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SUMMARY

NOISE GENERATED AT THE TYRE/ROAD INTERFACE

by
JOHN CHARLES WALKER
A Thesis submitted for the Degree of
DOCTOR OF PHILOSOPHY

August 1981

The work described in this thesis is directed towards the reduction
of tyre/road interface noise and embodies a study of the factors
involved in its generation.

These factors comprise:

(a) materials and construction of tyres and road surfaces
(b) the spectral distribution 'of the noise

The importance of this work has become greater with reduction in
engine noise.

A review of the literature shows what has been achieved so far, and
stresses the importance of maintaining other desirable tyre
properties such as adhesion in wet conditions.

The work has involved an analysis of mechanical factors in tyre
construction and the behaviour of road surfaces.

Measurements on noise have been carried out under practical
conditions and also on replica surfaces in the laboratory, and in
addition tests of wet road adhesion have been carried out with a

variety of road surfaces.

Consideration has been given to the psychological effects of the
spectral distribution of noise. A major part of the work under-
taken has been the development of a computer program, the results
of which have made it possible to design a tyre tread block pattern
to give an optimum spectral distribution. Sample tyres built to
this design have been subjected to noise measurements and these
have been shown to agree closely with the theoretical prediction
and other properties of this tyre have proved to be satisfactory.
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CHAPTER ONE : INTRODUCTION

1.1. Appreciation of the Problem

Whatever changes in tread pattern design are made to reduce noise,
the necessity to retain grip under poor ground surface conditions,
such as in rain, mud and snow must be borne in mind. As long as
35 - 40 years ago tyre treads were designed with variable pitch
tread segments to produce a spread of the tones in the frequency
spectrum and to reduce their amplitude. Once some improvement had
been obtained by the application of the techniques available at
that time, noise work was mainly concerned with internal vehicle
noise (Tompkins 1965). The report in 1963 by Wilson expressed the
desirability of research to reduce the external noise of vehicles.

Since then increasing attention has been paid to vehicle external

noise (Henson 1968).

The problem of traffic noise is becoming of increasing importance
to local authorities as a result of the introduction of urban
motorways and similar high speed flow roads. To some extent this
problem can be dealt with by the use of noise barriers at the road
side, and noise insulation for houses. Thus quite large sums of
money are being spent mainly to comply with the Land Compensation
Act (HMSO 1973), along the lines of Development and Compensation -

Putting People First. (HMSO 1972).

Underwood (1973) reported on the Transport and Road Research
Laboratories work (T.R.R.L.), Department of the Environment, on
the effects of tyres and surfaces on rolling noise. Rolling noise
includes that from aerodynamic sources, from the transmission
beyond the lay shaft, body rattles, and tyre/road interface noise
emanating from tyre, road and vehicle. He stated that tyre/road
interface noise could become one of the salient features of truck
noise, if the target of 10 dB(A) reduction in power train noise

is achieved. Power train noise includes the noise from the engine,

inlet, exhaust, cooling systems and transmission as far as the

lay shaft.



A reduction of lorry power train noise by 10 dB(A) is thought to
be within reach of our existing technology, according to Harland
(1974), but the benefits of such changes will not be fully realised

unless at the same time rolling noise can be brought down by about

5 dB(A).

The progress of the quiet heavy lorry project is encouraging, as
reported by Watkins (1974) and demonstrated at TRRL (1978). He
also develops the case for reducing automobile noise, which is
often dominated by tyre/road noise with current tread patterns and
road textures at steady speeds above 50 km/h (32 mph). This
emphasizes the importance of gaining a deeper understanding of

tyre/road noise with a view to its reduction.

Other tyre construction factors to be optimised are wet grip,
irregular treadwear, endurance, stone trapping, chunking of the
tread and vehicle stability. These are fairly easily overcome on

car tyres but more skill and research is needed to obtain

optimisation on truck tyres.

1.2. Scope of Present Study

The approach to investigate the nature of tyre/road noise is in

four main parts in addition to the literature reviews:=-

1 2ails The Measurement and Analysis of Vehicle Coasting Noise

on the Road

This covered tests for a wide range of tread patterns on a range
of road surfaces for both a truck and an automobile. Wet grip
measurements were also taken. These results are discussed in
Chapter 3. In Chapter 4 total traffic noise measurements are

given showing the effect of improving the road surface.

1.2.2. The Measurement and Analysis of Tyre/Surface Noise on a

Drum in the Laboratory

Further tests on automobile tyres with a wide range of tread patterns



have been carried out on a range of simulated road surfaces, and
are discussed in Chapter 5. Also basic tread patterns have been
cut from blank treads and then tested. The tests have included

measurements at different microphone positions.

14235 The Construction of a Mathematical Model in the Computer

in Order to Predict Results and to Automatically Minimise

Dominant Tones

This has been carried out in four main stages:

(1) Using a sawtooth wave to represent a tread segment, the
intensity of dominant tones can be predicted in patterned

tyres as shown in Chepter 7.

(2) By permuting the order of blocks of tread segments, the

intensity of the dominant tones can be minimised.

(3) The influence of different tread patterns and tread widths
were included by replacing the sawtooth wave with the
variation along the segment of ''the total groove width

across the tread" as detailed in Chapter 8.

(4) The effects of contact patch shape, microphone position,
tyre speed and waveform shaping to extend the range of
tread patterns modelled was carried out using a two
dimensional pattern input to the program and including the
edge flipping effect of tread blocks as discussed in
Chapter 9.

1.2.4. The Achieving of the Best Possible a Correspondence Between

the Different Parts of the Work and the Application of the

Knowledge Gained to Produce Quieter Tyre/Road Interfaces,

with other Tyre/Road Properties being borne in mind

Correlation of results between testing on road and simulated
surfaces on drums is discussed. Also correlation between the

computer model results and drum test results are compared.

“Qu



CHAPTER TWO: REVIEW OF LITERATURE, PAST WORK, AND FACTORS
INFLUENCING THE PROBLEM

Much work has been carried out on tyre/road noise. It is mainly
concerned with mechanical factors which can give a useful but
limited reduction of the intensity of the total noise. Nine
extensive review papers are as follows. Millard (1970) reviewed
road traffic noise and suggested targets for noise reduction.
Flanagan (1972) compiled a review from reports by the National
Bureau of Standards, Rubber Manufacturers Association and Society
of Automotive Engineers Truck Tyre Noise Sub-Committee. This

covered a range of truck tyre patterns.

Mukai et al (1974) gave a very comprehensive review of the state

of the art at that time including a discussion on analogue
simulation of tyre noise. Waters (1974) reviewed tyre/road

noise in relation to truck engine noise. Leasure and Bender (1975)
discussed the important parqmeters influencing tyre noise, and areas
for future research were identified based on gaps in the existing

physical data base and a rather primitive understanding of noise

generation mechanisms.

The SAE Highway Tyre Noise Symposium (1976) comprehensively
covered the state of the art at that time, as did also the
International Tyre Noise Conference (1979). The document
entitled "Foreign Research in Tyre Noise' prepared for the U.S.
Environmental Protection Agency (1980) surveys the research

outside the U.S.A. and extensively quotes the work of J C Walker,

the author of this thesis.

A review given by J C Walker and Major (1975) provided a basis
for the Tables 2.1., 2.2. and 2.3. which include forty eight
factors influencing noise level. Some of the factors may be
divided into many more influences and these will be discussed

in the order in which they occur in these tables.
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2.1,1, Tyre Design Features

eI ol I A Tread Pattern on Various Surfaces

In investigations by Robertson and Cox (1957) (1958) of truck tyre
noise, various tyres were fitted to a truck and the rear wheels
supported on a chassis dynamometer. The tyres were allowed to
coast from 95 km/h (60 mph) to a stop. Tape recordings were made
and these were analysed subjectively by replaying them to an
audience, and objectively with a measuring instrument in terms

of phons. Both analyses showed that the sﬁooth tyres were
quietest, followed in order of increasing noisiness by tyres with
a tread pattern of widely spaced transverse grooves, tyres with

a pattern of blocks, and tyres with a pattern of uniform pockets.

The National Bureau of Standards with Leasure et al (1970) (1972)
showed dB(A) differences in noise levels between the following

cross ply truck tyres. The noisiest pattern in each pair is

referred to first.

TABLE 2.4. DIFFERENCES IN NOISE LEVEL DUE TO CHANGES IN TREAD

PATTERN

Pattern Differences Concrete Asphalt

Pocket Retread

versus Noisiest Cross bar 4-11 2-6
Quietest Cross bar versus

Noisiest Rib 4-8 4-5
Circumferential Rib

versus Blank Tread 1-2 1-2

Using a microphone attached to the vehicle 152 mm (6 in) behind
the tyre and 202 mm (8 in) above the road, Reiter et al (1974)
showed that dominant frequencies showed up with lug pattern

tyres on smooth road surfaces.

The effect on automobile tyre noise of varying the percentage

~10_



void or groove volume in the tread pattern, over an extreme range
for simple experimental cross grooved patterns was tested by
Landers (1976). He used a travelling boom microphone behind the
tyre on an asphalt surface. The tread patterns and the results
are shown in Figure 2.1. A decrease of 15 dB(A) occurred as the

percentage void was decreased from 60% to 10%.

The influence, on automobile tyre noise, of the number of tread
blocks and the angle of the diagonal blocks (00 implies circumfer-—
ential) was investigated by Dorsch (1976) using indoor testing.
Tbe type of tread pattern is shown in Figure 2.2. together with
the results. The maximum noise level occurred with 60 blocks cut
at 90° and 50 blocks cut at 20° and the latter were 1.2 dB(A)
quieter. Both the extremes of the range, either a very high or

a very low number of blocks, will reduce the noise by 5dB(A) but

are unsuitable due to diminished tyre to surface grip in wet

conditions.

Tread geometry is discussed in Chapter 2.1.1.1.4.1.

The Transport and Road Research Laboratories work, Underwood

(1973) is considered in more detail in Chapter 3.

The review on the effects of tread segment pitch on dominant

tones of the tyre noise is given in Chapter 6.1.

2.1 il 2 Tyre Size

215115241, Rim Diameter

In smooth drum tests J C Walker and Major (1975) found that with
block pattern radial ply automobile tyres, of the same section
and tread width, 254 mm (10 in) rim diameter tyres were 1.2 dB(A)

noisier than 330 mm (13 in).

-11-
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2.1.1.2602:.20 Sectional Width

J C Walker and Major (1975) showed the effect of section width at

constant load on 330 mm (13 in) radial ply tyres with a serrated

rib and siped tread pattern. The 145 mm section was 2.5 dB(A)

quieter than a 185 section tyre on both hot rolled asphalt B.S. 594
As sectional width decreases the tread diameter

and smooth asphalt.
In this case the diameter

also decreases for the same aspect ratio.

effect opposes the tread width effect.

An 8.25-20 cross ply tyre was 1.3 dB(A) quieter than a 10.00-20
tyre at the same load as shown by the Rubber Manufacturers Association

(1971).

2+lelile2:3: Aspect Ratio

J C Walker and Major (1975) demonstrated that a low aspect ratio
(low percentage height divided by sectional width) 60 series tyre

is 0.7 dB(A) noisier than an 80 series tyre on smooth asphalt and

1.2 dB(A) noisier on B.S. 594 hot rolled asphalt. This compares with

the findings of Hillquist and Carpenter (1974), that 60 series belted

bias tyres are 2 dB(A) noisier than 78 series. With these tyres of

constant sectional width, as aspect ratio decreases, tread diameter

decreases and tread width remains constant. Thus part of the dB(A)

difference is due to the diameter effect.

2.:1.311.30 Tread Profile — Cross Bar Truck Tyres

Tetlow (1971) demonstrated that tyres wore to a greater tread radius

than in the new state. This gave a 6dB(A) increase with half worn

cross-bar tyres. Grinding the tyre to the original smaller tread

radius reduced the noise level to the original value for the new

tyres, this reduced the load on the tread blocks in the edge of the

tread and increased load on the centre rib.

The tread contour or radius is defined as the unloaded cross

-14 -



sectional shape of the tread, neglecting the tread pattern

depressions, usually given as a radius or radii.

The author notes that on the front wheel steering position the
wear is greatest on the shoulders, thus giving a smaller tread
radius. Conversely on rear wheel drive positions, the wear is

greatest on the centre of the tread, leading to a greater tread

radius.

Tread Contact Patch

2.1.1.1.4.1. Shape of Contact Patch

With regard to the geometry of the tread pattern, Richards (1974)
shows that if the contact patch has a fairly flat leading edge,
staggering the rows of blocks across the tread has a considerable

effect as shown in Figure 2.3. The aim is to get the blocks out

of phase at the leading and trailing edge of the contact patch.

2:lelil.4.2;5 Pressure Distribution

The normal pressure distribution has an effect on the shape of

the contact patch and the tread profile has an effect on the

contact pressure.

Material Factors

2.1.1:2.1. Tread Compound

Underwood (1973) found that the average differences between high
hysteresis (HH) tread compound and natural rubber compound were
less than 1.0 to 1.5 dB(A). In dry conditions the H.H. blank
tyre is 1 dB(A) noisier and the H.H. traction tyre is 1 dB(A)

quieter.

H.H. serrated rib radial ply car tyres were 0.9 dB(A) quieter on

-15=
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smooth asphalt and 1.7 dB(A) quieter on hot rolled asphalt (BS
594) as demonstrated by J C Walker and Major (1975).

211 2.2 Casing Reinforcement

The effects of different synthetic fibre casings were tested by
Wiener (1960). He showed, with a microphone attached to an
automobile, at a speed of 80 km/h (50 mph), a significant
difference in the spectrum level around 500 Hz on both a smooth

and a rough road.

Other Factors

2:1.1.3.1. Tyre Construction

J C Walker and Major (1975) tested block pattern automobile tyres
with the same tread width and found the radial ply tyre to be

0.7 dB(A) quieter than the cross ply tyre. It is known that in

the case of the radial ply tyres there is less tread shuffle or

micro-movement on the road.

2.1.2. Operating Conditions

2:1.2.1, Speed

Leasure (1975), in his review says truck tyres are characterised
by an increase of 6 = 12 dB(A) for a doubling of vehicle speed

in the range 48 - 96 km/h (30 - 60 mph).

10 dB(A) with doubling of speed corresponds to 33 dB(A) per

decade and 3 dB(A) per 25% increase in speed. With regard to

the accuracy of pass-by testing a 2% change in speed causes

approximately 0.3 dB(A) change in level.

Increases from 6 = 15 dB(A) per doubling of speed on dry surfaces

for cross ply truck tyres were found by Harland (1974).

-,



2,312,261 Direction of Rotation

A chevron type tyre pattern is quieter with the tip of the V
facing backwards in the contact patch, Wilken et al (1976).

2¢li2.2. Load and Inflation Pressure - Cross Ply Truck Tyres

Flanagan (1972) reported that if the load is kept in the 75% to

100% range of the maximum rated load, and the scheduled pressure
used, the sound level does not change appreciably. Leasure (1970)
showed that increasing the load per tyre from 690 to 2010 kg
(1530 - 44301b) on cross bar tyres gave a greater sound level

increase, 6 — 8 dB(A), than on rib tyres, 1 - 3 dB(A).

