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ABSTRACT: The investigation into the noise generated by automotive tires delves into various mechanisms, such
as tire vibration, adhesion, and the notably significant air-pumping mechanism. This particular mechanism stems
from the rapid compression and expulsion of air within the tire-pavement contact patch, a result of the deformation
of the tire tread. The study employs the finite element method to scrutinize tire deformation and quantify the air
volume at the contact patch, forming the primary objective of the research. To benchmark the composite pneumatic
tire model, vertical stiffness and footprint tests are conducted on the pneumatic tire. The validation of the
automotive tire model reveals an average error of 6.47% for vertical displacement and 15.89% for footprint area.
Additionally, variations in vertical load and inflation pressure are examined to observe their impact on air volume.
The study proposes a mathematical model illustrating the relationship between air volume, vertical load, and
inflation pressure. This mathematical model is deemed valuable and holds potential applications for reducing air-
pumping noise in future endeavors.
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1. INTRODUCTION mechanism proves challenging in experiments as they
encompass both structure and airborne mechanisms
The noise levels in the Bangkok metropolitan simultaneously. Spies et al. [6] developed two
region of Thailand have experienced an increase, with artificial neural networks (ANNS) to predict the tread
a significant contribution from noise pollution pattern and the non-tread pattern related noise
generated by vehicle tires. According to Nillson et al. components of tire noise, separately. The major
[1], tire-generated noise can be classified into two inputs of the tread pattern were the coherent tread
mechanisms—structure and airborne—Ilinked to tire profile spectrum and the air volume velocity spectrum
structure and the movement of air during travel, calculated from the digitized 3D tread pattern. The
involving aspects like vibration and air-pumping. major input of the non-tread pattern was the tread
These mechanisms are particularly relevant to the rubber hardness. The vehicle speed is also included as
tire-pavement interaction area, known as the contact input for the two ANN:S.
patch. In the contemporary era, the considerable
Researchers have explored various methodologies, computational power offered by computer resources
including experiments, computer-aided design has significantly enhanced calculation performance.
(CAD), and computer-aided engineering (CAE), to CAE plays a pivotal role in tire noise research,
investigate and enhance tire noise reduction. Li et al. capitalizing on these capabilities. Bassill et al. [7]
[2] classified models for tire-pavement interaction utilized a numerical model based on the finite volume
noise into deterministic, statistical, and hybrid models. method (FVM) to explore the impact of speed on tire
Several experimental approaches have been used to noise. Zhou et al. [8] adopted a numerical model
study tire noise mechanisms. For example, Keijiro et combining FVM with the FEM to investigate how tire
al. [3] used a chassis dynamometer to simulate tire load, inflation pressure, and rolling speed affect the
movement on the road and analyze tire noise air-pumping  noise = mechanism,  specifically
generation. Okan Sirin et al. [4] conducted on-road associated with the volume of airflow within
vehicle tests, collecting noise data at the tire- deformed tire grooves. The FEM proves instrumental
pavement interface to examine factors influencing in understanding the characteristics of pneumatic
tire noise. Gautam et al. [5] employed drum testing tires' contact patches and tire deformations under
with microphones in an anechoic chamber to delve varying load and inflation pressure conditions.
into tire noise. However, studying the air-related Consequently, there is a keen interest in utilizing a
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comprehensive FEM approach to examine
parameters influencing the air-pumping mechanism.
For instance, Liang Chen et al. [9], much like
Shuiting Zhou et al. [10], employed FEM simulations
to scrutinize the behavior of the tire's contact patch
under different parameters. Similarly, Phromjan and
Suvanjumrat [11, 12] delved into the contact patch
characteristics of solid tires using FEM, developing a
3D finite element (FE) model to simulate the footprint
area, revealing the shape and distribution of the
contact area for solid tires. Consequently, the
pavement-tire contact patch is significant in
generating tire noise.

