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Abstract 
The tonal character of the low frequency internal noise in cars is often due to energy 
transmission through the tyre at the first few eigenfrequencies of the air cavity of the tyre. 
The first acoustic mode in the air cavity of a typical stationary car tyre is approximately 
224 Hz. At this frequency the tyre is comparatively stiff resulting in a high transmission 
of energy from the road wheel contact to the car body itself. In order to investigate 
possible means of reducing this effect, the acoustic field inside a tyre is modelled.  
Theoretically it is found that the pressure inside a tyre and the energy transmission 
through the tyre to the wheel axle and the car body can be reduced by adding a sound 
absorbing material inside the tyre. This was confirmed by measurements on stationary as 
well as rotating tyres with and without added sound absorption. For a rotating tyre there 
is a split of the natural frequency depending on the rotational speed of the tyre.  
Measurements in a standard passenger car reveal that the noise level inside the car is 
rather high in a fairly wide frequency range around 224 Hz at normal velocities. This 
tonal noise can be reduced by adding sound absorption inside a tyre. Models for the 
prediction and the reduction of the tonal noise are presented. Measured and predicted 
results are compared and the agreement is found to be good. It is found that the tonal 
noise can be reduced by up to 9 dB. 

The effects of the air cavity resonances on the external noise have also been studied. It is 
estimated that external tyre noise can be reduced 1 dB by adding a sound absorbing 
material inside tyres.  

For a car travelling on a road a strong acoustic field is induced between the floor of the 
car and the road. The impact of this acoustic field can be reduced by mounting a sound 
absorbing material underneath the car. It is estimated that the A-weighted sound pressure 
level close to a running car could be reduced by 3 dB by adding this type sound 
absorption.  

It is found that aluminium foam could be a suitable sound absorbing material which could 
be mounted inside tyres and underneath cars. The acoustic and dynamic properties of 
various types of aluminium foams are discussed. In particular measurement techniques 
for determining sound absorption at grazing incidence are investigated. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 
 
 
 

THE INFLUENCE OF TYRE AIR CAVITIES  
ON VEHICLE ACOUSTICS 

 
 
 

Èric Torra i Fernàndez 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Stockholm 2006 
 
 
 
 

Doctoral Thesis 
 

Kungliga Tekniska Högskolan 
 

Department of Aeronautical and Vehicle Engineering 
 

The Marcus Wallenberg Laboratory for Sound and Vibration Research  
 
 
 
 
 
 



 2

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
Akademisk avhandling som med tillstånd av Kungliga Tekniska Högskolan i Stockholm framläggs 
till offentlig granskning för avläggande av teknologie doktorsexamen torsdagen den 26 oktober 
2006, kl 13.00 i Sal V3, Teknikringen 72, KTH, Stockholm. Fakultetsopponent är Prof. Wim 
Desmet, KU Leuven, Belgium. Avhandligen försvaras på engelska. 
 
TRITA-AVE 2006:67 
ISSN 1651-7660 
 
© Èric Torra i Fernàndez 2006.     

 
 
 
 



 3

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 

To Karin ♥ and my family  
 
 
 
 
 



 4



 5

I would like to start my Doctoral Thesis in Technical Acoustics with some music, since the music in 
itself is obviously related to the world of acoustics in general. The music chosen is a solemn piece 
that I find appropriate in order to show my respect for all the people who have helped me, and from 
whom I have learnt a lot, during my four year period of research. My hope is that most of these 
people will recognize their names in the Acknowledgements at the end.  

In Catalonia, in order to show respect we often play the peaceful folk song El cant dels ocells (The 
singing of the birds) whose melody, usually denoting melancholy, was famously performed by the 
Catalan cello player Pau Casals. Used in this sense, here it is not considered to be a sad melody but 
a respectful melody. It is somewhat similar to when the Basque people dance and play the Aurresku. 
El cant dels ocells is a symbol of celebration, welcome, homage and tradition and I would like to 
dedicate it to all of you who have helped and encouraged me in my work.   