2.1.2.3. Cornering, Traction and Braking

Tyre squeal is the characteristic tonal noise made by certain
tyres when cornering, accelerating or braking fiercely enough

almost to induce skidding. It is more likely to occur in hot

weather. The tendency has been considerably reduced by the use

of high hysteresis compounds.

The calculation of tyre squeal from material properties was given

by Trivisonno et al (1967). The squeal frequency decreases with
slip angle and decreases as tread depth increases, as discussed

by J C Walker and Major (1975).

Normal braking or driving torque does not appear to affect truck

tyre noise according to Tetlow (1971).

2.1.2.4. Tread Wear - Cross Ply Truck Tyres

Seldom does a tyre grow quieter at any speed as it wears out.
The increase in noise level from new to half worn treads is

typically 2.5 dB(A) for ribbed patterns and 4.2 dB(A) for cross

bar patterns. The noise level then decreases as the fully worn

=18-=



state is approached, unless the tread pattern is such that pockets
of air can be trapped, as discussed by Flanagan (1972). Irregular
wear tends to occur occasionally on truck tyres, especially when

the wear due to lightly iaden motorway running predominates in the
This is fairly rare in the U.K. because of the limited

Scme examples of this type of wear

duty cycle.
unbroken motorway mileages.

can increase noise.

2.1.2.5. Tread Surface Condition

When tyres are run on a smooth drum, the polishing of the tread

is considerable, and wear is negligible. This can give a sticky

surface to the tread which is not representative of the surface of

the tyre when running on the road.

2:1.2.6« Temperature

The effect of temperature on tyre squeal has been discussed in
section 2.1.2.3. In straight ahead rolling, temperature causes
no significant change in noise level when drum testing both rib
and cross ply truck tyres between 25° and 125°F according to
Tetlow (1971). However, in the case of nylon car tyres which have
flatted, that is parked overnight in the cold immediately after

a high speed run, the flats should be run out before testing

commences ( J C Walker and Major 1975 ).

2:12+7: Time - Ageing

Over a period of two years rubber will slightly harden and the

noise can increase by 1 - 2 dB(A) according to Favre and

Pachiaudi (1974).

2.4 249, Wheels

In drum tests with block pattern tyres J C Walker and Major (1975)
showed that a 254 mm (10 in) light alloy wheel was 1.5 dB(A)

-19-



quieter than a steel wheel.

2.1.2.10. Tyre Screens

With local enclosures over each wheel and a gap of 5 — 100 mm
between the screen and the road, a 5+2 dB(A) reduction occurred

on dry roads, and 7+3 dB(A) when the inside of the screens was

lined with sound absorbent. There was a IOOC rise in tyre

temperature, Gadefelt and Voight (1976).

2+1.2:11, Tyres per Vehicle

Doubling the load and number of wheels raises the sound level by

approximately 2 dB(A) as shown by Tetlow (1971). Doubling the
sound power would give an increase of 3 dB but in practice some

degree of shielding occurs of the noise from the far side wheels.

2edi212: Traffic Density and Mix

The effect on noise level of the percentage of heavy goods
vehicles is discussed by Millard (1970) and Nelson and Piner

(1977). The relative speed limits in force for cars and trucks

has a large effect on the traffic noise.

The relative levels of trucks and automobiles under load and
coasting conditions are shown in Figure 2.4., Harland (1974),

The results were obtained with two automobiles and two trucks

on hot rolled asphalt surfaces.

The following table by Watkins (1974) '"shows the values by which
Lip is reduced (Lig is the noise level exceeded for 10 per cent
of the time and is commonly accepted in the United Kingdom as
having reasonable correlation with annoyance). The reductions
are given for four different values of traffic flow, and for four
different proportions of lorries to automobiles. In each space
in the table there are two values, the first gives the reduct-
ions if all lorry noise levels were reduced by 10 dB(A), and the
second (in brackets) gives the corresponding value if in
addition to this reduction in lorry noise, all car noise levels

-20-
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were reduced by 5 dB(A).

The table establishes a strong case for not resting content with
producing quieter lorries, but for also proceeding to reduce the

noise levels of cars."

TABLE 2.5. REDUCTIONS IN Ljp DUE TO REDUCTION IN NOISE OF
INDIVIDUAL VEHICLES

Flow Reduction in L1g (dB(A))

(vehicles/hour)
10% lorries | 20% lorries | 40% lorries | 80% lorries

200 1.4 (5.6) 2.5 (6.3) 4.5 (7.3) 8.4 (9.3)
400 1.4 (5.6) 2.5 (6.4) 5.1 (7.9) 8.8 (9.6)
800 1.5 (5.9) 3.1 (7.0) 5.9 (8.8) 9.0 (9.8)
1500 2.0 (6.4) 4.2 (7.8) 6.3 (9.1) 9.0 (9.8)

213 Noise Generation Mechanisms

Introduction

Three mechanisms for tyre/road noise generation are:

(a) impacting between the tread and the road
(b) micro-movements of rubber on the road
(c) air pumping by the tread pattern

Three possible resonances are those of':

(a) the tyre
(b) the air in the tyre
(c) the tread elements

2108wl Impacting

The impacting mechanism has been studied by Richards (1974).

-22-~




Accelerometers inserted inside the tyre showed over 600g change in
acceleration as the tread entered and left the contact patch at a
speed of 113 km/h (70 mph). Carpeting the surface to soften the
impact reduced the noise level of a block pattern tyre by 8 dB(A)
at 48 km/h (30 mph) and 3.5 dB(A) at 113 km/h (70 mph).

2:1.3.1.2, Stroking

With micro-movements of the tread, J C Walker and Major (1975),
showed with glass plate studies of a blank tread steel radial ply
tyre, that up to 2.5 mm total movement of a point on the tread
relative to a point on the ground occurs as it passes through the
contact patch. It has been suggested that this is the main cause

of the noise of a smooth tyre on a smooth surface, Richards (1974).

2.1.3.1.3. Air Pumping

The third mechanism of air pumping was discussed by Hayden (1971)
and the theory was further developed to predict directivity patterns
by Samuels and Alfredson (1974). Air is ejected between tyre and
road during contact and injected just after contact. Air pumping

is a dominant mechanism in the case of treads which can trap pockets
of air on smooth road surfaces. However Richards (1974) concluded

that the impacting mechanism was dominant as regards noise from

cavity pockets in the road.

2:1:8:3; Tyre Vibrations

Tyre vibrations have been discussed by Leasure and Bender (1975).
The vibrational characteristics and mechanisms of sound radiation
may be evaluated together in three frequency regimes as illustrated
in Figure 2.5., by the acceleration response of different points

on the tyre to a point excitation as shown by Hayden (1971).

At low frequencies 30 - 100 Hz, the tyre would respond in the
vicinity of the tyre contact area. The radiation is likely to be
monopole in nature. This mechanism is unimportant as the ear is

less sensitive in this frequency region.

-23-



At higher frequencies 80 - 150 Hz, the carcass responds in a modal
manner. Modes were investigated for 10 - 22 cross ply truck tyres

by Reiter (1974) and H78-15 car tyres by Potts (1973).

TABLE 2.6. RADIAL MODE RESONANT FREQUENCIES VERSUS TYRE

CONSTRUCTION
Radial Mode Resonant
Frequencies (Hz)
Radial Mode Number 1 2 3 4 5 6

Automobile Tyre - Radial Ply 59 80 | 96| 112 (130 | 151
Automobile Tyre - Cross Ply 140 | 168
Truck Tyre - Cross Ply 103 | 116 | 159 | 196

An example of the third radial mode is given in Figure 2.6. by
Potts (1975). However this mechanism is also unimportant since
the tyre carcass is an inefficient radiator, while responding
in a modal manner, because the ratio of the distance between
the contracting and expanding parts of the tyre to the wave-

length of sound in air, is small.

At still higher frequencies, flexural waves in the carcass will
be generated at the tyre/road interface as sketched in Figure

2.7. by Leasure (1975). '"These waves are expected to attenuate
rapidly with distance from the contact area. The sound radiated
by these waves depends on a number of factors, the most important
of which is the phase velocity in the tyre. The propagation
speed of a complex wave is frequency dependent, with the high
frequency components travelling faster than the low frequency
components, thereby altering the shape of the wave. Each
frequency component of the complex wave progresses at its own
velocity, the so-called phase velocity of the component. If this
velocity is above critical (i.e. above the speed of sound in air)
the waves will radiate very efficiently. However, even sub-
critical waves may radiate significant sound levels owing to low
wave number components associated with damping, edge effects,

and the structural near field associated with the excitation

point."

. v .
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lustration removed for copyright restrictions

TRANSFER OF INPUT ACCELERATION TO REMOTE PARTS OF TYRE

Figure 2.5. (Hayden, 1971)
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SHOULDER VIEW OF THIRD MODE RADIAL VIBRATION RESONANCE AT 96 Hz
FOR A HR 78-15 RADIAL TYRE

Figure 2.6. (Potts, 1975)
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SIDEWAL L FLEXURAL WAVES

(LEASURE 1975)
Figure 2.7.
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Preliminary accelerometer data indicates that waves are also

propagated out from the contact patch along the tread circumfer-

ence, Eberhardt (1975).

Eberhardt recorded in service truck tyre sidewall vibrations and
periodically repeated segments were chosen for analysis based on
consideration of data periodicity, stationarity and normality.
The segmented data is then subjected to analysis by digital
processing methods, and results are presented in detail for sound
power spectra and coherence between vibration and sound as shown
in Figure 2.8. The high values of coherence support carcass

vibration as a major source of noise for the cross bar truck

tyre.

Coherent peaks in the spectrum tend to follow harmonics of the

400 Hz lug passage fundamental frequency.

Eberhardt (1979) extended his work and showed that vibrations of
the tread band rather than those of the sidewall are the dominant
noise source. Application of the Rayleigh integral to the
experimentally measured tyre vibration field resulted in sound

pressure levels that agree closely with those measured by

experiment.

2.1.4. Models of Tyre Noise

Reiter (1973) modelled two simple tread patterns, a typical rib tyre

and a simple cross bar tyre.

The cross bar pattern is considered as a series of damped parallel-
epipeds resting on a rigid foundation. It predicts a 3 dB(A)
increase in sound pressure as tread depth is reduced by 50%. A

doubling of the tyre load increases the sound pressure level by 6dB.

The rib pattern is considered as a flexible string embedded in an
elastic foundation. Figure 2.9. shows how the Doppler effect due

-28-
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to tyre motion shortens the wavelength at the front of the tyre
and lengthens it at the rear. This causes the rear to be a more

efficient radiator than the front.
Samuels (1974) modelled the directivity patterns of simple constant
pitch, in phase block pattern tyres, assuming the air pumping noise

generating mechanism to be dominant.

2.2. Surface Variables and Environment :

2.2.1. Road Texture

Fuller (1976) obtained a correlation between the dB(A) level of a
vehicle coasting with circumferentially grooved tyres and pave-
ment roughness. A nominal level of surface macrotexture is
desirable to achieve minimum tyre/road noise generation. The
correlation held for three parameters expressing pavement rough-
ness including texture height. Tests were carried out on seven

surfaces.

The work by Underwood (1973) on road texture effect on noise is

discussed in detail in Chapter 3.

2.2.2.2. Wet Conditions

If bulk water does lie on the surface then the noise can be 7 -
11 dB(A) higher than in the dry with truck tyres according to
Underwood (1973). However, the author notes that if the road
surface has enough drainage including adequate camber, to drain
away the surface water, such as the porous surface of friction
course or the Delugrip type of surface, then noise in the wet

is hardly any higher than noise in the dry.

2.2.2.5. Obstacle Proximity

A guard rail and curb on the side of the lane opposite the
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microphone gave approximately a 0.6 dB(A) increase in noise level

at 15.2 m (50 ft) as shown by Miller and Thrasher (1976).

2.202:7

Wind Velocity

The effect of wind in the direction of travel of the vehicle was

investigated by Oswald and Hickling (1976). The airspeed of the

truck was measured by a pitot tube.

asphalt.

aerodynamic noise assuming a 6th power law.

TABLE 2.7.

The road surface was smooth

The tyre/road noise levels were corrected for vehicle

CHANGE IN PASS-BY LEVEL VERSUS GROUND SPEED AND AIR

SPEED

Change Level Change Corrected
in Level | at 15 m| in Level | Tyre/Road Noise
dB(A) dB(A) dB(A) Level dB(A)
Tyre Tread Pattern
Ribbed +2.5 67.0 -1.3 65.3
Blank +5.0 62.5 -3.6 57.3
Air Speed
(km/h) 100 80 60 0
Ground Speed
(km/h) 80 80 80 80
2:3: Types of Noise Measurement

2.3.1.1.

Standard Pass-by Tests

The conditions for coasting pass-by tests are according to BS 3425

in the U.K.

and SAE J57 in the U.S.A.

However even low wind speeds

can effect the noise level of the quieter tyres due to aerodynamic

vehicle noise.
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2.3.1.2. Distance of Stationary Microphone

In a free field, doubling the distance from a point source drops
the noise level by 6 dB(A), whereas doubling the distance from a

line source gives a 3 dB(A) drop.

On the road, the wheelbase of the vehicle determines the degree
of departure from the point source condition. The figures given
below show the difference in level between 7.6 m (25 ft) and
15.2 m (50 ft) during coasting pass-by tests. The figures

are the average with concrete and asphalt surfaces. The author

averaged Leasure's raw data, to obtain the differences for truck

tyres.
TABLE 2.8. DIFFERENCE IN PASS-BY LEVEL FOR DIFFERENT VEHICLES
DUE TO DOUBLING MICROPHONE DISTANCE
Vehicle Difference Reference
Automobile 5.8 dB(A) | Veres (1976)

Truck-single chassis 20 ft

body-ribbed tyres 5.1 dB(A) | Leasure et al (1970)

Tractor and (trailer 40 ft

long) ribbed tyres 4.5 dB(A) | Leasure et al (1972)

On a painted road surface, with an automobile,' Veres (1976) obtained
a difference of 6.5 dB(A). This higher value is believed to be
due to the generation of higher frequency sound on the painted

surface and the rapid attenuation of this sound with distance.

With regard to the accuracy of pass-by testing,a 0.3 m (1 ft)
deviation of the vehicle causes an 0.17 dB(A) change at a micro-

phone distance of 15.2 m (50 ft), and an 0.34 dB(A) change at
7.6 m (25 ft).
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2.3.1.5. Directional Characteristics of Noise

Siddon (1972) made correlation measurements between sound from
positions near to the tyre and sound from the far field 1.83 m
(6 ft) from the tyre. As shown in Figure 2.10. the maximum

correlation is obtained just behind the tyre.
Close (1974) demonstrated that tyres emit noise more strongly to
the rear. Figure 2.11. shows this effect for a fully worn pocket

retread tyre at 72 km/h (45 mph) on rough asphalt.

2.4. Criteria for Subjective Judgement of Tyre/Road Noise

Recommendations and legislation for traffic noise are based on

dB(A) values and are discussed by Millard (1970).

Maximum L,y values are commonly used, that is the level exceeded

for 10% of the time.

In order to confirm, supplement or replace the peak A weighted
level, the SAE Truck Tyre Subcommittee carried out a program of
tests in 1970. The twenty three members of the jury were
positioned 22.5 m to 25.6 m (74 to 84 ft), and the microphone
18.3 m (60 ft), from the centre line of the vehicle path. The
types of tyres used included twelve crossbar patterns and five
rib patterns. The vehicle was either coasting, or under road
load power for maintaining the speed. The road surface, of

Portland cement, had been recently constructed and lightly used.

