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Summary

Due to legislative changes within the EU there is an increased demand for improvements in car tyre
rolling resistance and noise generation. Apart from measurement data, however, information about
the relationship between rolling resistance and rolling noise generation is scarce. It is the goal of
this study to investigate the fundamental physical processes connecting both areas. Additionally, it
is evaluated whether a simultaneous reduction of both rolling resistance and rolling noise is possible
or if this is contradicting requirement. A previously presented model for simulating the structural
dynamics and rolling resistance of a rolling car tyre is extended to allow rolling noise calculation.
The approach is based on a waveguide finite element model of the tyre. Tyre/road contact forces
are obtained using a non-linear 3D contact model. The velocity field on the tyre surface is used
to determine the radiated sound pressure based on a boundary element method. In a parameter
study it is evaluated how much dissipation and sound radiation are affected by material properties,
tyre construction and road surfaces. Due to the characteristics of the modelling approach, detailed
information about dissipation and sound generation in different frequency regions, wave orders or
parts of the tyre is available. The results show that rolling resistance and radiation are mainly low
wave order, low frequency phenomena which are, at least partly, controlled by the same set of modes.
This suggests that by modifying specific tyre properties reductions in both sound radiation and rolling
resistance can be achieved.
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chase tyres which are more fuel-efficient and have less

CO3 consumption and exterior traffic noise are two
major environmental issues associated with the road
transportation sector. In 2006 23 % of the CO2 emis-
sions in the European Union (EU) [1] were due to fuel
consumption of road vehicles and it is estimated [2]
that about 210 million people are regularly exposed to
road traffic noise levels exceeding the WHO guideline
value for outdoor sound levels of 55dB(A) and about
54 million people to road traffic noise levels exceeding
65dB(A). Approximately 30 % of the fuel consump-
tion is due losses in the tyres and the dominating
source mechanism for road traffic noise at the most
common driving speeds of 30km/h to 100km/h is
sound radiation from tyres [3]. Due to this, in Novem-
ber 2012 an EU wide labelling scheme for replacement
tyres comes into effect which includes (simplified) in-
formation about rolling resistance and sound gener-
ation [4]. The goal is to encourage end-users to pur-
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external rolling noise.

In spite of the environmental relevance of tyre prop-
erties with regard to rolling resistance and sound ra-
diation and the recent effort to put these in a common
context, there is astonishingly few detailed informa-
tion available on the relation between rolling resis-
tance and rolling noise generation of car tyres besides
more than a decade old empirical data based on mea-
surements [5, 6].

It is the goal of this study to investigate the fun-
damental physical processes connecting both areas.
Additionally, it is evaluated whether a simultaneous
reduction of both rolling resistance and rolling noise
is possible or if this is contradicting requirement. For
this, a previously presented model for simulating the
structural dynamics and rolling resistance of a rolling
car tyre [7] is extended to allow rolling noise calcu-
lation. The approach is based on a waveguide finite
element model (WFEM) of the tyre. Tyre/road con-
tact forces are obtained using a non-linear 3D contact
model. The velocity field on the tyre surface is used
to determine the radiated sound pressure based on
a boundary element method (BEM). In a parameter
study it is evaluated how much dissipation and sound
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radiation are affected by tyre properties and external
parameters such as road surface, speed etc.

Section 2 gives a short overview of the current state
of rolling noise and rolling resistance modelling. The
simulation framework and the input parameters are
shortly described in Section 3. Sections 4 to 6 con-
tain results for the standard tyre/road configuration
and the findings of the parameter study. Finally, the
results are summarised and concluding remarks are
given in Section 7.

2. On rolling resistance and sound
radiation

Rolling resistance is defined as the mechanical energy
converted into heat for a unit distance travelled in
J/m [8]. This allows the use of the term rolling loss
as an equivalent expression for rolling resistance.

The greatest part of rolling losses can be attributed
to hysteresis. During rolling, the tyre material is peri-
odically deformed. Due to the viscoelastic properties
of the rubber compound, not all of the stored elastic
energy can be regained in each cycle, instead a part
of it is dissipated. The main cause of deformation for
a rolling tyre is the flattening of the contact patch,
causing bending of the crown, the sidewalls and the
bead area, compression of the tread and shearing of
the tread and the sidewall [9]. This leads to a propaga-
tion of disturbances inside the tyre structure as waves
in a variety of different mode shapes and orders, ulti-
mately resulting in dissipation and sound radiation.

While the relationship between rolling resistance
and typical tyre parameters (such as pressure, load,
speed, etc.) has been well documented [10, 11], and
several examples of rolling noise calculations can be
found [12, 13, 14], information on the relation be-
tween rolling resistance and rolling noise generation
is scarce. Extensive experimental data obtained by
several authors (cf. [5, 6]) suggests that there is no in-
compatibility between simultaneous noise and rolling
resistance improvements. However, due to the empir-
ical nature of the results, not much insight into the
physical processes has yet been obtained.

