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Abstract

This study focuses on the modeling and simulation of car tires subjected to
dynamic loads. As an essential part of the vehicle suspension system, tires
ensure a proper transfer of loads to the ground and absorb rolling-induced
vibration. In operating conditions, these loads are highly dynamic. How-
ever, the analysis of tires under these conditions has not been thoroughly
explored in the literature. Therefore, the objective of this work is to address
this gap. To achieve this, both the review of the experimental response of tire
components in cyclic dynamic tests and the review of the existing tire mod-
els are conducted. Afterward, the methodology of a Finite element-based
model that is consistent with material dynamic properties and dynamic load
is proposed. An insightful strategy for the creation of the geometry, material
parameter identification, choice of topology, boundary conditions, and so-
lution scheme is proposed. In order to validate this model, simulations and
experiments were conducted on a selected tire in static, dynamic and free
vibration setups. The comparison of results, specifically the vertical deflec-
tion, contact area, mode shapes, and natural frequencies, demonstrates the
model’s accuracy. Furthermore, extensive responses such as steady-state
rolling, vibration analysis, transient rolling, and steady-state dynamic were
examined. Compared to static response, the results bring new findings re-
garding the effect of dynamic loads on the deformation and stress state in
the tire. Moreover, this model is versatile and can be extended to investigate
more responses, such as the acoustic, thermomechanical, aquaplaning and
coupled noise, vibration, and harshness analyses. This work contributes to
the advancement of the tire industry and highlights the significance of con-
sidering dynamic loads in the tire design phases for improving tire design,
durability, and safety.

Keywords: Finite Element Method, Tire Simulation, Dynamic Load, Steady
State Dynamic, Vibration, Transient Rolling.
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1 Introduction
1.1 Context

Tires are essential components in both road and air transport, crucial for
maintaining the integrity and stability of moving structures like cars, trucks,
and aircraft. They transfer loads to the ground and absorb shocks from road
imperfections, contributing to comfort, stability, and safety. There are many
types of tires based on usage.

* Passenger and light truck tires: PT/LT;
* Bicycle tires;

* Motorcycle tires;

* Agricultural tires;

e Aero tires;

* Racing tires;

* Truck and bus tires.

Tires differ in design and bearing capacity, prompting ongoing research
to enhance their performance based on various stresses and operating con-
ditions. Despite advancements in tire technology, further optimization is es-
sential due to resource use, environmental impact, and economic concerns.
In today’s world, where sustainability and performance demands are rising,
there is a growing need for sophisticated simulation models to help manu-
facturers understand tire behavior and develop higher-performing products.

1.2 Research motivations

Given the dynamic loads that tires are subjected to throughout their service
life, developing a computer model to simulate tires under these loads is



of paramount importance from both a scienti ¢ and industry perspective.
Such a model will close the current gap in dynamic tire modeling, providing
manufacturers with a more advanced modeling roadmap for product design
and optimization. These motivations are highlighted in Figure 1.1.

Figure 1.1: Motivation for the improvement of tire modeling.

1.3 Problem statement
Improving tire modeling and analysis for dynamic scenarios is crucial for

understanding tire response and reducing the ecological impact of tire pro-
duction. In recent years, the Finite Element Method (FEM) has become
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a key technique for simulating various boundary value problems, includ-
ing tire behavior. With advancements in computer technology, FEM ef-
fectively addresses both linear and nonlinear problems across multiple do-
mains, including uid, thermal, and mechanical simulations. The accuracy
of FE models for tires depends on proper material laws, geometry de nition,
load application, boundary conditions, and solver choice. However, exist-
ing models struggle with dynamic loads due to inconsistencies in material
behavior and high computational costs associated with required meshing.
Still, FE models are signi cantly more powerful than analytical and semi-
analytical tire models.

1.4 Research aim

Tires are subjected to dynamic loads, which must be considered during de-
sign to ensure safety and comfort. The dynamic response of a tire depends
on the mechanical properties of its materials. Currently, no tire model effec-
tively captures both reversible and irreversible material behaviors or allows
dynamic simulation under varied conditions.

This thesis aims to propose a material-consistent and computation-
ally stable FEM-based model for simulating tires under dynamic loads.
The model will enhance the mechanical characterization of tire components
and provide an ef cient modeling strategy with optimal solver properties for
accuracy and stability.
The aim of this thesis is to develop an innovative tire model that accurately
predicts tire behavior under dynamic loads, addressing the limitations of
existing models.