2. RESEARCH SIGNIFICANCE

This study investigates the impact of tire-
pavement interaction on air volume in the contact
patch area under varying vertical loads and inflation
pressures. Using a FE model, it simulates composite
pneumatic tire deformation, extracting air volume in
the groove. Acting as a preliminary criterion, the
model offers foundational insights into the air-
pumping noise generation mechanism. It sets the
stage for future studies exploring intricate details and
advanced numerical models to comprehensively
understand air-pumping noise.

3. MATERIAL TESTING

The tensile and compression tests were conducted
to assign element properties for the sidewall and tread
models, respectively. For the sidewall testing,
dumbbell-shaped specimens in accordance with
ASTM D412 Test (Die C) were prepared, featuring a
gauge length of 25 mm. On the other hand, circular
cylinder specimens with a diameter of 28.6 mm and a
thickness of 12.5 mm were prepared for tread testing
following ASTM D575 standards. Figure 1 illustrates
these specimens as samples. The material properties
testing was carried out using a universal testing
machine (Model 5556, INSTRON), as depicted in
Figure 2.

4. TIRE TESTING

In this study, a 205/65 R15 pneumatic tire was
utilized and subjected to a vertical stiffness tester to
validate the finite element model of tire deformation.
The tests were specifically designed to analyze the
tire's vertical displacements and observe the behavior
of the contact patch under different vertical loads
while adhering to the recommended inflation pressure
of 220 kPa. The vertical stiffness tests were
conducted using the EKTRON TEK model PL-2003
vertical stiffness tester at the Research and
Development Center for Thai Rubber Industry
(RDCTRI), providing a controlled environment for
accurate and systematic examination.
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Fig. 1 Material specimens of (a) sidewall and (b)
tread

Fig. 2 Universal testing machine (5556, INSTRON)
4.1 Stiffness

The tire stiffness testing was conducted using the
vertical stiffness tester, as illustrated in Figure 3. The
pneumatic tire was affixed to the axle of the tester,
and a flat surface ascended to compress the tire with
the designated load. Three distinct vertical forces,
namely 4,400 N, 4,600 N, and 4,900 N, derived from
calculations based on vehicle weight and passengers,
were applied for the testing. The inflation pressures
were set at 220 kPa to examine the tire deformation
behavior, a value recommended for this specific size
of the pneumatic tire. This comprehensive testing
approach allowed for a thorough analysis of the tire's
stiffness characteristics under various loads and
inflation pressures.

Fig. 3 Vertical stiffness testing of a 205/65 R15
pneumatic tire

4.2 Footprint

The investigation into the footprint of the 205/65
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R15 tire under various loads involved conducting
footprint tests under three different load conditions,
all with the same inflation pressure. For this, a
pressure measurement film (Prescale, Fuji) with a
precision of £10% was positioned on the moving
surface of the vertical stiffness tester during the tire
compression process. As a result, the film was
pressed together with the tire, allowing for the
visualization of the tire contact patch on the film, as
depicted in Figure 4. The tire groove within this
contact patch serves as a benchmark for the FEM,
offering a reference point for further analysis and
validation.
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Fig. 4 Footprint of 205/65 R15 tire at an inflation
pressure of 220 kPa and vertical force of 4,600 N

5. FINITE ELEMENT MODELING

The deformation of a pneumatic tire under an
external load is dictated by specific equations that
articulate the relationship between the applied load
and resulting tire deflection. These equations serve as
crucial tools in comprehending how a tire reacts to
external forces as follows:

aU'ij
6xi

+y; =0, (€]

T; = 0yn;, (2)
where g;; denotes Cauchy stress, x; denotes cartesian
coordinate, y; denotes body force, and 7, denotes the
boundary traction component.

Equation (1) can be reformulated through the
FEM as outlined in reference [11] by the following
equations.

(Kg + KAv = f1 + fine, 3)
Kg = fBTCBdV, 4)
K¢ = f(L,-pk “Oki * Ligi = 2Bjpic - 0% Bjgi)dv, (5
fi=Fp +ftract=fNTde+fNTTdS, (6)
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fine = | BTodv, @)
where Kg denotes the elastic stiffness matrix, K¢
denotes the geometry stiffness matrix, v denotes the
nodal displacement, f; denotes the external load
vector, fmcdenotes the internal load vector, € denotes
a constant over the element, B denotes the strain
interpolation matrix, Vv denotes the element volume,
S denotes the element surface, L« denotes the
cartesian different operator, and N denotes the shape
function matrix.

