 70%, and 75%
were also established. The study analyzed the imprint
shapes and contact stress distributions across different
vertical loads and inflation pressures.

The article is structured as follows: it begins with a
description of the tire materials and modeling process,
followed by the validation of the FE models. The dis-
cussion section then explores the relationship between
tire aspect ratio and the contact patch under static
conditions.

2. Materials and methods

The finite element (FE) model and cross-section of
the 205/55R16 tire are illustrated in Figure 1. The
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width of the tire’s cross-section is 205 mm, with an as-
pect ratio (height-to-width) of 55%. The rim diameter
measures 406.4 mm, and the wheel radius is 315.95
mm. Additional FE models with aspect ratios of 60%,
65%, 70%, and 75% were developed by adjusting the
cross-section width while maintaining the tire height
constant.

Tread

Belt

Cross section -

6.1
Sidewall

Body ply

Bead

Figure 1. Simulation model of tire 205/55R16

The pavement and rim were simplified as rigid sur-
faces since their stiffness is significantly higher than
that of the tire. To ensure higher mesh quality, only the
longitudinal tread pattern was considered in the tire
model, while the transverse tread pattern was omitted.
The two-dimensional cross-sections of the tire were
created using AutoCAD software and subsequently
imported into ABAQUS to develop the 3D models.
Two belts were incorporated into the simulation: Belt
1, located closer to the tread, had a width of 94 mm,
while Belt 2 had a width of 114 mm. A concentrated
force along the Z-axis was applied at the center point of
the rim. The discretization method for tire-pavement
interaction was utilized to predict surface-to-surface
contact. A penalty function was employed to simulate
tangential contact behavior, with a friction coefficient
set at 0.8. Additionally, the grounding mesh was refined
to enhance the accuracy of the modeling predictions.

The hyperelastic mechanical properties of rubber
materials are described using the Mooney-Rivlin con-
stitutive model [40]. The corresponding material prop-
erties are provided in Table 1. In this study, rubber
deformation is modeled as uniform deformation of
isotropic hyperelastic bodies. Consequently, the strain
energy density is expressed using strain invariants as
follows:

Table 1. Mooney-Rivlin material properties

Components  Cjg Co1  Density (kg/m?)
Tread 0.5792  0.1448 1112
Sidewall 0.5240 0.1310 1110.1
Belt 10,848 0.2712 1144
Body ply  0.6159  0.1540 1058
Bead 11500 2870 10007

Where I3 = 1 Given that the material is fully
incompressible, equation (1) simplifies to:

W(E) = W(ly, Iz, I3) (1)

Where, C;; represent the material coefficients. For
practical engineering applications, equation (2) is fur-
ther reduced to:

Wg = Z Cij(Iy — 3)"(Iy — 3)7
i,7=0

(2)

Wur = Cro(ly = 3) + Cor(I2 — 3) (3)

The rubber-cord composite was simulated using
rebar elements to account for both rubber and cord
materials simultaneously, with each material meshed
separately. The properties of the rebar material are
listed in Table 2. Inflation pressure was applied to
the inner surface of the tire to simulate various in-
flation conditions. According to the GB/T 2977-2016
standard, the parameters of the tire are defined as:

Where, B is the designed tire section width, B* is
the inflated tire section width, H is the section height,
D is the rim diameter, D* is the inflated tire diameter.

(4)

B x1.05> Bx > B x0.95
2x Hx103+D>Dx>2x H x0.97+ D

Table 2. Rebar material properties

Elastic  Poisson Density Orientation
dul
Rebar m((;w;:)s ratio (kg/m?) (deg)
Belt 1 110530 0.4 7804 66.25
Belt 2 110530 0.4 7804 -66.25
Body cord 2710 0.4 1251 0

