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1 ' INTRODUCTION

Over the past 20 years, studies on the subject of tire/road noise

generation have been published by several authors. It is likely that a

reader would find the empirical evidence and the resulting conclusions

published in them rather inconclusive and muddling. After the Interna-

tional Conference on Tire Noise in 1979 it was summarized that "The

disagreement on which generating mechanisms are most important ap-

peared to be almost as great as before" (Ref 1). The controversy is still a

fact and may sometimes lead to rather "hot" discussiOns.

This report has the ambition of trying to bridge the gaps between the

differing views and to emphasize on discussing the major results of

research regarding the road surface influence on tire/road noise genera-

tion appearing in the latest decade. It also includes supplementary data

from the author's research where this is appropriate.

2 SOME NOTES ABOUT TIRE/ROAD NOISE RESEARCH HIS-

TORY

Before discussing the latest research it may be of interest to briefly

review earlier development.

Industrialization and technical development have claimed several sacri-

fices in the environment, one of them being silence. Here, road traffic

noise has been the major offender for several decades. However, traffic

noise disturbed even the ancient Romans, as their chariots and delivery

vehicles rolled through the streets causing a great deal of noise. As

Embleton reports (Ref 2), the Roman author Martial wrote that "the noise

on the streets at night sounded as if the whole of Rome was travelling

through my bedroom".

Unfortunately, no noise levels are reported from that time. However, the

introduction of the air-inflated rubber tyre, patented in 1888 by the

Irishman .3.8. DunlOp, must have meant an improvement in the traffic

noise environment on the cobbled streets. But the benefit of this was soon
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- if not immediately -compensated by the increasing number of engine-

powered vehicles. Backed by the force of public opinion, a departmental

committee on "Noise in the operation of Mechanically Propelled Vehicles"

was established in the U.K. in 1934 ( Kaye and Dadson, Ref 3). There was

a corresponding development in Germany; as early as 1938 there was a

vehicle noise regulation in that country.

The vehicle industry was not insensitive to the complaints on noise.

Especially the driver's and the passenger's noise exposure was the goal of

reduction already in the 19203 (Lemon, Ref 4) and 'this had benefits also

for the *external environment. But what help is improved quality if the

quantity - i.e. the number of vehicles - is increasing virtually without

limitations, as was the case during the past three decades?

In a retrospective study by the author, Ref 5, it is indicated that the

tremendous development in tires during the past 60 years has led to no

obvious benefits for tire/road noise. See Fig. 1. It should be pointed out

that, unless otherwise stated, the measuring procedures used in the work

by the author reported here essentially follow those outlined in Ref 15 for

the coast-by technique.
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Fig. 1 External tire/road noise from tires from various times. The

vehicles were coasting by a micr0phone 7.5 m away at 50
km/h.
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The influence from road surface noise received_ early attention. Crocker

writes in Ref 6: "In the late nineteenth century the cobblestones in the

streets of London were replaced with creosoted wood blocks or asphalt.

This deveIOpment occurred later in the big cities of North America so

that cab and wagon noise was reduced". However, the noise abatement

objective was often only secondary.

The same principle was applied also in the Nordic cities, as illustrated by

Fig. 2.

  

I', i?"
:11

 

M Laying of wood blocks in a street in Oslo around 1914

However, in the scientific literature, no papers on external tire/road noise

appeared until 1958-1960, the best example being the paper by Wiener

(Ref 7). The next major papers appeared no earlier than 1966-1969, see

e.g. Rathe's paper, Ref 8. These papers presented surveys of the noise and

did not deal with the generation mechanisms. The first significant paper

devoted to the generation process was presented by Hayden in 1972

(Ref 9).
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He concluded that tire/roadnoise was generated mainly by the air

pumping mechanism, although he did nbt rule out the vibration

mechanism. As a result of a large tire/road noise research programme in

the USA during 1969-1974, a large number of reports were issued in those

years, some of them indicating that the most important generation

mechanism was vibration rather than air pumping. Since then, many

research projects in various countries have investigated the sources of

such noise, leading, for example, to the first extensive tire noise

conference arranged in 1976 in'San Francisco and the International Tire

Noise Conference in Stockholm 1979. The vibration mechanism was then

more specifically suggested to consist 'of One radial part, excited by tire

or road roughness, and/or one tangential part, excited by stick-Slip

motions in the tire/tread interface. The result is that in the past 10 years

the queston as to which effect is most important; air pumping, radial

vibration or tangential vibration, has been continuously discussed without

arriving at a definite conclusion.

A most interesting hybrid was proposed in 1979 by Nilsson (Ref 10). He

suggested an "air resonant" model in which resonant cavities in or behind

the tire/road interface amplify the noise, which may be excited by the

traditional air pumping or tangential vibrations in the tire when these

cavities were travelling out of and behind the trailing edge of the

tire/road interface. Schaaf and Ronneberger showed that the acoustical

horn formed by the volume behind the tire/road interface amplified the

sound (Ref ll). Many other researchers have contributed significantly to

the subject and a brief review of those would inevitably result in a much

longer paper than appropriate here.

Research on tire/road noise was initiated in Sweden by Prof. Gadefelt

with the production of a state-of-the-art review in 1973-74, Ref 12. Since

1975, the author has been engaged in research on this subject at the

Swedish Road and Traffic Research Institute. During this time the author

has cooperated for various periods with Dr. Descornet at the Belgian Road

Research Center and Dr. Ejsmont at the Technical University of Gdansk.

As appears in this report, this c00peration has been very fruitful and has

resulted in a number of joint papers.

VTI
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V 3 . TERMINOLOGY

Early on, Wiener, in Ref 7, used the term "tire noise". Later, especially in

the U.l<. and Germany, the term "rolling noise" was used. The latter

refers to the process by which the noise appears, the former to the

source. The terminology was discussed at the International Tire Noise

Conference in 1979 (Ref l) (note the term Tire Noise there!) where it was

agreed that the most appropriate term is "Tire/road noise", as it is

sometimes difficult to separate the ,tire and road contributions to the

noise generation.

4 THE GENERATION MECHANISMS

The following generation mechanisms for tire/road noise are listed in a

paper by this author, Ref 13:

l. Radial 1A. Impact of tire tread blocks or other pattern
vibration elements on road surfaces
mechanism

lB. Impact of road surface texture on tire tread

2. Air resonant 2A. Pipe resonance
mechanism

ZB. Helmholz resonance

2C. Pocket air-pumping (this may also be a special
case of 28). More or less closed pockets may
occur both in the tire tread and the road
surface.

Both A and B may be excited either by simple
compression/expansion of entrapped air or by
tangential tread vibrations from stick/Slip mo-
tions

3. Adhesion 3A. Stick/Slip motions cause tangential tire
mechanism vibrations (see also 2A, 28)

38. Rubber-to-road stick/release (adhesive effect)

VTI
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In addition to this, there are a number of phenomena influencing ampli-
tude: ' i

I. The horn effect
II. Sound absorption in the road surface
III. Mechanical impedance effect (the pavement stiffness)

For comments, please refer to' Ref 13.

It should be noted that the term "generation mechanism" may be

interpreted in more than one way in the literature.. Often, it is used in a

_ wide context - so also here - where the excitation and emission mecha-

nisms are included; sometimes with an intermediate process in between.

