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Abstract

This paper deals with the experimental study of dynamical tyre/road contact for

noise prediction. In situ measurements of contact forces and close proximity noise

levels were carried out for a slick tyre rolling on six different road surfaces between

30 and 50 km/h. Additional texture profiles of the tested surfaces were taken on

the wheel track. Normal contact stresses were measured at a sampling frequency of

10752 Hz using a line of pressure sensitive cells placed both along and perpendicular

to the rolling direction. The contact areas obtained during rolling were smaller than

the one measured in statics. This is mainly explained by the dynamical properties

of tyre compounds, like the viscoelastic behaviour of the rubber of the tyre tread.

Additionally the root-mean-square of the resultant contact forces at various speeds

was in the same order for a given road surface, while their spectra were quite dif-

ferent. This is certainly due to a spectral influence of bending waves propagating

in the tyre during rolling, especially when the wavelength is small in comparison
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with the size of the contact patch. Finally, the levels of contact forces and close

proximity noise measured at 30 km/h were correlated. Additional correlations with

texture levels were performed. The results show that macro-texture linearly gen-

erates contact forces around 800 Hz and consequently noise levels between 500 Hz

and 1000 Hz via the vibrations transmitted to the tyre.

Key words: Tyre/road noise, Rolling contact, Experimental methods

1 Introduction

Over the last decades the reduction of tyre/road noise has become a major

issue in the struggle against road traffic noise, as related in Ref. [1]. Tyre/road

noise is generated by complex mechanisms such as tyre vibrations, air-pumping

and stick/slip phenomenon which are widely described in Ref. [2]. For a good

prediction of these mechanisms, a reliable description of tyre/road contact

interaction is of major interest.

During rolling, the road texture generates stresses in the contact patch which

induce tyre vibrations and thus noise emission. Due to the difficulty to study

the tyre/road contact experimentally, the investigations have been essentially

focussed on the development of contact models. Many approaches have been

proposed for modelling tyre/road contact stresses for noise prediction. First

a Winkler bedding model coupled with the vibrations of an orthotropic plate

model of the tyre belt was developed in Refs. [3–5]. The Winkler model was

also used recently for a stochastic evaluation of tyre vibration in Refs. [6].

∗ Corresponding author : Tel: 33 6 15 19 51 65
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Alternative contact models are based on half-space assumptions for the tyre

tread in the local area of tyre/road contact. The problem can be solved using

a boundary element discretization [7–10], analytical multi-asperity approaches

[11,12] or a mixed method taking the benefits of the analytical multi-asperity

formulation for solving the boundary element problem more efficiently [13].

Finally, a finite element approach based on continuum mechanics was recently

proposed in [14]. For all these models, only the normal contact forces are cal-

culated and the friction is not taken into account. A recurrent hypothesis is

also that the contact during rolling is evaluated from several contact patches in

statics or quasi-statics for successive time steps. Moreover, the contact models

are often validated by means of tyre vibration measurements in rolling condi-

tions [15,16] or spindle forces and moments measurements [17], but not from

dynamical contact stresses measurements.

Thus the aim of this paper is the experimental study of tyre/road contact

in rolling conditions for the validation of tyre/road contact models for noise

prediction. The problem is here essentially investigated from a road perspective

since the contact tests were performed in situ for a slick tyre rolling on different

road surfaces. Moreover only the normal contact stresses are measured. In a

first part (Secs. 2 and 3), the contact forces measured at different speeds

up to 50 km/h are used to study the dynamical effects of the tyre on the

contact such as viscoelasticity and vibrations. In a second part (Sec. 4) the

influence of road texture on contact forces and tyre/road noise is evaluated

by means of statistical correlations between texture, contact forces and noise

levels. For each part, the results are discussed by considering the complexity

of the problem in connection with previous results from the literature.
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2 Measurement of contact forces

2.1 Contact pressure measurement system

The normal stresses between the tyre and the road were measured at the

contact interface using a real time acquisition system which is composed of a

matrix-based sensor linked to a computer (Fig. 1). The sensor consists in a

resistive polymer divided in sensitive cells on which the electrical resistance

varies proportionally to the contact pressure. On each cell the pressure is

measured in a square sensitive area smaller than the total area of the cell (see

zoom in Fig. 1). Then each cell provides the mean pressure of the real pressure

distribution caused by road texture within this active area. The sensor used

in this study has an active area of 436×368 mm2 and is composed of 52×44

square sensitive cells of size h × h with h = 8.38 mm.

