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Tyre/road noise — the importance of torus cavity resonances
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Tyre/road noise is the dominant source of road traffic noise, particularly for electric vehicles. While
powertrain noise has been significantly reduced, the control of tyre/road noise remains challenging, and
only limited progress has been achieved over the years. This is largely due to the complexity of the noise
generation mechanisms, which arise from the highly nonlinear contact interaction between the tyre and the
road surface. Even understanding the intrinsic vibration characteristics of the tyre itself is a non-trivial task.
In addition to the tyre structure itself, the acoustic cavity inside the tyre can play an important role in both
tyre/road noise radiation and vehicle interior noise. At the same time, the sound field within the tyre cavity
can be exploited to assess the acoustic performance of road surfaces. Using the Chalmers tyre/road
interaction model (Chatrin), numerical simulations are performed to investigate the conditions under which
the cavity sound field contributes to exterior noise and to evaluate the extent to which sound pressure
measurements inside the tyre can be used to characterise the acoustic properties of road surfaces.

1 Introduction

Road traffic noise negatively impacts public health in many parts of Europe, especially in cities [1], [2]. The introduction
of electric mobility will hardly change this situation as even in urban environments, tyre/road interaction is the main cause
of noise for passenger cars at driving speeds above 20 to 30km/h. In contrary, electric vehicles might lead to higher rolling
noise levels [3] since electric vehicles are typically characterized by higher power-to-mass ratios and considerably wider
RPM ranges at which maximum torque is available.

In 2021, the European Commission adopted the EU Zero Pollution Action Plan [4]. Among others, its goal is to reduce
the number of people chronically disturbed by transport noise by 30 % until 2030. In 2050, the number should be down
to zero. This is a very ambitious goal, having in mind that noise exposure has rather increased than decreased in recent
decades. To reach this goal, a reduction of tyre/road noise is needed. The complexity of rolling noise generation in
combination with functional requirements such a rolling resistance, wear or safety aspects make such a task to a real
challenge. To master this challenge demands not only a sound understanding of the mechanisms behind rolling noise
generation, but also a deep inside in the tyre/road interaction in general. The dynamic interaction i.e. the contact between
the road surface and the vibrating tyre is strongly involved for instance in the processes behind wear or rolling resistance.
However, such a general understanding is not available today.

Even when only looking at the noise generation, we have to conclude that what we consider today as common knowledge
about mechanism for tyre/road noise is mainly based on empirical knowledge. Much of this knowledge is based on
measurements carried out during the last decades (see e.g. [5]). The results of such measurements, though, do not describe
general physic, but display results depending on the design of the experiments, such as choice of road surfaces, tyres and
also measurement methods.

A typical example for the complexity of rolling noise is the questions concerning the influence of cavity modes on the
radiated tyre/road noise. The air cavity inside the tyre torus shows a series of rather undamped resonances. The very first



resonance at about 220 Hz for passenger car tyres has been studied frequently due to its importance for the transmission
of rolling noise through the tyre hub and the wheel suspension into the vehicle compartment (e.g. [6]). When it comes to
the contribution to pass-by noise from vehicles much less is found in literature. In [7] an experimental investigation from
2006 pass-by measurements were carried for tyres with different amount of absorption in tyre cavity. The author
concluded that absorption in the tyre cavity could reduce rolling noise by 1 dB. This result did however not create much
additional attention or any following up. As we see in the following the reduction could be more but also less depending
on the type of road surface. Until today the importance of the sound field inside the tyre cavity for rolling noise has not
obtained much further attention. However in the recent years it has been discovered the sound pressure inside the tyre
cavity correlates with the pass-by noise and that measurements of the sound pressure in the cavity could be utilised to
characterise road surfaces with respect to their acoustic qualities (e.g. [8]).

In the following these two aspects are discussed further by means of a theoretical approach for simulating tyre/road noise.
The approach is briefly described in section 2 together with an introduction to the acoustic properties of the tyre cavity.
Section 3 discusses the influence of the tyre cavity resonances on the rolling noise. Finally in section 4 the possibilities
to predict rolling noise by evaluating the sound field inside the tyre cavity is demonstrated.

2 Simulations

In this paper the Chalmers tyre/road interaction noise model (Chatrin) is used to clarify the question how far and under
which conditions cavity modes inside the tyre contribute to the rolling noise. Chatrin is briefly explained in Section 2.1
while in section 2.2 the sound field inside the tyre cavity is investigated.

2.1 Chatrin

Chatrin is a modular model consisting of a tyre model, a contact model, and a radiation model. The modularity allows for
selecting and combining the most suitable, but also most computationally efficient models for the task of interest. Briefly,
the tyre model provides pre-calculated impulse response (IR) functions (i.e. the displacement responses to unit force) of
the tyre structure. These are used in the time-domain contact model, where the displacement field on the tyre is calculated
by convolving the pre-calculated IR functions with contact forces determined by a contact algorithm for each successive
time step. The output from the contact model is the time history of the contact forces. These can be used to calculate the
displacement field on the complete tyre structure, which serves as an input to radiation models. A brief overview can be
found in [9].