1.5 Research objective

In order to achieve the aim of this thesis, the following activities were carried
out:
« Literature review on tire models (assumptions, inputs, limitations,
purpose):

1.4. Research aim 3



» Adetailed analysis of component behavior laws and identi cation
of the parameters that in uence the tire's dynamic response:

» Mechanical characterization, testing and calibration of tire parts:
» Development of a numerically stable modeling process:
» Experimental static and dynamic testing of a selected tire:

« Static, dynamic and vibration Validations of the numerical model
based on experimental results:

» Simulation of various tire operational scenarios:

1.6 Manuscript outline

The structure of this thesis summary is organized as follows:

Chapter 2 offers an overview of tire modeling, introducing tire func-
tions and parts, along with a literature review on tire models. It particularly
emphasizes nite element-based tire models, which inspire the current re-
search.

In Chapter 3, methodology and the validation of numerical results against
experimental results in static and dynamic setups are thoroughly presented
in terms of deformation, contact pressure, and contact patch.

In Chapter 4, ndings, model limitations, future recommendations and
concluding remarks are discussed and highlighted.
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2 Presentation and state of art on tire
models

Tires in their current design are the outcome of decades of engineering im-
provement and evolution. Their complex structure has evolved ever since
in terms of material and design techniques. The aim of this chapter is rst
to present the tire structure and its characteristics. Secondly, to review the
literature on tire simulation models and identify their limitations.

2.1 De nition and functions

The tire is a composite structure made from elastomers and reinforcements,
ensuring effective contact and load transfer between the vehicle and the
pavement. Tires are vital in various applications, particularly in aircraft
landing gears, trucks, and passenger vehicles, with speci ¢ designs tailored
to each use. This thesis focuses exclusively on car tires.

There exist two distinct designs of car tires, namely radial tires and bias
tires. While radial tires are made with respectively 0° and 90° oriented plies
toward the longitudinal direction of the tire, bias tires are made with plies
unaligned following the longitudinal and transversal direction.

Figure 2.1: radial tire casing (left) versus bias tire casing (right) [1].



Tire components:

A cross-section on atire reveals a combination of different components (see
Figure 2.2) of various properties. Itis this complex design that makes the tire

such a special structure, as each of its components is judiciously positioned
and chosen.

Figure 2.2: Tire casing parts [2].
2.2 Literature review

2.2.1 Review of experimental data from tire component testing:

The response of a tire is closely linked to its components. We will analyze
laboratory tests but identifying parameters can be challenging due to the
costs of testing equipment and specimens.

Steel cords:

Steel cords operate mainly in the lower stress-strain region, adhering to
Hooke's law without plastic deformation, as indicated by tensile tests from
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Korunovi¢ et al. [3] and Wei and Olatunbosun [4]. Consequently, a sim-
ple uniaxial tensile test suf ces to determine Young's modulugd) and
Poisson's ratio (sieel), Which are key parameters.

Figure 2.3: Tensile test results of several steel cords [3].
Rubber compounds:
Rubber compounds used for tire making exhibit in uniaxial tensile test, a

very large deformation [5] whilst still remaining in the elastic region as de-
picted in Figure 2.4.

Figure 2.4: Rubber compounds response in uniaxial tensile test [6].
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In a cyclic tensile test [7], they rather depict a combination of hysteresis
and stress softening response, as shown in Figure 2.5.

Figure 2.5: Rubber compounds response in uniaxial tensile cyclic test [7].

Signi cant research has investigated stress softening in lled rubber
from material and structural perspectives. Materially, Mullins [8] demon-
strated that llers like silica and carbon black improve strength and abrasion
resistance. Structurally, two models have emerged: the micromechanical
model, initiated by Bueche [9], focuses on the breakage of molecular bonds
due to stress softening, with re nements from others including Govindjee
and Simo [10]. The macromechanical model, developed by Ogden and Rox-
burgh [11], applies damage concepts from Lemaitre [12] to explain Mullins
damage. The primary model for the Mullins effect during loading-unloading
cycles comes from Dorfmann and Ogden [13], while Goktepe [14] intro-
duced a uni ed micro-macromechanical approach to describe rubber behav-
ior. However, for computational simplicity, the micromechanical approach
is disregarded in this thesis.
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Textile cords:

Laboratory cyclic tensile tests on tire textile cords by [7] and others [15],
[16] show a slightly hyperelastic response under monotonic load and min-
imal viscoelastic+Mullins damage under cyclic tests, as illustrated in Fig-
ure 2.6. Compared to rubber compounds, the hysteresis loops of textile
cords are negligible, allowing for their treatment as linear elastic materials
for computational simplicity.

Figure 2.6: Stress-strain dependence of PA66 in cyclic tensile test at 20°C and
120°C [7].