The sound levels and mean noise ratings for all test runs (Hillquist
1972) are shown in Figure 2.12. The averaged figures separating
tread patterns (rib or cross bar) and vehicle operating conditions

(vehicle coasting or engine under load) are shown in Figure 2.13.

The conclusion from these tests as discussed by Lippman (1972)

indicates that the A weighted sound level accounts for the bulk

—-36=
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of the annoyance ratings. Variations equivalent to +3 dB(A) in

ratings appear to be accountable, partly in terms of the persis-
tence of the noise which is due to the directional properties of
the noise emission causing it to be heard for a longer time, and

possibly in terms of spectral characteristics.

The effect of spectral characteristics is discussed in Section

6.1.
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CHAPTER THREE: COASTING VEHICLE PASS-BY NOISE IN THE DRY AND

WET GRIP

3.1 Introduction

Although much work has been carried out on coasting pass-by noise
of various tyres on various rocad surfaces as referred to by

J C Walker and Major (1975), very little work had been done on

a combined study with wet grip included. The first important
work of this type in the U.K. was the Transport and Road Research

Laboratory (T.R.R.L.) work on the quiet heavy lorry project
Underwood (1973).

32 Relevance of decibel to Common Traffic Situation Variables

It is useful to consider the expected reduction in the measured
sound level due to a traffic stream as a consequence of fitting
quieter tyres or running on a quieter road surface, and relate

this to other variables in this situation.

The traffic can be considered to be a line source when the distance
between the highway is greater than half the average headway
between the vehicles. A 3 dB(A) reduction which is halving of
sound intensity, is equivalent to doubling the distance from the
highway or to halving of traffic volume Millard (1970) or to
reducing the traffic speed by 25%. Although 1 dB is fairly
insignificant from a subjective point of view, it is of great
importance to U.K. authorities paying compensation under the

British Land Compensation Act when the measured noise is close to

the limit.

3.3, Test Conditions

The pass-by tests are to B.S. 3425 conditions, with the vehicle
coasting past the microphone at the required speeds. The micro-

phone is 7.5 m from the centre line of the vehicle track and 1.2 m
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off the ground. The Impulse Sound Level Meter B & K Type 2208

gives consistent readings and tape recordings are also taken.

3.4, Transport and Road Research Laboratory Tests

Figure 3.l. obtained from the results by Underwood (1973)
summarises the main dB(A) results. It shows the coasting noise
levels in dB(A) fast sound level meter response, at the standard
distance of 7.5 m (25 ft) from the centre line of the vehicle for
a laden truck 13,200 Kg (29,000 1b) travelling at 100 km/h (62
mph) .

Here, there are three dry surfaces, polished smooth concrete,
coarse quartzite and motorway surfaces, and three types of tyre
pattern, blank tread, ribbed pattern and tractive pattern, on the
10.00-20 cross ply tyres. A blank tread is one of full tread
thickness without a tread pattern.

The polished smooth concrete surface shows a much greater
contrast in tread pattern/road noise than the surfaces with the
greater macrotexture which is the large scale texture of the road
surface for water drainage. In the latter cases, ribbed tyres are
1 - 2 dB(A) noisier than smooth tyres and traction tyres are

3 dB(A) noisier than the ribbed tyres. Thus the total effect of
any major pattern feature is of the order of 3 dB(A).

The author considers that this figure shows two distinct effects

of the road surface on the tyre/road noise.

First is the excitation effect. The greater the macrotexture the
more the tyre is excited and the greater the noise emitted, unless
the frequency is high enough to be outside the sensitive region
for the tyre. This is seen in the blank tyre results which get
noisier as the macrotexture increases. There is no tread pattern

effect in this case.
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Second is the break-up of the tread pattern effect. Up to a
point, the greater the macrotexture the less the tread is in
contact with the road. As it contacts just the tops of the
stones, then the greater is the break-up and the less will be the
noise due to the tread pattern. This is shown in the traction
pattern results, where because of- the transverse lug pattern (no
centre rib) the effect of the break-up dominates over the

excitation effect and the tyre gets quieter as the macrotexture

gets greater.

The coarse quartzite surface is 3 - 4 dB(A) quieter than the

motorway surface for all tread patterns.

The figures for the blank tyres on polished smooth concrete are

not as low as they would be if corrected for vehicle aerodynamic

noise, propeller shaft and rear axle noise.

Oswald and Hickling (1976) showed blank tyre noise to be less

than aerodynamic noise at this speed.

Turning to automobile pass-by results from J C Walker and Major
(1975), Figure 3.2. again shows a similar pattern of results.

These will be discussed later in the correlation with indoor

tests.

3.5 Truck Coasting Noise - Six Road Surfaces, Two Tread Patterns

Figure 3.3. shows the author's measurements of coasting noise
levels in dB(A) at 7.5 m (25 ft) from a laden truck 16,200 kg
(35,600 1b) travelling at 64 km/h (40 mph). The figures are
the average from eight runs. The noise measurements were taken
with a Bruel and Kjaer precision Sound Level Meter Type 2209

using the fast response. The wind velocity was below 8 km/h

(5 mph).

DR 22.5 radial ply tyres were used. Ribbed pattern tyres were
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fitted to the front truck axle in all tests, and the ribbed
pattern or the traction pattern (centre ribs and shoulder lugs)
were fitted to all four wheels of the rear drive axle respectively.

There are six road surfaces:

1. Mastic asphalt - a skidding test strip, with very low
macro and microtexture.

2. *Delugrip Road Surfacing Material (R.S.M.) with a
maximum aggregate size of 10 mm.

3. Friction course - pervious macadam.
Motorway - hot rolled asphalt BS 594 with 19 mm pre-
coated chippings.

5, Lateral brushed concrete — brush marks 1 to 2% mm deep
and 3 to 10 mm apart.

6. Random lateral grooved concrete - grooves 10 mm wide and

30 to 55 mm apart.

The surfaces 2 to 6 are from 1 to 3 years old with

medium traffic density up to 500 commercial vehicles

a day.

The tyre pattern effects are shown in perspective with the road
surface effects. Starting on the left hand side of the Figure,
a certain amount of macrotexture decreases the pattern effect
and then added macrotexture excites more noise. In the cases of
lateral brushing and grooving of the surface, the tyre impacts
the lateral ridges at the same time across the width of the

tread, which is the worst way of noise generation.

3.6. Tyre/Road Noise due to Road Surface Texture

Figure 3.4. J C Walker and Major (1975) shows the relationship
between length of tyre tread pitch or mean aggregate spacing,

vehicle speed and the corresponding frequency generated. The

* Delugrip is a registered trade mark of Dunlop Limited.
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aggregate spacing is shorter on the Delugrip type of surface than
hot rolled asphalt, resulting in higher frequencies from Delugrip
for a given speed. Figure 3.4. shows in addition the third octave
spectrum of a plain rib steel breaker automobile tyre on Delugrip.
A broad peak in the order of 1000 Hz which is independent of speed
together with a rapid decay rate as frequency rises further is
shown in this spectrum. It also occurs with the blank treaded
tyre on a smooth asphalt sand carpet surface at lower levels.

Blank treaded truck tyres also show a fall in the noise in the high

frequency region.

The higher frequencies from the Delugrip type of surface are in
the less sensitive region for the tyre/road noise. It is evident
that both the road designer and the tyre designer have to be
careful in choice of aggregate size and tyre tread element pitch

so that excitation is, as far as possible, in the less sensitive

high frequency region.

3.7 Delugrip Road Surfacing Materials

In order to optimise wet grip at the tyre/road interface, research
was directed initially towards the improvement of the tyre
contribution, resulting in a steady improvement in the wet grip

of tyres over the years. It was then realised that the greatest
room for substantial improvement lay in the second half of the
problem, that is, the potential grip of the road surface, and

attention was directed towards improving this.

Delugrip Road Surfacing Materials have been developed after eight
years of joint research between Dunlop and the University of
Birmingham, theses Williams (1971) and Katekhda (1974). These
materials have increased wet skid resistance, reduced spray
generation and reduced tyre/road noise. These properties are

maintained throughout their life.
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The large scale texture of the surface, the macrotexture, is
optimised for the drainage of bulk water across the surface and to
aid water drainage from under the contact patch, as shown by Bond

et al (1973).

The microtexture for adequate skidding resistance at any speed by
rupture of the thin remaining water film should be within the
range 0.01 to 0.1 mm as shown by Williams and Lees (1970) and
(1973).

The Delugrip type of surface is a wearing course material
designed to a rational method of aggregate grading as described
by Lees (1970) and complies with the above requirements for
macrotexture and microtexture. The macrotexture is achieved
through mix design principles to give adequate sub-tyre drainage
for the average traffic speed of the site and is maintained by
differential wear rates of the aggregates. The microtexture
required is achieved and maintained by selection of suitable

aggregates having resistance to polishing.

The substantial benéfit in wet grip is illustrated by the side-
ways (lateral) force coefficient figures in Figure 3.5. An
advantage of greater than twenty points has been sustained over
the years. The figures were taken over a six year period for a
trial area of the A4, London, comparing the Delugrip type of
surface with hot rolled asphalt. The traffic on this road is
very heavy. The values were measured by the Greater London Road
Authorities using the Sideway Force Coefficient Routine Investi-
gation Machine S.C.R.I.M. (T.R.R.L.) which has become the standard
wet grip testing machine for road authorities in the U.K. In
this machine the lateral force coefficient of a blank tread motor
cycle tyre at a slip angle of 20O is measured in the wet at a

speed of 50 km/h (30 mph).
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3.8. Automobile Tyre/Road Noise and Wet Grip versus Vehicle

Speed

Figure 3.6. shows the increase in automobile coasting noise levels
with speed at 7.5 metres (25 ft) distance with blank tread tyres
and ribbed and multislotted tread tyres. The peak braking force

coefficient figures in the wet are shown for the latter.

The braking tests are with the front wheels only braked, as
described by Allbert and J C Walker (1965); and the deceleration
is measured with a decelerometer and U.V. recorder. Load
transfer effects are allowed for as shown by Williams T. et al

(1973).

With doubling of speed, the increase in noise level with speed,
ranges from 9 to 12 dB(A). The truck tyre tests previously
discussed show an average of 10 dB(A) increase with doubling of

speed. This corresponds to 3 dB(A) per 25% increase in speed.

The surfaces range in coarseness from the random spacing grooved
concrete, which has good wet grip but is the noisiest, through
British Standard hot rolled asphalt BS 594 which has lower wet
grip when worn and is noisy, through Delugrip Road Surfacing
Material which has good wet grip when worn and is quieter, to the
smooth mastic asphalt skidding test track surface which has
poorest wet grip and is the quietest. Thus, Delugrip Road
Surfacing Material is an attempt to optimise both wet grip and
noise.

3.9. Automobile and Truck Tyre/Road Coasting Noise and Wet
Grip

Figure 3.7. shows the form of the relationship between wet grip
and noise in the dry for various tyre/road combinations. The
truck figures are from Transport and Road Research Laboratories

work Harland (1974) and the coasting noise levels are those which
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were shown in Figure 3.1.

The 13,200 Kg (29,000 1lb) truck at 100 km/h (62 mph) with blank
tyres on smooth concrete has a low braking force coefficient of
0.03 and a low noise level of 73 dB(A). The tyre/surface grip may
be improved by the following methods:-

(a) increasing the coarseness of the road texture, which
unfortunately gives an 8 dB(A) noise increase.

(b) by the use of a ribbed pattern on the tyres and running
them on the smooth concrete. This measure increases the
noise by about 6 dB(A).

(c) by a contribution of coarse road texture and ribbed tyres,

which gives 10 dB(A) greater noise.

However this is not necessarily inevitable since the grip can be
increased and the noise reduced. In the case of the author's

work with a 1,280 kg (2,800 1b) car travelling at 64 km/h (40 mph)
on surfaces after one year of heavy traffic (approximately 1000
commercial vehicles per day); with increasing grip, the noise level
drops by 3 dB(A) when changing from BS 594 Motorway to Delugrip
Road Surfacing Material, and by a further 1.7 dB(A) when high

friction tread compounds are used.

It will be noted that the braking force coefficients are rather higher
with the truck on the test track motorway surface, than with the
automobile on the actual motorway. This is because on the track the
roughening, due to weathering, dominates any traffic polishing
whereas on the motorway the reverse is true. In fact, an automobile

has a higher grip than a truck on the same surface.

3.10. Wet Tyre/Road Noise

If bulk water does lie on the surface then the noise can be 7 =

11 dB(A) higher than in the dry with truck tyres, Underwood (1973).
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However if the road surface has enough drainage and the correct
camber to drain away the surface water, such as the porous surface
of friction course or the Delugrip type of surface, then noise in
the wet is hardly any higher than noise in the dry, and the spray
is greatly reduced, Katekhda (1974).

3l Coasting Vehicle Pass-By Noise with Studded and Unstudded
Tyres

Pass-by noise testing was carried out by the author under BS 3425
conditions on hot rolled asphalt (BS 594) using a Ford Granada
fitted with tyres having differing densities and configurations

of studs.

The noise levels with and ﬁithout studs are shown in Figure 3.8,
These are of the same order as found by Johansen (1979). The
calculated passing noise effect is shown in Figure 3.9. These

results are related to a defined studded tyre parameter in Figure

3.10. where:

Power = (Vertical Force Exerted by a Stud) x (Speed of Vehicle) x
(Acceleration due to Gravity)

Stud Density = Number of Studs

Tread Width x Tread Circumference

The vertical force exerted by a stud depends on the stiffness of
the support of the stud and the force contribution due to the
absorption of the kinetic energy of the stud. Since the product
of the stud vertical force and the stud density is related to the
road surface damage performance of studded tyres, then this perfor-
mance may be predicted from the noise results, thus saving both

time and cost, as discussed by Bond (1977).
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Figure 3.10. (Bond, 1977)

~58-



CHAPTER FOUR: TOTAL TRAFFIC NOISE - THE RESURFACING OF
HAMMERSMITH FLY-OVER, U.K.

4,15 Introduction

In March 1975 the eight year old hot rolled asphalt surface on the
Hammersmith fly-over, U.K., was relaid with Delugrip Road Surfacing
Material. The opportunity was taken,with the author's involvement,
to carry out an exercise to investigate traﬁfic noise before and
after re-surfacing, Major (1975). The traffic flow is very high at
69,000 vehicles per day and approximately constant from week to week.
Tape recordings were taken of the noise in January over two half
hour periods, namely early and late afternoon. Recordings were
repeated on the same day of the week in April after re-surfacing.
Each day was similar in weather conditions. The average traffic

speed was fairly consistent 65 km/h (40 mph) during the test periods.

In addition to measurement of the total traffic noise, advantage was
taken of the closed periods of the fly-over to carry out individual
noise tests. These involved an automobile coasting past a micro-

phone at 7.5 m (25 ft) distance over a range of speeds.

The microphone position for the traffic noise tests was on the roof
of the local Odeon Cinema. This gave a good position some 9.1 m
(30 ft) above the carriageway and approximately 18.2 m (60 ft) from

the centre of the road.