Tire/road noise generating mechanisms are usually investigated in a

laboratory at very close measuring distances. For those who possess such

a laboratory facility this may be an excellent way of studying potential

mechanisms. Also this author has been involved in such work to some

extent (Refs 15 and 19). However, this report is hopefully showing that

also research work in the acoustical far-field locations around the tire

and, above all, at actual and representative road conditions, may give

significant contributions to the knowledge on the subject. This approach

is, in fact, not so common. One reason may be that it requires an

exceptional number of field experiments.

It was a firm objective with the far-field experiments reported here to

avoid the risk of recording proportions between the generation

mechanisms which may be valid mainly in the near-field and not in the

far-field. It is, efter all, the far-field and actual road conditions which are

of importance to the recipients of the noise.

Due to the far-field, coast-by measuring technique utilized here it has not

been felt very important to cover the question of mig, in or around the

tire, the noise is generated. The important thing is that it is transmitted

to the far-field location. Therefore, the location of the mechanisms is

only very briefly covered here.

VTI



5 RELATION BETWEEN ROAD MACROTEXTURE AND NOISE

5.1 Variables

A hypothesis when the work on this subject was started in 1975 was that

the road surface influenced the tire/road noise emission substantially and

that this road surface influence was adequately described by the road

surface macrotexture. Macrotexture could, it was further hypothesized,

be described in this context by the surface profile spectrum, i.e. the

Fourier transform of the longitudinal profile curve. The term macro-

texturerefers to the texture, the dimensions of which are within the

range of the tire/road contact patch down to sizes which are clearly

visible to the naked eye. In terms of periodicity or texture wavelength, it

could be said to be within the range (15-100 mm. For longer wavelengths,

the term megatexture is now winning support and for shorter wavelengths

the term microtexture is accepted. The exact limits are still being

discussed.

Thus, measurements were made both to obtain external tire/road noise

spectra and to obtain road texture spectra.

In the following, when the term texture spectrum is used, this refers to

the power spectrum of the road texture profile curve scanned longitudi-

nally along the road. It is further defined in Refs 14 and 15.

The relevant variables in the data here are:

Sound pressure level (SPL)

Acoustic frequency (f)

Tire type (T)

Tire rolling speed (V)

Road surface type (RS)

Road texture level (RTL)

Texture wavelength (Å)O
0

O
O

O
O

O

SPL data are a function of several variables:

SPL = f (f, T, v, RS) (1)

VTI
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Texture data area function of:

RTL .-. f (Å,RS) (2)

By comparing SPL and RTL data it was thought that much could be said

about the underlying generating mechanisms.

If we consider only one speed and one tire at a time we have

SPL = f (f, RS) (3)

RTL =' fm, RS) (2)

5.2 Similarity between differential noise Spectre and differential

 

texture spectra

 

Several studies have indicated that tire/road noise may be as much or

even more influenced by road macrotexture than by tire tread design,

provided that currently used constructions are considered. Therefore, if

the radial vibration mechanism is important, the impact of road surface

texture on tire tread must also be important. And, if the latter is

important, it is logical to consider that the impact frequency should

appear also in the noise spectrum, according to this relation:

f = V/Å (4)

where f = acoustic impact frequency in Hz, V = rolling speed in m/s and

?i = the inverse of spatial frequency = the road texture wavelength in m.

After an experimental program supporting the hypothesis mentioned in

5.1, the author suggested in Ref 16 that the road macrotexture be

characterized by its longitudinal profile spectrum. It turned out that a

similar Characterization method also had been developed in the USA by

Lawther and Henry (Ref 17), although they never penetrated the details of

the noise-texture relations.

In a paper by this author (Ref 18) the first support for the hypothesis of

noise-texture spectral similarities was demonstrated, as shown in Fig. 3.

VTI
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In this case, in the relations (1) and (2), T and V are held constant, f = V/A

and RS can be either of two alternatives,i.e. a rough-textured road

surface or a medium-textured one. Then the SPL(f) for the medium-

textured surface is subtracted from the corresponding spectrum for the

rough-textured surface. The corresponding difference spectrum for RTLO)

is calculated and compared to SPL(f) using the same amplitude scale and

assuming the relation (4) regarding the "conversion" from texture scale to

noise scale.
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Fig. 3 Differential frequency spectra for both road surface profile and
noise. The difference calculated is between a rough-textured
pavement (surface dressing, chippings 11-18 mm) and a medium-
textured asphalt concrete pavement (chippings >12 mm). The tire

was a passenger car radial tire with a "summer" pattern. Vehicle
speed was 70 km/h (19.4 m/s).

The similarity between the two curves is striking. The calculated

correlation coefficient is 0.81 which, for the actual 18 degrees of

freedom, means a t-value of 5.9. This in turn means that a null hypothesis

(no correlation) is rejected on the l % risk level.
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The fact that there is a significant correlation between two variables does

not automatically 'reveal the causal relations. In this particular case the

independent variable, i.e. the road texture profile spectrum, is however of

such a special nature that no causes of the correlation other than a direct

influence are plausible. It is improbable that the profile spectrum - of the

detailed form given here - in turn might be correspondingly correlated to

any other parameter of significance here.

5.3 I Correlation between noise and road texture as a function of

freguency

The second support for the hypothesis of noise-texture spectral similari-

ties is shown in Fig. 4 where the correlation coefficient, r, calculated

from a regression analysis of noise versus texture levels (logarithmic) is

plotted against acoustic frequency. For each tire and each frequency, the

noise levels measured on 16 pavements are compared to the texture levels

on the corresponding pavements at a texture wavelength which is calcu-

lated according to formula (4) above, i.e. the acoustic frequency and the

texture wavelengths always follow each other inversely. This means that

in this case, in relations (1) and (2), T and V are held constant, f = V/ Ã and

the RS is any of 16 pavements. The correlation is statistically significant

(p 55 %) when r is above 0.49 or below -0.49 as indicated in the figure.

VTI
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Fig. 4 The correlation between the sound pressure levels (SPL) and the
road texture levels (RTL) as a function of acoustic frequency.
Noise and texture data for three tires on 16 pavements at an
average speed of 80 km/h. For further tire description, please
refer to Ref. 15.

It is evident from Fig. 4 that there is a relation between noise and texture

for all three tires. It is positive at low frequencies, i.e. noise increases

with texture, but negative at high frequencies. However, the crossover

frequency, i.e. where the correlation changes sign, is higher the less

pronounced the tire tread is. This is logical, because the "less tread" there

is, the less air pumping there should be to disturb the hypothetical radial

vibration mechanism.

Fig. 4 seems to offer strong support for the radial vibration mechanism at

frequencies IDO-1,000 Hz. Unfortunately, at the higher frequencies, the

data suggest some type of inverse mechanism which is very confusing at

this stage. Therefore, this subject needs further elucidation before the

causal relations are clear.
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.15.4 . Correlation between noise and road texture as a function of

acoustic frequency and texture wavelength

The previously mentioned study was extended firstly by including the data

from two independent but compatible programs and secondly, by supple-

menting the calculation of the noise-texture correlation by admitting the

' acoustic frequencies and texture wavelengths to vary independently

outside the basic f = V/Å line. The two programs were performed at the

Swedish Road and Traffic Research Institute (VTI) and the Belgian Road

Research Center (CRR) and the joint work was reported in a common

paper, Ref 19.

The above-mentioned extended study means that, in relations (1) and (2),

T and V were held constant, f = V/Å was no longer valid, and the number

of road surfaces (R5) was either 16 or 33 depending on which tire was

considered. Instead of retaining the f = V/ Å relation, thus every f and 3

within the appropriate range was admitted.