2.2.2 Literature review on tire models

In the literature, tire models are ranked into three categories, namely em-
pirical, semi-theoretical, and purely theoretical models as depicted in Fig-
ure 2.7. Only a few models are explored in this section.
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Figure 2.7: Types of tire modeling approaches [17].

Empirical tire models

Among empirical tire models, we have:

» The Magic Formula tire model developed by Pacejka [17], which
mathematically describes tire handling based on slip ratio, applied
force, slip angle, and camber angle.

» The Fialatire model [18], which represents the tire belt as a thin circu-
lar disk in point contact with the road, utilizing three formulas related
to slip rate, slip angle, vertical force, and friction coef cient.
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Semi-empirical tire models

To address the lack of physical considerations in empirical models, several
semi-empirical models have been developed:

» The Brush Tire Model [19] analyzes tire steady state rolling using
exible bristles to model the tread attached to a rigid carcass.

» The brush-string model [17] improves upon the original by incor-
porating string elements for tire carcass stiffness, enhancing contact
patch analysis and local deformation during maneuvers.

» The Flexible Ring Tire Model [20] features a deformable tread repre-
sented by elastic springs, contrasting with rigid ring models.

Theoretical tire models

Theoretical tire models are valued for their precision and capability to ad-
dress complex physical issues. Numerical methods like the Finite Element
Method (FEM) facilitate research by incorporating realistic factors. Below
are notable studies in this eld:

» Alkan et al. [21] developed a static tire model using hyperelastic rub-
ber and linear isotropic laminate layers, validated through tests on
various cleat types on a at surface.

» Golbakhshi and Namjoo [22] explored the impact of air pressure,
speed, temperature, and axial load on tire rolling resistance using a
hyperelastic material model, with static load applied in a ramp man-
ner.

« Phromjan and Suvanjumrat [23] examined how the number and po-
sition of belt layers affect the performance of non-pneumatic tires
through Finite Element Analysis, using a visco-hyperelastic material
model.

2.2. Literature review 11



Mohsenimanesh et al. [24] constructed a truck tire model to analyze
off-road tire-road interaction with linear elastic rubber and orthotropic
reinforced layers.

Fontaine et al. [25] created a model incorporating linear orthotropic
belt layers and hyperelastic rubber to evaluate static load behavior.

Wei and Olatunbosun [4] proposed a dynamic model for predicting
tire cornering performance and relaxation length in rolling condi-
tions, combining visco-hyperelastic rubber with linear elastic rein-
forcements.

Tielking [26] designed a shell model to assess how design variables
affect the deformation of a four-ply bias tire under vertical load.

Noor [27] introduced nonlinear shell-based tire strategies with contact
constraints, effectively predicting mechanical and thermal responses
during tire-pavement interaction.

2.3 Research gap

Numerous material constitutive laws exist for rubber, often approximated
as linear or hyperelastic. However, experimental tests show a more com-
plex behavior: visco-hyperelastic with Mullins effect, which affects tire
performance during rolling, cornering, and braking under varying load fre-
guencies. Accurate tire performance relies on damping properties to absorb
dynamic excitations. Most existing mechanical models only consider static
loads, ignoring dynamic conditions. This thesis aims to propose a FEM-
based model to simulate tires under dynamic loads, incorporating the
dynamic properties of tire components for improved accuracy.

12
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3 Simulation, results and validation of the
model

In this chapter, we have proceeded with the implementation and experimen-
tal validation of the computer model proposed in this thesis. The structure of
the chapter is as follows: First, Section 3.1, the nite element model (FEM)
of the selected tire was introduced. Next, in Section 3.2, we utilized this
model for simulations and validated it against experimental results obtained
from laboratory tests.

3.1 Methodology

3.1.1 Model presentation

In this study, we analyze the Matador 165=65R13 77T MP16 tire, designed
for passenger vehicles. It has a width of 165mm, an aspect ratio of 65%, and
ts a rim of 330:2mm in diameter. The tire's construction (see Figure 3.1)
includes rubber components, two layers of steel cords, one layer of textile
cord, and one ply layer. Its load index (LI) is 412 Kg, with a maximum

in ation pressure of 300kPa.

(@) (b)

Figure 3.1: Cross-section and 3D view on 165=65R13 77T MP16 tire.
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Figure 3.2: Details of casing.

This tire consists of various rubber-like components, including the tread,
sidewall, rim cushion (bead rubber), inner liner, and rubber for both steel-
cord and textile-cord belts. The carcass angle is set at zero degrees, with
steel cords at 23 degrees and textile overlaps at 90 degrees. A detailed view
of these components can be seen in Figure 3.1.

Figure 3.3: Tire casing parts.
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Besides the internal components of the tire casing, the rolling surface
of this tire is designed with patterns to ensure stability in adverse rolling
conditions, as shown in Figure 3.1(b).