 

Pau Casals i Defilló (1876 – 1973) was a virtuous Catalan cello player. He made many recordings 
throughout his career, of solo, chamber, and orchestral music, also as a conductor. One of his last 
compositions was the “Hymn of the United Nations”. He conducted its first performance in a 
special concert at the UN on October 24, 1971, 2 months before his 95th birthday. He pronounced 
this speech in front of the United Nations Assembly when he was awarded with the Medal of Peace 
[1]:  
"This is the greatest honour I have ever received in my life. Peace has always been my greatest concern. Yet 
in my childhood I learned to love it. My mother -an exceptional, brilliant woman- used to speak to me about it 
when I was still a child, because in those years there were also a lot of wars. Moreover, I am Catalan. 
Catalonia had the first democratic Parliament much before than England. And it was in my country where 
there was a beginning of United Nations. (…) I am going to play a melody from the Catalonian folklore: The 
singing of the Birds. Birds, when in the sky, go singing: Peace, peace, peace. And this is a melody that Bach, 
Beethoven and all great people would have admired and loved. And, in addition, it springs up from the soul of 
my country: Catalonia". 
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Abstract 
The tonal character of the low frequency internal noise in cars is often due to energy 
transmission through the tyre at the first few eigenfrequencies of the air cavity of the tyre. 
The first acoustic mode in the air cavity of a typical stationary car tyre is approximately 224 
Hz. At this frequency the tyre is comparatively stiff resulting in a high transmission of 
energy from the road wheel contact to the car body itself. In order to investigate possible 
means of reducing this effect, the acoustic field inside a tyre is modelled.  Theoretically it is 
found that the pressure inside a tyre and the energy transmission through the tyre to the 
wheel axle and the car body can be reduced by adding a sound absorbing material inside the 
tyre. This was confirmed by measurements on stationary as well as rotating tyres with and 
without added sound absorption. For a rotating tyre there is a split of the natural frequency 
depending on the rotational speed of the tyre.  Measurements in a standard passenger car 
reveal that the noise level inside the car is rather high in a fairly wide frequency range 
around 224 Hz at normal velocities. This tonal noise can be reduced by adding sound 
absorption inside a tyre. Models for the prediction and the reduction of the tonal noise are 
presented. Measured and predicted results are compared and the agreement is found to be 
good. It is found that the tonal noise can be reduced by up to 9 dB. 

The effects of the air cavity resonances on the external noise have also been studied. It is 
estimated that external tyre noise can be reduced 1 dB by adding a sound absorbing 
material inside tyres.  

For a car travelling on a road a strong acoustic field is induced between the floor of the car 
and the road. The impact of this acoustic field can be reduced by mounting a sound 
absorbing material underneath the car. It is estimated that the A-weighted sound pressure 
level close to a running car could be reduced by 3 dB by adding this type sound absorption.  

It is found that aluminium foam could be a suitable sound absorbing material which could 
be mounted inside tyres and underneath cars. The acoustic and dynamic properties of 
various types of aluminium foams are discussed. In particular measurement techniques for 
determining sound absorption at grazing incidence are investigated. 
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Division of work between authors: 

The theoretical and experimental work presented in this thesis was done by Èric Torra i 
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Internal noise in all vehicles is primarily a question of comfort for drivers and passengers.  
Comfort is also a question of safety. A noisy environment adversely affects the attention 
and vigilance of a driver who is exposed to constant noise over long periods. Even noise in 
the low frequency range below 200 to 300 Hz can have negative effects even at moderate 
levels, although low frequency noise does not necessarily influence the A-weighted noise 
level in any vehicle. In for example [2] and [3] it is stated that exposure to low frequency 
noise, even at moderate sound pressure levels can impair the performance and reduce the 
attention of those exposed. A large number of references to publications on the adverse 
effects of low frequency noise are given in [2, 3]. 

There are many sources and transmission paths causing severe noise levels inside most 
vehicles as discussed in [4]; since contact forces between road and wheel not only generate 
external but also internal noise. The internal noise is caused by air-borne sound radiated 
from the rotating tyre and transmitted through the floor and other structures. In addition, 
vibration caused by the forces on the rotating tyre is transmitted through the tyre and 
suspension system to the vehicle body which in turn radiates noise into the car. 