A regression analysis was made, which is further described in Ref 20,

resulting in a correlation between noise and texture which is similar to

that of Fig. 4 but with another dimension, namely texture wavelength,

added in a plane perpendicular to the plane of the figure.

The major results from this study are reported in Refs 19 and 20. As the

correlations are presented in these papers they are not repeated here, but

it could be mentioned that the case shown earlier in Fig. 4 may be

considered a special case of the "two-dimensional" correlations in Ref 19

(Fig. 3-5 in Ref 19). Fig. 4 in this report shows the correlation obtained

along a diagonal line f = V/Å in the two-dimensional case in Ref 19. This is

illustrated for one of the tires in Fig. 5 below.

VTI
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F ig. 5 Contour lines for the correlation coefficient when noise level at
80 km/h is regressed on texture level for various acoustic
frequencies (f) and texture wavelengths (2). Data for tire W. The
diagonal line is the relation f = V/Ã.

The results are so important to summarize that the specific conclusions

presented in Ref 20 are repeated here:

1. The general correlation noise-texture is quite similar for all the four

tires.

2. The correlation can be both positive (noise increases with texture) and

negative (noise decreases with texture).

3. The frequency where the correlation changes sign is called the

crossover frequency and is approximately l,000-l,250 Hz for passeng-

er-car tires.

4. The correlation is maximally positive between noise and texture at

400-500 Hz and 63-80 mm texture wavelength, respectively.

VTI
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.5. The correlation is maximally negative between noise and texture at

2,500-8,000 Hz and 2-3.2 mm, respectively.

The conclusion is that the noise is generated by some process closely

connected with the road texture such that at low frequencies the noise is

proportional to texture, a relation which is inverse at high frequencies.

The acoustic frequencies and texture wavelengths at which the correla-

tion has extreme values were called critical frequencies (f*) and critical

wavelengths (Å*). As there were extreme values both in the low (LF) and

high (HF) frequency ranges, the corresponding critical frequencies and

wavelengths were called L and H, respectively.

In Ref 19 it is shown that the relations found in the LF and HF ranges,

respectively, are [E correlated with each other, i.e. they arise from

completely different mechanisms. Further, it is shown in Ref 20 that the

correlation between noise and texture is high along lines f = V/Ä (r is

within 10 % from its maximum value along this line) in the range 100-

800 Hz. However, for all tested tires, there was no tendency for the

maximum correlation to follow this line at the higher frequencies.

All this supports the hypothesis that in the LF range (only) there is a

relation f = V/Å, i.e. the acoustic frequency equals the frequency of

texture impact on a rolling tire. The implication is that the LF' generation

mechanism is No. 18 (impact of road chippings on the tire tread). The HF

mechanism is independent of the LF mechanism, but correlated with road

texture at short texture wavelengths.

Unfortunately, the finding about the LF mechanism is not in line with a

short note by Jennewein and Bergmann in Ref 21, where they state that

radial vibrations from the texture were not detected.

Recently, Nilsson (Ref 22) developed a model to investigate "plane wave

radiation" which is a part of the mechanism lB resulting in bending waves

in the tire tread band. The plane bending waves are concentrated to very

low frequencies (150-400 Hz) but it was shown in a laboratory test stand

that an excitation resembling texture impact yielded an appreciable sound

output.
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The mechanism 1A (radial vibrations from impact of tire tread elements

on the road surface) should logically be similar to 18 and thus exist, as it

must be the same throughout for the tire vibrations if they are caused by

roughness in the road or in the tread. However, still it is not proven here

that the tangential vibrations caused by the tread elements are negligible,

or that air pumping or air resonant processes are negligible. The next

sections investigate what room there is for these mechanisms.

But before that, let us see what was really gained by extending the noise-

texture correlation analysis from along the fixed line f = V/Å to including

all possible combinations of f and Ä.

Firstly, it was shown that, in the range 100-800 Hz, the maximum

correlation appeared close to the line and not somewhere else, which

supports the hypothesis about tire vibrations from texture impact.

Secondly, it was shown that, at higher frequencies, the maximum correla-

tion did not follow such a line, which rules out the same hypothesis.

Thirdly, it was shown that what happens at high frequencies is not related

to what happens at low frequencies.

Fourthly, it was shown that correlation noise-texture may be significantly

higher outside the line f = V/A than along the line; but only for high

frequencies.

Thus, the procedure with testing correlation for all combinations of f and

Ä indeed meant an improvement.

5.5 Unexplained variation

The relations found between noise and texture do not, of course, explain

everything. This is illustrated in Fig. 6 where the maximum r2, which

equals the explained variance in the noise-texture regression, is plotted

against frequency. It appears that for the P tire, most of the sound is

explained by the regression model because at high frequencies the

VTI
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SPL is so low that it contributes almost nothing to the overall A-weighted

level. For the 5 and W tires, the sound which is not explained by the model

is that which coincides with the tread impact frequencies (63D-1,250 Hz

approx.). For the X tire, the same applies, but also at higher frequencies a

significant portion remains unexplained.

The unexplained portions may be due to mechanisms neglected by the

model (such as the tread block impactl), due to unlinearites or random

measurement errors. The later may account for at least" 10 % of the

variance, so when r2 is close to 0.9 it is really the expected maximum.

One effect that is neglected by the model is the sound absorption of the

road surfaces. One of the surfaces tested, see Ref 19, had an appreciable

sound absorption. This decreases the obtainable correlation. The maximum

"detrimental" effect for sound absorption on the correlation is at the

frequencies 630-l,000 Hz.

The conclusion is that the model is reasonable at low and high frequen-

cies, but does not properly take the mechanism(s) at the tread impact fre-

quencies into account. The tread impact effect has a considerable

influence only in the range 630-1250 Hz for the, S tire and 500-1000 Hz for

the W tire. These lower limits coincide perfectly with the fundamental

tread pitch of these tires at the measured speed. The sound in this rather

narrow range does not have any clear relationship with road texture, see

e.g. Fig. 4.

5.6 Alternative way of separating road and tire contributions

 

When using a laboratory drum method, it is possible to separate certain

road and tire components by synchronizing the signal processing with

either drum rotation ("road" component) or tire rotation. This was first

used by Pope and Reynolds (Ref 23). However, according to this author,

the method should not be free from practical problems, e.g. the require-

ments for very accurate synchronous sampling in order to reproduce

correctly the noise contributions at high frequencies.
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Fig. 6 The explained variance (rz) in the simple noise--texture model as
a function of frequency, for the four tires

VTI



7:18

6 . THE TANGENTIAL VIBRATION (ADHESION) MECHANISM

The tangential vibration mechanism, No. 3A in Chapter 4, is excited by

stick-Slip motions in the tire/road interface, i.e. release of shear stresses.

It is natural to imagine that this process may cause a substantial noise

emission, but if this mechanism is important then it should result in

increased noise for normal tires with tread patterns relative to tires

without pattern (bald ones). Without a tread pattern, it could not, for

example, excite any air resonant cavities in the tread. It must also be

highly influenced by the tire/road friction, notably the microtexture of

the road surface. Can such effects be detected?