4,2, Road Surface Texture

The difference in surface texture is shown in Figure 4.1., the
scales being compressed horizontally and expanded vertically to show
the difference with clarity. These sections were obtained by taking
a cast of the road surface in the wheel rut area along the
direction of travel. The casts were sectioned, photographed, and
the profile trace digitised to produce punched tape. This was fed
to the IBM 370 computer and the magnetic tape output was fed to the
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autodraft equipment.

The upper trace shows the hot rolled asphalt with the binder worn
away. The tops of the stones were severely polished giving poor
wet grip. This surface will excite considerable tyre vibration

and hence, considerable tyre/road noise.

The lower trace shows the Delugrip type of surface which has a
much finer macrotexture. This causes much less tyre vibration and
this is at higher frequencies in the less sénsitive region of the
spectrum and thus gives quieter tyre road noise. The valleys in
this profile are inter-connecting waterways for good drainage.

In the case of the individual noise tests with a coasting automo-

bile, a 3 dB(A) improvement was obtained.

4.,3. Histogram of Total Traffic Noise

Figure 4.2. shows a distribution or histogram of the traffic noise
levels for both hot rolled asphalt and the Delugrip Road Surfacing
Material. The tape recording of traffic noise was fed to the
Sound Level Meter which provided the input to the digital mini

computer which calculated the distributions shown.

The vertical scale represents the percentage of the time that each
particular dB(A) level was recorded over the total period of one
hour. The horizontal scale shows increasing dB(A) levels to the
right. This Delugrip type of surface is 3 - 4 dB(A) quieter than
hot rolled asphalt over a large part of the distribution. The
shape, the difference between the distributions, is shown more
clearly in the ogives in Figure 4.3. At the noisiest end, corres-
ponding to a noisy truck engine, the difference is much less since
the engine noise dominates. However, when the quiet lorries have

been produced, the quieter surface is already available.
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4.4. Total Traffic Noise — Frequency Spectrum and Probability

To investigate frequencies at which the difference between the two
surfaces was greatest, the ogives were obtained from the tape record-
ing for each of the )4 octave bands in the range 40 Hz to 3.15 kHz.

Hence frequency spectra are obtained for various percentages of time

above the spectrum levels shown.

Figure 4.4. shows the spectrum for 50% of the time and is thus the
median value. In this figure the various % octave levels have also
been weighted using the dB(A) scale in order to give a closer corres-

pondence tothat experienced by the human ear. This procedure atten-

uates the high intensity at the lower frequencies due to heavy goods

vehicle exhausts.

It can be seen that at 1 kHz the difference between the two surfaces

is 5 dB(A) thus showing that the frequency range in which the

Delugrip surface is most effective is from 500 Hz to 2.0 kHz.

The hot rolled asphalt surface generates frequencies in the range
300 Hz to 2.0 kHz, whereas the Delugrip type of surface generates
frequencies from 1 kHz to 5 kHz over a normal range of road speeds.
Therefore the noise generation is taken out of the sensitive area

around 1 kHz, where the tyre acts as a good emitter, as previously

discussed in section 3.6.

4.5, Full Probability Spectrum Levels v. % octave band plots

Figures 4.5. and 4.6. show the full probability plots for levels in
a % octave band exceeding the contour levels for the hot rolled
asphalt and Delugrip Road Surfacing Material respectively. dB and

not dB(A) are used.

The difference between the surfaces becomes apparent in Figure 4.7.
where the difference between the contours in the two previous

figures is plotted superimposed on the Delugrip contours.

-65-



Figure 4.8. describes the main causes of the noise in Figure 4.7.
The contours in the top half of the diagram are caused mainly by
vehicle engine and exhaust noise. Those in the bottom half are
caused by road/tyre‘and vehicle engine noise. The conditions
represented by the extreme left hand edge of the diagram corres-
pond to the infrequent periods of light traffic where the back-
ground noise, including the roar of distant traffic, is being

measured.

The contour lines in Figure 4.7. show improvements due to Delugrip
Road Surfacing Material in comparison with hot rolled asphalt in
the range 300 - 3000 Hz with large areas of over 4 dB difference,

and overall shows major benefit.

Figure 4.9. is a replot of the data showing the improvements over

the full range of probability with more clarity.

The instrument used for the tape recordings was a Philips Analog
7, operating on the FM principle, with a tape speed of 15 inches
per second, giving a good frequency response up to 5 kHz. This

instrument was heavy and was replaced with the Racal Store 7,

which was used for later work and was much lighter.
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CHAPTER FIVE: THE EFFECT OF DRUM SURFACE TEXTURE ON INDOOR TYRE
NOISE TESTING v. COASTING VEHICLE PASS-BY NOISE

Bl Introduction

As referred to in Section 3.4. smooth surfaces give greater contrast -

between tread patterns than do normal road surfaces.

Prior to noise testing on a smooth drum surface each tyre was

individually wire brushed to reduce the polishing effect.

A machined steel drum surface is smoother than the smoothest road
surface and gives very high contrast in the noise levels from a

range of tyre patterns as shown by J C Walker and Major (1975)

Figure 5.1.

A further disadyantage of a smooth drum surface is that the polish=-
ing effect is much greater than any wearing effect of the tread
surface by the drum surface. This does not occur on road surfaces

where the wear is adequate to prevent polishing of the tread.

The author therefore decided to cover the existing smooth drum
surface with Safety Walk'. Duralumin Shells 6.25 mm thick in three
sections were bolted round the drum surface, and the 3 M Safety
Walk (50 grade) was stuck to the surface. An oblique butt joint

was used to minimise the effect of the joint.

5.2 Experimental Procedure

The tyres were loaded by the pneumatically loaded strut suspension
to a load of 300 kg and the inflation pressure was set to 1.8 kg/
cmz. They were tested with zero lateral force; any lateral force
built in to the tyre was offset by running it at a slight slip

angle. This corresponds to normal driving attitude and minimum

cornering noise.
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One microphone was positioned at 450 mm from the ground plane and

800 mm from the centre of contact of the tyre and in the vertical

plane containing the drum axle. The drum, of diameter 1.52 m (60

inch), protruded 3 cm through the laboratory floor which was of

steel chequer plating.

Using the British Standard Test for specific room suitability, it
was found that when the microphone to source distance was doubled
there was more than a 5 dB drop in sound level in the frequency

bands. Hence the laboratory is suitable for the type of test.

5.3. Discussion of Results

Figure 5.2. illustrates the sound pressure levels dB(A) when
running tyres on Safety Walk as compared with a smooth drum
surface. Four radial ply tread patterns were tested; a winter
pattern, ribbed and microslotted, and a blank tread size 165-14

and a plain ribbed size 185/60-13. The levels were corrected for

background level.

There was approximately 5 dB(A) increase in noise level of the plain
rib over blank tread on the smooth drum. The blank tread was

9 dB(A) noisier on the Safety Walk and the plain rib was 4 dB(A)

noisier.

However, the ribbed and micro-slotted tyre was 5 dB(A) quieter on
Safety Walk. This is largely because the micro-slots seal and
unseal on the smooth surface giving a high frequency hiss. They

do not seal on the Safety Walk and are hence quieter.

The winter pattern was 4 dB(A) quieter on the Safety Walk. This
tyre has a block pattern including micro-slots. A tyre with just

a block pattern and no micro-slots was tested and found quieter
on the Safety Walk showing that the noise reduction is not just a

micro-slot effect.

=75



NH3I L1Vvd H3 LNIM-SMO0™a

Im

€1LO0T1SOHIIW ANY s8Id

gid Nivd

MNVYg

74m CAR COASTING-

8019

o
~

NY3 1L 1Vd HI INIM-SY20g

SLOT1SOHIIW ANV saIY

81" NIvid

HNYTIg

Im

704

o
0

NE3 1L Lvd Y3 1NIM-SMD01g

S1071=0d"oIwW
ANy s8I

814 NIivd

HANv8

80km/h
SAFETY WALK
DRUM

64 km/h
MASTIC ASPHALT
ROAD

S0km/h
SAFETY WALK
DRUM

804

T
o
~

(VI8P TBA371 3uN SS3ud aNnnos

NE3I L1Vd U3 LNIM-SM00a

S1071SOHIIW ANV =8Iy

8iY Niv 9

MNvT8

NH3 L LVd H3 LNIM-SMD0T1g

S107T1SOH2IW ANY €81y

819 NIy Iid

HNVYTIE

NEI L LVd U3 LNIM-SMD018

S1071SOHDIW ANV Sg1Y

814 NivTd

—v__ZJ.l_m

90

80

o
o~

wi (v)8r TBANA3T1 IHN SS38d ANNOS

80km/h
SMOOTH DRUM

64km/h

SMOO TH DRUM

S0km/h

SMOOTH DRUM

A COMPARISON OF CAR COASTING NOISEWITH DRUM TESTS

Figure 5.3.

=76=



5.4. Comparison with Vehicle Pass-by Noise

Figure 5.3. shows that the high contrast between the winter and
the blank tread tyre is approximately 20 dB(A) on the smooth drum
and 9 dB(A) on the Safety Walk drum. The Safety Walk results are
very similar to those obtained by J C Walker and Major (1975) on

mastic asphalt which also gave a contrast of 9 dB(A) between the

patterns.

An extension of the scope of this type of work is possible with

the use of replica road surface shells on drums.

5D« Replica Road Surfaces

The following replica road surfaces were obtained by Dr A R Williams
(Dunlop Limited) with a view towards investigating comfort,

vibration, rolling resistance and thermographic measurements as

well as noise.

Although Safety Walk is a step towards a road surface and over-—
comes some of the disadvantages of a polished steel drum surface,

it is still non typical and abrasive. Resin surfaces have been made
as exact replicas of actual road surfaces, i.e. not new and not
excessively worn road surfaces. They were taken from the wheel
track of road surfaces which had carried moderate to heavy traffic
for a period of time. The thermal conductivity of the material is
close to that of the road and gives more typical tyre temperatures.
It is a simple matter to change the type of surface during a series
of tests. Each surface is constructed with as few joints as

possible. There is no repetition of the surface in the circumfer-

ence of the drum.

A 5 metre long cast of the road surface to be replicated was taken
using cold cured rubber. A cast was also taken of the drum

surface. A shell was formed using these casts. The thickness of

the shell was approximately 20 mm. It had an outer layer with
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silicon carbide filler for high polishing resistance and inner
layers of resin with glass fibre. The shell was built in three

sectors round the drum and bolted down at 150 mm intervals around

the circumference.

The sample of road surface and the moulded replica are shown at
the top of Figure 5.4. The faithfulness of reproduction can be
seen in the photomicrographs from the scanning electron micros-
cope as the linear magnification is increased from 70 to 1500
times. The exactness of the copy of the microtexture is evident.
The replica surface has been tested for its resistance to polish-
ing (BS 812) and gives a Polished Stone Value (P.S.V.) of 58

which is close to the value for granite.

The range of surfaces used is shown in Figure 5.5. The localised

contact prints from a plain treaded tyre on each of the surfaces

is shown in Figure 5.6.

The cross grooved concrete and lateral brushed concrete surfaces
from which the replicas were made had been heavily worn and would

be quieter than when in a less worn state.

5.6. Indoor Testing of Automobile Tyres on Replica Surfaces

Four types of tyre were tested by the author, blank tread, plain
rib, ribbed and microslotted and a winter tractive block pattern.

The steel breaker radial ply tyres size was 165-14.

Seven surfaces were used:

1. Smooth steel
2. Safety Walk
3. Delugrip Road Surfacing Material (R.S.M.) with maximum

aggregate size of 10 mm
4, Hot rolled asphalt BS 594 with 19 mm precoated chippings
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Surface dressing of 10 mm chippings
Lateral brushed concrete - brush marks 1 to 2% mm deep

6.
and 3 to 10 mm apart (more worn than when external truck
noise measurements were taken 2 years previously)

T Lateral grooved concrete - grooves 10 mm wide and 30 to

55 mm apart, randomised but repeated every metre

The noise level results are shown in Figure 5.7.

This figure shows three distinct effects of the road surface on

the tyre/road interaction noise.

(i) The Noise Excitation Effect due to Macrotexture of the

Surface

This is evident when there is very little tread pattern effect,

e.g. in the case of the blank tread or the plain ribbed tread

which both give a similar ranking for the surfaces. The greater

the texture depth the greater will be the noise excitation, but it

is worse when there is cross texture like laterally brushed

concrete or lateral grooved concrete. Thrasher (1976) found a

5 dB(A) reduction between cross and longitudinal brushed concrete.

The excitation is less if the frequency is high enough to be above

the sensitive region for the tyre. The range between minimum and

maximum macrotexture excitation in this diagram is 22 dB(A).
(ii) The Break up of the Tread Pattern Excited Noise

Up to a point the greater and more pointed the macrotexture, the
less the tread is in contact with the surface, then the greater
is the break-up and the less will be the noise due to the tread
pattern. This is shown in the block winter pattern results where
the effect of the break-up dominates over the excitation effect.

The reduction from smooth steel to surface dressing is 1.9 dB(A).
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(iii) The Unsealing of the Tread Pattern Microslots - Noise

Reduction Effect

The macrotexture prevents the microslots sealing as they do on

a smooth surface. The unsealing effect dominates the excitation

effect., The reduction from smooth steel to Safety Walk is 9 dB(A).

5.6.1. Effect of Tyre Size

Tread patterns with ribs and microslots similar to that shown in
Figure 5.8. are available in a wide range of textile radial ply

tyres, covering a range of tyre diameters and tread widths. The
tyres were tested at scheduled conditions on a range of surfaces.

The noise level results are given in Figure 5.8.
These results show that the decrease in noise due to a 44%

increase in tyre outside diameter more than compensates for the

increase in noise due to a 71% increase in tread width.

5.6.2. Frequency Spectra

Three typical freguency spectra showing the total tyre surface

noise from the blank treaded tyre are shown in Figure 5.9.

Constant bandwidth analysis of 12.5 Hz is used and averaged for

10 samples.

5.6.3. Separation of the Two Component Parts of Tyre/Road

Noise

More detailed analysis has been carried out. The separation of

tyre/raad noise into tyre periodic noise and road excited periodic
noise was shown by Pope (1976) (1978) on a Safety Walk surface.

With a replica road surface on a drum, similar analyses can be

carried out for actual worn road surfaces.
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A real time spectrum analyser was used, triggered by a pulse from
the drum to take in the sound wave for 0.08 seconds. This was
repeated for each revolution of the drum and sound waves averaged
until the 256th average was reached. In order to correct for any
small drifts in speed, for example 0.1 kmh, the signal from a

144 pulse per revolution source on the drum shaft was multiplied
with the tracking adapter (phase locked) to provide the timing
control for the real time analyser. Nicolet equipment was used

for this. ;

As can be seen on the left-hand side qf Figure 5.10, the plain
treaded tyre periodic noise, obtained with the triggering pulse
once per revolution of the tyre assembly, is very small. The
replica surface noise is substantially nonperiodic with respect
to the tyre pulse and will therefore average away leaving tyre

periodic noise.

On the right hand side of the figure the respective constituent
spectra are shown. Hence the total noise is separable into

its constituent parts arising from tyre and road surface excit-

ation.

The progressive stages of the synchronously averaged waveform
for the periodic noise excited by the Delugrip surface and the
blank tread, at a speed of 64 km/h are shown in Figure 5.11.,
and the corresponding synchronous dB(A) levels are given in
Figure 5.12. The Sound Level Meter was used on the (A) scale

to process the signal for these tests.