Following the recommendations of the manufacturer [18], the measurement

system was calibrated from the total load applied on the tyre which was mea-

sured independently on a weighting device. The variations of the response on

the different cells composing the sensor are small (Ref. [18]) and can be ne-

glected in most applications. Thus the cells were not individually calibrated

(this step is called ”equilibration” in [18]). The overall system accuracy is ±

10 % of the full pressure scale which varies between 0 and 0.86 MPa in this

study.

The sensor is about 0.1 mm thick which minimizes the intrusion at the contact

interface. However the presence of the sensor can modify the tyre/road contact

properties. This issue was investigated in laboratory by measuring the contact
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between a single spherical indenter and a rubber block, with or without the

sensor at the interface. By comparison with the classical Hertz’s theory [19],

the Young’s modulus of the rubber was identified from an indentation test.

It was 12 % higher in presence of the sensor at the contact interface. This

means that the rubber and the sensor are stiffer than the rubber alone. In the

case of tyre/road contact, this will lead to stiffer contact during measurements

compared with the tyre running directly on the road surface, possibly giving

more uniform pressure distribution.

Concerning the sampling frequency fs, the contact data can be acquired at

207 Hz on all the cells or at 10752 Hz on a single line of 44 cells (Fig. 1).

In practice, the acquisition at 207 Hz can lead to an erroneous interpretation

of data when the motion of the contact area is significantly high compared

to the scanning speed of the acquisition system. Thus the 207 Hz acquisition

scheme was only used for static measurements, whereas the rolling contact

was studied on the single active line at 10752 Hz.

2.2 Road materials

The measurement campaign was carried out on a test track in the Laboratoire

Central des Ponts et Chaussées (LCPC, Nantes, France). Six real road surfaces

were used for the tests as shown in Fig. 2. Two of them are asphalt concretes

with 6 mm maximum aggregate size: a Porous Asphalt (PA 0/6) and a semi-

porous Thin Layer (TL 0/6). Two others are dense asphalt concretes with 10

mm maximum aggregate size: DAC 0/10 (new) and DAC 0/10 (old). The last

two surfaces are a Fine Surface Dressing (FSD 0.8/1.5) and a Sand Asphalt

(SA 0/4) composed of small size aggregates. It is noticed that coarse-grained
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road surfaces were not included in the study due to the risk of piercing the

contact sensor with such aggressive surface textures.

2.3 Experimental procedure

The contact tests were performed on a passenger car fitted with two slick

tyres on the rear wheels. Contact pressures were measured on the right rear

slick tyre at a constant rolling speed, as illustrated in Fig. 3. This speed was

accurately measured for each test by a tachometer fixed to the wheel. It was

limited to 50 km/h in order to avoid any damage to the pressure sensor but

also for a correct analysis of the signals at low frequency.

As mentioned in the introduction, a first aim of the study is to investigate the

differences between the tyre/road contact in statics and in rolling conditions.

Thus for each road surface a contact patch was first measured in statics at

207 Hz on all cells. The sensor was taped on the road surface and calibrated

as explained in Sec. 2.1. Then at the same position dynamical tests were

performed by rolling at 30, 40 and 50 km/h on the active line of cells (at

10752 Hz). First measurements, denoted as ”transverse tests”, were performed

with the active line perpendicular to the rolling direction. These tests enabled

to estimate dynamical contact patches in rolling conditions (Sec. 3.2). Then

measurements were performed with the active line of the sensor along the

rolling direction, which are denoted as ”longitudinal tests”. These tests were

used to investigate the variations of the dynamical contact forces with speed

on the different road surfaces (Sec. 3.3).
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3 Analysis of measured dynamical contact forces

3.1 Contact description

For a proper analysis of the measured data, the tyre/road contact is described

in cartesian coordinates (Fig. 4). The vehicle is rolling at a constant cruising

speed V in the straight line direction (O′,X) in the fixed reference frame

R′=(O′,X,Y,Z) attached to the road surface S1. The contact problem is

projected and studied in the (O′,X,Y) plane at each instant t.

The contact area Σc(t) between the road surface S1 and the tyre tread S2 varies

with time due to the variations of road texture and the dynamic excitation

of the tyre during rolling. At time t, three sets of points can be distinguished

within the contact area. The first two are the points of the road surface S1 and

those of the tyre surface S2 which are coincident with Σc(t). The third one is

composed of the geometrical points of contact, attached to a geometrical space

noted Σ, which do not belong neither to S1 nor to S2 and which is moving

on both S1 and S2 during rolling. Thus for a point M in the contact area at

time t, three speeds can be defined in the reference frame R′ with respect to

the considered set of points: VR′(M ∈ S1), VR′(M ∈ S2) and VR′(M ∈ Σ).