In Fig. 7, it is shown that on a rough surface, when the low-frequency

mechanism is dominant, the non-patterned smooth tire is noisier than the

patterned tires. This is in direct contradiction to the tangential vibration

mechanism, i.e. it could not be identified as the low-frequency

mechanism. Thus, as the L.: mechanism, the tangential vibration

mechanism can be ruled out.
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Fig. 7 The difference in tire/road noise spectra for various tires
relative to a non-patterned smooth tire (P). The road surface
is a rough-textured dressing (No 2-84 in Ref 15). Observe that
differences less than about 1.0 dB should not be considered as
they are within the random errors (95% confidence).
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What, then, canbe said about the friction influence? As shown in the

author's paper on this particular subject, Ref 13, friction has an influence,

but only marginally on real roads and only at rather high frequencies. It

was also indicated that this influence was not due to release of shear

stresses, but rather due to break-up of adhesive bonds. This appears to be

in line with Nilsson's results (Ref 24), although he found a greater effect,

not however on a real road but on a textured drum surface. The adhesive

effect is also consistent with the texture relation at high frequencies, as

smoother surfaces give improved molecular attraction (consider, as an

extreme, the gauge block effectl).

The conclusion is that the tangential vibration mechanism excited by

stick-slip motions is unlikely tobe of decisive importance in the tire/road

noise generation. However, the adhesive mechanism, No. BB in chapter 4,

has some influence at high frequencies.

The conclusion about the tangential vibration mechanism is in conflict

with results reported from the University of Stuttgart, see e.g. Liedl and

Denker, Refs 25 and 26. This is further discussed in Ref 13. It also seems

to be in conflict with Jennewein and Bergmann, Ref 21, as the latter

seems to indicate that tangential vibrations could be identified with the

HF mechanism. Neither of the German measurements were, however,

done in the far-field.

One should note that the above conclusion is based on noise measurements

from free-rolling tires. When the vehicle is powered, there will be

increased sliding forces in the contact patch for the tires on the powered

axle. Also during cornering, the noise from this process may be more

significant.
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7 THE AIR RESONANT MECHANISMS AND THEIR EXCITA-

TION '

The air resonant mechanisms (pipe, Helmholtz and other cavity resonan-

ces as well as non-resonant air displacement effects) must fulfil the

requirement that the emitted sound amplitude should be inversely propor-

tional to the road surface texture depth, because a smooth texture as

opposed to a rough texture will mean an improved sealing of the tire tread

cavities against the road. Therefore, these effects perfectly fit the

measured relation noise--textUre relation at high frequencies. One could

also imagine the reverse, i.e. the tire may more or less seal cavities in the

road surface.

The air resonant effect has been clearly demonstrated by Nilsson (Ref 10),

Jennewein/Bergmann (Ref 21) and Ejsmont (Ref 27) to exist and to be

limited to frequencies above about 1000 H2. Nilsson elegantly demon-

strated how the cavity resonances may glide with frequency as the cavity

travels out from and behind the trailing edge of the contact patch.
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Fig.8 The difference in tire/road noise on two roads having
matched, smooth macrotextures; except that one of them
exhibited "pockets" in the surface. Difference pocket - no
pockets, for three tire types at 80 km/h. Differences less
than 1 dB are insignificant.
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A major study on a possible excitation mechanism has been presented_ by

Ronneberger, Ref 28, where the noise generation for a smooth. tire on

rough and smooth surfaces was investigated; mainly theoretically. He

found that the noise at high frequencies (above about 1000 H2) may be

generated by the roughness "disturbing" the displacement of air at the

leading edge of the contact patch and that this should be influenced by

the sharpness of the road asperities. A sharper texture means that the

force causing the texture penetration into the rubber will increase slower

with penetration depth than for a rounded texture. As a sharp ,texture will

show up in the frequency spectra as increased energy at the short texture

wavelengths, the Ronneberger theory predicts a relation between HF'

noise and texture, which fits the Swedish and Belgian measured data very

well.

The theory results in a very complicated formula describing the noise

generation, but according to tests on the behaviour of various factors in

the formula, it appears that the speed exponent (the speed influence on

noise) increases with frequency in a way which fits remarkably well the

data from Sandberg å: Descornet for the smooth P tire.

It also fits the general behaviour reported in Ref 19 regarding the speed

exponent for low and high frequencies. Lastly, the frequency range

predicted fits very well (at 80 km/h) the data for the HF mechanism

which was found to be important above ca 1600 H2 in Fig 6.

Ejsmont/Sandberg/Taryma showed in Ref 29 that pocket air pumping and

pipe resonances in the tire tread are significant in certain cases. In one

case, a pocket air pumping effect was noted also for pockets (shaped like

half-spheres) in a road surface occurring as a result of the manufacturing

technique in a dense, smooth cement concrete surface. See Fig. 8, where

it is seen that the noisiest tire, by far, on this surface at high frequencies

is the smooth P tire. This is inconsistent with explanations other than the

road surface pocket air pumping.

 

Thus, the conclusion is that air resonant effects are significant at

frequencies above about 1,000 Hz and that they are at least partly excited

by air pumping or other air displacement.
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8 A MODEL BASED oN DIFFERENTIATION OF THE NOISE

INTO PARTIAL SPECTRA ^ '

In the cooperative work by Sandberg/Descornet and Descornet/Sandberg,

Ref 19, a model was used to differentiate the noise according to its

relation to the two major mechanisms. This model is described here in a

more complete form than appeared in the original paper and is also

supplemented by data processed later. As a consequence of the findings

that the noise is generated to a great part by two different mechanisms

ooncentrated in different frequency ranges, the following_ regression

model with two independent variables is established:

P(f) = aL(f)-P(fL*)+aH(f)-P(fH*) (5)

where

P(f) = Noise power as a function of frequency
(in third-octave bands)

 

P(fL*) = Noise power due to the LF mechanism,
which is most accurately represented by
the noise power at the critical frequency fL*

P(fH*) = Ditto for the HF' mechanism

aL(f) = The LF mechanism " weighting curve".
A constant in terms of road, but a function
of frequency.

aH(f) = Ditto for the HF mechanism

The purpose of this model is twofold. F irstly, to investigate how well or

badly thenoise in the intermediate frequency range between the LF and

HF mechanisms may be described by their combined action, i. e. to see if

a third mechanism is worthwhile considering. Secondly, providing the

model is found satisfactory, it should be used to separately quantify the

contributions of the two mechanisms to the overall noise.

For a fixed frequency the following relation is valid:

P = aL.P(f,_* +aH-P(fH* (s)
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For gåta road surfacethere is a certain triple of data: P, P(fL*) and

P(fH*). In this case there are either 16 or 33 roads. By calculating the

multiple regression for those roads using the model above (5), estimations

of the aL and aH can be obtained. This can be done for each frequency,

whereby aL and aH are obtained as a function of frequency.

The weighting curves for the LF', i.e. aL(f), and for the HF, i.e. aH(f),

mechanisms can be seen in F ig. 14 and 15 in Ref 19, although there they

are also shifted in level according to the following.:

The total noise *is differentiated into two partial spectra:

Pdf) = 8L(f)°P(fL*) LF noise mechanism

PHU) = aH(f)-P(fH*) HF noise mechanism

In this model it can be seen that aLor aH are not dependent on road, but

on frequency. On the other hand, P(fL*) or P(fH*) are dependent on road

but not on frequency (only on critical frequency which is not dependent on

road). Thus, for every road, there will be the same a(f) but different P(f*).

The pavement does not influence the shape a(f) , but only the overall

level P(f*) , of each partial spectrum. The total spectrum will, however,

be influenced by the pavement due to the different mixing of the two

mechanisms.

A simplification was made in the calculation: It was assumed that there is

no significant overlapping of the partial spectra at or beyond the critical

frequencies. This is justified by the result of Table 3 in Ref 19 where it is

shown that the two mechanisms are not related at those frequencies, and

by the fact that - at the respective critical frequency - one of them is

sufficient to explain the main part of the variation.