3.1.2 Topology

The tire topology creation began with scanning the cross-section (see Fig-
ure 3.3), which was imported into AUTOCAD for sketching the layers and
components. This sketch was then imported as a :stp le into ABAQUS to
create a 2D axisymmetric cross-section. Rubber compounds were modeled
with CGA3RH and CGA4RH elements, while reinforcements were mod-
eled using SFMGAX1 surface elements. Finally, the 3D mesh of the tire
was generated f@klowing the work ow in Figure 3.4. )

Figure 3.4: (a) Tire modeling work ow. (b) Full 3D model for static analysis.
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Surface-to-surface interaction modeled the contact between the tread
surface (slave) and the road (master). In addition to the sectorized mesh
topology (mesh Type 2), we also used an equally spaced sector mesh (Type
1).

3.1.3 Material properties

Input parameters, such as mechanical properties, are crucial in a nite ele-
ment model. Experimental tests were performed on tire specimens. Rub-
ber compounds underwent uniaxial tensile cyclic testing per 1ISO 37:2017,
following the method in Krmela et al. [28] (see P10). Reinforcements, in-
cluding steel and textile cords, were tested according to ASTM standards.
After calibration with the given constitutive laws, the material properties
were obtained and listed in Table 3.1, Table 3.2 and Table 3.3.
Table 3.1: Reinforcement material propeties.

Tire parts E [MPa] [mm] spacing [mm] [Kg=m 3] Orientation [°]
Steel cords 160000 0.30 0.60 1.09 5600 23
Textile cap cords 3 400 0.40 0.69 0.9 950 90
Carcass 11000 040 0.49 1.0 950 0
Bead 180000 0.30 / / 6 800 /

Table 3.2: Material properties of rubber compounds.

Hyperelasticity Mullins effect
Parts [Kgim3] Coi[MPa] Cio[MPa] Di[MPal] r m

Bead ller 801 -0.111 1.945 0.01097 10.25 0.8 1.25
Inner liner 801 0.109 0.259 0.05471 132 092 191
Rim cushion 801 0.692 0.0371 0.01894 836 1.08 2|52
Sidewall 801 0.532 0.065 0.03372 21.67 0.732 1.151
Tread 801 0.417 0.519 0.02151 17.37 119 1/05
Rubbef 801 0.328 0.119 0.04504 12.18 0.987 2.349
RubbeP 801 0.548 0.112 0.03051 2694 103 1.102
RubbeP 801 0.638 0.284 0.02183 21.615 0.89 3.25

16 Chapter 3. Simulation, results and validation of the model



Table 3.3: Material properties of rubber compounds.

Viscoelasticity: Prony series
Parts 4 1[s] @ 2 [9] & 3 [s]
Bead ller | 0.00498 0.000265 0.1082 258.341 0.207 1786.528
Innerliner | 0.0835 0.0321  0.264 128.341 0.172 2185|35
Rim cushion| 0.217 0.0108 0.3897 108.836 0.0428 1152719
Sidewall 0.0137 0.512 0.124 204.534 0.0587 2431{25
Tread 0.0207 0.012 0.315 317.654 0.0934 1386.241
Rubbetf 0.0125 3.464 0.137 148.26 0.223 2124.201
Rubbef 0.0231 0.0231 0.225 187.054 0.127 1350.16
Rubbef 0.0364 0.726 0.135 238.780 0.0605 2057.35

@ rubber part for steel cords.
b rubber part for textile cap cords.
¢ rubber part for carcass cords.

We should note that the orientation of steel cords in Table 3.1 is with
respect to the local axis 2. Since angles were de ned using local axis 1 in
axisymmetric, we calculate the angle as 923 =67 .

3.1.4 Analysis owchart

With all ingredients for our model ready, we ran simulations and conducted
various tests to validate it.

» Quasi-static validation on the static adhesor.

» Quasi-static and dynamic validation on the dynamic adhesor.

* Modal vibration validation.

3.1. Methodology 17



After validation, we analyzed tire response using the proposed model during
steady-state rolling, post-steady-state vibration, random vibration, and tran-
sient rolling. The work ow for these analyses is summarized in Figure 3.5.

Figure 3.5: Work ow for model deployment and validation.
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3.2 Results and Validation of the model

3.2.1 Quasi-static state validation using static adhesor setup:
Experimental setup

The laboratory test for this study was conducted on the static adhesor (see
Figure 3.6)located within the Alexander Dadk University of Trenin. On

this machine, it is possible to test passenger tires with rim ranging from R13
to R18 and with a maximum width of 235 mm.

(@) (b)

(©

Figure 3.6: Views of the static adhesor [29].
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