The dominant wave approaches its stable final value fairly
rapidly but a much longer time is required to carry out consider-
able averaging down of a random wave to obtain a small amplitude
wave. The synchronous blank tread excited noise is approximately

12 dB(A) below the level for a blank tyre on a smooth drum as

shown in Figure 5.7.
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Results from a winter pattern tyre are given in Figure 5.13. The
synchronous tyre noise is reduced from 83.7 dB(A) to 76.7 dB(A),
that is a reduction of 6 dB(A) when on the hot rolled asphalt as
compared with the Delugrip surface. This reduction in amplitude
of the synchronous wave is easily seen in the time histories on the
left hand side of the figure. It is due to the fact that the

tread block contact is more broken up by the coarse hot rolled
asphalt surface. The hot rolled asphalt synchronous noise is

86.9 dB(A) which is 10 dB(A) greater than that for the winter

tyre. This technique is useful for investigating how tyre pattern

and road surface texture excited noise combine.

For example the periodic noise of a ribbed and microslot tread
pattern tyre was 13% +2 dB(A) greater than a blank tread tyre on
both a Delugrip and a Safety Walk surface.

Conversely the Delugrip surface which is a very quiet practical
road surface had a periodic noise of9+1.7 dB(A) greater than a
Safety Walk surface with both a ribbed and microslot tread pattern
tyre and a blank tread tyre.

This shows that tyre excited noise can be determined over a small
range of surface types and the effect of the surface on the

results may be considerably reduced by this technique.

This example also shows that road/tyre interaction is somewhat

more complex than simple addition of tyre and road excitation.

5.6.4. Correlation - External Automobile Coasting Noise v.

Indoor Testing on Replica Surfaces

The indoor testing dB(A) levels (Figure 5.7) are plotted against
external car coasting dB(A) levels at the same speed 64 km/h
(Figure 5.1. and 3.6.) in Figure 5.14.

=92~



SIIV4HUNS IFHL 4O SYIINd3H ONISN S1SIL WNHA HOOANI HUM aILVIIYH0D
S3JV4HNS HYIIWISSIA NO NOILVHINID JISION ONILSY0D 3INI0OWO0LNY

30V4HNS AVOY 40 VIIld3d HUM WNYA-

00l

W80 1V 13A31 3SION (v)gp

06 08 oL 09
— . . . . 09
@
(ydw Op) y/wy $9 A3IdS ®
(sal 8¥2) 6% 0vE AvO1 JUAL

¥1-G9L 321S IJHAL ®® AVIHLINVIE e
Anv vid 'Y

- ®® iy NI 57
% w S101SOHDIW GNV SailH x
@Q NY3ILLVd HIINIM SHD018 +
/4 MIVM AL34VS B L1TVHASY JUSYW (O
& [*] ‘wsydyoniaa O
'V'H'HAVMHOLOW 7

L 08
O

313HONOI Q3IA00HD TvHIALV1

*PI°G sandTy

W S'L 1V 73A37 ISION WNWIXVYIN

avod-(v)gp

=93~



There is a reasonable correlation,and an approximation may be
estimated for the difference between the single tyre indoor

figures at 0.8 m and the automobile coasting figures at 7.5 m.

The decrease from the indoor noise level at 0.8 m, allowing for

the inverse square law, would be -18.6 dB(A) at 6.8 m on the near
side of the automobile, and -20.2 dB(A) at 8.2 m on the far side of
the automobile. 3 dB(A) is added for the second nearside tyre and

1% dB(A) is added for the far side tyres.

-18.6 + 3 + 1% = =14.1 dB(A). This compares with -16 dB(A) from

Figure 5.14.

The correlation is more than adequate for tyre tread pattern
development purposes, when aiming to keep within certain dB(A)
limits and experience is showing that the frequency spectra and

the subjective ratings also correlate.

5.6.4.1. Factors Influencing Correlation

(1) State of wear of Road Surfaces

It would be expected that if the outdoor tests and indoor tests
were performed on the same stretches of road surface at the same

state of road wear then the correlation would be closer.

(2) Effect of Contact Patch Length of Tyre

At constant load, a tyre on a curved drum surface has a greater
maximum deflection and a shorter contact length, Krempl (1967).
If the load applied to the tyre on the drum is decreased to give
the same maximum deflection then the contact length is further
shortened. The importance of contact patch length has been noted

by Samuels (1976).

The author obtained the following experimental results on the
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effect of contact patch length, which demonstrate an interesting
facet of tyre noise generation. The effect of patch length is
shown in Figure 5.15. for a constant pitch block tread tyre. 1In
the lower half of the figure, as deflection is increased, the
level goes through peaks and troughs with approximately 9 dB(A)
difference. This must be due to reinforcement and partial
cancellation of the noise from the front and rear of the contact
patch. At this low speed the first harmonic of the block
frequency dominated the frequency spectra.

In the case of a tyre with a variable pi%ch tread block pattern,
in the upper half of the figure, there is no such constancy of
phase between the excitation at the front and the rear of the
contact patch and hence the noise increases with very small

variations as the deflection is increased.
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CHAPTER SIX: THE EFFECT OF SINUSOIDAL MODULATION OF TREAD SEGMENT
LENGTHS ON DOMINANT TONES (CONSTANT MODULATING

FREQUENCY, fg)

6.1. Mechanical Frequency Modulation (MFM)

Forty.years ago car tyres were made with their tread segments at
irregular pitches to break-up any dominant noise frequencies.
However, with the application of computer techniques, further
improvements in sequences are possible. Kryter and Pearson (1965)
showed that band limited random noise is perceived to be less
noisy than sound composed of pure tone superimposed on bandwidth
limited noise, if the overall sound pressure levels are the same.
Hence the sound consisting of a pure tone superimposed on random
background noise can be made to sound less noisy by dispersing

the energy of the tone over a number of discrete frequencies.

With this in mind, Varterasian (1969) presented a computer method
of doing this, making use of rectangular unit impulses with

spacing proportional to that of the tread segment spacing round

the periphery of the tyre and a Fourier analysis of the resulting
wave. The method is iterative, allowing successive approximation
to better sequences, with manual input to change the sequence for
each approximation. However, this does not ensure the best
sequence since the process is analogous to finding the lowest spot
in the ocean bed, and depending on where a start is made, successive

approximations may merely lead to the lowest spot in a minor pocket.

Vorih (1971) simplified the waveform for a tread segment to a zero
width pulse, in this type of program. This was also used by Willett
(1975), who correlated the results with tyre drum tests, using
simple experimental tread patterns with transverse grooves.
Mechanical freguency modulation results were correlated with cross

bar truck tyre vehicle boom microphone tests by Eberhardt (1975).

The ensuing discussion in this Chapter provides the basis of the
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author's work in reducing dominant tones in tyre noise.

6.2. Mathematical Basis of Frequency Modulation Tones

An early step before developing the computer model is the examina-
tion of the reduction of the amplitude and the spread of the band-
width of frequency modulation tones. The following analysis is
composed from the work of Terman (1943), Reiter (1973) and

Ewald (1971). The symbols used in the analysis are as follows:

average tread segment spacing angle

24
N ° number of segments around the circumference
P revolutions per second of the tyre
fo average segment frequency
@ 5 average segment angular frequency
Aa tread segment spacing angle variation amplitude
Pa frequency deviation amplitude
Aw angular frequency deviation amplitude
m number of modulations around the tyre
fg modulation frequency
Wg modulation angular frequency
AP phase modulation amplitude
B modulation index
Bi ith segment position in an equi spaced segment arrangement
6{ ith segment position after rearranging the segments
Af angle change amplitude
fo = Wo = Np 6l
2m
fg = Wg = mp €.2,
2w

from 6.1, and 6.2.

6.3.

fs _ wg

fo o
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N = / 6.4
o
o
Af = ~4a x N x p 6.5
a o
B = |AfI = [Aw | 6.6
2 wg

Substituting from 6.2 and 6.5

B = Aa xNxp = Aa x N 6.7
a, mxp ae m
AP = NAS 6.8
6i = 2wpt -Aa - Aw 6.9
% wo

These equations are used for the analysis in the following section.

6.2.1. Phase Modulation Amplitude

Ewald et al (1971) considered frequency modulation effects of the
spacing of fan blades. The analysis is just as applicable to tyre

tread segment spacing.

If the tread segments are the same length then there is a set of
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segment positions around the circumference of the tyre as in the
top half of Figure 6.1. When there is modulation of the spacing,
there is a segment e.g. the x th, which has a maximum angle change
Af relative to the x th segment position in the fixed segment
length tyre as in the lower half of Figure 6.1. The phase modula-
tion amplitude is A¢ i.e. the angle change related to one mean
segment spacing angle, rather than to one revolution as in the case
of AG (A9 =NAG ).

The modulated positions are described by:

9{ = 63 + A sin (m 81) 6.10

Substituting 6.9 in 6.10.

L

6

27T pt + Af sin (m. 27pt)

For N segments

Nﬂi" = 27Npt + NAg sin (2 7 mpt)

Substituting from 6.1, 6.2 and 6,8,

NG = wot + Ag¢ sin wst

The instantaneous signal

e = A sin (wot + A¢ sin wst) 6.11
An alternative approach has been made to this by Reiter (1973)
following the work of Terman (1943) on the frequency modulation
of radio carrier signals. This shows the modulation index B =

the phase modulation amplitude A¢ -
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Equation (6.11) can be expressed using Bessel coefficients of the
first kind and the nth order with argument A¢ .
‘ (
e = A (J_ (A¢); sin w t
( o ( )
(

+J. (Aqb)( sin (wo +ws)t- sin (w—ws) t ;

+ J2 (dqb)E sin (wo + Ews)t + sin (w - 2018) t ;

+ J3 (A¢)E sin (wo + 3ws)t— sin (@ - 3ws) t ;

6,12

As seen in the set of Bessel coefficients in Figure 6.2 A¢

controls the amplitude and bandwidth of the dominant harmonics.

A trial value is chosen for A¢ . Then a vertical line is drawn
through the trial value of A¢$ . The intersection of the Jn (A ¢ )
curves indicates the relative amplitudes of the resulting
components at frequencies £, % nfS where n is an integer
multiple. The amplitudes are symmetrical about the centre
frequency. The resulting spectra is given to the right of the
graph. DNote that absolute values are plotted on the frequency
spectrum. The dashed lines indicate the normalised amplitude of
the fundamental segment passing frequency tone for a tyre with
evenly spaced segments.

In Figure 6.2 N 22 Ag = .175 radians

Adg NAg = 22 x .175 = 3.85 radians
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= .175 x 22 = 3.85

also A = 0.175 g = Ba
o o Xo
When considering the case of higher harmonics, that is multiples
of f,, then the appropriate phase modulation amplitude is nAg¢
for the frequency nfg. Hence higher harmonics are more dispersed

than f, for a given value of A¢.

B, 2420 Modulation Index

As a general guide, important spectral components are generally
found in a bandwidth centred on the carrier frequency, given by
twice the sum of the frequency deviation ( Af) and the modulation
frequency (fg) according to Reiter (1973). Frequency spectra for
various values of the modulation index (B ) are shown in Figure

6.3,

To obtain a wider bandwidth, the frequency deviation is increased
and the modulating frequency kept constant as in the upper half
of the figure. This increases the modulation index (£ ) and

reduces the amplitude of the dominant frequencies.

For a fixed frequency deviation (Af) the modulation frequency

(fg) controls the spacing of the frequencies as in the lower half
of the figure. Decreasing the modulation frequency (fg) increases
the modulation index (B ) and reduces the amplitude of the dominant

frequencies.

In order to obtain a bandwidth of significance, the modulation

index (8 ) must be greater than 1.

The author feels that it is worth expressing the results in a
single diagram. Figure 6.4. shows the value of () calculated
from equation 6.7. for a range of values of, the number of segments
(N) from 30 to 80, the modulation frequency 4 to 8, and the

fractional deviation from mean pitch 0 to 0.25.
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Figure 6.5. shows a simpler plot relating the modulation index
(B) to the ratio (N/m) from 6 to 14 and the fractional deviation

from 0 to 0.25. 1In practice, larger

from the mean pitch
(o]
tyres have a higher N and a higher m, N/m tends to be constant

keeping B constant for a given pitch ratio.

The modulation index for the sequences associated with the

frequency spectra shown in later figures is calculated as follows:

B = fractional change in tread spacing %tg x number of segments (N)

Number of modulations per revolution (m)

Figure 7.2 initial spectra g = 0.10 x 36
(drum tests) 7
8 = 0.10x 5.2 = 0.52
Modified tyre B = 0.10 x 36
4
B = 0.10x9 = 0.90
Figure 7.4. at 140:100:60 ratio B - 0.4x 62
(computed harmonics) 8
= 0-4 X 7075 = 301

As the value of B increases, the dominant frequencies decrease

in amplitude as seen in the corresponding figures.

If the tread spacings do not vary sinusoidally, but vary in a more
complex fashion, then a more complex spectrum is obtained.
However, the bandwidth containing the major spectral components

does not enlarge and is determined by the modulation index.

The preceeding analyses apply to sinusoidal modulation of constant
wavelength. In order to investigate more complex types of modula-

tion a computer program has been developed.
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6.3 Constraints in Actual Tyre Design Modulation

By taking the case of one cycle of sinusoidal modulation around
the tread circumference, and a fractional change in mean segment
length of 0.25, then for 60 segments the modulation index will be
0.25 x 60 = 15, and for 30 segments will be 7.5.

Although this would give a good reduction in dominant tones it
would also cause a warbling effect. Tyre noise becomes notice-
able at speeds above 48 km/h (30 mph) and for warbling to be too
rapid to be noticeable at this speed, there would need to be
approximately a minimum of five cycles of modulation around the
circumference of a large car tyre. This reduces the modulation

index for 60 segments to 3.0.
Tyre moulds can be made at lower cost with three segment lengths,

since using a greater number of segment lengths involves greater

cost.
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CHAPTER SEVEN: THE EFFECT OF NON STNUSOIDAL MODULATION OF TREAD
SEGMENT LENGTH AND VARIABLE MODULATING FREQUENCY
ON DOMINANT TONES

7.1. The Approach to the Investigation

As has been stated in Chapter 6 non sinusoidal modulation is not
susceptible to mathematical analysis. There are three possible

approaches to this investigation.

I Experimental sequences may be cut in blank tread tyres.

A blank tread is of full tread thickness but has no tread

pattern. This method is costly and slow for investigation
purposes, but it is useful to test a tread pattern before

it is put into production.

25 An Analogue System. The tread pattern may be printed in a
drum and detected by a line of photocells across the tread
pattern with the optical signal being converted to audio
output. This is less costly and quicker than method (1),
but in its simple form does not take into account, tread
contact pressure distribution effects, tread radius,
breaker construction and pattern depth. This type of
simulator was described by Mukai (1974).

3. Digital Computer Method. This has the advantages of quick
input and flexibility for increased sophistication as further
insight is gained into the mechanisms of tyre noise genera-

tion.

Tadlade Introduction to a Digital Computer Method of Tyre Noise

Simulation

Figure 7.1. shows the frequency spectrum of a simple constant
pitch block pattern tyre tested by the author on a drum in the
laboratory. The experimental procedure was described in Chapter

5.2. The tyre had 51 pitches and was rotating at 7.54 Hz.
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The spectra shows the block frequency fo = 385 Hz and higher
harmonics of descending magnitude. Hence a wave to represent the
effect of a single block in a computer model would need to have

higher harmonic content. Two possibilities are discussed.