The resulting partial spectra, averaged on all pavements, can be seen in

Figs. 14-15 in Ref 19. The linear P

recalculated to logarithms.

and P values have then been
L H

A factor describing the accuracy of the model is the multiple correlation

coefficient (Rmult) obtained in the multiple regression analysis when

using the model (5) above. It is a function of frequency and is shown

squared for 80 km/h in Figs. 9-12.
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Figure 9 The squared multiple correlation coefficient for the noise
differentiation model as a function of frequency. The broken
line is the level at which 50% of the variance is explained by
the regression. Data relevant for tire P.
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Figure 10 The squared multiple correlation coefficient for the noise
differentiation model as a function of frequency. The broken
line is the level at which 50% of the variance is explained by

the regression. Data relevant for tire X.
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Figure 11 The squared multiple correlation coefficient for the noise
differentiation model as a function of frequency. The broken
line is the level at which 50% of the variance is explained by
the regression. Data relevant for tire 5.
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Figure 12 The squared multiple correlation coefficient for the noise
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differentiation model as a function of frequency.The broken
line is the level at which 50% of the variance is explained by
the regression. Data relevant for tire W.



It is seen that the model explains at least 50%- of the variance (which

means that "no other noise variation is bigger") for tir-e 5 in the .range

160-10,000 Hz, except at 630 and 800 Hz. For tires P and X, the model is

adequate throughout the important range. For tire W, the "poor" range is

630-1,000 Hz.

It is then concluded that the model is satisfactory for all frequencies 160-

10,000 Hz, except for a few medium frequencies for the patterned tires,

where about 50% of the noise variation is unexplained. This deficienoy is

due to the fact that the model, as mentioned before, does not take proper

account of the tread impact frequenCies.

The results are, however, more far-reaching than this. Figs. 9-12 show

that the part which is connected with the tread impact frequencies has no

relation with either the LF or the HF mechanisms. And this is more

evident, the more pronounced the tire tread pattern is. For tire P, with no

tread pattern, the LF and HF mechanisms are, basically, sufficient for

describing noise generation also in the intermediate range; while for tire

W, with its M+S pattern, another main source for the noise is indicated in

the range 630-l,000 Hz.

Note that the frequency range where the tread impact occurs coincides

with the most important range regarding the overall A-weighted level, see

e.g. Fig 15 in Ref 19.

It also appears that one reason for the low correlation between noise and

texture in the frequency range between the LF and HF mechanisms is that

when these mechanisms combine they may compensate each other so that

the correlation coefficient is close to zero in the intermediate range when

they are considered separately, see Figs. 4 and 6. The result for the P

tire, however, shows that when the mechanisms are considered together in

multiple regression they may be sufficient to explain the noise.

The multiple correlation coefficient in Figs. 9-12 is based on the

pavements used in the programme. They cover most of the existing

pavements, but if the analyses are to be limited to a narrower range, for

instance neglecting the rough pavements, it would probably by found that

the LF mechanism loses and the HF mechanism wins.
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i A consequence of the previous paragraph is that, when investigating the

generating mechanisms for tire/roadnoise, one 'must include a wide range

of road surfaces and a wide range of tires. Otherwise, the result will be

highly dependent on the selected road surfaces and tires. Most of the

deviating results in the open literature may probably be explained by this.
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9 THE INFLUENCE OF- TIRE TEXTURE

Tire deformation is caused not only by road texture, but also by tire

texture, i e the tread pattern of the tire. This can probably be handled in

the same way as road texture, although it is difficult to know the

deformation amplitude because only a small fraction of the tread depth

becomes a deformation. It is typical from the previous chapter, that for

tire P with no tread pattern the two-variable model is accurate also in the

crossover zone, but the "worse" the tread, the more of the noise at the

tread impact frequencies remains unexplained.

Thus, the model (5) should be supplemented by a third term:

PMU) = aM(f)°P(fM*) (7)

with notation as before, but M meaning "Medium frequency mechanism".

The MF mechanism is due to tire tread impact on the road and the

consequent tire deformation. It is, basically, the same mechanism as the

LF' mechanism although excited by a different kind of texture which must

be separately described.

Fig 13 shows the width of the frequency range where there is a variance

which is common to the variance at the critical frequency fM*. This

critical frequency has been chosen as the frequency at which there is a

maximum of unexplained variance by the LF' and 'HF mechanisms in

combination according to Figs. 9-12.

For the S tire, a calculation of the frequency spectrum of the tire tread

pattern profile was made by the author in Ref 30. The result of Fig 13 fits

the calculation well as it was concluded that the fundamental tread

profile frequencies were between 600 and 1,100 Hz.

It appears from Fig. 13 that the bandwidth of the MF mechanism is around

one octave. Also, the correlation between the MF mechanism and the

SPLs at other frequencies is very low, except maybe for the X tire. It is

evident for the X tire, both from F19. 13 and from observation on the

tread pattern periodicity, that this tire gives somewhat higher tread

pattern frequencies.
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F ig. 13 Variance, i.e. the squared correlation coefficient, in the SPL
which is common between the critical frequency and the
other frequencies (regression of SPL at the critical frequency
on the SPL at the other frequencies) '

From detailed study of the partial spectra it has been noticed that the

calculated LF mechanism provides the main contribution to overall noise

in the "MF" range. Exceptions include the "worst" patterned tire (W) on a

few very stiff and old pavements. Thus, in the majority of the cases, the

MF mechanism in this model seems to be fairly well included in the LF

mechanism. In fact, as stated above, the MF and LF mechanisms are

basically similar, although theyare excited by different types of "rough-

ness" input. Furthermore, it has been difficult to quantify the tire

deformation by the tread impact. Therefore, no serious efforts to modify

the model from the beginning, other than described here, have been made

so far.
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10 CALCULATION OF THE CONTRIBUTION TO A-WEIGHTED

SPL OF EACH MECHANISM

From Section 8 we have obtained P(f) which is the predicted noise power

versus frequency. It is obtained separately for each road pavement, for

each speed and each tire. The overall level of each partial spectra - :95

one particular pavement - is entirely dependent on P(fL*) or P(fH*), i e

 

the power at the cricital frequency in question for that particular

pavement. This value is the average of 3-5 different noise measurements

(vehicle runs) and as such has a poorer accuracy than when calculating

data baSed on several pavements, such as when calculating al_ and aH. The

standard deviation of this average 'due to random errors is, at fL*, in the

order of 0.7 dB.

Therefore, each separate partial spectrum for a single pavement will have

an overall level error in the order of 1 dB in addition to model errors. As

it is intended here to compare HF and LF partial spectra, and these errors

do not co-vary, it is desirable to reduce them. This can be done by the

following procedure:

For each pavement separately:

 

0 The noise predicted by the model is compared to the measured noise

for each frequency.

0 A correction by a certain constant factor is applied to each of the two

partial spectra (same factor for all frequencies).

0 The correction is based on the assumption that the SPL at the other

frequencies can be used to "smooth out" the random error at that

particular critical frequency.

0 For each frequency, a difference between measured and predicted

noise is obtained. Using an optimization procedure, two correction

factors (bL and bH ) are calculated such that the standard

difference is minimized:
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P(f)pred. = aL(f)°bL°P(fL*)+aH(f)°bH°P(fH*)

a(f) and P(f*) are exactly as calculated before

and P(f)meas. - P(f) is minimized, based on the least

squares method.
pred.