When a car is travelling on a road the contact forces between the tyres and the road surface 
vary with time due to the motion of the car and the roughness of the road and the tyre 
pattern. The resulting forces acting on the tyre deform the tyre tread. This time dependent 
displacement of the tyre, results in an acoustic field being excited within the air cavity of 
the tyre. The resulting pressure inside the tyre is quite high at the cavity resonances. 
Consequently, at and close to these resonances the tyre appears to be stiff. The resilience of 
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the tyre being reduced at the resonance frequencies increases the energy transmission from 
the road-tyre contact surface through the tyre to the wheel axle and thus to the vehicle body 
itself. The vibrating structure radiates noise into the compartment so that internal noise 
levels could be high at frequencies corresponding to the natural frequencies of the air cavity 
of the tyre as discussed in [5]. Low frequency tonal components appear in the car 
compartment at the first natural frequency of the air cavity around 225 Hz. The air cavity 
inside the tyre is studied and modelled in order to reduce these tonal low frequency 
components of noise inside the car. 

Tyre behaviour is very complex. During the last few decades, research within the field of 
tyre noise has been intensive. In particular, W. Kropp’s work has been well recognised. 
Sound radiation from tyres has for example been investigated by Kropp, [6] and [7]. A 
large collection of measurement data illustrating the effects of various tyres and road 
surfaces on exterior noise is discussed in [8]. On a European level, joint research programs 
on tyre noise is in progress, as for example within the EU project RATIN. 

In [9] an analytic model of a rotating tyre-contact patch is described. The results show that 
the acoustic field in the cavity has a significant effect on the spindle forces. However the 
predicted effect of the acoustic modes is not very distinct so far. 

The energy transmission through a tyre also depends on the stiffness of the tyre walls, tread 
and structure in general. In [10] Pinnington develops a wave model for a tyre belt for 
predicting its dynamic properties. In [11] Pinnington continues to describe the radial force 
transmission to the hub from an unloaded stationary tyre. Yet another model, a spectral 
finite element analysis describing fluid-shell coupling effects, is presented in [12]. The 
technique could eventually be used to predict the total stiffness of a tyre. The coupling 
between the tyre structure and the acoustic modes in the cavity are not considered in [10] 
through [12]. 

One particular problem is the low frequency noise having a tonal character. The noise 
creates a strong impression of something being wrong with the car. The noise is generated 
by structure-borne sound induced in the tyre by contact forces from the road surface. The 
energy is transmitted through the tyre, which at this low frequency range is comparatively 
stiff, due to the acoustic modes in the air cavity. In [5] a FEM technique is developed to 
model the stiffness of a stationary tyre. Possible methods to reduce the energy transmission 
through the tyre and wheel are not discussed.  

The negative effects caused by the first few resonances in the air cavity can be reduced by 
introducing some sound absorbing material inside the acoustically hard tyre. This problem 
has previously been discussed in [13]. In this thesis the effect of mounting various types of 
sound absorbing materials inside tyres is investigated. Laboratory as well as field tests are 
carried out.  

The possibility of applying active control to reduce the effect of low frequency structure-
borne noise transmission through tyres and suspension systems is discussed in [14].  A 
noise reduction of about 10 dB is reported in the frequency range 50 to 170 Hz. The tests 
carried out in a laboratory with a large number of transducers and a loudspeaker system, 
were used to achieve this goal. A more general active control system is presented in [15]. A 
loudspeaker system inside the car is suggested for the reduction of noise below 1 kHz. Such 
systems have already been commercialised. 
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A general problem concerning active systems is the design and construction of fast, reliable 
and robust control systems with powerful but not too bulky and expensive sources. 

The possibility of installing an active system directly into a tyre has been discussed. 
Activators could for example be imbedded in the tyre’s rubber belt. A control system could 
change the vibration pattern of the belt to reduce radiated noise from the tyre. Another 
possibility could be to actively generate an acoustic field in the cavity to reduce vibrations. 
In both these cases the power required to drive the active sources is prohibitively high for 
any realistic system to be installed in a car in the near future. 

The tyre-road noise represents a large percentage of traffic noise. It is almost a third part of 
the total noise production by vehicles [16]. In order to reduce the external noise, research 
has been intensified in particular with respect to the effects of noise barriers and low noise 
road surfaces. In order to reduce the vehicle exterior noise, the contribution of the air cavity 
resonances to the acoustic field radiated from the tyres is studied. Measurements on static 
and rotating tyres are carried out in order to study the influence of the absorbent inside the 
tyres on the noise radiated. Field measurements are also conducted. 