Assuming rolling without sliding, the following relation occurs:

∀t,∀M ∈ Σc(t),VR′(M ∈ S1) = VR′(M ∈ S2) = 0 (1)

since the set of points attached to the road surface S1 are fixed in R′. On the

other hand, the points belonging to Σ have a uniform straight motion towards

the rolling direction:

∀t,∀M ∈ Σc(t),VR′(M ∈ Σ) = V X (2)
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A second reference frame R = (O,x,y, z) attached to Σ is defined (Fig. 4).

The point O corresponds to the orthogonal projection of the wheel center G

in the (O′,X,Y) plane. Then Σ is materialized by a rectangular area centered

around O which dimensions Lx × Ly are fixed and include the whole contact

area Σc(t) at each time step. The trajectory (X(t), Y (t)) in R′ of a point M

of coordinates (x, y) in Σ is given by:

X(M ∈ Σ, t) = V t + X0 + x and Y (M ∈ Σ, t) = y + Y0 (3)

where (X0, Y0) are the coordinates of point O in R′ at the initial time step t0

= 0.

3.2 Results from the ”transverse tests”

In the case of measurements in the transverse direction, the active line of the

sensor is placed on the (O′,Y) axis (Fig. 5). The resultant contact force F is

then obtained by integrating the measured contact pressures pi(t) at time t:

F (t) = h2

nc
∑

i=1

pi(t) (4)

where nc=44 is the number of active cells. Noting Lyc(t) the contact length in

the transverse direction, then F (t) represents the progressive loading of the

tyre on the road within the elementary surface of length Lyc(t) and width

h. A measurement example is given in Fig. 6 for the DAC 0/10 (new) at 30

km/h. Fig. 6 (a) gives the variation of the contact pressure on each cell with

time while Fig. 6 (b) gives the resultant force. This example clearly shows

the progressive loading and unloading of the tyre on the active line of cells

during the ”transverse tests”. The resultant force reaches a maximum when

the center of the wheel is above the measurement line.
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From the measurements, the total contact area noted A can be estimated by:

A = V
∫ t2

t1

Lyc(t)dt (5)

where t1 is the instant when the tyre begins to load on the line of cells and t2 is

the time when the tyre leaves it. The contact patches measured in statics and

at 30, 40 and 50 km/h are given in Fig. 7 for the DAC 0/10 (new). It is noted

that the dynamic contact prints are only estimated from the data measured on

the active line and that the variation of texture in the rolling direction is not

taken into account. The position of point O is estimated from the coordinates

of the force center. The space step in the (O,x) direction is given by ∆x = V ∆t

where ∆t is the time step. The results in Fig. 7 show that the contact areas in

rolling conditions are about 20 % smaller than the one in statics. Moreover the

dynamic contact areas are in the same order for the three rolling speeds. The

decrease of the contact area is mainly observed in the longitudinal direction,

while the length in the transverse direction remains almost constant between

static and dynamic data. Similar results were observed for the other five road

surfaces as it can be found in Table 1.

The direct comparison of static and dynamic contact areas may be questioned

since two different measurement methods have been used (matrix of cells in

statics and line of cells in dynamics). A first source of error is a slight overes-

timation of the contact area in statics due to the size of the cells. In fact some

cells in the periphery of the contact patch can be only partially loaded but

will be counted as a full cell in the contact area. Another source of error in

the active line technique can be due to the inhomogeneous contact properties

when the tyre is partly loaded on the sensor and on the road. This transition

effect might be even more important if the road is not perfectly flat in the
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rolling direction. However this effect is expected to be small because the sensor

is very thin and the evenness of the test track is of high quality. Moreover the

contact length in the rolling direction measured in section 3.3 is in agreement

with the results of this section.

3.3 Results from the ”longitudinal tests”

In the case of the tests in the rolling direction, the active line of cells is placed

on the (O′,X) axis (Fig. 8). The resultant contact force F is calculated by

integrating the measured contact pressures as in Eq. (4). For the ”longitudinal

tests”, this force is representative of the total load applied at each time step

within the elementary area of length Lxc(t) and width h, where Lxc(t) is the

contact length in the longitudinal direction at time t. Thus the resultant force

”moves” with the geometric space Σ and fluctuates with the variations of the

road texture during rolling.

The contact pressures measured over time at 30 km/h are given in Fig. 9 for

the DAC 0/10 (old). Looking at the signal obtained for a fixed value of X gives

the contact pressure measured over time on a single cell. It is representative

of the loading of the tyre on a small surface of the road covered by the cell.