The constitutive model within FEA is
encapsulated within the elastic stiffness matrix
function. Given the nonlinear characteristics of tire
materials, particularly the sidewall, a hyperelastic
constitutive model was employed in the analysis. This
model is elucidated through a strain energy function
that correlates with the stress-strain characteristics of
the material. In the current investigation, the Mooney-
Rivlin hyperelastic constitutive model, as described
in reference [13], was utilized to accurately represent
the nonlinear response of tire deformation. The
Mooney-Rivlin model is expressed as follows:

W = Cio(I; —3) + Co1 (I — 3) (8

where W denotes strain energy function, C,and C,,

denote the material coefficient, and I, and I, denote
invariant of the deviatoric strain.

The 205/65R15 tire was constructed by
assembling various components, including the
sidewall, bead wire, ply layers, and steel belts. The
FE model of the tire was developed using a
combination of 1D and 2D elements. Specifically, 2D
quadratic axisymmetric elements were employed to
model the side wall and bead wire, while 1D rebar
elements were used to represent the ply layers and
steel belts. These elements were meticulously
arranged to replicate the tire section in accordance
with the components of a 205/65R15 tire, as
illustrated in Figure 5. The FE model of the 2D cross-
section tire underwent rotation around an axis to
generate the 3D FE model of the slick tire, as depicted
in Figure 6(a). Subsequently, tire tread elements,
constructed with tetrahedral elements, were assigned
to make contact with the FE model of the slick tire
using a glue contact type (Figure 6(b)). To simulate
the stiffness test, a rigid surface was established and
set to move upward, applying pressure to the FE
model of the tire, as demonstrated in Figure 7.

The Mooney-Rivlin constitutive model was
implemented to characterize the material behavior of
the side wall and tread in the tire model, while the
remaining components were defined using a linear



International Journal of GEOMATE, Jan., 2024 Vol.26, Issue 113, pp.50-57

isotropic material model. To ensure accuracy, the 6. RESULTS AND DISCUSSION

mesh quality was thoroughly verified, resulting in a

total element counts of 290,769 for the FE model of 6.1 Tire Material Models

the tire. The boundary conditions were set with

pressure applied at the edge of elements and fixed The Mooney-Rivlin model was employed to

reconcile experimental data using the curve fitting
method [14, 15], as depicted in Figure 8. This figure
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Fig. 5 The 2D cross-section of the tire
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Fig. 8 Stress vs. % strain graphs of (a) tensile and (b)
compression testing

Table 1 Mechanical properties of tire components

Tire Mechanical property (MPa)

() (b) component Cuo Cot E 1

Sidewall (H) 1246  2.9e-11 - -

Fig. 6 (a) FE mode! of the slick tire and (b) FE model Tread (H) 0.136 0.661 i i
of the 205/65R15 tire Ply (L) ] i 9500 03
Cap ply (L) - - 3,000 0.3
Steel belts (L) - - 110,316  0.46

Bead wire (L) - - 200,000 0.3

Side wall Note: E denotes an elastic modulus, V denotes a Poisson’s ratio,

C10 and C01 denote constant, H denotes the hypereslastic material,
and L denotes the linear isotropic material.

— Rigid surfoce juxtaposes the fitted curve with the actual

' . experimental results, showcasing a high degree of

agreement. The material properties of the tire in the

f FEA are detailed in Table 1, with R? values of 0.97

- and 0.95 for the Mooney-Rivlin model applied to the
sidewall and tread, respectively.