Zele2s The Waveform used to Represent the Effect of a Tread

Segment

Varterasian (1969) used a wave of unit impulse height, and of width

27 K. On Fourier Analysis this gives:-

¥y = i (K +_2_ (sin X cosw t
* + % sin 2Kw cos 2wt
+ % sin 3Kr - cos 3wt

therefore ; 1 sin nKwr cos nwt)

n

L]
sin nKrxr

The coefficients of cos nwt are proportional to
C nmr

when K is very small = i = K

nmw

i.e. the coefficients are constant. This means that all the lower
harmonics up to the 10th have substantially the same amplitude as

the fundamental.

While the use of a narrow pﬁlse is economical on computer storage,
it is however considered to represent the practical situation

poorly. The experimentally derived spectrum in Figure 7.1. shows
decreasing higher order harmonics. This suggests that a sawtooth

is a much closer representation of the practical waveform.

1. (sin wt
- ¥ sin 2wt

e«
]
ERLN]

+ % sin 3wt
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This series contains both odd and even harmonics with decreasing

amplitudes as the harmonic order rises.

A comparison of the rate of reduction in amplitude as the harmonic

order rises is given on the following page.

TABLE 7.1. RELATIVE POWER RATIOS OF HARMONIC ORDERS.
EXPERIMENTAL VERSUS SAWTOQOTH WAVE

Harmonic | Experimental from | Sawtooth
Order Figure 4.1. Power Ratio
Power Ratio

1 1 1
2 1/3 1/4
3 1/5 1/9
4 1/6 1/16
5 1/14 1/25
6 1/27 1/36

The waveform of the noise from the tyre varies considerably with
speed due to tyre resonance effects, as indicated by J C Walker
and Major (1975), and also due to any standing waves. This will

alter the relative amplitude of the different harmonics.

Nevertheless, the experimental wave is better represented by a
sawtooth wave than by a narrow pulse wave. A more accurate
representation at this tyre speed would be a sawtooth with rounded

corners.

Ta2a ki Introduction - The Program

In the approach to investigate different sequences, Dr D J Osborne

=113~



(Dunlop Limited) developed a program for the IBM 370 originally
on similar lines to that used by Varterasian. A sawtooth wave

form is used to represent the noise from a tyre tread segment.

The length of the sawtooth is proportional to the length of the
corresponding tread segment. The whole tyre circumference is
built up from sawtooth waves and the resultant wave is Fourier
analysed in the computer. The results are printed out, or punched
tape output can be obtained to feed to a‘mini—computer. This
feeds to a loudspeaker or to a tape recorder. A frequency
spectrum can be obtained on A4 size paper using the fast Fourier
transform (FFT) program in the mini-computer. The input to the
IBM program is very simple as it requires the lengths and order
of the segments only. A typical run takes 9.04 secs C.P.U. and
the program operates within the 100 K partitition of the IBM 370.
The storage for the program is 16 K bytes. The program input is
further described in the Appendix in Section 1. The following

studies using this program were carried out by the author.

7.2.2. Correlation between Frequencies Predicted by the Program

and Tyre Drum Test Results

In the simplest case, a tyre with for example, 36 equal length
segments would give a 36th dominant harmonic tone, i.e. its
frequency is 36 times the revolutions per second of the tyre. The
upper part of Figure 7.2. shows the frequency analysis of the noise
from a tyre tested on a smooth drum, of 1525 mm (60 inch) diameter,
in a fairly large laboratory with non parallel walls. The
dominant frequencies simulated by the computer, shown by arrows,
agree well with the actual measured results. As mentioned in
Section 6.2.2. B is only 0.52, which is very low. Such a poor
sequence would not be used with present knowledge. The tread
pattern of this tyre is shown in Figure 7.3. which has been drawn

by the computer drafting machine with standard programs.

In the lower part of Figure 7.2. there is again good agreement.
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This spectrum is better than the previous one since the small
number of dominant tones are now split into more tones of lower
intensity. As calculated in Section 6.2.2. B is 0.90 which is
better than the previous case. The harmonics noted, reading from
left to right correspond to L, M, S, 2L + m, 2M, 2M - m, 2S where
L:M:S are long: medium: short segment harmonics and m corresponds
to the modulation, which is 4 per revolution in this case. This

is as expected from the Frequency Modulation Theory.

7.3 The Effect of Segment Length Ratio on Dominant Tones

Figure 7.4. shows the intensity of the dominant harmonics for a
typical traditional sequence. The segment length ratio changes
from 100/100/100 to 135/100/65. At 100/100/100 the strong 62nd
harmonic corresponds to the number of segments around the tyre
circumference. As the ratio increases, the energy is taken from
the 62nd harmonic and appears in the 54th and then the 50th at a

lower level, giving a maximum reduction of approximately 10 dB.

In this construction the tread is divided into eight blocks or
modulation cycles. All of these contain short, medium and long
segments arranged so that the short elements are at the end of a
block, and the long elements are near the centre of a block, with
the medium elements between short and long. The blocks can contain
any number of segments between 5 and 10. The sequence with the

block configuration is shown at the top of Figure 7.4.

Thus a pronounced frequency will be the harmonic of the wheel
revolution frequency, represented by the difference between the
mean segment frequency and the modulation or block frequency i.e.

62 - 8 = b54th harmonic.
The shape of the curves has considerable similarity to the Bessel

coefficient curves in Figure 6.2. which showed a drop from 1.0

to 0.3. i.e. 10 dB in P.S.D. to be the maximum drop. However, the
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non sinusoidal modulation gives a somewhat more rapid decrease in
the dominant harmonic as the segment length ratio is increased.

P.S.D. is the power per Hz bandwidth and has traditionally been

used.

The harmonics corresponding to the segment lengths are shown at
the top of the diagram, but none of these harmonics are dominant in
the spectra below, as they would be if a greater number of identi-

cal adjacent segments occurred in the sequence.

To take account of different values for the medium segment length,

contour plots may be derived to relate the independent variables

2/1, 3/2 and the P.S.D.

T+da The Best Sequence

The previous figure showed the effect of segment length on a given
sequence. The next variable to investigate is the effect of alter-
ing the sequence. To permute the order of all the segments is
prohibitive in magnitude of calculation. However one way of
altering the sequence is to permute the order of the blocks of
segments in the sequence, retaining the order within each black.

The program was modified to do this. Figure 7.5. shows the
intensity of the dominant tones for each permutation which are
ranked from worst to best. The details of the sequence are

included on the figure. Also a permutation of a 2 pitch sequence

is given.

The program contains 6! permutations (720 maximum). However 40

permutations are usually adequate to get close to the best sequence.

7.5, The Effect of the Maximum Number of Identical Length Adjacent

Segments (Long and Short)

Figure 7.6. shows the number of adjacent long segments required
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at different ratios to get the long segment out of phase with the
mean segment length. They start in phase at the bottom of the
diagram and this is in effect the A ¢ referred to in section
6.2.1. The 90°, 180° and 270° phase lag lines are shown. The
advantage of having more than 2 identical length adjacent segments
is that the higher this number is ( A¢ not above w radians) and
 within the limit for excessive warbling, then the more will the
segment get out of phase with the equivalent mean segment length
wave which is the dominant wave at small ratios. Thus the inten-
sity of this harmonic will be reduced. The segment length to be
considered for any sequence is the one, either long or short, in
which the maximum number of adjacent identical length segments is

the lesser, since this will degrade the value of the sequence.

7.6. The Combined Effect of Segment Length, Number of Identical

Length Adjacent Segments, and Permutations of the Order of

Blocks of Segments, on the Dominant Harmonics of Two Pitch

Sequences

Figure 7.7. shows a sequence with up to three adjacent identical
length segments, the best and worst P.S.D. from the permutations.
The P.S.D. values for the sequence with seven adjacent identical

length segments are much better. Both sequences are shown for a

range of long/short ratios.

The danger of having too many identical length adjacent segments
is that an undesirable warble will appear in the noise. The

values for tyres previously discussed fall logically into place

in Figures 7.6. and 7.7.

7.7. Ratio of Segment Lengths (2 Pitch)

In Figure 7.8., as the ratio is increased a considerable improve-
ment occurs. This shows that the dominant frequencies over a large
part of the frequency range correspond to those produced by the

long and short segments. They are listed at the top of the figure.
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They tend to be worse with a ratio of low adjacent integers, e.g.
1:1, 2:1, 3:2, 4:3, 5:41 In the case of the 3:2 ratio, the third
harmonic of the long segment and the second harmonic of the short
segment are the same frequency and will add, leading to a dominant

tone of relatively higher intensity at this ratio.

7.8. 3 Pitch Sequence with fewer Identical Length Adjacent

Segments v. 2 Pitch Sequence with more Identical Length

Adjacent Segments

Figure 7.4. shows the general improvement trend as the three pitch
ratios are widened up to 200% L/S ratio. Modulation frequencies
dominate and the individual segment length frequencies are not

dominant.

Figure 7.8. shows that as the two pitch ratio is widened, a very
rapid improvement occurs at small ratios up to 120% and then segment
length frequencies dominate especially at fractional ratios of low

adjacent numbers, getting much worse as 200% is approached.

7.9. Test of the Effect of Phase of the Sawtooth Wave within the

Segment

Computer tests were made on a sequence 23321 11223 32112 33322
11122 33322 11233 21122 33322 112333 221112 with segment
lengths 1:2:3 -~ 27.53: 32.86: 40.60 mm.

A P.S.D. of the dominant harmonic 0.02087 at the 51lst harmonic was
obtained with the steep front of the sawtooth at the start of the
segment and 0.02112 at the 51st harmonic with the steep front of
the sawtooth wave half way along the segment.

The two results are within 1% of each other, hence the effect of

phase within the segment is very small.

The next stage in development of the program is to include the

influence of different tread patterns.
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CHAPTER EIGHT: THE MODELLING OF THE EFFECT OF TREAD PATTERN ON

DOMINANT TONES

8.1, Analytical modelling

As referred to in Chapter 2, Reiter (1973) modelled the tyre noise
of two simple tread patterns, a simple cross bar pattern and a

ribbed pattern.

= 1 B S Cross Bar Pattern

He regarded the noise as being generated by the series of damped
parallelopipeds on a rigid foundation. There is compression of
the element during contact and a sudden release as it comes out
of contact. He derives the sound power (wn) for a single element

at one frequency at a specific time (TS).

2
a k 2 2
- . - —Il
n o n
1I_5 n4
The symbols used in the analysis are as follows:
P = density of air
ag = speed of sound in air
& & wn
K, = wave number associated with nth mode =
L
cL = longitudinal wave speed
A = cross bar tread element area
h-hO = 1initial radial compression
@i = natural frequency of nth mode
Ts = specific time
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8.1.2. Ribbed Pattern

He modelled this pattern as a flexible string, representing the
tread band, embedded in an elastic foundation, accounted for by
the sidewalls and the internal pressure. A transverse wave
generated on the tyre by the road surface interaction will be

damped out in a distance less than the tyre circumference.

The radiated noise power W = the radiation resistance nradx

the mean squared velocity<V2>'

where
k
2
[2-(—,(3)]
‘ =22 (1
R = A p a
rad o o kp kaf ka 5 3/2
[1-(?]
F 2
1[_0 T2v2 .
<V > = T
2 w 2 k =
) (N &
40 s [ - Hlp-ela]
Further symbols used in the analysis are:
A = beam area
«
k = acoustic wave number =
a a,
structural wave number = < _

NPT
I

= equivalent beam length in radiation resistance

tension in string

)
I
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distance on road for repetition of force cycle

S =

%L = wave speed of the string

k = foundation stiffness

Fo = transverse force proportional to tyre load
Vv = vehicle speed

However as Reiter stated '"The complexity of tyre geometry and
construction can easily be used to generate a problem that is

mathematically intractable.!

8.2. Finite Element Modelling

Although finite element techniques are well advanced, computer
stores are at present too small to deal with the degree of
complexity required and the complexity of the change of input

would be considerable when a tread pattern is changed.

8.3. Simple Digital Simulation

This work by the author is based on the analogue modelling system

for tyre noise from complex tread patterns, already referred to in

Chapter 7.1.

8.3.1. Simple Analogue model

The tread pattern segment is drawn as in Figure 8.1. with grooves
and microslots black, and tread rubber white. The different
length segments are stuck in appropriate order for the sequence to
be used on the inside of a drum approximately 600 mm in diameter.
The segments are illuminated and a line of photo diodes across the
tread pattern pick up an optical signal as the drum is rotated.

The outputs are averaged and amplified to give audio output.

~-128-



8.3.2. Digital Equivalent of Simple Analogue Model

This analogue system may be simulated digitally. The simulated
noise wave from a tread segment is the variation along the
segment of the groove width across the tread. Hence in the
previous program referred to in Secti;n 7.2.1. the sawtooth wave
is replaced by the tread segment wave just described. As
previously, the program builds up the simulated noise wave for
the whole tyre circumference and the frequency spectrum is

produced.

Three types of tread pattern were tested both with digital
simulation and also noise testing of the tyres on smooth drums.
The results for the dominant harmonics are shown in Figure 8.2.
and give fair agreement between simulation and practical measure-
ments at speeds of 50 km/h and 80 km/h. The comparison of the
spectra of the D1 pattern is shown in Figure 8.3. The spectra are
shown as harmonics of the wheel rotation frequency to aid the

clarity of the comparison at different speeds. Again the

comparison is fair.

However it was realised that this simple simulation could have

its scope of application extended.
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CHAPTER NINE: THE EXTENSION OF THE MODEL TO INCLUDE THE EFFECTS
OF MICROPHONE POSITION, TYRE SPEED AND CONTACT
PATCH SHAPE

9.1. Introduction

The tread pattern noise simulation program, referred to in Chapter
8, used as input, '"the variation along a segment of the total width
of grooves across the tread" and gave fairly realistic simulation
for many tread patterns. However, it was realised that certain
basic pattern types having this variation zero, such as antiphase
blocks and a case of diagonal grooves, could '"fool" the program.
Plain tread tyres were cut with these patterns and the scope of

the program was extended to simulate these. 1In addition, errors

to which digital spectral analysis is susceptible, were reduced.

9.2. Tread Pattern Input

The tread pattern input is now more detailed. Circumferential
strips e.g. 2 mm wide are taken along a segment and the positions
of the changes from land to sea are noted along each strip, as
shown in Figure 9.1. The contact patch length is also noted for
each strip position. Hence the input now has the nature of two
dimension information, rather than one dimension as in the previous
model. A typical input is shown in Appendix section 2. The
initial sequence of variable pitch segments is also entered as

previously.

9.3. Program Scheme

Starting at a strip along a segment at the edge of the tread, a
change from land to sea and sea to land brings in a basic noise
waveform, as shown in Figure 9.2. The program then generates the
wave for the whole tyre circumference. The waves from the front

and back of the contact are combined.

The waves for adjacent strips are then added to take in the full
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contact width of the tread. Small delays in adding the strips

are included to predict the noise at the side microphone position.

The basic simulated noise waveforms from land to sea and sea to
land have been empirically determined to give a good match with
the anti~phase block pattern automobile tyre for a side micro=-

phone position and also with a view to reducing aliasing effects.