2.1. Model validation

To validate the model, the relationship between tire
deflection and static load was compared with experi-
mental data from reference [41]. The experiments were
conducted using a 5-in-1 Tire Stiffness Testing Ma-
chine (ke - TEK, Taiwan Hung Ta Instrument Co.,
Ltd) with a maximum displacement of 1500 mm and
an accuracy of £+ 0.1 mm. The tested tire was a 205/55
R16, with a tire pressure of 0.24 MPa. Radial loads of
3000 N, 3500 N, 4000 N, and 5000 N were applied. The
same parameters were used in the finite element (FE)
simulations. The largest error between the simulation
and experimental results was 6.8%, indicating that the
simplified FE tire model is reasonable and suitable for
investigating the relationship between aspect ratio and
tire-ground contact patch. Simulation and experimen-
tal results for deflection under different static loads
are presented in Table 3.
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Table 3. Simulation and experimental results with relative

3. Results and Discussion

3.1. The size and shape of the contact patch
under varying vertical loads

Figure 2 illustrates the contact patches of tires with
varying aspect ratios under vertical loads of 3000 N,
4000 N, and 5000 N.

error
Load Deflection Relative
(N)  Simulation Experiment error
(mm) (mm) (%)
3000N 15.1 15 0.7
3500N 16.9 17.5 3.4
4000N 18.6 19.8 6.1
5000N 21.9 23.5 6.8
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Figure 2. The shape of the contact patches of tires with different aspect ratios under varying vertical loads

The inflation pressure was set to 0.24 MPa. Fig-
ure 2 shows that the contact patch exhibited a saddle
shape for aspect ratios of 55% and 60%, transitioned
to a rectangular shape for an aspect ratio of 65%,
and evolved into a waist-drum shape for aspect ratios
of 70% and 75%. To better characterize the contact

patch, the tread contact length and width were mea-
sured. The tread contact length refers to the maximum
length of the contact patch along the tire’s rolling di-
rection, while the tread contact width represents the
maximum width of the contact patch along the tire’s
axial direction.
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The contact areas for different aspect ratios, ob-
tained from ABAQUS simulations, are presented in
Table 4. The results indicate that as the aspect ratio
increases, the tread contact width decreases, while the
tread contact length increases under the same static
load. Additionally, for a given aspect ratio, both the
tread contact width and length, as well as the overall
contact patch area, increase with higher vertical loads.

Table 4. The size of the contact patch of tires with differ-
ent aspect ratios under different vertical loads

Aspect Width Length Area of contact
Load (N) ratio (%) (mm) (mm) Patch (cm?)
55 153.5 92.2 111.5
60 153.0 95.4 114.2
3000 65 150.4 101.7 112.1
70 137.3 113.9 118.5
5 128.4 123.1 107.1
55 166.6 116.9 150.7
60 161.7 120.7 147.6
4000 65 161.2 126.8 153.3
70 150.0 135.7 152.8
75 145.9 149.0 151.5
55 171.2 122.8 166.7
60 166.1 127.0 171.9
5000 65 161.3 137.2 174.8
70 160.6 157.8 186.6
75 155.5 153.9 187.5

Figure 3 illustrates the relationships between the
aspect ratio and the contact patch area under varying
vertical loads. The results indicate that the contact
patch area increases as the vertical load increases. Un-
der loads of 3000 N and 4000 N, the contact patch area
fluctuates with increasing aspect ratio, whereas under
a load of 5000 N, it consistently increases with higher
aspect ratios. The relationship between the tire aspect
ratio and the contact patch area is non-linear. A larger
contact patch area generally results in reduced vibra-
tion and noise, as well as improved grip performance.
However, an increased contact patch area also leads
to higher average tread wear and greater energy loss.
Across all three vertical loads, the tire with an aspect
ratio of 55% exhibited a relatively smaller contact area.

2207
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Figure 3. Relation curves between the aspect ratio and
the contact patch area under different loads

3.2. Contact stress distribution under different
vertical loads

Figure 4 presents the contact stress distribution of
tires along the node path for different aspect ratios
under varying vertical loads.

Contact stress(MPa)
o
@
1

T T T T
-1.0 -0.5 0.0 0.5 10
Tire axial direction

(a) Load=3000N
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o
b
!