Fig. 7 FE model of tire stiffness testing However, a noticeable deviation becomes evident

at higher strain levels. It is crucial to emphasize that
constraints at the rim location. Upon reaching the the primary deformation of the tire predominantly
designated inflation pressure, a rigid surface was occurs at lower strain levels. Consequently, the
mobilized to move upward, applying the intended analysis deliberately focused on this lower strain
load to the FE model of the tire. The FEA results were range for both the sidewall and tread components. By
then compared to experimental data, focusing on tire concentrating on the strain levels most relevant to
deformation and footprint. The FEA computations typical operational conditions, the analysis seeks to
were executed on a personal computer equipped with provide a more accurate representation of the tire's

a Core-i7 CPU and 8 GB of RAM.
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behavior, even as it acknowledges and addresses
discrepancies at higher strain levels.

Figures 9(a) and 9(b) depict strain values for a tire
under maximum vertical load and inflation pressure,
revealing sidewall strains below 100% and tread
strains under 30%. The analysis deliberately focuses
on the lower strain range to accurately capture the
tire's behavior in realistic conditions. This emphasis
recognizes that typical usage induces predominant
deformation at lower strain levels. By staying within
these bounds, the analysis aims to provide a precise
understanding of the tire's response, ensuring
relevance to practical operating scenarios and
enhancing the overall utility of the findings.
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Fig. 9 Strain on (a) side wall and (b) tread

6.2 Validation of the Finite Element Model

Figure 10 displays the FEA results, showcasing a
color contour that represents the tire displacement.
The deformed tire's displacement is compared with
experimental data under a consistent inflation
pressure of 220 kPa and varying vertical loads. In
Figure 11, the correlation between vertical load and
displacement is presented. The FE model exhibits
excellent agreement with the experimental results,
with an average error of 6.47%. This suggests that the
FEM reliably predicts tire displacement under
different vertical loads, providing a solid
representation of the tire's behavior in these
conditions. The low average error percentage
underscores the accuracy and dependability of the
Finite Element Model in simulating tire deformation.
Accurately determining the air volume within the
contact area is crucial for gaining insights into tire
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Fig. 10 Deformation of the tire at an inflation pressure
of 190 kPa and a vertical force of 4400 N
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Fig. 11 Comparison of the vertical displacement
results between the experiment and FEM

sound generation, especially concerning the air-borne
mechanism associated with air pumping. The volume
of air contained within this specific region plays a
pivotal role in influencing the generation of sound.

To ensure a comprehensive characterization of the
contact area, it is imperative to validate the FEA
results through comparison with experimental data.
The contact area delineates the region where the tire
interacts with the rigid surface, as depicted in
Figurel2. Figures 13(a) to 13(c) showcase the
enlargement of the contact area as the vertical load
increases under an inflation pressure of 220 kPa. This
evolution of the contact area is summarized in Figure
14. The comparison and synthesis of FEA and
experimental data provide a robust foundation for
understanding the variations in the contact area,
contributing to a more accurate representation of the
tire's interaction with the rigid surface.

In Figure 14, the relationship between the vertical
load and the tire's footprint area is illustrated.
Experimental measurements of the footprint area
range from 94.64 mm2 to 105.41 mm?2 under varying
vertical load conditions. Notably, the maximum
difference between the experimental measurements
and the FEM predictions for the footprint area is
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Contact patch area

5 Rigid surface

Fig. 12 Contact patch region between tire and rigid
surface

(b)

(©)
Fig. 13 Contact patch area by FEA at (a) 4400 N, (b)
4600 N, and (c) 4900 N

15.89%. This discrepancy provides valuable insights
into the accuracy of the FEM in predicting changes in
the footprint area as the vertical load varies,
highlighting areas for potential refinement or further
investigation in the model.
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Fig. 14 Comparison of the contact area results
between the experiment and FEM

While acknowledging some  discrepancies
between the experimental and FEA results, it's crucial
to highlight the overall consistency in trends observed
for both displacement and footprint area. Notably, as
the load on the tire rises, both experimental and FEA
findings consistently indicate an increase in tire
displacement and footprint area. This suggests that,
despite specific errors, the FEA model effectively
captures the general behavior of the tire under varying
load conditions. In the subsequent section, the FEA
results will be employed to delineate the air volume
within the contact patch area, contributing to a more
comprehensive understanding of tire behavior.