The signal has the same shape as the resultant force observed in Fig. 6 for

the ”transverse tests”. The cells with no signal are cells without contact, but

errors in the cells can also appear like the third last cell which shows a contact

pressure and then a loss of contact. Now, looking at the contact pressures

measured simultaneously on different cells in Fig. 9, it is observed that the

contact patch go forward with time following the motion of the tyre on the

measurement line at speed V . The number of loaded cells at each time step
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enables to evaluate the contact length Lxc(t). On average for the six tested

road surfaces, the contact length was 88 ± 4 mm at 30 km/h, 85 ± 3 mm

at 40 km/h and 88 ± 5 mm at 50 km/h. These values are close to 90 mm

and the fact that the contact length is almost invariant with the speed are in

agreement with the results on the contact areas observed in Sec. 3.2.

Integrating the contact pressures of Fig. 9 at each time step gives the resultant

force F in the case of the ”longitudinal tests”. The resultant forces obtained

for the DAC 0/10 (old) at 30, 40 and 50 km/h are represented in Fig. 10 (a).

The same signals are plotted in Fig. 10 (b) using V t instead of t as a variable.

In this case, it appears that the signals are very similar for the three rolling

speeds, which may be explained by the fact that the measured contact forces

are mainly influenced by the position X0 + V t of the tyre on the road, i.e.

by the texture of the road surface. The same observations were made for the

other five road surfaces. Then in the following the root-mean-square resultant

forces and the spectral content of the signals at different speeds are compared

in order to confirm that the variations of the contact force are mainly due to

the position on the road or if dynamics of the tyre has an effect.

If the resultant force is mainly influenced by the road texture, then at different

speeds Vi the resultant forces Fi can be written as an invariant function g of

the variable Vit representative of the position X(O, t) = X0 + Vit of the tyre

on the road surface. This approximation gives:

∀t ∈ [0, Ti], Fi(t) = g(Vit) (6)

where t0 = 0 is the instant when the tyre enters onto the active line of cells and

Ti is the time when the tyre leaves it at speed Vi. Then under the assumption of
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Eq. (6) the root-mean-square (rms) resultant force Frms,i at speed Vi satisfies:

Frms,i =

√

1

Ti

∫ Ti

0

|Fi(t)|2dt =

√

1

ViTi

∫ ViTi

0

|g(X)|2dX (7)

Additionally the length L = ViTi remains invariant with the speed due to the

fact that the tyre always crosses the same finite length of the active line of

cells:

∀Vi, ViTi = L (8)

Introducing the relation of Eq. (8) into Eq. (7) finally leads to:

Frms,i =

√

1

L

∫ L

0

|g(X)|2dX = grms (9)

where grms is the rms value of function g and should be invariant with speed

due to the fact that the tyre always crosses the same profile of the road texture

for the three tests at different speeds. Thus for a given road surface the rms

resultant forces Frms,i should be the same at different speeds. Also for the six

tested road surfaces, the rms resultant forces Frms,i were calculated from the

measured signals. The values of Frms,30 and Frms,40 obtained respectively at

30 and 40 km/h and those of Frms,30 and Frms,50 obtained respectively at 30

and 50 km/h are compared in Fig. 11. On each graph, the data from the six

road surfaces were considered and a linear fitting was performed. This gives

a regression line (in plain line) which coefficients a and b are given in the top

left. A good agreement between the rms forces was found in both cases as

attested by the value of the correlation coefficient ρ very close to one.

Another consequence of Eq. (6) is that the Fourier transform F̂i of the resultant

force measured at speed Vi should be linked to the Fourier transform ĝ of the

function g by:

F̂i(f) =
∫ Ti

0

F (t)e−2πiftdt =
1

Vi

∫ L

0

g(X)e
−2πifX

Vi dX =
ĝ(f/Vi)

Vi

(10)
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where f is the frequency. Then from Eq. (10) the Fourier transform of a force

Fr measured at a reference speed Vr and the one of a force Fi measured at a

speed Vi are linked by:

VrF̂r(f) = ViF̂i(fVi/Vr) (11)

Additionally the spectral levels LF,i of the contact force measured at the speed

Vi are calculated as follows:

LF,i(f) = 20 log10

(

|F̂i(f)|

F0

)

(12)

where |F̂i(f)| is the modulus of F̂i(f) and F0 = 10-3 N is a reference force value

which allows to get force levels between 0 and 120 dB. Then the modified

spectral levels L∗

F,i at speed Vi are defined by:

L∗

F,i(f) = LF,i(f) + 20 log10(Vi) (13)

Finally, from Eqs. (11) and (13) the following relation should be verified under

the assumption of Eq. (6):