In this way, the level of the partial Spectra, but not their shape, is

adjusted so that when combined into a total noise spectrum they equal the

measured spectrum as much as possible. The objective is to differentiate

the initially measured spectrum in the most accurate way.

The final difference between the predicted total spectrum and the

measured spectrum is typically as low as 1.2 dB (RMS error over all third-

octave bands). Thus, the differentiation has been made without causing

significant distortion in the overall noise spectrum. An exception is the

noise measured on a drainage pavement where large errors arise in the

range 630-l,000 Hz within which this paVement has considerable sound

absorption (Ref 19, Fig. 19). This cannot, of course, be predicted by this

model.

Each partial spectrum can be A-weighted and the overall A-weighted

sound level calculated instead of the linearly weighted values discussed so

far. Their individual contributions to the sound level can then be

determined. This has been done, and the results are summarized in Table 4

in Ref 19. From this it is possible to see which of the two mechanisms is

important in different speed/tire/road combinations. It turns out that they

are equally important in most cases.
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11 POSSIBLE INFLUENCE ON NOISE OF' PAVEMENT MECHA-

NICAL IMPEDANCE i -

11.1 General

As shown earlier, the road macrotexture does not explain all the variance

in the noise due to the road surface. It was also concluded that the

microtexture or adhesion does not appear to have a decisive influence,

although these factors are not negligible by any means.

Therefbre, other factors with a pdtentialito explain the noted residuals

have beentested. Such a factor, which was included in the measurement

program already 1976, is the mechanical impedance which is a measure of

the road stiffness. It is defined as the force input to the pavement divided

by the resulting velocity of the displacement at the same point. It was

measured by impact excitation by a hammer, using a force transducer on

the hammer tip and an accelerometer fixed on the road surface.

11.2 Impedance levels at high freçmencies

Mechanical impedance was measured on the road surfaces in the VTI

project by Bennerhult (Ref 31) who also presented various results and a

discussion on this matter. The mechanical impedance question will be

further analyzed here.

The reason for the noise influence may be that the pavement stiffness

influences the energy conversion at the shock wave excitation when a tire

tread element at the leading edge of the contact-patch hits a road

chipping, or vice versa.

In the following, Res (fH*|ÃH*) signifies the deviation of the individual

points (residuals) from the regression line, when SPL(f *) is regressed on

RTL(ÃH*). However, by using all the Swedish measured data and plotting

the residuals, Res ( fH*lAH* ), as a function of the mechanical impedance

level at 2,000 Hz, no correlation at all is found. One exception is that the

much stiffer concrete pavement also gives the maximum residual (see Fig.

14).
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The possible interpretations are:

l. There is no correlation between mechanicai impedance and noise.

2. There is a correlation only for very stiff roads such as cement

concrete.

3. Mechanical impedance is not an appropriate measure to describe the

road stiffness.

li. There is a correlation between mechanical impedance and noise, but

the measurement method is inappropriate, or too inaccurate.
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The author presently speculates that the truth is a combination of

possibilities 2, 3 and 4: There is a correlation between pavement stiffness

and noise, at least above a certain threshold,ibut mechanical impedance

measurement does not reveal all apprOpriate details in the pavement. The

measurement is also difficult to perform and not very accurate. It takes

exceptional stiffnesses, such_ as in the cement concrete pavement, in

order to detect the relations among all the errors.

For low frequency noise, a similar residual analysis was made, but no

significant effects were noted._ An alternative way to describe the

stiffness, namely by grouping the pavements in type and age classes is

presented later in this paper. This gives the advantage that also Belgian

data can be included in the analysis.

11.3 Age and pavement type influence

 

11.3.1 Subjectively observed difference

In the Swedish project two asphalt concrete pavements that were adjacent

to each other were tested. It was possible to drive the car over the joint

and listen to the difference in sound generation. These pavements

exhibited quite similar textures and friction properties. The main differ-

ence was the age and compactness; one was 10 years old and the other

only a few months.

The difference in high frequency sound at the car side window, i.e. in the

upward direction, was quite dramatic: The old pavement was subjectively

much louder. This could be confirmed by measurements beside the road,

i.e. at a grazing angle, but then the difference was only afew dB(A).

The observation suggests that the directional properties of the old,

compact pavement in relation to the new one, were such that strong noise

was emitted in the upward direction.

The observation leads to the suspicion that pavement age or compactness

is connected with noise generation. The following chapters are devoted to

this aspect.
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11.3.2 Residuals for noise versus drainage and its relation to pave-

ment type

If it is assumed that the noise mechanism at high frequencies is air

pumping or air resonant radiation, then the drainage resistance, LD, as

defined in Ref 14, is a relevant measure. LD is the logarithm of the

outflow time in seconds for 1 dm3 of water through the VTI outflow

meter.

The noise levels between 2 and 5 kHz (LHI) were regressed on LD, and a

clearly significant correlation was obtained (see Ref 14).

It was noticed that there was a systematic difference between rigid

(cement concrete and paving stones) and flexible (bituminous) pavements.

By analysis of the residuals, Res (LHIlLD), it was found that the average

residuals were significantly higher for rigid pavements:

Table l Analysis of the residuals in the regression of high frequency
noise L , on drainage resistance, L . Tire X at 80 km/h
(noise measurements by CRR, drainage measurements on
Belgian road samples were made by the VTI technique, see
Ref 14).

 

Pavement type Flexible Rigid

 

No of samples (pavements) 19 14

Average of residuals to -1.l dB +l.5 dB
noise 2-5 kHz vs drainage

Difference rigid-flexible +2.6 dB
pavements

F' value (test for signi- 11.7*
ficance)

  

* Highly significant (p <0.2 %)

   

The result shows that for the X tire the rigid pavements were 2.6 dB

noisier than the flexible (bituminous) when differences in drainage (and

then indirectly texture) were eliminated.
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The rigid pavement group includes grooved cement concrete and paving

stones, i. e. pavements with* Oriented textures. If these are excluded the

difference between rigid and flexible pavements will be slightly reduced

to 1.8 dB, but the difference is still highly significant.

In the Swedish tests, only one_ cement concrete pavement was tested and

it is thus not meaningful to create any similar statistics as for the X tire.

11.3.3 Pavement age influence

In the Swedish project, five pavements were tested at different times, in

this case firstly when they were quite new (0-1 years old) and secondly

two years later. This gives an opportunity to study the change in noise due

to aging, provided the texture difference is compensated. The aging

means that:

l. macrotexture changes

2. microtexture changes (this may influence adhesion!)

3. compactness or stiffness changes.

The macrotexture change and its effect on noise can be studied by other

means and is not interesting at this moment. The texture effect has been

eliminated here by regressing noise on texture. If there are systematic

differences between the residuals to this noise--texture relation, then this

should be due to the stiffness, microtexture or adhesion change.

Fig 15 presents what happens to noise, texture and drainage between the

measurement occasions two years apart. The Upper diagram shows the

noise due to the LF noise mechanism, according to Ref 19, and the

relation to its source, i. 8. the macrotexture. The lower diagram shows

the HF noise mechanism and its relation to drainage resistance (it is here

assumed that this mechanism mainly involves air pumping of some kind

and is then related to air drainage). Data for the three tires P, 5 and W

have been averaged. Filled points represent the first measurement,

unfilled points the second.
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. 11.3.4 - Interpretation of the age influence .

The following can be concluded from F ig 15:

0 The initially rough paVements have become worn (texture decreases)

0 The initially smooth pavements have become roughened

0 In the LF range this has led to an essentially consistent noise change,

i.e. the change closely follows the regression line. An age effect is

weakly indicated as being about l dB(A) of increase with age. The

effect is thus marginal.