To model the tyre a so-called Wave Guide Finite Element formulation is used (see e.g. [10] and [11]) which means that
the cross section of the tyre structure is modelled in FE while in the circumference wave propagation is assumed. The FE
model is solved for each wavenumber in the circumference. Only discrete wave numbers are possible as only integer
multiples of a wavelength can fit to the circumference of the tyre. The structure is modelled as thin shell elements, while
the tread is modelled as layers of solid elements. The model also includes the rim (shell elements) and the air cavity inside
the tyre cavity modelled as fluid (see Figure 1).
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Figure 1: A 205/55 R16 tyre (left) and the corresponding WFEM (right)

The non-linear Contact model. is formulated in the time domain. It follows the formulation by of classical contact
mechanics [12]. For each time step, the contact forces that are required to meet the boundary conditions in the contact are
calculated, i.e., no penetration of the tyre and the road surface. The macro-scale of the surface roughness is captured by



the discretisation of the contact (the contact patches are typical approximately 3.5 mm in the longitudinal direction and
10 mm in the lateral direction). The micro-scale of the roughness is captured by springs for each contact patch. The
vibration of the tyre due to previous contact forces is considered in a convolution scheme. A more detailed description
can be found, for example, in [9].

After the calculation of the contact forces the vibrations of the tyre structure can be obtained as input into the radiation
model. This is a half-space boundary element model developed by Brick [13]. It allows for calculating the sound radiation
from bodies above an infinite rigid plane.

2.2 The cavity modes

To include the air-cavity into the WFEM fluid elements are included inside the tyre coupled to the structure. The exact
implementation is described by Hoever [14].The model is implemented for an existing slick Continental tyre (see Figure
1, left side). The model consists of 46 deep shell elements for the sidewalls and belt. The tread is represented by 20
quadrilateral 9-node Lagrangian solid elements. Material data for this tyre are found in [11].

For the modified tyre i.e. with the air cavity and the rim, 28 shell elements are added for the rim, along with 707 triangular
fluid elements and 69 shell-fluid coupling elements for the air cavity. The rim is made of 4 mm thick steel with a density
of 7800 kg/m?, a Young’s modulus of 210e9 Pa, a Poisson’s ratio of 0.31 and a loss factor of 0.005. For the air cavity a
temperature of 20 degree Celsius and an inflation pressure of 200 kPa give wave speed of 344 m/s and a density of 3.56
kg/m?. Different loss factors are used in the air cavity as described in the further text.

Figure 2 shows the resulting dispersion relation obtained by the eigenvalue analysis. For each polar order (i.e.
wavenumber in the circumference) eigenfrequencies are obtained. Each of these represent different cross-sectional pattern
combined with a circumferential pattern represented by the polar order. Most of the modes obtained are structural modes.
However, some of these are modes in the tyre cavity. Figure 2 (right) show the dispersion for these modes. The
eigenfrequencies on the straight branch starting at 0 Hz are plane wave, i.e. with more or less constant pressure over the
cross section. The following branches starting at about 900, 1600 and 1750 Hz are higher order cross sectional modes.
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Figure 2: Dispersion diagram for all modes on the tyre (left) and for only the modes inside the air-cavity (right).

From the dispersion diagram it is obvious that only a few modes are observed below 1000 Hz and that these modes are
mainly charcaterised by constant pressure over the cross section.

These modes are typically also visible in the driving point mobility of tyres. Figure 3 shows the measured and simulated
driving point mobility. The simulation a model with fluid in the cavity as well as a model without coupled cavity is
used. The simulations explain well the distinct very undamped response at about 220, 440 and 660 Hz. The Figure
shows also the corresponding modal patter inside the tyre cavity. The damping of the cavity is mainly determined by
the power transport from the fluid to the structure. For the model a modal damping is used based on measurements by
Bschorr [15] for instance measured the reverberation time inside the tyre cavity which varied from about 2 seconds at
low frequencies to around 0.5 seconds at higher frequencies. This corresponds well to the experience when having an
impact excitation of tyres (e.g. when passing rails of a tram line). Such values correspond to loss factors between 0.004
and 0.001 which are rather small values. Due to the low damping in the cavity high pressure amplitudes occur during
rolling which easily can exceed 100 dB in third octave bands where cavity resonances are situated.



As the losses in the cavity are so low it would be easy to substantially change the sound pressure levels inside the cavity
and by this also to reduce the excitation of the hub and the transmission of rolling noise through the suspension into the

vehicle compartment.
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Figure 3: Simulated (with and without air-cavity) and measured radial driving point mobility for the 205/55 R16 tyre

3  The influence of the cavity modes on the rolling noise — simulation results

The results in e.g. [7] indicate that the presence of the slightly damped cavity modes influence the pass-by levels measured
in 7.5 distance to the road. The importance of the cavity on the radiated sound, however, cannot be simply generalised as
it depends on several parameters.