The program uses a tapering window to minimise leakage type
effects. The window is stepped round the tyre circumference so

that undue emphasis is not given to any particular portion of the

circumference.

The fast Fourier transform results are susceptible to two types of

errori:-—

Is Aliasing as discussed in Appendix Section 3.2.

2. Leakage as described in Appendix Section 3.3.

9.3.1. Program Details

The input is entered as described in the input data and as shown
for a typical example in Appendix Section 2.1. The program reads

the input data and proceeds in the following steps.

9.3.1.1. To Generate a Simulated Tread Pattern Noise Waveform

suitable for the Fast Fourier Transform

9.3.1.1,1. Generation of the Waveform due to a Single Circumfer-

ential Strip around the Tyre Circumference at 1024

Points

For the right hand strip of the first tread segment as shown in
Figure 9.1. a waveform is generated using the elemental waveform

given in Figure 9.2.
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The 'air' wave is scaled in length to fit the gap portions of the
strip and similarly the 'rubber' wave is scaled in length to fit
the rubber portions of the strip. This is continued for all the
segments round the circumference of the tyre. The tread segment
joints do not effect the wave. A continuous strip of air or rubber
around the whole circumference is simulated by a steady value for

the function.

In order to allow for the effects of the width of the strip and
its speed, the ordinates of the 1024 point strip waveform are
multiplied by the width of the strip and by (speed)zz thus doubling

the speed raises the noise level by approximately 12dB.

9.3.1.1.2. Accounting for the Contact Patch Geometry and the

Microphone Position Angle

To obtain the simulated noise wave for the first strip, half of
the magnitude of the strip waveform described in 1.l.,the wave

at the rear of the contact,is subtracted from the full magnitude
of wave taken at the front of the contact. The experimental
relationship between the sound wave at the front of the contact
patch, and that at the rear, was determined using probe micro-
phone sound time histories. The resultant wave is stored for each

of 1024 points around the circumference of the tyre.

Similarly the information for the next strip is added into the
store, allowing for the small delay in sound travelling across
the tyre at the speed concerned. This is continued until the

waves from all the strips have been added.

In order to predict the noise for different microphone positions,
the delays for the sides of the tyre away from the microphone
position are taken into account as shown in Figure 9.3. They
are proportional to the velocity of the tyre. As well as
accounting for delays, some screening attenuation in noise is

also allowed for, due to the dominance of the side of the tyre
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near the microphone.

9.3.2. Obtaining the Frequency Spectra

The simulated noise wave is:
1 Stored for audio output (for the best sequence)

2 Windowed with the centre of the window at four equi-
spaced positions around the circumference of the tyre.
Windowing is discussed in Appendix Section 3.3. The
output for each position of the window is input to the
fast Fourier transform, the output of which is averaged
for the four positions. This prevents undue emphasis
of any portion of the tyre circumference. The frequency
and dB level of the dominant frequency is stored. The
spectrum is plotted on the line printer and is available

for output to the digital plotter (for the best sequence).

9.3.3. To Determine the Optimum Sequence of Groups of Tread

Segments

The permutation files are stored as referred to in Appendix Section
2.1. The number of permutations required is entered as input.

The initial order of segments is as entered. The frequency spectra
of the simulated noise is determined, then the order of the groups
of segments is changed to that for the first permutation. The
stages 1.1., 1.2. and 2. are repeated. The cycle is repeated and
the spectrum with the lowest amplitude dominant frequency is stored

until it is superseded by a better one.

9.4. Tread Pattern Noise Tests -~ Experimental

Three types of simple basic tread patterns, at constant pitch,

were cut and run on a Safety Walk surface to validate the program:

3 In phase blocks
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2. Out of phase blocks
CH] In phase cross grooves
In addition a well sequenced diagonal block tread pattern was
tested to provide an example of a quiet pattern with minimised

dominant harmonics.

The indoor tests were normally at two speeds, 50 and 80 km/h, with

the side microphone position.

9.4.1. Tread Pattern Noise Tests - Simulated

The spectra for the above tyres were simulated using 1024 points
around the tyre circumference and the Blackman window. Windowing
is discussed in the Appendix Section 3.3. The subroutine is as
used by Ackroyd (1973). The tread width was divided into 3 mm

wide strips.

9.4.2. Comparison Between Simulated and Experimental Noise

Spectra — Tread Patterns, Basic Constant Pitch and well

Sequenced Variable Pitch

Figures 9.4 to 9.12 show the tread patterns and their respective
experimental and simulated spectra and Table 9.1 gives the summarised

results.

The left hand side of Figures 9.7 and 9.8 show that this program
is a considerable advance in the simulation of the shape of the

spectrum from the out of phase block pattern tyre.

The right hand side of Figures 9.7 and 9.8 show how the intensity
of the block frequency is reduced relative to that of the second
harmonic of the block frequency with the microphone in front of

the tyre both in the experimental and simulated spectra.
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The decrease in spectrum peaks occurring with the narrow cross
grooves is evident from Figure 9.9 and 9.10 for both types of

spectra.

Stacked experimental spectra are shown over a wide speed range
for the in phase cross groove pattern in Figure 9.11, and for the
in phase block pattern in Figure 9.12, which shows some evidence

of resonances.

As a comparison with the basic fixed sequence block type tread
patterns, the following results correspond to a very well
sequenced pattern. The tread pattern is shown in Figure 9.13 and
the respective simulated and experimental frequency spectra are
shown in Figures 9.14 to 9.16 including stacked spectra over a

wide speed range.

The sequence of tread segments as shown in Figure 9.14 is a good
example of random modulation of the three tread pitch lengths.
Dominant tones have been considerably reduced. The pattern is
directional, the noise is 3dB(A) greater if the tyre is rotated

in the reverse direction, which is consistent with the discussion
in Section 2.1.2.1.1. The pattern has best wet grip in the
direction of rotation which gives best noise. The effect on

noise of the microslots in the tread blocks is to soften the blocks

and reduce the noise by 1.5dB(A).

The simulated spectra agree fairly well with the experimental
spectra. There is a departure at low frequencies. The experi-
mental spectra are greater at frequencies below 50 Hz due to low
frequency ambient noise in the laboratory, and at frequencies
between 50 Hz and 150 Hz due to the Safety Walk excited tyre
noise. The most important region of the spectrum is in the region

of the mean pitch frequency.
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TREAD PATTERN
IN PHASE BLOCKS
CONTACT PATCH

Figure 9.4.
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TREAD PATTERN
OUT OF PHASE BLOCKS
CONTACT PATCH

Figure 9.5.
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TREAD PATTERN
IN PHASE CROSS GROOVES
CONTACT PATCH

Figure 9.6.
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Figure 9.12.
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FRONT REAR

TREAD PATTERN
SEQUENCED DIAGONAL BLOCKS
CONTACT PATCH

Figure 9.13.

=152~



NOTLIISOd HENOHJOHOIW IAIS — NYALLVd XD0Td TIONIANDAS TTIM — VHIDALS TVINIWNIHIAIXE

*¥1°6 @andty

0°82 : G°GE :0° Ty (WW) SHIHNTT
1 : / : - FONIHIIAY
IMOHS ¢ WNIQGEW :  DNOT INIWDES
/1t/=/11tY/==/11/=—/111/~/1 /=~ /1/==—==/T111/——=/TT/-——~ FONINOIS
y/wrog - aaads Y/wx 05
(ZH¥) ADNINOIYA (zH¥) AONINOIYA
0% i 0 0°2 01 0
oe - f og
o
=
- op - O
L
=
- 0S5 N - 0S
el
L 09 & ﬁoo
=
L]
F oL © 0L
w
3 08
08
06 06

w g0 LV gp TIANTT ISION

-153-



0°¢

NOILISOd INOHJO¥DIW HAIS - NYIALIVA MD0Td GAONINOAS TTAM - VHIDAAS QILVINWIS

y/u 08 qaads

(ZHY) AONINOIYA
OmH

0t

(015

o€

or

0S

09

04

TIAET 9P HAIIVTHY

0°¢

/Wi 0§ Qqaads

(ZH3) AONANOEYA

01
1

*GT'6 @an3Ty

0L

TIAET 9P FAIIVTEY

~154-



km/h
WM%MM 125
MWM 120
WJWMWM___ 115
WMW, 110
MMMW#A—_——. 105
WM\J\WW 100
\MMWM P 95
Mwwﬂ- rdr SN 90

N____./\‘\/M'\...W\__.«M 70

H——_—/WMM e 60

Mm o PN 55
p Y Wy oy P A A 50
60 -V—-—M\‘ i ol i 45
60 - b AP, - PO 40
dB g -
/M as
so T T T ¥ 1 T Li 1 '
0 1.0 2.0

FREQUENCY (kHz)
EXPERIMENTAL RESULTS - STACKED SPECTRAL PLOTS OVER SPEED RANGE 35 = 125 km/h
WELL SEQUENCED DIAGONAL BLOCK PATTERN - SIDE MICROPHONE POSITION

Figure 9.16.
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9.5. Constant Pitch Tread Pattern Experimental Noise Waveform

In order to investigate whether any variations in the amplitude of
the noise wave from a constant pitch in phase block pattern were
occurring at once per revolution of the tyre, a photo pick up
signal was used. The hub of the tyre assembly was divided into
two sectors, one black and the other white. A fibre optic photo
pick up head was placed in front of the hub to generate the

signal.

The signal from the photo pick up was used to %rigger the Nicolet
660A Analyser for a time period of 0.2 seconds. The sound wave
from the microphone in the side position 0.8 m from the tyre, is

in the upper trace and the photo pick up wave is in the lower
trace. One cycle of the wave in the lower trace corresponds to one

revolution of the tyre.

It can be seen in Figure 9.17 that although the in phase block tyre
has precise spacing of the blocks, the sound wave shows considerable
changes in amplitude repeating once per revolution at several
speeds. This variation in amplitude is probably strongly related

to the non uniformity of the tyre giving rise to torsional vibra-
tion of the assembly. Non uniformity was discussed by J C Walker

and Reeves (1974).

The time period used in Figure 9.18 was 0.04 seconds which expands

the trace and shows the waveform of the sound waves more clearly.

9.5.1. Phase of Constant Pitch Tread Pattern Experimental Noise

Waveforms
In order to get an indication of the phase of the noise from the in
phase block pattern tyre, the side of each block was painted white
and the photo pick up was aligned to give a signal as each block

touched the drum at nearly zero speed.

Two microphones and a Racal Store 7 frequency modulated tape
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recorder were used to record the waves. The tape speed was 15
inches per second with wide band operation. This gives a frequency
response up to 10 kHz and retains the sharpness of the photo pick

up pulses.

A check on the phase response of the two microphone and recorder
channels was carried out by putting the microphones as close together
as possible in the noise and measuring the cross correlation function
of the system. The peak at 0.00000 seconds in Figure 9.19 shows

that any delays in the two channels are less than 5 microseconds.

Two microphones were positioned in front of the tyre both of which
were pointing at the nip, one at a distance of 125 mm and the other

at a distance of 280 mm from the nip.

The delay between the microphones was 0.46 milliseconds. There will
be approximately 0.37 milliseconds delay between the nearest micro-

phone and the photo pick up signal.

The changes in waveform of the noise wave from the nearest micro-
phone, and the relation with the photo pick up wave over a wide speed
range, is shown in Figure 9.20. A positive wave corresponds to an
increase in sound pressure in the noise trace and to the block
entering the contact patch (at low speed). The figure shows how

the wave is dominabed by the spacing of the blocks and resonance
effects occur. Since the contact patch may increase in length by

up to 2 cms as the speed rises as shown by Clark (1971), the phase

of the photo pick up wave cannot be taken to be the instant when the
blocks impact the drum. The curvature of the leading edge of the

contact patch will also affect the noise wave.

9.6. Transient Wave from "Space Block Space' Tread Segment in a

Plain Ribbed Tyre

The single block and the spaces, one before and one after the block,
were cut to the same dimensions as on the in phase block tyre. The

wave was triggered as the first space entered the contact patch.
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Figure 9.20.
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The microphone was 125 mm in front of the tyre nip. This gives an
acoustic delay of 0.37 msec. In Figure 9.21 the average of 16 samples
is taken. The waveforms in Figure 9.22 for the lower speeds are
single waves triggered with a pre advance from the start of the

wave.

The positive sound pressure wave starts as the block (B) impacts the
drum. This generates a resonant frequency independent of speed at
approximately 1315 Hz. This resonant frequency showed up in the

stacked spectra for the in phase block tyre in Figure 9.12.

In Figure 9.21 it can be seen that the start of the wave from the

next hard edge of rubber (D) to impact the drum, which is shown as
a dotted line in Figure 9.21 and 9.22, can either add and reinforce
the resonant wave as at speeds 85 km/h and 125 km/h or cancel as at

100 km/h. This effect also is shown in the spectra in Figure 9.12.

9.7 Conclusions

The simulation program gives frequency spectra fairly close to those
obtained from experimental tyre noise tests. Although resonances
do exist in experimental results they have a relatively minor errect

on the spectrum.

In experimental results phase changes between the harmonics occur.
This detracts very little from the authenticity of the simulated

results and the relative phase does not affect audibility.
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CHAPTER TEN: CONCLUSIONS AND SUGGESTIONS FOR FUTURE RESEARCH

10.1. Conclusions

It has been shown that the methods of reducing tyre/road noise

fall into two major categories:

(a) Modification of the road surface

(b) Modification of the tyre tread pattern

Il

In the review of the literature which has been carried out, the

main factors contributing to traffic noise are:-

1. Traffic Speed

2. Traffic Density

3. Truck Engine Noise (technically feasible to quieten)
4. Road Surface Excited Noise

5% Tyre Tread Pattern Noise

The work has consisted of practical experiments involving
different types of road surface and different types of tyre tread
pattern. It has been appreciated that work on modifying road

surfaces is of considerable value.

Delugrip Road Surfacing Material is a major step forward over
surfaces currently specified in statutes for use in the U.K.

The tyre/road noise is 3 dB(A) quieter than motorway hot rolled
asphalt (BS 594), and with commercial tyres it is slightly

quieter than a very smooth surface (Figure 3.3). Delugrip R.S.M.
is also a major improvement in giving good wet grip and in main-
taining the value over the life of the surface due to its polish-
ing resistant nature. Spray is also reduced. It is expected that
with respect to noise generation any further progress in road
surface topography relative to tyres will be much less of an

improvement.
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It has also been shown that if noise is to be reduced further,

attention must be paid to tyre tread pattern design.

Three types of excitation are involved in tyre/road noise:

(a)

(b)

{c)

Road surface excitation of blank treaded tyres can
raise the noise level 14 dBA above the level on a“

polished smooth surface. (Figure 3.6).

Tyre self excitation on a smooth road surface due to
a traction pattern can raise the noise level by 15 dBA

above the level for a blank treaded tyre. (Figure 3.1).

Interaction - tyre/road excitation - a medium rough
surface can reduce the noise level of a traction tyre
to 6 dBA lower than the level obtained on a polished

smooth surface. (Figure 3.1).

Indoor drum tests with simulated surfaces which have been care-

fully manufactured as true replicas of actual road surfaces give

a fair correlation with pass-by testing from automobile tyres

(Figure 5.14). They have the advantage in that rapid, controlled

tests can be made under laboratory conditions and they enable

the separation of tread pattern periodic excited noise and road

surface excited periodic noise, thus giving greater insight into

tyre/road interaction noise.