Though numerous examples for calculations of
rolling resistance are available in the literature, the
models used are often over-simplified (e.g. [15, 16])
and/or based on modelling approaches which do not
readily allow identification of connections to the struc-
tural dynamics (and hence the rolling noise) of the
tyre [17, 18, 19].

Bschorr and Wolf [20] seem to be the first to have
used a model of the tyre’s structural dynamics to
draw conclusions about the rolling resistance. How-
ever, their rolling resistance estimation was not very
detailed as it was merely a by-product of their study
on tyre vibrations. Kim and Savkoor [21] used a model
of an elastic ring supported by a viscoelastic founda-
tion to calculate the rolling resistance for a free-rolling
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tyre. While the same model could be used to draw
simplified conclusions about the rolling noise as well,
this was not done. More recently, Boere et al. [22] in-
vestigated the influence of different road textures on
rolling noise and rolling resistance. However, with the
main focus being on the impact of the tyre/road in-
teraction, there was no examination of the physical
processes in the tyre.

A substantial contribution was made by Fragg-
stedt [24] when he developed a waveguide finite ele-
ment model of a car tyre for calculating the vibrations
and rolling losses of a rolling tyre. Due to the nature
of the WFEM approach, the results are detailed and
physically easy to interpret. On the downside, rolling
resistance and tyre vibrations were not analysed in a
common context, but independently from each other
for different cases. As radiation was not included in
the model, rolling noise could not be calculated.

Rolling noise simulations have so far been basically
restricted to evaluations of road texture influence [12],
the horn-effect [13] or the identification of dominating
radiation processes [14].

To establish a common context for the evaluation
of rolling resistance and rolling noise, available simu-
lation procedures for the calculation of rolling losses
[7] and sound radiation [14] are combined, facilitat-
ing the identification of similarities and differences in
the underlying dynamical mechanisms leading to both
phenomena.

3. Modelling procedure

The simulation framework is in huge parts identical
to the one previously described in [7]. Starting point
is a 205/55R16 slick tyre which is modelled using a
waveguide finite element approach which combines
FE modelling of the cross-section with a wave ansatz
for the circumference, resulting in a unique eigenvalue
problem for each of the circumferential wave orders.
Tyre/road interaction is modelled using a non-linear
3D approach which accounts for the alternating rela-
tion between contact forces and tyre vibrations and
is based on 3D scans of road surfaces and real tyre
geometries. Contrary to the previously presented ap-
proach, the contact problem formulation has been
changed to

u(t) = C-F(t) +u(t) (1a)
Fi(t) = k- di(t) - H{di(t)} (1b)
d(t) = zg(t) — z7(t) —u(t). (1c)

Herein, u denotes the normal tyre displacements, C
is an influence matrix obtained from the first value
of the tyre’s Green’s function, F(¢) denotes the nor-
mal contact forces for all contact points and u the
displacement given by the contribution of the whole
contact time history. k is a penalty spring stiffness,
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H is the Heaviside function, zg and z7 are the road
surface and tyre profile height above a reference level
and d(t) > 0 is the distance between a tyre surface
and road. By obtaining the influence matrixes directly
from the tyre’s Green’s function the viscoelastic prop-
erties of the tread are better represented than with
the previously used elastic half-space formulation. An-
other change is the use of penalty springs which ac-
count for contact stiffness changes due to differences
between apparent and real area of contact. Further
information about the contact model can be found in
[23].

Due to energy conservation, rolling losses can be
calculated as input power for steady-state rolling con-
ditions. As shown in [24] the time averaged input
power for a WFE tyre model is

N M
Py, =27 Z Z JWm [F}jn (wm) . ‘,}—n(wm)
n=—N m=0 (2)

—F (@) - V5 (wm)]

F and ¥ are the nodal forces and displacements,
j=+/—1 and the summation is done over wave
orders +n in positive and negative circumferen-
tial direction and the frequencies w,,. (®)* denotes
the complex conjugate, ()7 matrix transpose and
(o) = ()T*. Equation (2) conveniently allows the
identification of the contribution of individual wave
orders or frequencies to the rolling losses. If ones uses
F, (W) = Dy (Wi ) ¥ (Wi ) in (2), where Dy, (w, ) con-
sists of the stiffness and mass matrices, dissipation can
be calculated element-wise. This allows to identify the
spatial dissipation distribution over the tyre cross sec-
tion.

Radiation calculations are based on a half-space
BEM approach which models the reflection on the
road surface using specially derived Green’s func-
tions [25]. To include the influence of the horn effect,
the BEM mesh includes the tyre deformation due to
static loading in the contact region. The radiation is
evaluated as mean sound pressure at 321 points on
a half-sphere of radius 1 m around the contact point
between tyre and road. A total A-rated sound pres-
sure level is calculated for the third-octave bands from
200 Hz to 2000 Hz.