L∗

F,r(f) = L∗

F,i(fVi/Vr) (14)

The spectra L∗

F,i(fVi/Vr) at 30, 40 and 50 km/h are given in Fig. 12 (a) for

the DAC 0/10 (old). The reference speed Vr is 30 km/h and the levels are

represented between 0 and 2500 Hz. On the figure, the value of L∗

F,i(fVi/Vr)

is plotted at frequency f , based on Eq. (14). For instance at f=100 Hz the

levels L∗

F,30(100 Hz), L∗

F,40(133 Hz) and L∗

F,50(166 Hz) are plotted for the three

speeds. The levels are relatively close at low frequencies but the comparison

are not good at high frequencies using this representation. The same spectra

are plotted in third octave bands in Fig. 12 (b). The results are quite different

both in terms of shape and amplitude. Some similarities can be observed below
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315 Hz, especially for the signal at 40 km/h and 50 km/h. However the levels

at the different speeds are significantly different at frequencies above 315 Hz.

Similar results were obtained for the other road surfaces.

3.4 Discussion

The results obtained from the measurements of the dynamical contact stresses

can be summarized as follows:

(1) The contact area in rolling conditions remains almost constant with speed

and is 20 % smaller than the one measured in statics. The decrease is

mainly observed for the contact length in the rolling direction.

(2) The rms resultant force for the ”longitudinal tests” is almost invariant

with speed.

(3) The force spectra for the ”longitudinal tests” vary widely with speed.

The three points mentioned above are linked to the rolling speed and are

observed for all tested road surface. Therefore in the following the results are

discussed from the dynamic of the tyre rather than the properties of the road

surface. The geometry of the road surface (shape, size and distribution of the

asperities) has a great influence on tyre/road contact too, but this will be

discussed in section 4.

The decrease of the contact area (1) can be due to the centrifugation of the

tyre belt during rolling and to the dynamical material properties of tyre com-

pounds. Rotation generates centrifugal and Coriolis acceleration which influ-

ences the dynamical response of the tyre. This has been widely studied in the

literature from analytical or numerical tyre models. Early works [20–22] using
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ring models have shown that the Coriolis acceleration induces a bifurcation

effect on the natural frequencies of the tyre. Using cylindrical shell models,

more recent works [23–25] have shown that the main influence of rotation is a

Doppler shift of the dispersion curve. Models based on finite element formula-

tion [14,26,27] also include the dynamic of the rotating tyre. A conclusion from

[23] is that the stiffening of the tread due to the centrifugal force is small. This

stiffening effect was experimentally studied in [17] and was associated with the

increase of the vertical resonance frequency of the tyre when the rolling speed

increases (2.4 Hz per 10 km/h). However, in the present study, no signifi-

cant decrease of the contact area was observed with increasing speed, which

means that the stiffening of the tread due to centrifugation doesn’t have a

significant effect on the contact areas within the studied range of speeds. The

differences in the contact areas are mainly observed between static loading

and rolling conditions. Thus the decrease of the contact area in rolling condi-

tions could rather be explained by the complex dynamical properties of tyre

compounds. The tyre tread is made of carbon black/silica filled rubber which

has a viscoelastic behaviour. The stress/strain relation of such filled rubber

is highly frequency and temperature dependent which can be described via

the WLF law [28]. It is also amplitude dependent as related by Payne [29] (or

Flechter and Gent [30]) in small deformations or by Mullins [31] under large

deformations. The viscoelasticity has been introduced in tyre models devel-

oped for noise prediction. A Kelvin-Voigt viscoelasticity is used for describing

the behaviour of the tyre in [32]. Many tyre models, like ring models [33,34],

orthotropic plate models [3,35,36] or double layer plate model [37,38], use a

complex modulus with the Young’s modulus as a real part and loss modulus

as imaginary part for taking into account the energy dissipated by rubber

compounds. Frequency dependent dynamic stiffness and damping can be in-
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troduced in the models like in [38,39] for better agreement with experimental

data. A possible explanation of result (1) is that the viscoelastic behaviour

tends to make the material stiffer when rolling which leads to smaller contact

areas in dynamics. In other words the rubber compounds of the tyre can creep

longer in statics than in dynamics, giving larger contact areas in the first case.