T
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Tire axial direction

(b) Load=4000N

Contact stress (MPa)
=
@
1

T
-1.0 -0.5 0.0 0.5 1.0
Tire axial direction

(¢) Load=5000N

Figure 4. Contact stress distribution of tires with different
aspect ratios under different loads

The contact stress curves along the tread width ex-
hibit a multi-peak pattern, with peak values primarily
concentrated at the shoulder and longitudinal groove.
This pattern arises from stress concentrations caused
by abrupt changes in tread geometry at the shoulder
and longitudinal groove. It was due to stress concentra-
tion caused by dramatic changes in tread shape at the
shoulder and groove. For the vertical load of 3000N as
shown in Figure 4a, the peak value of contact stress
was mainly distributed in the tread groove, and the
peak values of tire with aspect ratio of 60% and 65%
were larger than that of other aspect ratio tires. For
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the vertical load of 4000N as shown in Figure 4b, the
contact stress increased obviously at the shoulder. The
maximum contact stress was at the shoulder of the
tire with aspect ratio of 60%.

For a vertical load of 5000N, as shown in Figure
4c, the contact stress on both sides of the tread de-
creased with an increase in the aspect ratio, while the
contact stress at the center of the tread increased. The
maximum contact stress was observed at the shoulder
of the tire for aspect ratios of 55%, 60%, and 65%. In
contrast, for aspect ratios of 70% and 75%, the max-
imum stress shifted to the central part of the tread.
Regions with higher contact stress typically experience
more severe wear [42]. Additionally, as the center of
the tread is thinner, aspect ratios of 70% and 75% may
reduce the tire’s service life.

3.3. Size and shape of the contact patch under
different inflation pressures

The sizes of the contact patches for tires under varying
inflation pressures are presented in Table 5. The width
of the contact patch decreased progressively as the
aspect ratio increased, while the length of the con-
tact patch increased under the same inflation pressure.
Both the width and length of the contact patch, as well
as its overall area, decreased with increasing inflation
pressure for a given aspect ratio. Figure 5 illustrates
the contact patches of tires with different aspect ra-
tios under inflation pressures of 0.20, 0.24, and 0.28
MPa. The vertical load was set at 3000 N. The results
show that the shape of the contact patch transitioned
from a saddle shape to a waist drum shape as the as-
pect ratio increased under the same inflation pressure.
Additionally, as the inflation pressure increased, the
distribution of contact stress became more uneven.

Inflation 0.20MPa 0.24MPa 0.28MPa
pressure BT ITITII T
0.0 0.1 0.2 03 04 0.5 0.6
E = E 1 K]
55% ‘- i
=-m s 2-=
4 A0
0 o
v UI‘:‘M:‘LIHII‘AE:]II wom v JJIIInnIHIIm:W‘I " v - UI lans mml "
i i
60% i (|
E = E E E‘ m
65% - i “
IJIIInn mlm] v JJIIInnIHImH‘I e .'II Ullnn \nll‘n] o
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Figure 5. Contact patch shapes of tires with varying aspect ratios under different inflation pressures
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Table 5. Size of the contact patch for tires with different
aspect ratios under various inflation pressures

Inflation Aspect . Area of
pressure ratio Width  Length contact patch
(MPa) (%) (mm)  (mm) (cm?)
55 160.8 93.9 124.0
60 157.1 97.2 122.8
0.20 65 155.7 110.9 124.6
70 144.9 127.8 135.8
75 139.4 131.2 135.7
55 153.5 92.4 111.5
60 153.0 95.4 114.2
0.24 65 150.4 101.7 112.1
70 137.3 113.9 118.5
75 128.4 123.1 107.1
55 150.1 92.2 106.7
60 144.1 95.6 105.0
0.28 65 130.9 109.2 100.6
70 125.8 114.2 99.4
75 123.0 120 100.2

Figure 6 illustrates the relationship between the
aspect ratio and the contact patch area under various
inflation pressures. The data reveal that the contact
patch area decreases as inflation pressure increases. At
an inflation pressure of 0.2 MPa, the contact patch
area increases as the aspect ratio rises from 60% to
70%. For an inflation pressure of 0.24 MPa, the con-
tact patch area fluctuates with increasing aspect ratio.
Conversely, at an inflation pressure of 0.28 MPa, the
contact patch area decreases as the aspect ratio in-
creases. Across all three inflation pressure conditions,
tires with an aspect ratio of 55% consistently exhibited
relatively smaller contact patch areas.