The tyre mesh consists of 20 solid elements for the
tread and 46 shell elements for the sidewalls and belt,
see Figure 1. The resolution around the tyre circum-
ference is 512 steps. The rim and the air cavity are
not explicitly modelled, but their effect is included by
blocking the tyre motion at the bead and including the
pre-tension due to inflation. Damping is implemented
using complex values for different stiffness and preten-
sion components, with loss factors of 0.01 to 0.1 for
the shell stiffnesses, 0.01 to 0.05 for shell pretension
and 0.25 for the solids in the highly damped tread.
Details about the other material parameters can be
found in [23].
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Figure 1. WFEM mesh of the tyre cross section.

Table I. Overview of variation of tyre independent param-
eters in study A. Standard configuration marked bold.

Parameter Values

speed 50km/h, 80 km/h, 110km/h

2500 N, 3000N, 3415 N,
4000N, 4500 N

static load

road surface ISO 10844, rough

20°C, 55°C

temperature

For the basic configuration a driving speed of
50km/h and a static load of 3415N are used. The
road roughness profile is based on a 3D scan of 15
lateral tracks of a drum-mounted ISO 10844 road sur-
face. Rolling is calculated for six full tyre revolutions
of which the last two are evaluated, resulting in a fre-
quency resolution of 3.5Hz for the 50 km/h case. The
described modelling procedure has been validated in
[23].

The parameter study is divided into two parts:
study A, in which tyre independent parameters such
as speed, static load, road surface etc. are varied and
study B, which investigates changes to tyre construc-
tion and material properties. For a detailed overview
see Tables I and II. Regarding the variations of mass
(distribution) it has to be added that these are ob-
tained by density changes which leave the rest of the
tyre construction, including the geometry, unchanged.
In total, rolling losses are calculated for 51 configura-
tions and additionally for 32 of these the rolling noise
is calculated as well.

4. Results basic configuration

The basic configuration leads to rolling losses of
317W. Figure 2 shows the distribution of losses over
frequency and wave order, revealing that most dissipa-
tion occurs for low frequencies and wave orders. The
colour plot reveals that the dissipation exclusively oc-
curs for frequency and wave order combinations which
form a straight line, i.e. each wave order can be un-
ambiguously related to a specific frequency. As shown



EURONOISE 2012
10-13 June, Prague

Table II. Overview of variation of tyre dependent param-
eters in study B. Listing of original configuration (i.e.
100 %) omitted for all cases.

Parameter Variation

50 %, 75 %, 150 %, 200 %
50 %, 75 %, 150 %, 200 %
50 %, 75 %, 150 %, 200 %
50 %, 75 %, 150 %, 200 %
50 %, 75 %, 150 %, 200 %
mass 75 %, 87.5%, 112.5%, 125%

stiffness sidewall
stiffness belt
shell stiffness
Young’s mod. tread
pretension
mass distribution towards sidewalls,
towards tread, equal

loss factor 50 %, 75 %, 150 %, 200 %

geometry rounder, flatter, thicker tread
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Figure 2. Dissipated power for the original configuration
as a function of frequency (bottom) and circumferential
wave order (left) and as combined colour plot. Colour is
re. maximum of plot.

in [7] this frequency is given by the forced excitation of
the tyre. This also means that free wave propagation
does not contribute significantly to the dissipation.

Figure 8 shows the radiated sound pressure level
for the basic configuration. It reveals the typical peak
for third-octave bands from 1kHz to 1.6kHz. A de-
tailed analysis and comparison with measurement re-
sults can be found in [14], where it is also shown that
rolling noise strongly depends on lower order waves.
As a similar lower order dependancy of rolling losses is
shown in Figure 2, a possible link between the physi-
cal processes behind rolling losses and sound radiation
is found.

5. Results parameter study

In this section the preliminary results of the param-
eter studies A and B are presented. Figures 3 und 4
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Figure 3. Results parameter study for tyre indepen-
dent parameters. + original configuration. Colours iden-
tify different combinations of increase/decrease of rolling
noise/rolling resistance.
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Figure 4. Results parameter study for tyre parameters.
+ original configuration. Colours identify different combi-
nations of increase/decrease of rolling noise/rolling resis-
tance.

show the total changes of rolling loss and rolling noise
in comparison to the original configuration. For the
variation of tyre independent parameters in study A,
Figure 3 shows a correlation of rolling noise reduction
(increase) with rolling loss reduction (increase) for all
but one case. This is in line with the experimental
results obtained in [5, 6].