0 In the HF range, the drainage (i.e. texture) change has led to a

significant change in noise levels that cannot be attributed to the

drainage change alone. The "extra" effect is about 2-4 dB(A), with a

tendency to become less significant the rougher the pavement is. This

effect is far from marginal.

The interpretation of this is as follows: The HF range is sensitive to

something more than texture and drainage. This may be either

microtexture or stiffness. From the Swedish friction data no conclusion

about microtexture or adhesion was possible in this case. However, if the

trend for fine-scale macrotexture has a counterpart concerning

microtexture, then there are indications that the microtexture has

decreased. This should have no effect on the noise according to Ref 13,

unless it is accompanied by a change also in adhesive bond strength.

The conclusion is that either microtexture or stiffness has influenced the

noise by several dB(A) in the HF range but only marginally in the LF'

range.
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11.3.5 Residuals for noise versus texture, and its relation to pave-

ment type .and age

In the preceding sections, evidence has been presented indicating that

both pavement type (flexible or rigid) and age (at least for flexible

pavements) influence noise. In this section it will be discussed how this

can be seen as residuals to the regressions presented in F igs. 6-13 in Ref

19, i. e. to the relation between noise and texture levels at the so-called

critical frequencies (f*) and wavelengths (Å*); The residuals to these

relations promise to give insight into some additional, although not

dominant, effects.) The results in the preceding paragraphs 'have been r

based on a limited number of data. In this section, however, every

measured tire /pavement combination in the Swedish and Belgian tests is

included.

An analysis of the residuals, Res (fH*I71H*) versus pavement age reveals

that what happens between age 1 and 10 (years), cannot be resolved

through our data. However, during the first year (D), noise appears to

increase significantly. Therefore pavements are grouped as follows

1. New flexible (bitumen) pavements (0 years)

2. Old flexible pavements (3 1 year)

3. Rigid pavements (cement concrete, paving stones)

No new concrete pavements were included in the test program. The

results are given in Fig 16.

The following conclusions can be drawn from the figure:

o Rigid pavements are 1-2 dB noisier than flexible pavements with

corresponding textures. This is the same trend as given in paragraph

115.2, although the difference is slightly smaller.

o Flexible pavements become noisier in the HF range when they become

older. The increase in the LF range is smaller. This is in agreement

with the results in 11.3.3 where five Special pavements were studied.
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Fig 16 Average residuals from the regression of noise on texture at
the critical frequencies and wavelengths. Numbers inside bars

are the number of pavements within each group. 95 %
confidence limits are indicated by lines on the bars.

The skid resistance measurements at 20 km/h for the Belgian pavements

were grouped the same way as the residuals in Fig 16, but no difference

was found to be statistically significant (p<5 %).

On the other hand, experience from road engineering tells us that the

stiffness of the pavements must have changed in a way similar to the

trends displayed in Fig 16. Thus, there is evidence, although not

conclusive, that stiffness plays a part in the noise generation process at

high frequencies.
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If stiffness is the cause of these residuals, this may be due to two effects.

The first may be that the impact between tire block elements androad

asperities may excite higher forces in the tire when the struck road

surface is stiffer, or vice versa; the second is that the road surface itself

may contribute in some degree to the noise emission. In the latter case,

for this effect to be efficient, it is important that the discontinuities in

the chipping-binder-chi-pping contact be as small as possible, something

that undoubtedly is the case for rigid pavements, but not for new flexible

pavements.

An alternative interpretation, whichis in line with the earlier results, is

that the adhesive bond strength between rubber and pavement varies in

about the same way as the detected noise differences. The adhesive bond

strength is not properly measured by friction testers used here, but

intuitively it is felt that this adhesion should in fact vary with age and

binder approximately as the noise varies. It would also be consistent with

the conclusion arrived at by the author in Ref 13. A difference of 1 dB

between a new and old surface is within the range reported there.

VTI



7:42

12 _ USE OF THE NOISE--TEXTURE CORRELATION

TECHNIGUE BY OTHER RESEARCHERS

The correlation technique presented for the first time by

Sandberg/Descornet and Descornet/Sandberg in Ref 19 has been used by

other researchers lately. Clapp and Eberhardt applied it to truck tires,

Ref 32, and showed that the same general relations between noise and

texture existed also for these tires. However, one should bear in mind that

they included only four surfaces in their analyses (compared to 16 or 33 in

the joint Swedish-Belgian research), which implies that the random errors

conceal much of the relations.

It thus seems that the generation mechanisms are, in principle, the same

for truck as for car tires. However, from a comparison of the rather

limited data from Clapp åc Eberhardt with the data of Sandberg 63:

Descornet, it appears that the critical frequencies, critical wavelengths

and crossover frequencies are shifted in a direction and degree

corresponding to the difference in physical sizes of the truck tire,

especially its tread pattern, relative to the car tires. As this involves a

frequency shift of nearly a whole octave, it means that the LF mechanism

loses importance (it is shifted further downwards from the frequency

range where the A-weighted spectrum peaks) and the HF mechanism gains

importance. This is something that has been observed before, but the

reasons have not been understood at that time. In this way, the

comparison of the results of the two research projects was very useful.

Delanne at Laboratoire Central des Ponts et Chaussées in France, Ref 33,

has very recently performed similar measurements and analyses as those

reported in Ref 19. When the results were correlated using linear noise

and texture scales, a correlation pattern very different from that in

Ref 19 was obtained, but when the same calculations were repeated later

using logarithmic scales, the result fairly well resembled that of Ref 19.

The small deviations that occur may perhaps be blamed on a lack of

independent RTL data at the various texture wavelengths which gives too

high intercorrelation in the texture data?

Logarithmic scales should be used in this case, because for a wide and

"evenly" distributed selection of road surfaces they tend to give a
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distribution which is not far from normal. See the figures in Ref 19.

However, using a linear texture and noise scale, a few surfaces may very

much dominate the correlation; simply the distribution may tend to

deviate severely from normal, and a normal distribution is required in the

analysis.

A warning is necessary in this context. When an experiment such as that

described in Ref 19 is designed, it is of primary importance that the road

textures selected contain a large number of different spectral shapes. lf

mainly the level of the texture spectra varies, then a high intercorrelation

between road texture levels at very different wavelengths will _be

obtained and the correlation with noise will be about the same for most of

the spectral texture scale. The problem is termed multicollinearity and

has been recognized e.g. by Holbrook and Darlington, Ref 34. To enhance

the regression analysis, the partial correlation technique should be used to

remove the effect of the correlation between the RTL at different

wavelengths. This technique has not yet been used in this context as far as

has been reported.
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l3 TIRE ENVELOPING OF ROAD TEXTURE

It was shown by the author in Ref 14 that at the low frequencies the

sound emission is not directly proportional to texture level:

Sound levelN (0.5 -. texture level) + constant

A higher order model has not been motivated as the relationship appears

fairly linear. On a linear amplitude scale, this is transferred to:

 

Sound pressurerv texture height + constant

No physical explanation for the square root dependence could be given (it

need not be exactly a square root), but in Ref 19 it was concluded that the

explanation is likely to be that the tire can envelop road surface

asperities only partially. Apart from the work of Ronneberger (Ref 28),

this matter has since been investigated by Eberhardt (Ref 35). He

investigated the enveloping pr0perties of truck tires and found that the

spectrum of the enveloped profile had the same shape as the spectrum of

the original road surface profile, but the overall level was shifted

downwards about 5 dB in this case. This has great importance as it

indicates that the envelOping effect does not distort the spectral shape of

the texture.