When a car is travelling on a road a strong acoustic field is induced between the floor of the 
car and the road surface. By mounting a sound absorbing material underneath a car the 
intensity of this acoustic field can be reduced. This in turn will reduce the external noise 
from the car and also the noise transmitted into the compartment. Laboratory and field 
measurements have been carried out to investigate these effects.  

A simple passive solution for the reduction of interior noise in cars and the vibration of the 
floor, and even more the radiation of exterior noise is proposed by means of sound 
absorbing materials mounted inside the tyres or beneath the floor of a car. For a better 
understanding of the behaviour of these sound absorbing materials, their acoustic 
characteristics are found by testing these materials with a normal plane wave incidence and 
also with a grazing incidence. Aluminium foam is a possible sound absorbing material. The 
material has good structural, mechanical, thermal and acoustical properties. The dynamic 
and acoustic properties of various types of aluminium foams have been investigated. 
Measured and predicted properties are compared.  
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The contact forces between the tyre and the road surface vary with time due to the vehicle 
motion and the roughnesses of the road surface and the tyre. When in motion, the tread of 
the tyre is deformed by these resulting forces. An acoustic field inside the tyre air cavity is 
induced by this time varying tyre displacement. For a tyre rotating at a constant speed, the 
gas inside the cavity also rotates. An acoustic field in a moving fluid described by the 
velocity potential ψ  should, according to [17], satisfy the differential equation  

 

01 2

2
2 =



 ⋅+
∂
∂

⋅−∇ ψψ gradU
tc

      (1)  

 

where c is speed of sound in the fluid and U a vector defining the velocity of the fluid.  

The pressure p in the fluid and the vector particle velocity v are defined as 

 





 ⋅+
∂
∂

−= ψψρ gradU
t

p 0        (2) 

Ugradv += ψ         (3) 
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Fig 1. Coordinate system. 

 

Using cylindrical coordinates the velocity component ϕu  of the gas caused by the rotation 
of the wheel can, based on the notations in Figure 1, be written as 
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rUu =ϕ  for 00 Rrr ≤≤       (4) 

 

where  0r  and 0R  are the inner and outer radii of the air cavity inside the tyre respectively. 
The parameter 0U  is the velocity of the tread, which is the same as the velocity of the 
vehicle on which the tyre is mounted. The distance from the centre of the wheel is r as 
indicated in Figure 1. The velocity components ru  and zu  are set to equal zero. 

In cylindrical coordinates with )0,,0( ϕuU =  the differential equation (1) reads 
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A factored solution is assumed. Thus  

 

 tiezZhrgtzr ωϕϕψ )()()(),,,( =  

 

The function h is expanded in a complex Fourier series using the base ime ϕ . The function Z 
is expanded in a Fourier series in the interval 00 zz ≤≤  using the orthogonal function 

( )0/cos zznπ . 



 19

According to standard procedure the solution to equation (5) is written 
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A solution to equation (7) is for 0>rkmn  
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where mJ and mY  are the Bessel and Neumann functions of order m respectively. The 
parameter mnk  is given by 
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The amplitudes mnA  and mnB  are determined from the boundary conditions. For the rotating 
tyre it is assumed that the radial velocity of the rim is equal to zero. Consequently the radial 
component rv  of the particle velocity in the fluid should also equal zero at the rim. Thus 

 

0=
∂
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=
r

vr
ψ      for 0rr =      (10) 

 

The motion of the vertical sides of the tyre is neglected yielding the boundary conditions 
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The radial velocity of the tread of the rolling tyre is set to be tiezV ωϕ ⋅),(  giving the 
boundary condition 

 

ti
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Considering the orthogonal property of the functions ime ϕ  and ( )0/cos zznπ  it follows that 
the solution to equation (5) is for 00 >rkmn  
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where  

 

    1=nε  for 0>n  and 2=nε  for 0=n      (14) 

 

The parameter mnk  is defined in equation (9) and mnV  is given as  
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In a real system there are always losses. These are introduced by assuming that the bulk 
modulus K of the fluid in the tyre cavity is written  

 

)1(0 δiKK +=         (16) 

 

where 0K  is the real part of the modulus and δ  the loss factor.  The speed of sound c in a 
gas, density 0ρ , is for small losses  

 

 )2/1()2/1(// 0000 δδρρ iciKKc +=+≈=     (17) 
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where 0c  is the real part of the speed of sound. In air the velocity 0c is according to [18] a 

function of the absolute temperature 0T  as 273/331 00 Tc =  and as a first approximation 
independent of the ambient pressure. In room temperature the speed of sound in air is set to 
equal 340 m/s.  