Results (2) and (3) relate to a strong tyre/road interaction and coupling at the

contact interface. Result (2) is ”texture driven” while result (3) is ”tyre dy-

namics driven”. This can be discussed from results of the literature concerning

tyre vibrations and numerical tyre/road contact models. The differences in the

force spectra at different speeds could be due to the vibration of the tyre tread

during rolling. From tyre models mentioned above three wave types can prop-

agate in the tyre structure during rolling (Ref. [37]), which are bending waves,

longitudinal waves and in-plane (or rotational) waves. The dispersion relations

for these waves are influenced by the material properties, the external tension

in the tyre belt and the inflated pressure. Since longitudinal and in-plane waves

do not have a significant amplitude in the radial direction, only the vibrations

due to bending waves have a strong influence on the normal contact stresses.

Here idealized bending waves are considered to make the interpretation easier.

For instance, considering the results of Ref. [37], the velocity of the bending

waves travelling the tyre, noted c, is about 80 m.s-1 between 500 and 1000 Hz.

Thus at 500 Hz the wavelength λ = c/f is about 160 mm which is close to

the length of the contact patch in the transverse direction. Also the observed

differences could demonstrate that when the wavelength associated with the

vibrations in the tyre is small in comparison with the dimensions of the con-

tact patch (i.e. λ < 160 mm) then the contact in rolling conditions is highly

different from the contact in statics. On the contrary the dynamical contact
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may be approached by quasi-static states at low frequencies. The influence of

tyre vibrations on the contact stresses was also exemplified by the results of

tyre/road contact models. Contact models based on Winkler bedding or elastic

half-space coupled with the vibration of a tyre model (orthotropic plate [3,15]

or double layer plate [9]) give good correlations with experimental spectral

data regarding resulting vibrations (Ref. [15]). Thus the vibration of the tyre

is an important parameter in the calculation of the resultant contact force.

4 Correlation of contact forces with tyre/road noise

4.1 Experimental procedure including close proximity noise measurements

The aim of the measurements was here to study the relation between the

contact forces from the ”longitudinal tests”, the road texture and the tyre/road

noise by means of statistical correlations between third octave levels.

For significant comparisons with texture and noise, only the part of the force

signal corresponding to the time when the tyre is entirely loaded on the active

line of cells was considered. The partial loading parts of the signal (at the

beginning and at the end in Fig. 10) were removed and consequently the

duration of the signal was shorter. Therefore the study was carried out at 30

km/h which enables a frequency analysis in third octave bands from 400 Hz

to 5000 Hz. The first limit is related to the duration of the signal (a criteria

of at least three narrow band levels per third octave band was chosen) and

the last limit is given by applying the Nyquist-Shannon sampling theorem.

Due to the length of the active line of cells, the records are relative to texture

profile samples of about 40 cm. This includes at least 40 road asperities which
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is assumed to be enough for a statistical description of the road surface.

Texture measurements were taken by means of a laser profilometer. The sensor

measuring range is ± 30 mm with a vertical resolution of ± 0.05 mm. On

each test surface, 12 texture profiles of 1.2 m length were sampled every 0.1

mm along the wheel track. The space between the individual profiles was 1 m.

Each texture profile was signal processed following ISO Technical Specification

13473-4 [40] to get the texture power spectrum LT (in dB ref. 10-6 m) in third-

octave wavelength bands. Texture spectral components were expressed in 21

third-octave bands, ranging from center wavelength λT of 2.5 mm up to 250

mm. These limits are related to the length of the profile and to the spatial

sampling of the measurements. The final texture spectrum representative of

the road surface is obtained by averaging the spectra of the 12 profiles.

Tyre/road noise was measured with a Close Proximity (CPX) method (Fig.

13). Two microphones are mounted close to the tyre/road contact zone of a

test vehicle, at positions defined in ISO CD 11819-2 [41], i.e. 20 cm from the

sidewall of the tyre, 20 cm from the wheel axis and 10 cm above the road

surface. The test tyre is the same slick tyre as for the contact pressure mea-

surements. The microphones are fitted with standard windshield. It has been

shown that the tyre/road noise levels measured in such open field conditions

are dominant on aerodynamic noise for vehicle speeds up to 110 km/h [42].

Sound pressure levels and vehicle speed are evaluated every wheel rotation,

i.e. approximately every 2 meters, and averaged on 30 meter long sections

centered around the spot of contact measurements on the road surface. For

a better accuracy, the noise measurements are repeated three times and av-

eraged on the lateral microphones. At each run, the sections are accurately

located thanks to an infra-red sensor located on the car body that starts the
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acquisition automatically when a retro-reflecting post is met on the road side.

