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Abstract

The paper reports on a study of the in�uence of the Mullins softening ef-
fect on changes in the stress �elds of a rotating car wheel under acceleration
and braking conditions. In our opinion, this e�ect has received little attention
in tire industry until recently. We have developed an algorithm to evaluate
changes in the stress-strain of the wheel of the acceleration car taking into
account the Mullins e�ect. With the algorithm proposed one can study the
softening e�ect in di�erent points of the tire during the turns of a wheel un-
der acceleration conditions. The results of numerical simulations demonstrate
that the softening e�ect should be taken into account even when developing
a simpli�ed model of a car wheel, in which the tire material is considered as
isotropic, and the model tire has a simpler geometry than the real tire. It has
been found that the deformation of the lateral surface of the tire calculated
with the Mullins e�ect is signi�cantly higher than the deformation obtained
in calculations where this e�ect has been ignored. The degree of softening is
evaluated in terms of the Ogden-Roxburgh model.

The purpose of this study is to investigate the in�uence of the Mullins e�ect [1-3]
on changes in the stress-strain state in the moving wheel in such operating regimes
as acceleration and braking. To our knowledge, the Russian tire industry has paid
insu�cient attention to this e�ect. It is ignored in many calculations, for instance,
the rolling and head-on crash situations are described in [4-5] taking into account
the complex structure of a tire, but ignoring the softening e�ect. Computer mod-
eling of car tire softening is a complex mathematical problem. The material of a
tire changes its properties during the �rst turn of the wheel, and these variations
proceed di�erently at di�erent points of this material. Accordingly, the pattern of
strain distribution in the tire also changes. To obtain a stable solution allowing one
to consider material softening accumulation in di�erent parts of the tire, we have
developed a special algorithm (Fig. 1).
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Figure 1: Algorithm for car tire loading

1 - road is shifted by the value l, which gives rise to an angular moment in the tire,
the tire material softens.
2 - wheel does not make a rotation, the road turns back to its initial state, the
angular moment disappears.
3 - road is removed, the wheel rotates to the angle φ;
4 - road is back to normal shape.
5 - if the wheel does not make a full rotation, the road is again shifted by the value
l, which gives rise to an angular moment in the tire, the tire material softens;
6 - stress-strain state in the accelerated wheel tire is obtained in the calculation with
consideration of the Mullins e�ect;
In step 3, the wheel turning angle φ is found from the φ = 2d

l
, where d is the

external wheel diameter, l is the road shift
This algorithm makes it possible to study the softening e�ect in di�erent points of
the tire during the �rst turn of a wheel under acceleration conditions.
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The motion of the car wheel has been modeled for a 3D case. For the characteristics
of the tire model, we have chosen a 1600 kg car, which accelerates from 0 to 100 kilo-
meters per hour in 12 seconds. The value of force acting on the car is equal to 3700
Í. A horizontal force of 1850 Í is applied to the driving wheel. The tire pressure is
assumed to be 0.17 ÌPa. The road is modeled as a rigid rectangular parallelepiped.
The tire has the following geometrical characteristics: external diameter - 760 mm;
track height - 180 mm; track width - 260 mm (Fig. 2).

Figure 2: The geometrical characteristics of a car tire

Simulations indicate that the deformation of the lateral surface of the tire calculated
with the Mullins e�ect is signi�cantly higher than the deformation obtained in cal-
culations, where this e�ect has been ignored (Fig. 3). The hyperelastic forth-order
Ogden model is applied to describe the mechanical properties of an elastomeric ma-
trix of the tire. The degree of softening is evaluated in terms of the Ogden-Roxburgh
model [6].
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Figure 3: Distribution of the left stretch tensor �elds found with (a) and without (b)
taking into account the Mullins e�ect

Conclusions

We have developed an algorithm to evaluate changes in the stress-strain of the wheel
of the moving car taking into account the Mullins e�ect. The results of modeling the
behavior of an accelerated car wheel indicate that the distribution of deformations in
the tire volume undergoes largest changes. Maximum equivalent Mises deformations
have been observed on the tire lateral surface, which, in our opinion, may cause the
formation of cracks in the tire. Changes in stress �elds have been insigni�cant
because of two opposite mechanisms: on the one hand, deformations increase and,
on the other hand, the material softens. It has been found that the stress-strain
state should be analyzed in each point of the car wheel diameter taking into account
di�erent degrees of the Mullins softening e�ect. Summing up, the softening e�ect
modeling allows one to accurately predict the serviceable life of tires. In this study we
focus on the signi�cance of considering the Mullins e�ect, which enables the wheel
model to be simpli�ed signi�cantly; the anisotropic and viscoelastic properties of
an elastomeric matrix are neglected in the model. Our simulations also show that
even such a simpli�ed formulation of the problem makes it possible to reveal an
essential di�erence in the stress-strain state obtained in calculations performed with
and without consideration of the Mullins e�ect.
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