By introducing  

 

)()()()( 0000 RkYrkJrkYRkJQ mnmmnmmnmmnmmn ′′−′′=     (18) 

 

it is found that the velocity potential ψ  of equation (13) has maxima whenever the real part 
of mnQ  is equal to zero. The solutions to 0)Re( =mnQ  are obtained when the real part of 

mnk  equals mnλ . 

For a stationary wheel, 0=ϕu , the eigenfrequencies mnf  for the air cavity are obtained 
from equation (9) as 
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where mnλ  is the solution to 0)Re( =mnQ . For a standard tyre 21.00 =r  m, 275.00 =R  m 
and 205.00 =z  m. The first eigenfrequency for 0>n  is well over 0.7 kHz. At the low 
frequency range the first few eigenfrequencies are only obtained for .0=n  These 
frequencies 0mf  are thus given by equation (19) as )2/(000 πλmm cf = .  The solutions 0mλ  
to the equation 0)Re( 0 =mQ  and the corresponding natural frequencies 0mf  are listed in 
Table 1. 

 

Table 1. Solutions to 0)Re( 0 =mQ  and the corresponding eigenfrequencies 0mf , 21.00 =r  
m, 275.00 =R  m and 3400 =c  m/s. 

 

m )( 1
0

−mmλ  0mf (Hz) 
1 4.1 224 
2 8.3 447 
3 12.4 671 
4 16.5 894 
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It can be assumed that the radial velocity V of the tread is proportional to the external force 
F exciting the tyre. For a stationary wheel, 0=ϕu , thus from equations (2) and (13) it 
follows that the ratio between the pressure p inside the tyre and the force F on the tyre or 
rather the frequency response function pH  between the Fourier transforms of pressure and 
force at the low frequency for 0=n  can be written as 

 

 
0 0

cos( )m
p

m m

W mpH
F Q

ϕ∞

=

′
= = ∑        (20) 

  

where mW ′  is a continuous function of frequency. In writing equation (20) it has been 
assumed that ),(),( zVzV ϕϕ =− . Further 0mQ  is independent of m being a positive or 
negative integer. For small losses, i.e. for 1<<δ , the functions mW ′  and 0mQ  can, close to a 
resonance, be expanded with respect to the wavenumber 0mk  by writing  

 

)2/1()2/1)(1( 000 δξλδξλ iik mmm −+≈−+=     (21) 

 

Thus, close to a resonance or for 1<<δ  and 1<<ξ , the function 0mQ  is expanded as 
)()2/()( 00000 mmmmm QikQ λδξλ ′−≈ . The square of the absolute value of pH  is now 

written 
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Considering that 0mλ  also is a function of the frequency f, equation (22) is written 
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where mW  is a constant and 0mf  is the eigenfrequency corresponding to mode (m,0). 
Equation (23) is reduced to equation (22) by setting )1(0 ξ+= mff  and when for 1<<ξ  
higher order terms of ξ  are neglected. The loss factor can be determined by measuring the 

half bandwidth of the transfer function at a resonance i.e. the bandwidth f∆  when 
2

pH  is 
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equal to 2/
2

maxpH  when to 
2

maxpH  is the maximum value obtained for 0mff = . The loss 

factor is obtained as 0/ mff∆=δ . 

The energy transmission between the contact surface between tyre and road and the rim or 
hub depends on the combined stiffness tk  of the tyre walls and the stiffness ak  of the 
enclosed air volume. The total stiffness totk  of the tyre can be modelled as two springs in 
parallel. Thus totk  is written 

 

totk at kk +=          (24) 

 

The transfer stiffness ak  due to the enclosed air volume between the tread and the rim can 
be defined as drdFk ra /=  where rF  is the force acting on the rim in the radial direction 
and r the radial displacement of the tread. Since the velocity potential ψ  is proportional to 
the pressure p in the cavity as defined in equation (2) and thus also to the radial force rF , 
and since the velocity V of the tread is proportional to the radial displacement of the tread it 
follows that the stiffness ak  can for 0=n  be written as 
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where mP′  is some parameter and 0mQ  as earlier defined in equation (18). For frequencies 
close to any of the first few eigenfrequencies ak  is obtained as 
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where mP  is a new parameter. The result follows the discussion leading up to equation (23). 