The other part of the work is the modifying of the spectral

distribution of the noise, thus making it more psychologically

-acceptable.

A computer technique for a comprehensive study of the sequence of

different tread block lengths undertaken has shown to be the

most economic method for determining the optimum sequence to

minimise dominant tones.
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The computer work has shown that optimum sequences can be achieved.
Firstly frequency modulation theory was considered, and then a
computer approach was made to the complex modulation of tread

pattern lengths.

The study has shown that with a block type tread pattern, the

. dominant frequencies of the tyre noise will be strongly influenced
by the ratio of the length of the tread segments, and also by the
number of identical length adjacent segments. The maximum number
is especially important at low ratios. The distribution between
maximum and minimum is important to reduce the dominance of
modulation frequencies. The optimum sequence is obtained by auto-

matically permuting the order of blocks of segments.

Before these studies were undertaken, a maximum of three identical
length adjacent segments were traditionally used and the groups
of segments were well modulated but their order was not permuted

for optimisation.

As a result of these studies the maximum number of identical
length adjacent segments has been increased to five, giving a

3 dB improvement in dominant tones. The groups of segments are
now automatically permuted for optimisation and this can give a

further 3 dB improvement.

The computer work was extended to simulate tread pattern noise in
a similar way to an analogue model which used a drum with a painted
tread pattern and photocell pickups. This program gave approximate
spectra for many tread patterns, optimised sequencing and was

extensively used in tyre development.
The scope of the computer simulation has been extended further to
cover a wider range of tread patterns, the effect of microphone

position, tyre speed and contact patch shape.

A quiet well sequenced block pattern tyre has been developed with

the application of this computer simulation. This tyre has proved
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to be only 1 dB noisier than a ribbed and microslotted pattern
tyre, and it also has exceptionally good wet grip. The tread

pattern is shown in Figure 9.13.

This model has given fairly good agreement with experimental
results and is a useful tool to model total tread pattern excited
noise with a view to the reduction of total noise with tractive

type tread patterns.

10.2. Suggestions for Future Research

The accuracy of the digital model could be somewhat improved with

the inclusion of the effects of:

(a) Ground contact pressure

(b) Resonances

The scope of the model could be extended to cover tyre pocket
noise. Such noise involves a different mechanism of generation
and would therefore require a different elemental waveform.
However this type of pattern is not used normally.

The model has the flexibility for increased sophistication as

further insight is gained into the mechanisms of tyre/road noise

generation.
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APPENDIX

1.1, The Mechanical Frequency Modulation Program

The original program referred to in Section 7.2.1. has been developed

to produce the results previously discussed.

Each segment of a tread pattern is represented by a sawtooth wave
e.g. 50 figures in equistepped descending order. 99 .... to Ol.
The segments are of a number of differentilengths. The segments
(up to 12) are grouped into a block of segments, 7 blocks complete

the circumference of the tyre.
The resultant wave composed of different length sawtooth waves is
then Fourier analysed by the Fast Fourier Transform to give the

frequency spectrum.

The order of the blocks may be permuted to minimise the amplitude

of the dominant harmonics in the spectrum.

i 8= Program = Schematic Description of Input

Example

512 or 1024 or 2048 The number (N) of equisubdivisions of
the tyre circumference to be used in
the Fast Fourier Transform (FFT)

7 The number of blocks (NB) of tread
segments the order of the blocks can
be permuted by the program

01 01 06 10 10 09 01 The number of segments K in each block

The list of segments, 12 in each
block, NB blocks
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100000000000
46.42 51.92
0.0 0.0
50
99:97.:95 es sivninipwinnminn ceas
S e e
40
L]
0

6 blocks on this line

The segment lengths (SS1, SS2 .....
$S10)

58.42 0.0 0.0 0.0
0.0 0.0

The number of figures (NIN) in one

segment to constitute the wave

The sawtooth wave

The number of permutations (NFI)
of the order of the blocks (up to
720 possible).

Requests punched tape output of the

synthesised sound wave for use in

the mini computer.
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2.1. The Tread Pattern Noise Simulation Program Assuming a Side

Listening Position

This program is referred to in Section 9.3.

Program Name: Noise Generated from Tread Pattern and Contact

Patch Shape, Assuming a Side Listening Position

Language: FORTRAN IV G1
Computer: IBM 370/158

Description:

The program can optimise a tyre tread pitch sequence taking account
of changes from rubber to air along narrow circumferential strips
along a segment together with the strip lengths in the contact
patch.

Optimisation is on the basis of a spectrum analysis of the resulting
tread pitch wavetrain by Fourier Transform methods after permuting

the order of blocks of pitches.

Limitations:

The limitation in achieving a better sequence is as follows. It
is essential for the user to choose the blocks of segments with
adequate modulation and also sufficient modulation of the

modulation, in order to put the program on a good starting wicket.

The program will reduce dominant tones by up to 3 dB better than

the input sequence chosen,as previously shown in Figure 7.5.

Programs Used:

Main Program: RONNPG1, ROWIND, DBAF, PLOT, JOB
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Sub Routines:

Direct Access Files:

Introduction

RORSEG, RORVSE, SPLPLA, SYMBOL, READ
ROPATT, ROAVER, POINT, NUMBE,

ROFFT, GRAP, AXISS SPLBX

TE .NOISE.PERM4

TE .NOISE.PERMS

TE .NOISE.PERM6
TE .NOISE.PERM7
TE .NOISE,PERM8

The program has some similarities with the previous program but

differs in the following points:

(1) Input data is taken in

free format as changes from air

to rubber in a thin strip along the segment for each strip

across the segment.

also entered.

(2) Five permutation files

number of sectors.

sectors the file
sectors the file
sectors the file

sectors the file

*xf
(o]
Ly
A 00 0o 9 @

For sectors the file

The contact lengths of the strips are

may be accessed depending on the

(These exclude reflected sequences).

contains 2500 perms
contains 360 perms
contains 60 perms
contains 12 perms

contains 3 perms

(3) The program automatically runs on 512 points during perm-

utation and changes to

1024 points for the plotted spectra.

(4) The program automatically uses Blackman shifted windowing

at all times but uses rectangular windowing for the

audio-wave output.
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INPUT DATA

Line 1 1 Blackman
1 TYPE As above + 10 Four Shifted Window Positions
Line 2
1 GRAP 1 for print out of frequency spectra on line
printer
Line 3
TTL(I) 80 characters containing job descriptions
Line 4
NB Number of sectors round tyre (maximum 12)
NROTAT Offset, mm
+ clockwise ) Far side of mould

— anticlockwise ) relative to near side

SPLIT Split line of offset
ANGLE Angle of microphone position (side position
is 90 deg)
Line 5
K(I),I=1,NB Number of pitch segments in each sector

(maximum 12)

Line 6
NSL Number of different pitches
NSEG Number of segment types

Line 7
NUMA(I) Segment identifying number (maximum 12)
ss(I) Pitch length (in ascending order)
MST(I),I=1,NSL Segment type

Line (7+4NSL)

INT(K1,J),J=1,JB Arrangement of pitch segment identifying
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numbers in each sector

Line (7+NSL+NB)

NS Number of strips (maximum 100)
-ve reverses one half of mould to form the

other half

Ws Width of strip (mm)
-ve Each half segment to centre line is
reversed through 180° and used to form the
data for the second half of the segment

from the centre line

Line (7+NSL+NB+l+(n-1) For each segment type
(1+NS))
LSEGn Total length of tread segment of n th type -

measurements as follows

Line (7+NSL+NB+2+(n-1) For each segment type. Number of figures
(14NS)) on the line

0 start-air
1 start-rubber

distance along segment at change (mm)

Next Line

ICPL I,I=1,NS Strip lengths in contact patch
Next Line
SP Tyre Speed (kph)

ROCIRC Rolling Circumference (mm)

Next Line

NSTA Starting record in permutation file
NFI Finishing record in permutation file
INC Increase step
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Next Line

FsT

FFN

Lower frequency limit (Hz) in scanning for
maximum PSD (default is harmonic 1)
Upper frequency limit (Hz) in scanning

for maximum PSD (default is harmonic 256)
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A TYPICAL INPUT FOR THE PROGRAM

0

10.00-20
8 0 0.0 90.0
6 6 66

31

WHFEFMNMMDNMNNDMNDWMND R
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52.68
62.01
71.27

1

34 5.0

()]
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n
> O
o O

259
80.
1 1
50.
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67

n
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866 8

WNMNOWWRRPRWRE R
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n

n

=
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22 45

02 03 24 47
04 05 26 49

04 05 26
02 03 24
02 22 45
26 36

65

63 64

58 63

52 65
12 41

12 52
28 38
28 33
28 30
36 38
33 38
28 38
14 54

25 54
02 14

03 14

03 08

02 03

02

30 40

21 44 64
19 42 63
17 40 61
17 40 61
19 42 63
21 44
252 254
268 269
257 255

3180.

2500.

49
47

64
62
62
64

255 257 258 259 261 263 264 265 265

269 268 267 266 265 265 264 263 261
254 252 251
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3.1: Aspects of the Use of the Fast Fourier Transform

Normally the simulated noise wave along the circumference of the
tyre is divided into a number of points which is a power of two.
This allows the Fast Fourier Transform to be used. A harmonic line
spectrum is obtained from this waveform. Assuming that the waveform
used by the program does not give rise to aliasing effects, and also
that the number of points is adequate to separate the individual
harmonics of the noise; then doubling the number of points will
extend the spectrum up to twice the original highest harmonic.
However it will not alter the spectrum within the original range of

harmonics.

e2s Aliasing

This is the folding back into the spectrum due to any input
frequencies above half the sampling rate, and thus causing errors

in the spectrum.

In commercial real time analysers, analogue antialiasing filters
prevent this from happening, the filtering must be carried out

before digitisation.

When simulating tyre noise with a program, aliasing errors will
occur if the simulated noise wave shape introduces frequencies

greater than half the digitising rate either due to:

(a) The sharpness of the wave
or
(b) The coarseness of digitisation, especially if double

digitisation occurs

There is a version of the program which uses a formula with a set
of sine waves as a basic elemental noise wave. This only gets
digitised once and thus there is virtually negligible input at

any frequencies that could give rise to aliasing. The results
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from this version of the program are identical at harmonics of

wheel rotation below the 256th, when using the number of points round
the circumference ranging from 512 to 4096. This version does not
simulate a range of cross groove widths as does the latest version

of the program.

3:3. Leakage and Weighting Function

The following discussion is applicable if the waveform used by the
program does not give rise to aliasing effects. It is somewhat
arbitrary to take exactly one circumference of noise wave as the
data block to be digitised. For example if a different data block
length were taken, then a tread pattern pitch which was a unit
fraction of the original length but not of the new length, would
give results 3.9 dB low.

The new program has a tapering function window which reduces this
attenuation effect to less than 1.4 dB and both broadens the band-
width by 65% and decreases the skirt level by 18 dB.

However this does introduce a further problem, that the effect of
part of the tyre circumference is being attenuated. This has been
overcome by stepping the window round the tyre circumference and

averaging the absolute spectral values.

4.1. Swept Sine Wave Testing of Acoustic Measuring Conditions

A pure tone was fed to a loudspeaker standing on the ground plane,
the centre of the cone was 141 mm above this plane. Two microphone
positions were used, one 20 mm in front of the speaker cone to
monitor the output from it, the other was placed 1 m away from the
speaker in order to show any fluctuations in noise level due to
reflections in the non-anechoic testing conditions. This micro-
phone was 450 mm above the plane as in tyre noise testing. The

frequency of the tone was slowly swept from 2 kHz to 100 Hz.
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4.2, Comments on Results

The level at the 20 mm position stayed fairly constant showing the
good response of the speaker. The oscillator output is shown in
Figure A4 together with the level at the 1 m position which shows
slow undulations with frequency due to standing waves owing to the
height of the centre of the cone above the ground plane, this occurs
in both rooms. However the main errors due to reflections in the
tyre testing conditions are rapid fluctuations with frequency usually

within +2.5 dB of the mean values.

B Ambient Noise in Tyre Testing Conditions

The frequency spectra and levels of ambient noise are compared with
those from testing a blank treaded tyre on a smooth steel surfaced

drum at speeds of 50 and 80 km/h.

TABLE A5  AMBIENT NOISE VERSUS BLANK TREAD TYRE NOISE ON SMOOTH

STEEL DRUM
Drum Speed Tyre Raised Off Tyre Loaded Level
Drum Level
(km/h) dB(A) dB(A)
0] 60 —
50 62.5 69
80 64 73
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Glossary of Terms

The Tyre/Road Noise field embraces a number of disciplines, and
draws on the specialist language of each. This glossary, which is
not intended to be comprehensive, attempts to define those speciaiist

terms that have been used in this thesis.
More comprehensive glossaries may be found as follows:

1. Acoustical Terms-in the British Standard Glossary of

Acoustical Terms BS 661.

2. Vehicle Dynamics Terms in the Society of Automotive

Engineers Vehicle Dynamics Terminology S.A.E. 670c.

Most of the abbreviations have been explained as they came in the

text.

Aliasing
The folding back into the spectrum due to any frequencies above

half the sampling rate.

Breaker
A strip of rubbered cord fabric, of fewer ends per 10 cm than
main plies or top plies, placed circumferentially round the cover

between top plies and tread.~

Coherence
Represents the normalised magnitude of the cross power spectral

density.
Continuous Spectra

Over at least part of the spectrum, they contain components at

every possible frequency.
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dB(A)
The dB(A) scale is taken to have a defined zero at O phons =

20 x 10~° RMS Newton metre ~2.

Discrete Fourier Transform

It produces a good approximation to an actual spectrum

Fast Fourier Transform

A simplified implementation of the Discrete Fourier Transform

giving an identical result. i

Flow (or Traffic Flow) .

The number of vehicles which pass a fixed point in unit time.

Friction Course
An open textured coated macadam of high void content (greater than

20%) when compacted.

Harmonics
They are integral multiples of the fundamental frequency i.e. the

tyre rotational freqﬁency.

Leakage
This often has the effect of reduction of the amplitude of the

original frequency and an increase in neighbouring sidelobes.

Line Spectra

They consist only of discrete lines at specific frequencies.

Noise
Sound that is not desired by the hearer

Pass-by-Noise

Noise received at a microphone position during the passage of a

vehicle.
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Picket Fence Effect
This occurs with continuous spectra, since only samples of a
spectra are shown, sharp actual peaks eetween the sample lines could

be obscured e.g. There oould be up to 3.9 dB error with a rectangular

window.

Ply
A piece of rubbered fabric cut to specified width and bias angle.

Slip Angle
The angle between the plane of the tyre and the direction of travel

of the centre of tyre contact.

Scheduled Conditions
The combinations of load and inflation pressure recommended in the

European Tyre and Rim Technical Organisation ETRTO Data Book which

is published annually.

Time Window
This is the time during which the "analyser" is looking at the

input signal i.e. the data block.

Tread Contour (Tread Radius)
The unloaded cross sectional shape of the tread, neglecting the

tread pattern depressions, usually given as a radius or radii.

Tread Segment Pitch
The length (mm) of a tread pattern segment pitch.

Tyre/Road Noise
This is the noise generated by a tyre rolling on a road surface

under given conditions.

Weighting Function
This is a tapering function applied to the data block, e.g.

Hanning weighting or Hanning Window.
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