For the six road surfaces three contact force measurements were performed

at 30 km/h according to the ”longitudinal tests” procedure. After having re-

moved the pressure sensor, three close proximity noise measurements were then

carried out at 30 km/h with the engine turned off. A preliminary study has

shown that the tyre/road noise remains dominant under these conditions. It

was checked that the speed of the vehicle was reasonably constant on 30 meter

long sections despite the absence of power. Finally, it is noticed that the con-

tact measurements and the acoustic tests were not performed simultaneously,

but in similar meteorological conditions. The texture profiles were measured

independently and not exactly at the points of contact force measurement.

4.2 Results

Statistical correlations between contact force, road texture and tyre/road noise

levels were calculated from the measurements described in Sec. 4.1. The tex-

ture spectra for the six tested road surfaces are given in Fig. 14. The measured

levels LT clearly show that the PA and TL road surfaces have the higher macro-

texture, while DAC road surfaces have moderate macro-texture and FSD and

SA have small macro-texture. Then the third octave force levels LF obtained

by averaging the spectra of three resultant contact forces are given in Fig. 15

for the six road surfaces. Note the difference of 20 log10(V ) between the levels

of Figs. 12 and 15 for the DAC 0/10 (old) at 30 km/h due to the fact that

Fig. 12 gives the modified spectrum (Eq. (13)) whereas Fig. 15 gives the nor-

mal spectrum (Eq. (12)). The large differences obtained in the spectra show

that at a given speed (here 30 km/h) the road surface has a great influence
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on the spectral contents of the contact forces. Finally, the third octave noise

levels LN obtained at 30 km/h for the six road surfaces are given in Fig. 16.

Qualitatively the surfaces with high macro-texture (PA, TL and DAC (old))

are the noisiest between 500 Hz and 1000 Hz while the fine surface dressing

(FSD) is the quietest. It is noted that the standard deviation of the data for

a single road surface over the full spectral range is about ± 2.1 dB for texture

data, ± 1.9 dB for the contact force data and ± 0.3 dB for the noise data.

In the following the frequency corresponding to the force is noted fF and the

frequency associated with the noise is noted fN . For each couple of frequencies

(fF , fN), the correlation coefficient ρ between the contact force levels and the

noise levels was calculated using the spectral data of Figs. 15 and 16. This is

illustrated on Fig. 17 (a) for fF = 800 Hz and fN=800 Hz and for which the

correlation coefficient is equal to 0.99. The correlation curves obtained in the

(fF , fN) plane at 30 km/h are represented in Fig. 17 (b). It is clearly observed

that the noise levels between 500 and 1000 Hz are positively correlated with

the contact force levels at 800 Hz. Additional correlations were performed

between the texture levels and the contact forces levels (Fig. 18) and between

the texture levels and the noise levels (Fig. 19). The contact force levels at

800 Hz are positively correlated with the texture levels between 4 and 100 mm

and no negative correlation is observed at high frequency. The noise levels

are positively correlated between 500 and 1000 Hz with the texture levels

between 4 and 160 mm and negatively correlated above 1600 Hz with small

wavelengths. These texture/noise correlations are in agreement with previous

results of the literature [8,43–45] for patterned tyres.
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4.3 Discussion

The experimental results of Sec. 4.3 at 30 km/h can be summarized as follows:

(1) The noise levels between 500 and 1000 Hz are positively correlated with

the contact force levels at 800 Hz (Fig. 17).

(2) Macro-texture has a great influence on the spectral content of the contact

forces, especially around 800 Hz (Fig. 18).

A frequency of 800 Hz at 30 km/h corresponds to a texture wavelength λT =

V/fF of 10 mm, which is in the order of the highest size of the aggregates

composing the tested road surfaces. However the positive correlation of the

force at 800 Hz was found on a wide wavelength range between 4 and 100

mm, which contains but is not exactly 10 mm. The road surfaces with high

macro-texture will linearly generate higher contact forces around 800 Hz and

consequently higher noise levels between 500 Hz and 1000 Hz via the vibrations

transmitted to the tyre. The poor correlation of normal contact forces with

noise at high frequency is in agreement with the fact that high frequency noise

is generated by air-pumping or tangential contact forces (friction) which were

not measured in this study.

5 Conclusions

This study is a first approach to investigate experimentally the tyre/road con-

tact stresses in rolling conditions within the framework of tyre/road noise. In

situ measurements of contact stresses and close proximity noise levels have

been performed with a slick tyre rolling on six different road surfaces between
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30 and 50 km/h. Additional texture profiles of the tested surfaces were mea-

sured on the wheel track. The resulting database has been used to investigate

both the effects of the tyre behaviour on the dynamical contact forces and to

correlate spectral contact force levels with texture and noise levels.