The expression (26) predicts a reduction of the stiffness of the air cavity close to a 
resonance when the losses inside the tyre are increased. However the total stiffness of the 
tyre can never be less than the stiffness tk  of the tyre structure itself. 

For a rotating wheel each eigenfrequency in the cavity will split into two components as 
predicted by equation (9). From the excitation point of the tyre one sound wave propagates 
in the direction of the rotation with an apparent increased speed with respect to the 
excitation point. Another wave propagates in the opposite direction with a decreased speed. 
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The frequency corresponding to a wavelength is thus different for the two waves. The 
resulting eigenfrequencies 0mf ′  in the air cavity are for 0=n obtained from equation (9) as 
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where 0mf  is the corresponding eigenfrequency for a stationary wheel. As before 

00 mm −= λλ  is the solution to 0)Re( 0 =mQ . 

For a rotating tyre a certain periodicity of the deformation of the tread can also be expected. 
The radial velocity of the tyre can due to the periodicity be written as  
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where Tkk /2πω =  and T the time for one revolution of the wheel. For a velocity 0U  along 
the periphery of the wheel, T is equal to 00 /2 URπ  giving  

 

00 / RkUk =ω          (29) 

 

The angular frequencies for the various harmonics are thus 00 / RkU+ω . By replacing ω  
by this expression in equation (19) the resonance frequencies 0mf ′′  in the cavity are for 

0=n  given by 
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for ....2,1±±=m   and ....2,1,0 ±±=k      (30) 

 

where as before 0mf  is the corresponding eigenfrequency in the cavity for a stationary 
wheel. The resonance frequency is positive. It is noted that the fundamental resonance can 
be kept in the spectra i.e. when 1m =  and 1k = − . 
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For a rotating wheel the square of the FRF pH , averaged over one rotation, is close to a 
resonance  
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where mkZ  is some constant and 0mf  the eigenfrequencies listed in Table 1.  

At resonances, the FRF pH  is inversely proportional to the loss factor δ . Thus, if the 

losses inside the tyre are increased, pH  is decreased. The inside of a standard tyre is 
acoustically hard resulting in a small δ . By adding some sound absorbing material in the 
air cavity it can be expected that the loss factor δ  is increased and the stiffness ak  of the 
air cavity, defined in equations (24) and (26), is accordingly reduced. Loss factors for 
empty tyres and wheels with sound absorbing materials need to be determined. Some 
methods are discussed in Chapters 4 and 5. 
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The inside of a standard tyre is acoustically hard resulting in very small losses as 
demonstrated in Chapter 5. The addition of a sound absorbing material inside a tyre 
therefore increases the losses drastically. A sound absorbing material is preferably mounted 
on the rim of a tyre. Consequently the losses are due to sound absorption at or very close to 
grazing incidence with respect to the rim since- as discussed in Chapter 2- the dominating 
acoustic mode inside the tyre propagates in the tangential direction of the wheel in the low 
frequency region. It is quite cumbersome to measure the losses inside a tyre. A simplified 
method is therefore required for the measurement of the sound absorption of various 
materials at grazing incidence. 

 

3.1. Physical model 
In order to simulate the acoustic field inside a stationary tyre and the influence of a sound 
absorbing material, a special rig was designed. The test rig in the shape of a simple box is 
shown in Figure 2. The cross section of the box was approximately the same as that of a 
standard tyre mounted on a rim. Acoustic waves propagating along the axis of the box will 
therefore have the same cut-on frequency as waves propagating in a tyre. The first natural 
frequency of the tyre air cavity is around 224 Hz. For the rig to have the same first natural 
frequency as the tyre the length L of the model should be half the wavelength λ  at the first 
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natural frequency f or 
f

cL
⋅

=
2

. In the case of the tyre, 340=c  m/s and the frequency of 

interest is 224 Hz. Hence, the length L must be 0.75 m.  

