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Abstract: Owing to elastic and viscous characteristics of embedded rubber
compounds, some of the supplied mechanical energy to composite structure of a
rolling tire is dissipated as heat. As a result, the tire may have different body
temperatures for different operating conditions. In most performed studies, just
temperature distribution is investigated and the mechanical behaviour of tire
structure, which is highly temperature-dependent, is ignored. In this study a 3D
finite element model is developed for evaluating the effects of loading conditions
and the body temperature on mechanical behaviour of the tire. The obtained results
are compared with related published works to evaluate the accuracy of the
analysis.
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1 INTRODUCTION

2 MATERIALS AND METHOD

The rubber ability to withstand high static and dynamic
loads and enduring large amounts of deformations,
raises widespread applications in several industries
such as automotive and aerospace. The visco-elastic
properties of rubber have a great effect on reducing the
vibration and noise of mechanical systems [1]. One of
the most important applications of the rubber is in
composite structure of pneumatic tires. So, the tire
exhibits both elastic and viscous characteristics due to
embedded rubber parts.

As a result of periodic deformations, which impose
time dependent loads on the tire, hysteretic loss occurs
and some of restoring strain energy is dissipated into
heat. Because of low thermal diffusivity, the
temperature locally rises inside the tire structure and as
a direct consequent, the rubber fatigue strength and its
adherence with the road will be badly affected. So, the
thermal aspects should be considered for long service
life and optimal operation of vehicles tire [2-4]. On the
other hand, it is also noticed that the mechanical
properties of rubber have considerable variations with
temperature [5]. Therefore, it is necessary to investigate
the stress and deformation gradients of rolling tires
under a variety of season conditions [6].

Using finite element method (FEM), various researches
have been carried out for thermal analysis of rolling
tires. Assuming that the inelastic energy of a rolling tire
is completely converted into heat, Mc Allen et al.
conducted a numerical model for thermal analysis [7].
A simplified 3D FE analysis is presented by Lin and
Hwang for estimating the tire temperature rise under
different working conditions [8]. Bazlamit et al.
evaluated the effect of tire temperature on slippage of
high speed vehicles over the road surface [9]. Later, for
improving the thermal analysis of tires, the stresses and
strains of nodes obtained from the mechanical analysis,
were fitted by Fourier series to calculate the volumetric
heat generation inside the tire structure [10].

In most of the works temperature distribution is
considered as the major objective of the performed
analyses. However, the mechanical properties of the
rubber have great variations with temperature [2], [4],
[71, [8], [10]. So, it is necessary to investigate the stress
and deformation created in a rolling tire under a variety
of tire body temperatures. In the present study, a
nonlinear finite element analysis with great care on
geometrical and mechanical details is presented for
evaluating the nodal stresses and displacements and
stored strain energy within material elements of the tire
under variety of working temperatures. The available
experimental and numerical data are wused for
verification of the obtained results.

© 2014 IAU, Majlesi Branch

2.1. Rubber material model

Since rubber is a highly extensible material, small-
strain elasticity theory is not suitable for describing the
responses of tires to large deformations. Therefore, the
incompressible hyper-elastic Mooney-Rivlin model is
commonly used for simulating the real-world material
behaviour of the tire [11-14]. According to this model,
the stresses are obtained from the partial derivatives of
the strain energy functions as [15]:
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Where o is the stress, U is the strain energy function,
A is the stretch ratio and I_1 \ I_2 are the two first

deviator of strain invariants. Therefore, the strain
energy used in the model is:

U =C01 (|_1_3)+C10 (|_2—3) (2

In Eq. (1) coefficients C, and C are the Mooney-

Rivlin constants which can be experimentally
determined for different working temperatures [16-18].
Applying loads and boundary conditions to the
nonlinear FE analysis, the distribution of stress and
deformation can be estimated for the tire.

2.2. Simulation details

The size of a standard passenger tire (185/60 R15) is
used for modelling and simulation in this work. For
simplicity, the tire is assumed to be composed of
carcass-ply, Steel belt layers, tread, and bead. As
shown in Fig. 1, for establishing a 3D finite element
model, the tire cross section is first developed
according to actual size of the tire, and then rotated by
360° along the circumferential direction.

So, only circumferential grooves are considered for
tread blocks. The tread as an isotropic and homogenous
rubber is built by solid element with Mooney-Rivlin
hyper-elastic property. The carcass-ply and bead are
also created as solid element with elastic properties
shown in table 1 [6]. The meshed model contains a
total number of 60661 nodes and 33565 elements with
an aspect ratio varying from 1 to 3.5 and dense mesh in
the vicinity of tire footprint (Fig. 2). For each body
temperature and loading condition, an axisymmetric
distribution of temperature can be found inside the tire
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[19], [20]. However, an average value is considered for
body temperature in this work.

Assuming the material properties of other components
do not change with the temperature, the Mooney-

Rivilin constants are selected for three different

temperatures—10°C, 15°C and 40°C as shown in
2- Steel belt table 1 [4]. To guarantee the computation accuracy and
layers reduce processing time, the boundary conditions are
applied to the half of created model for the tire (Fig. 3).

1- Tread

3-C h

_arcass For the treads adjacent to the road, the node to surface
4- Sidewall contact condition are applied. The inflation pressure is
5- Bead uniformly distributed over internal surfaces of the tire

and the tire-rim contact region is considered to be
clamped. The axle load is then applied to the inflated
tire.