Enveloping is important to consider if the surface profile in question

demonstrates skewness, i.e. if the amplitude distribution is not

symmetrical around the mean. Such a case occurs, for instance, when

characterizing a drainage pavement by a profile curve, because the

profile is mainly directed downwards. No attempt has been made so far by

the author, however, to consider this enveloping effect. Instead, the error

introduced by this deliberate exclusion has been accepted.
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14 ROAD SURFACE CHARACTERIZATION BY ALTERNATIVE

' METHODS

14.1 Contact imprints

 

As an alternative to using the texture profile curve and its Fourier

transform for road surface Characterization, the technique of tire/road

contact imprints has been used in a few cases (Refs 36, 28). When using

this technique, a contact sensitive paper or a stamp is pressed by a rubber

plate onto the road surface. The contact pdints then appear on the imprint

as a distribution of dots or smaller areas in a two-dimensional way.

The advantages are that a two-dimensional representation of the contact

points is obtained and the enveloping effect is included. However, no

amplitude information is obtained. It is not yet known what correlations

to noise can be obtained by this technique. However, it is not likely that a

correlation which is higher than when using the profile spectrum

technique can be obtained in the LF range, as the latter is already close

to what can be expected when considering measurement errors. In the HF

range, possibly some improvement can be obtained, but probably not

much.

The practical measurement and analysis technique seems to be inferior to

the "old" profile spectrum technique as measurements cannot be

performed at normal driving speeds and large areas can hardly be

measured in a short time. The analysis may also rely on picture processing

techniques.

14.2 Two-dimensional profile spectra

Bogdanoff et al, see Ref 37, have suggested the use of two-dimensional

power spectral density (PSD) Characterization of ground surfaces. This has

a clear application only when the surface to be characterized is not

homogeneous and isotropic, as argued by Dodds and Robson, Ref 38. In the

case of road surface macrotexture, there are a few orientated textures,

notably the brushed or grooved surfaces, usually of cement concrete type.
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,However, no methods have been presented on how to handle the

information in this particular application, even if it were available.

14.3 The problem of lateral phasing

For orientated textures, e. 9. a laterally grooved cement concrete, most

of the texture profile across the surface will impact the tire tread in-

phase.

This will cause more excitation to the tire than had the texture been out-

of-phase between laterally spaced profiles. However, single longitudinal

profile curves will not take this effect into account. Therefore, this type

of Characterization should be supplemented in some way by information

about the in-phase fraction of several laterally spaced curves. It may be

difficult to conclude how this should best be done.

However, reality may be a little kinder than usual here. It appears,

namely, that the partial spectral technique presented earlier, which is

based on the simple profile curves without phase information, does not

result in significantly higher deviations between measured and modelled

noise spectra for the grooved than for the isotropic textures.

Consequently, the "traditional", simple profiling technique has been

retained as it would be of only academic interest to develop a more

complicated procedure.

For the grooved cement concrete surfaces as a group, compared to the

non-grooved cement concrete, the underestimation of noise at the critical

low frequency is around l dB and in the frequency range 2-5 kHz it is no

higher according to section 11.3.2 above. Such an error is negligible in

view of other errors, together with the increased complexity an improved

method must imply.
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i 15 CONCLUSIONS

This state-of-the-art review supplemented by some new data has discuss-

ed the results of major importance in determining the road surface effect

on tire/road noise generation. The ambition was not to provide a complete

review on the subject, rather to search for interpretations of observed

phenomena regarding the noise generation so that a fair consensus could

be established.

It is ,recognized that this is far from the final solution to the subject of

generation mechanisms, in the same way as other researchers in the field

have failed to do the same. The controversy has existed for at least 15

years now and it is likely to go on. However, it is .thought that the present

review may contribute to a better understanding of the fundamental

mechanisms and their effects.

As a background to the problems encountered in Characterization of road

surfaces, some alternative Characterization methods with a potential to

improve the accuracy are discussed. It is concluded that the alternatives

to the presently utilized method in some cases may mean an improvement

but that this is not warranted due to the increased complexity. The

O .
7

CD (0 i: 3 (D CD '
1 (3r logarithmic scales, road

texture spectral intercorrelation, tire enveloping effects, tire/road con-

tact imprints, two-dimensional spectra and lateral texture phasing on non-

isotropic textures.

Regarding the noise generation mechanisms, the following is concluded:

- External tire/road noise in the range 100-10000 Hz is generated by at

least three independent mechanisms; the low-, medium- and high-

frequency mechanisms (LF, MF and HF respectively).

- The LF mechanism is the radial vibration mechanism excited by road

surface texture impacting the tire tread. The impact frequency and

amplitude are described acceptably by the road surface profile spect-

rum.
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- The MF mechanism is also the radial vibration mechanism, excited not

by road texturebut by the texture, i e the tire tread impacting the

road. It appears unlikely that stick-slip motions (causing tangential

tread vibrations) play a significant role in the noise emitted to the far-

field, as concluded from special parametric studies. This MF mecha-

nism is not described by the road surface profile spectrum; rather its

amplitude seems to be uninfluenced by the road texture.

- There may in fact be more than one HF mechanism but the dominating

one is closely related to road texture and several independent evi-

dences of air resonant processes associated with it are discussed. "Air

pumping" or other air displacement excitation mechanisms are likely

to be responsible for significant parts of the noise emission.

- Evidence of an HF mechanism implying that noise being generated by

the break-up of adhesive bonds in the rubber-road interface are

discussed. This mechanism is, however, probably not dominant; on

actual roads it may be quite marginal. The mechanism may, eventual-

ly, be seen as a variant of the stick-Slip process.

- Based on analyses of the residuals to the noise--texture regressions,

certain results presented provide evidence of an influence by age and

type of the road pavement on noise emission. The results are not

conclusive, but they seem either to reflect a stiffness influence or to

provide more evidence for the mechanism of rubber-to-road adhesive

bond break-up.

- Road texture may influence some parts of the noise positively but

some other parts negatively. The resulting overall influence is compli-

cated.

Furthermore, it is concluded that the technique of regressing sound

pressure levels on road texture levels is an efficient tool for investigation

of the noise emission and the technique is especially informativa when

acoustic frequency as well as texture wavelength are varied independently

and the correlation coefficient is calculated for all combinations.

VTI



7:49

i The selection of tire type influences the relative importance of the

generation mechanisms. For a truck tire compared to a car tire, present

data seem to indicate that the most important frequencies and texture

wavelengths are scaled approximately proportional to the physical dimen-

sions of the tires.

By using a Special model to calculate the contributions to the overall

noise by the LF and HF mechanisms, so-called partial spectra, a

reasonable agreement between measured and calculated noise spectra was

obtained. The model is based on the correlation between noise and

texture; The lack of fit is due mainly to the neglectance of the MF

mechanism.

The conclusions are based mainly on empirical data obtained by measuring

tire/road noise at far-field locations by using the coast-by method. The

studying of generation mechanisms has, hitherto, with few exceptions,

been based on near-field measurements (mostly utilizing laboratory

facilities) with the risk of imperfect reproduction of actual road

conditions and sound emission to the environment. However, this report

hopes to demonstrate that advanced studies on the mechanisms and

relations of tire/road noise generation are feasible also using the far-field

coast-by technique.

Phenomena not discussed in this report include the wet road condition,

sound absorption of the road surface and the horn effect in the "throat"

between the curved tire tread and the road surface.
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