6.3 Air volume analysis

The CAD software played a pivotal role in
determining the air volume within the contact patch
area. The tire contact area was enclosed by a
rectangular prism with dimensions of 315x720x180
mm?3 (width x length x height). Extracting the
deformed tire from this prism, as illustrated in Figure
15, facilitated the calculation of the air volume at the
contact patch area. Notably, this air volume exhibited
a gradual increase with rising inflation pressure,
while conversely decreasing with an increase in
vertical load. The intricate relationship between tire
pressure, vertical load, and air volume is illustrated in
Figure 16.

To express this relationship, an air volume
function is defined by Equation 9. This detailed
analysis provides valuable insights into the dynamic
interplay of inflation pressure, vertical load, and
resulting air volume within the tire contact patch area.

V,=—AP?+BP+C )
where v, denotes the air volume, P denotes the
inflation pressure, and A, B, and C denote the model
constants.

The trend of increasing air volume aligned with
the rising inflation pressure, while the decrease in the
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Fig. 15 The air volume extracted from the contact
patch area
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Fig. 16 The air volume at the contact patch area with
different inflation pressure and vertical loads

air volume function correlated with the increasing
vertical load. To model this relationship, the Cowper-
Symonds model, as previously proposed in works
[16-20], was employed. Consequently, the air volume
function is formulated with two variables, namely
inflation pressure and vertical load, represented by
Eqg. 10. This approach allows for a comprehensive
representation of the intricate interdependence
between inflation pressure, vertical load, and
resulting air volume, enhancing the accuracy of the
proposed model in describing the behavior of the tire
under varying conditions.

o cars e o)1=

(10)
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where v, denotes the air volume, P denotes the
inflation pressure, L denotes the vertical load, A, B,
and C denote the model constants, and D and P denote
the constant of Cowper-Symonds model.

In this study, the tire's inflation pressure
underwent variations within the range of 190 kPa to
310 kPa, while the vertical load spanned from 4400 N
to 4900 N. Table 2 provides the constants that define
the proposed function. When comparing this function
with Finite Element Analysis results, the average
error was found to be less than 7.78%. This outcome
underscores the efficacy of the proposed function in
accurately approximating the intricate relationship
between tire pressure and vertical load. The minimal
average error further attests to the reliability of the
model, validating its utility in capturing the dynamic
behavior of the tire under diverse operating
conditions.

Table 2 Constants of the proposed function

A B C D P
0.03 22.49 61.42 6,253.50 0.1062

7. CONCLUSION

This study aimed to explore the correlation
between tire inflation pressure, vertical load, and air
volume within the contact patch area of a deformed
pneumatic tire interacting with the pavement,
focusing on its relevance to airborne noise generation,
specifically air pumping. Using the FEM, the
accuracy of the FE model was assessed by comparing
it to experimental data, revealing its reliable
representation of tire behavior across diverse
scenarios. Notably, the FE model demonstrated high
accuracy, with an average error of 6.47% in vertical
stiffness tests and 15.89% in footprint tests,
confirming its dependability for understanding tire
performance in various conditions. As tire load
increased, both experimental and FEM predictions
indicated noticeable rises in tire displacement and
footprint area. The study also emphasized a
significant relationship between tire pressure, vertical
load, and air volume at the contact patch. Increasing
tire pressure led to greater air volume due to inflation,
while higher vertical load resulted in decreased air
volume primarily due to tire deformation.

Based on these results, the study introduced an
equation to assess air volume as a function of vertical
load and inflation pressure, showing an average
deviation of 7.78% when compared to FEA results.
This underlines the equation's effectiveness in
capturing the relationship between vertical load,
inflation pressure, and air volume, serving as a
reliable method for evaluating air volume changes in
tires under diverse conditions. This equation's
accuracy is validated by its close alignment with FEA
results, emphasizing the significance of these
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parameters in influencing tire noise generation,
particularly in the context of air-pumping noise.

In conclusion, this study makes a substantial
contribution to the broader understanding of noise
reduction techniques, providing a foundation for
potential advancements and continued research. The
insights gained offer valuable guidance for
optimizing tire performance and developing effective
noise reduction strategies in practical applications.
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