The dynamical contact patches obtained from the ”transverse tests” show a

decrease in the order of 20 percents of the contact area in rolling conditions in

comparison with the one measured in statics. The poor influence of speed on

the dynamical contact areas leads to the conclusion that the decrease is due

to the viscoelasticity of the tyre rather than a centrifugation effect. This could

be investigated further by using tyres with different viscoelastic properties or

from numerical contact models where the viscoelasticity is taken into account.

Concerning the ”longitudinal tests”, the rms value of the resultant force was

almost invariant with speed for the whole tested road surfaces. On the contrary

the force spectra were widely different. This is certainly due to an influence of

tyre vibrations at the contact interface (bending waves) when the wavelength

becomes smaller than the length of the contact patch. These results are in

agreement with those from tyre/road contact models in the literature and

may be completed by additional numerical or experimental studies, enabling

longer length of contact signals for better spectral accuracy.

The statistical correlations in Sec. 4 show that at 30 km/h the levels of the

resultant contact forces around 800 Hz are positively correlated with the tex-

ture wavelengths between 4 and 100 mm and with the noise levels between

500 and 1000 Hz. Additionally the spectral correlations between road texture

and tyre/road noise are in agreement with those of the previous literature

for a slick tyre. Moreover at 30 km/h the frequency of 800 Hz corresponds

to a texture wavelength around 10 mm which is the maximal size of the ag-
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gregates composing the tested road surfaces. A main conclusion is that the

surface macro-texture has a linear influence on the contact forces around 800

Hz and consequently on the medium frequency noise levels via the vibrations

transmitted to the tyre.

These experimental conclusions could be used to improve the existing tyre/road

contact models. First a realistic description of the road surface is needed, which

is already the case in most of the deterministic or hybrid models given in ref-

erences. Then the tyre behaviour has to be included in the contact models.

This is already the case for instance in Refs. [3,4,9,15] where the vibrations of

a tyre model including frequency dependent storage and loss modulus of ma-

terial compounds are coupled with the contact conditions for the calculation

of contact forces. The introduction of viscoelasticity and tyre vibrations is in

progress in the contact model developed by the authors (Refs. [12,13]). The

improved model could be used in future works for the prediction of contact

stresses in rolling conditions. The calculations could be compared with the ex-

perimental results of this study and correlated with the noise levels measured

at rolling speeds above 30 km/h.
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pneumatique/chaussée, PhD Thesis, École Centrale de Nantes/Université de

Nantes, 2007.

[14] M. Brinkmeier, U. Nackenhorst, S. Petersen, O. von Estorff, A finite element

approach for the simulation of tire rolling noise. Journal of Sound and Vibration

309 (2008) 20-39.

[15] F. Wullens, W. Kropp, A three-dimensional contact model for tyre/road

interaction in rolling conditions, Acta Acustica united with Acustica 90 (2004)

702-711.
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Fig. 1. Schematic view of the dynamical pressure measurement system.
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Fig. 2. Upper view of the six surfaces used for the tests.
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Fig. 3. In situ contact forces measurement ((1) pressure sensitive device, (2) slick

tyre).
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Fig. 4. Description of contact kinematics.
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Fig. 5. Position of the active line of cells for the ”transverse tests”.
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Fig. 6. Measurement at 30 km/h for the DAC 0/10 (new) road surface in the case

of the ”transverse tests”: (a) Contact pressures, (b) Resultant contact force F .
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Fig. 8. Position of the active line of cells for the ”longitudinal tests”.
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Fig. 9. Contact pressures measured at 30 km/h for the DAC 0/10 (old) road surface

in the case of the ”longitudinal tests”.
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Fig. 13. Close proximity noise measurement system (only the two side microphones

have been used for the experiments).
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Fig. 15. Third octave bands force levels for the six tested road surfaces.
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Fig. 16. Third octave bands noise levels for the six tested road surfaces.
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Fig. 17. (a) Correlation coefficient ρ for fF = 800 Hz and fN = 800 Hz, (b) Iso-cor-

relation curves between contact forces and noise in the (fF , fN ) plane.
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Fig. 18. Iso-correlation curves between surface texture and contact forces in the

(λT , fF ) plane.
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Fig. 19. Iso-correlation curves between surface texture and noise in the (λT , fN )

plane.
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Road surface Statics 30 km/h 40 km/h 50 km/h

PA 0/6 156 123 123 122

FSD 0.8/1.5 155 130 129 123

DAC 0/10 (new) 164 128 124 125

DAC 0/10 (old) 164 133 137 131

SA 0/4 160 122 127 121

TL 0/6 151 134 131 136

Table 1

Evolution of the contact area A (in cm2) with rolling speed.
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