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Introduction

to see that at such high frequencies the wave propagation is not
influenced by the boundaries at the shoulder or the rim. This
local deformation is important when considering roughness asperities intruding into the tread. Depending on their size they
either excited waves or just deform the tread locally. Measuring
the radial point mobility with different excitation areas consequently give different results as shown in Figure 2.

Tyre/road noise generation is mainly a function of the interaction
between the tyre and the road and can only be properly described
when knowing the contact forces between tyre and road surfaces.
In the following an overview over a part of the ongoing work at
our department is given. This work is done in the framework of
different projects on national and European level.

Design of an acoustic rolling model
There are certainly different ways to design an acoustic rolling
model. The main requirements with respect to frequency range
(at least up to 3000 Hz) and low computational effort still excludes models purely based on FE. The strategy used by the
authors is based on work published by McIntyre et al1 in the area
of musical acoustics. They were interested in the interaction between violin bow and string. This interaction is of non-linear
nature since tangential forces will excite the string to vibrations
and at the same time the vibrations (i.e. velocity) of the string
will determine the friction forces. Their main idea was to describe the string as linear system by its impulse response function
(i.e. the velocity response to a force pulse with unit amplitude).
This leads as shown in the further text to a very simple equation
system, which can be solved for each time step. Following this
idea one can win two important features for the rolling model, an
elegant way to solve the contact problem and the use of precalculated impulse response functions, which reduces the numerical effort substantial.

Figure 2: Radial point mobility as function of the excitation area

The contact model
The contact forces at any point in the contact are given by the
deformation off the tread due to radial or tangential interaction
with the road surface. One could consider the tread as a layer of
springs exposed to external forces, however this would mean to
omit the coupling between different areas of the tread. Alternative solutions would be to use an elastic half space as often in
contact mechanics. This gives the coupling between different†
areas of the tread but it will not give automatically give the correct stiffness and deformation. An alternative model was suggested by Larsson2 who used a the elastic field equations and
formulated the tyre as a two layer structure where the lower layer
represents the tyre structure and the upper layer the rubber tread.
This model represents the local deformation as shown from
measurements in Figure 1 in a proper way. Figure 1 shows the
vibration pattern on a part
of the tread excited over a
small area. It is visible
that while the waves at
this frequency (2000 Hz)
are rather weak the local
deformation is very domi-†
nant. It is also interesting

†
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The solid lines in Figure 2 are measurement results while the
dotted lines are calculation results using Larsson’s model. The
calculation results are corrected by the mass of the measurement
equipment influencing the results at frequencies above 1000 Hz.
Without the loading due to the measurement equipment the mobility would continue to rise with 6 dB/octave as long as the tread
acts as a spring.
Independently how the local reaction of the tread is described in
detail the contact problem can always be formulated in the same
way. First of all the tyre structure is moving due to the contact
forces in the area of the contact patch. The response of the tyre
structure in a certain position can be written as

x e (j e , t) = Â Fm (t) * g m,e (t)

(1)

m

where Fm are the forces acting in different positions and gm,e are
the impulse response functions at position “e” to a force at position “m”. In order to simplify the problem the road is considered
to move around the tyre surface. The tyre can be considered not
rotating in the coordinate system of interest. After calculating the
contact forces, the vibration of the tyre structure can be calculated and out of this one can calculate the wave field as seen
when observing a rotation tyre.
The contact forces are a function of the roughness of the road
surface k rough,m (t) , the contour of the non-.deformed tyre k 10 (t) ,
the position of the centre of the rim y0 (t) and the vibration o the
tyre structure x m (t) .
† Dy t = y t + k t + x t - k
†
(2)
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This gives the deformation of the tread which on the other side
†
determines
the contact forces ddue to the tread stiffness
-1

Fm (t) = G0 Dym (t)

(3)

The first factor characterises the reaction of the tread to a force
and is often denoted as sensitivity matrix. Using Larsson’s model
one will find the matrix by calculation the impulse response
functions in all positions on the tyre. Typical results are shown in
Figure 3 (left). The first value at the time instance t=0 is then the
value to be included in the sensitivity matrix as shown in Figure
3(right). Using uncoupled springs (Winkler bedding) for the description of the tread as also done by the authors the matrix
would only consist of values along the diagonal.
Figure 5: Airplane
tyre with acceler-

els used there does not include
the resonances in the air cavity.
These resonances can be identified in the measurements due
to the amount of Doppler shift
at different rolling speeds.
Even the results for individual
loops show quite good results,
however there is the problem
that we do not know where
exactly we are on the ISO surface.
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Figure 3: Impulse response functions around the tyre due
to a radial point force (left). Sensitivity matrix (right)

The equation system represented by equation1 (1)-(3) is solved
iteratively. This give the contact forces as function of time during
rolling. From these forces one can calculate the vibrations of the
tyre structure. Figure 4 shows typical results of the vibration of
the tyre at low and high frequencies. These results are obtained
by using Wullen’s 3D contact model3 simulating the tread properties as an elastic half space. The calculation are carried out for a
slick tyre rolling with 80 km/h on a ISO texture. Since the tyre is
rotating there are two different apparent wave
speeds depending on the
direction of the propagation of the waves. Consequently for waves propagating with the rotation
direction the wavelengths
are longer than for wave
propagating against the
rolling direction. It is also
obvious from the calculation results that at high frequencies the
highest amplitudes are located close to the contact patch. While
there a variation of the vibration over the width can be observed,
in some distance to the contact path mainly plane wave patterns
are found.

Figure 6: Comparison of the calculated and measured radial acceleration spectrum for a tyre rolling
with 100km/h on a ISO road surface.

Conclusions
The results are encouraging that it might be possible to obtain
sufficiently accurate models for the prediction of tyre/road noise
and in this way to have a tool for the reduction of tyre/road noise.
However, one should be aware that models like presented here
need a substantial amount of input information with sufficiently
high accuracy.

Comparison with measurements
Validation measurements have been carried out on rolling tyres.
A aircraft tyre with longitudinal grooves has been used for this
purpose rolling on a ISO surface. The description of the surface
was available as measurements of the roughness in 15 parallel
tracks over the width of the tyre and around the complete test
drum. Accelerometers have been placed in the grooves and acceleration has been measured during rolling (see Figure 5). Typical
results from the measurements are shown in Figure 6 and Figure
7. Figure 6 shows acceleration averaged over several loops in
comparison with the calculated results. Even in this case the acceleration was averaged over several loops. The agreement is
quite good, only in the middle frequency range some minor deviation can be observed, mainly due to the fact that the tyre mod-
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