Fig. 2 The axisymmetric modelling of tire (185/60 R15)
geometry and meshing used in this study

Fig. 1 (a) Structure of a common radial-ply tire,
(b) Cross section of model of tire constructed according to
the actual size of radial tire in Solidworks Simulation and
(c) Cross section of radial tire 185/60R15.

Table 1 Material properties used in tire FE model

Tread Bead Carcass
Temperature, -10 15 40

C

Load

Mooney-
Rivlin
constants
(Mpa)
8.061
COI

C 1.806

10
Density, 1400 1140 1100 4800 1390
o (%)
m
Modulus of - 200 0.794
elasticity, E
(Gpa)

Poisson - 0.3 0.45
ratio, v

Pressure
2.0477  0.550966 -

1.1859 0.00373778 -

(b)

Fig. 3 Imposition of boundary conditions: a) tire/road contact and
b) inserting inflation pressure on tire inner surface
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3 RESULTS AND DISCUSSIONS

For a variety of inflation pressure, vertical
displacements of tire hub center, loaded by axle force
F =4kN is evaluated using a 3D finite element model.

Data of the experimental investigation are used to
verify the obtained results. The rubber temperature is

considered to be 25° C during the tests. As depicted in
Fig. 4, it is clear that the simulation results have a good
consistency with the empirical observations. Moreover,
the obtained results have a good agreement with the
outputs of results presented by Behroozi et al., for
analysis of aircraft tire [21], [22].
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Fig. 4 Tire hub displacements versus inflation pressure
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Fig. 5 Maximum hub displacements with simulation time of
1 second for three different temperature values.

For three different temperatures of the rubber, Fig. 5
depicts the variations of hub displacement during 1s of

the simulation. The tire is inflated by 35psi and

loaded with 4KN . It is clear that for the same inflation
pressure and axle load, the calculated values of

displacement increases from ~10°C to 40°C. These
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observations closely match the published results
reported by researchers [6], [23], [24]. For different tire
temperatures, the variations in maximum values of von-
Mises stress during 1 second are illustrated in Fig. 6. It
is found that any change in temperature has a
considerable effect on created stresses inside the tire.
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Fig. 6 Maximum von-Mises stress at 1 second simulation
time.

The contours of von-Mises stress are depicted in Fig. 7.
According to the results, the stress decreases from the
contact region to top and the maximum von-Mises
stress occurs in the sidewall. This result agrees with the
simulation result of Yanjin et al. and Smith et al. [19,
23]. It is also noted that as the temperature rises,
increased amount of stresses are created inside the tire.
The maximum von-Mises stress values of 2.97e7,
3.97e7 and 4.66e7 Pa are obtained for the tire with

the body temperatures —10°C, 15C and 40°C ,
respectively.

Under different rubber temperatures, the contours of
nodal displacement are presented in Fig. 8. It can be
seen that the high nodal displacement fields are
accumulated in two sides close to the bottom of the tire
and the area of the high nodal displacement increases
with the increase of the tire temperature.

Variations of tire total strain energy with the tire body
temperature are shown in Fig. 9. It is obvious that less
amount of strain energy is stored in a tire with lower
temperature. These conclusions are fully consistent
with the results of Smith et al., [19].

In many published works, the lost strain energy is
assumed to completely contribute to internal heat
generation and rolling resistance [3], [14], [25]. So, the
loaded tire should have a limited amount of stored
strain energy during the operation. For the same axle
load and inflation pressure, variations of contact
pressure at tire/road interaction surface are depicted in
Fig. 10. The greater amount of contact pressure can be
found for the tire with higher body temperature.
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Fig. 8 Nodal displacement counters of tire for three temperatures: (a) —10° C ; (b) 15° C and (c) 40° C
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Fig. 9  Contour plots of elastic strain energy density of a steady-state rolling tire generated by P=35 psi, F=5 kN for three
temperatures: (a) —10°C; (b) 15" C and (c) 40°C
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Fig. 10 Contours of contact stress at tire/road interaction surface obtained at three
temperatures: (a) —10°C ; (b) 15" C and (c) 40°C

The output results for contact area are plotted versus
tire temperature in Fig. 11. As the temperature
increases the tire/road contact area will expand, the fact
that have a considerable effect on fuel consumption of
the vehicle [26]. For comparison, the results of
experimental analysis for contact area are also plotted
in the Fig. 11, where the results given by the numerical
analysis have a good agreement.

4 CONCLUSION

In the present study the stress, nodal displacement and
stored strain energy of radial tire 185/60R15 are well
predicted for different body temperatures. The results
indicate that the maximum von-Mises stress
concentrates on the sidewalls and increases with the
increase of tire body temperature. High nodal
displacement fields are accumulated in two sides close
to the bottom of the tire. It is found that the increase in
tire temperature leads to large nodal displacements. The
results show that for 25 C difference in tire
temperature, the maximum values for hub displacement
and created stress is increased by 115% and 40%,
respectively. Therefore, it seems that the tire
deformation is more sensitive to temperature rather
than stress. Furthermore, interaction of hotter tire with
the road causes higher stresses at the contact surface
which has undesirable effects on vehicle control and
fuel consumption.
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Fig. 11 Variation of tire/ road interaction surface with the
temperature
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