160 —=—0.20MPa
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Figure 6. Relation curves between aspect ratio and con-
tact patch area under different inflation pressures

3.4. Contact stress distribution under different
inflation pressures

Contact pressure is a critical factor in vehicle perfor-
mance, directly influencing grip and traction. These
parameters are closely associated with a vehicle’s ac-
celeration, braking, and cornering capabilities. While
higher contact pressure generally enhances grip, exces-
sive pressure can accelerate tire wear prematurely.

Figure 7 illustrates the contact stress distribution
of tires along the node path for different aspect ratios
under varying inflation pressures. The contact stress
curves along the tread width exhibited a multi-peak
pattern. As inflation pressure increased, contact stress
at the shoulders decreased, while stress at the lon-
gitudinal grooves increased. When inflation pressure
was set to 0.20 MPa (Figure 7a), the peak contact
stress remained below 0.6 MPa. In contrast, at infla-
tion pressures of 0.24 MPa and 0.28 MPa (Figures 7b
and 7c), the peak contact stress exceeded 0.6 MPa.
Across all inflation pressures, the peak contact stress
at the grooves on both sides of the tread for tires with
aspect ratios of 60% and 65% was higher than those
of other aspect ratios. Conversely, the contact stress
at the middle groove of the tread for aspect ratios of
60% and 65% was lower than those observed in other
aspect ratios under identical inflation conditions.
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Figure 7. Contact stress distribution of tires with different
aspect ratios under varying inflation pressures
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Uneven contact pressure distribution leads to irreg- References

ular tire wear. As shown in Figure 7a, tires with aspect
ratios of 70% and 75% exhibit lower and more uniform
contact stress compared to those with aspect ratios of
55%, 60%, and 65%. This suggests a higher likelihood
of uneven wear for tires with lower aspect ratios. When
inflation pressure increased from 0.2 MPa to 0.24 MPa
(Figure 7b), this disparity became more pronounced.
Additionally, the contact stress at the shoulder of tires
with lower aspect ratios is higher than that of tires
with higher aspect ratios, indicating better stability
and handling during cornering. The contact stress at
the center of the tread is nearly identical across all
aspect ratios, with the primary differences occurring
at the shoulder and longitudinal grooves.

4. Conclusions

This study presents finite element (FE) models of
205/XX R16 tires developed using ABAQUS software
to investigate the size and shape of the contact patch,
as well as the axial distribution of contact pressure
within the contact patch for tires with different aspect
ratios under varying static wheel loads and inflation
pressures. The main conclusions are as follows:

1. The FE simulation results for tire deflection un-
der different static loads align closely with ex-
perimental data, with a maximum error of 6.8%,
confirming the accuracy and reliability of the
model.

2. The tread width of the contact patch decreased,
and the length increased as the aspect ratio in-
creased. The contact patch area fluctuated with
increasing aspect ratio under static loads of 3000
N and 4000 N, while it increased consistently
under a static load of 5000 N. The shape of the
contact patch evolved from a saddle shape to a
waist-drum shape as the aspect ratio increased.

3. Lower inflation pressures resulted in larger con-
tact patch areas and a more uniform distribution
of contact stress. As inflation pressure increased
under the same static wheel load, the contact
stress at the center of the tread increased.

4. The contact stress distribution along the axial di-
rection of the tire exhibited a multi-peak pattern,
with peaks primarily located at the shoulder and
longitudinal grooves. For tires with aspect ratios
of 55%, 60%, and 65%, the maximum contact
stress was observed at the shoulder. In contrast,
for tires with aspect ratios of 70% and 75%, the
maximum stress occurred at the center of the
tread.
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