Firstly, the damping inside the cavity will decide on the strength of the sound pressure field inside the cavity. Secondly
the design of the tyre will decide on the air-borne sound insulation the tyre structure will provide between the inside and
the outer space of the tyre. Finally, the interaction between tyre and road will decide on the excitation forces in the contact
and by this on the displacements of the tyre structure and the radiation of sound into the tyre cavity.

For frequencies below 1000 Hz the wavelength in air is bigger than 3.6 cm. Having in mind that the acoustically relevant
roughness wavelength is rather shorter than that, it becomes clear that it cannot be the individual roughness elements (e.g.
stones) which will lead to efficient monopole sources inside the tyre but the total time variant displacement of the tread
during rolling. As bigger the variation as of the roughness geometry in the contact as bigger the total variation of the total
contact force over time. By this also the total displacement in the contact area is changing.

To demonstrate this, simulations with Chatrin are carried out for a tyre running with 80 km/h on a rough surface. For
simplicity reasons the tyre is a slick tyre, i.e. it has a smooth profile. Two different surfaces are considered, an ISO
surface and a stone mastic asphalt SMA 0/8. The roughness for the two surfaces was obtained by laser measurements in
20 parallel tracks with 10 cm distance between each track and over a length of 2 m. The spatial resolution in the contact
is 3.5mm times 10 mm and in total are 1200 contact points taken into account. The load on the tyre in the simulation
corresponds to 350 kg.

Different versions of the tyre model were used. Firstly, a tyre without a fluid in the tyre cavity, secondly a trye with a
fluid in the cavity. The cavity modes were damped by introducing a modal damping. Two cases were considered a
damping corresponding to one measured by Bschorr and a damping which was a factor 10 smaller.

Figure 4 show the simulation results for two different road surfaces are compared, an ISO surface (Figure 4, left) and a
stone mastic asphalt (Figure4, right). As the ISO surface is relatively smooth the changes in the total contact force is
relatively little and the excitation of the cavity is low. For the rougher surface the bigger time variation of the total contact
force leads to a higher sound pressure levels inside the tyre cavity and by this also to higher pass by levels. Lowering the
damping of the cavity leads to an increase of the radiated sound levels.
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Figure 4: Simulated radiated sound pressure for an ISO surface (left) and a stone mastic asphalt SMA 0/8 (right). The
texture is shown exemplarily at the bottom of the figure. Each sample along the x axis corresponds about 3.5 mm.

For the case of low damping the radiated sound pressure is strongly influenced by the few cavity modes below 1000 Hz.
Due to the rotation of the tyre one obtains so-called gyroscopic modes which could be considered as rotating modes. The
eigenfrequency is due to rotations speed split up in two eigenfrequencies.

The results show that depending on the individual case the cavity modes might have a substantial or only a marginal
influence. But one can state that for surface which leads to a bigger variation for the total force in the contact over time a
bigger influence of cavity modes on the radiated sound can be expected.

4  The sound field inside the tyre cavity as indicator for the radiated noise due
to tread profile and road roughness

Simulations show that the excitation of the sound field inside the tyre cavity is determined by the time variation of the
total force in the contact. At the same time, it can be shown that the sound generation and radiation from the tyre structure
also is also proportional to the time varying total forces (see e.g. [16]). Figure 5 shows typical results for the sound
pressure level inside the tyre cavity.
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Figure 5: Calculated sound pressure level at a mic position inside the tyre cavity for an ISO surface (blue curve) and the
SMA 0/8 (black curve) at 80 km/h. The results are averaged over 8 revolutions of the tyre.



The Figure reveals the periodic deformation of the tyre in the footprint. It also shows strong response at the first
eigenfrequencies of the cavity. For the rougher SMA surface the spectrum is increased at low and medium frequencies
while around 1000 Hz the spectrum is lower as we know from e.g. close proximity (CPX) measurement results. During
the recent years sound pressure measurements inside the tyre cavity have been investigated as alternative to CPX
methods for characterising non absorbing road surfaces (see e.g. [8]) and showed to be a promising method to be
investigated further.

5 Conclusions

The importance of cavity resonances for the radiated rolling noise is strongly dependent on the road surfaces. Surfaces
which create strongly varying contact forces will also excite the cavity strongly. The extreme example would be the
passage over bridge joints or tram rails. Increased damping inside the tyre cavity would reduce the contribution of the
cavity noise to the radiated noise. It would also reduce the transmission of structure borne sound due to rolling into the
vehicle compartment. However, this seems to be too costly although technical solution such as inner liners which ad
absorption exist. Finally, measurements of sound pressure levels in the cavity could be utilised to characterise the acoustic
performance of non-absorbing road surfaces. However, even in this case additional damping in the tyre cavity would
improve the situation as it would reduce the dynamic response of the cavity and by this make the results less sensitive to
e.g. temperature or inflation pressure.
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