For changes of tyre parameters in study B, results
are more inhomogeneous, see Figure 4. In the ob-
tained “crosswise” distribution of results the horizon-
tal axis with strong changes of rolling resistance and
only slight changes of radiation is based exclusively
on changes of tyre belt and sidewall stiffness and the
pretension. The vertical axis with strong rolling noise
changes but marginal rolling loss changes only con-
tains configurations in which the mass respectively
the mass distribution of the tyre are changed.

6. Detailed analysis

Within the scope of this article a detailed analysis
of all configurations is not possible, instead the three
configurations shown in Table IIT are exemplarily cho-
sen and analysed in detail in the following. The config-
urations for changed pretension and shell stiffness are
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Table III. Results for the three example configurations.
Negative values denote reduction.

Configuration APyiss ASPL
pretension +50 % -22.7% -1.1dB(A)
shell stiffness +100 % -12.6 % -0.4dB(A)
mass +25 % +0.3% -2.1dB(A)
finHz
2 0 50 100 1'50 2(?0 250 300

AR, inW

0 5 10 15 20 25 30
circumferential wave order

Figure 5. Change in dissipated power over circumferential
wave order/frequency compared to original configuration
for (—x) pretension +50 %, (— — o) shell stiffness +100 %.
Negative values denote reduction. Note: Double x-axis due
to fixed relation between wave order and frequency for
forced excitation.

examples for cases which mainly effect rolling losses.
Yet, as will be shown, there are differences in detailed
results. The mass reduction is an example for a con-
figuration mainly affecting rolling noise.

Figure 5 shows that though the changes in preten-
sion and shell stiffness both lead to overall reduction
of rolling losses (albeit to a different extent), to which
degree individual frequencies and wave orders are af-
fected differs considerably. For increased pretension
the reduction seems to be proportional to the original
distributions as shown in Figure 2. The effect of the
change in stiffness in contrast, is most prominent for
frequencies 14 Hz and 21 Hz, and wave orders 2 and
3, while for frequencies above 60 Hz and wave orders
higher than 8 rolling losses are actually higher than
for the original configuration. Differences are also vis-
ible in the cross-section distribution of rolling losses
shown in Figures 6 and 7, especially in the contribu-
tion of the shell elements in the tread region.

In Figure 8 the radiated sound pressure of the con-
figurations with higher mass and higher pretension
are compared with the original configuration. For the
increased mass, the reduction is mainly limited to the
dominating region at and above 1kHz. For lower fre-
quencies the curve is nearly identical to the original
case with the exception of 800 Hz, where it is higher.
For higher pretension, the radiated sound pressure
level is equal to or even higher than in the original
configuration for all third-octave bands but those with
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Figure 6. Distribution of dissipation over tyre cross sec-
tion for pretension +50 %. Shell elements in black, solid
elements in red. (——) marks different tyre regions.
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Figure 7. Distribution of dissipation over tyre cross section
for shell stiffness +100 %. Shell elements in black, solid
elements in red. (——) marks different tyre regions.

centre frequencies 800 Hz, 1 kHz and 1.6 kHz. Still, the
overall A-rated SPL is 1.1 dB lower than in the basic
configuration.

A possible explanation for the differences might be
that in the mass case the tyre excitation is not af-
fected (as indicated by the nearly unchanged rolling
resistance), whereas the propagation of the structural
waves on the tyre which cause radiation is affected. In
case of the pretension change, excitation of low order
waves might be influenced. This not only considerably
affects rolling losses as shown in Section 4, but accord-
ing to the results in [14] also the rolling noise in the
dominating region from 1kHz to 2kHz. Hence, a no-
ticeable reduction is achieved for both criteria for the
case of increased pretension. The increased shell stiff-
ness seems to have a more localised effect in terms of
affected frequencies and wave orders which needs fur-
ther investigations before conclusions can be drawn.

7. Conclusions

The results show that there is no general contradiction
between concurrent reductions of rolling resistance
and exterior rolling noise. In fact for many cases there
is a correlation between both quantities. The parame-
ter study indicates that by modification of certain tyre
parameters a simultaneous decrease of rolling losses
and sound radiation can be achieved. In this regard,
low wave orders, which are fundamental to rolling re-
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Figure 8. Rolling noise in third-octave bands for (—) orig-
inal configuration, (-+-) mass +25 %, (— x —) pretension
+50 %.

sistance and sound radiation in the dominant region
above 1kHz, are particularly important. The analysis
has been limited to a selective modification of individ-
ual tyre properties. Whether the more common case
of changing several tyre properties at a time leads to
different relations between rolling resistance and ra-
diation has to been shown in further investigations.
The study also shows that despite substantial
changes in tyre design are made, changes in radi-
ated sound pressure levels are rather limited; typi-
cally in the range of 1dB to 2 dB. Combining changes
of multiple material properties together with geomet-
rical modifications might be needed to achieve higher
reduction. This potential has to be explored further.
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