All walls of the box were rigid. In the low frequency region below the cut-on frequency for 
any cross modes the velocity is zero and the sound pressure maximum at the two end 
sections of the box. At the middle of the model the velocity is maximum and the sound 
pressure minimum. It can be said that the particle velocity v  and the acoustic pressure p  
inside the box of length L and oriented along the x-axis and with the ends at 0=x  and at 

Lx =  are proportional to  
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The cross section of the box was approximately the same as for a standard tyre mounted on 
a rim. The cross section of the box is shown in Fig. 3. The rig or the model consisted of two 
parts that could be separated in order to test the acoustic properties of the materials. The 
upper part simulating the rubber of the tyre was made of steel. The steel reproduces 
perfectly the hard acoustic behaviour of the rubber inside the tyre. The loss factor of the 
steel is considered to have no influence in the experiment. Two aluminium beams mounted 
to the bottom plate simulate the rim with the groove as shown in Figure 2. Any sound 
absorbing material could be mounted in the groove between the beams. The groove was 20 
mm deep and 60 mm wide. The dimensions of the groove in the rim were determined by 
the mounting process of the tyre. 

 

  

Fig. 2. The upper part of the model (upside-down) next to the part below (left), and the 
complete model mounted (right). 
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The excitation of the box was provided by a shaker. It was placed next to a lateral end 
section as shown in Figure 2. A microphone was placed on the center of the opposite lateral 
wall. The upper part or the lid of the model was loaded with approximately 40 kg in order 
to keep the box airtight. The air tightness was guaranteed by a thin black rubber lining 
under the lid. 

      205

20

      60

90
30

 

Fig. 3. Sketch of a perpendicular model section. 
 

   

a) Foams and acoustic 
wool. 

b) Honeycomb structure, 
micro-perforated and 
perforated plates. 

c) Aluminium foam beams. 

Fig. 4. Several sound absorbing materials tested in the model. 
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Resonances of the structure and of the air cavity appear when the box is excited. The 
structural resonances are mainly eliminated due to the load on the lid. 

Tests were carried out with and without sound absorbing materials inside the box. A 
relative reduction of the sound pressure level is obtained by adding a sound absorbing 
material in the box. This relative reduction is indicative of the acoustic quality of the sound 
absorbing material. The auto-spectrum of the microphone mounted on the inside of the box 
was recorded by means of an analyser and then calibrated. The in-put power to the shaker 
was constant during all measurements. The box was excited by white noise. 

Several sound absorbing materials (Figure 4) were tested, as acoustic wools, foams, micro-
perforated plates, honeycomb structures, and aluminum foam beams in several 
configurations. 

 

3.2. Foams and acoustic wools 
The foams and the wools were placed longitudinally in the cavity between the aluminium 
beams of the model part below. In Figure 4a three different absorbents are shown. The 
dimensions of the sound absorbing materials were 75060×  mm with several thicknesses. 
The white foam is an acoustic wool of 17.6=ρ  kg/m3. The multicoloured polyester foam 
has a density of 110=ρ  kg/m3, and the black polyester foam 54.34=ρ  kg/m3.  

The black absorbent and the multicoloured one have good sound absorption properties at 
very high frequencies. Furthermore, they give a good sound pressure reduction at the main 
resonance peak at 224 Hz as shown in Table 2. The best absorbent is the white acoustic 
wool, which has a good reduction at the main peak as well as at higher frequencies as 
shown in Figure 5. The sound absorption improves when increasing the thickness of the 
wool as illustrated in Figure 5. The sound reduction in the high frequency range is better for 
the other foam absorbents. The white acoustic wool is the lightest of the absorbing 
materials tested. 

 

 Table 2. Reduction of the sound pressure level inside the model for the first resonance. 
 
Type No       

absorbent 
Multicol. 

20 mm
White  

15 mm
White  

30 mm
Black  

20 mm 
Black  

40 mm
f  (Hz) 232.5 216.5 234.5 227.0 227.5 212.0

SPL (dB) 70.5 63.5 63.0 59.5 61.5 59.5
Reduction(dB) * 7.0 7.5 11.0 9.0 11.0

 

As observed in Figure 5 the sound pressure inside the box has four distinct peaks below 1 
kHz. The tyre air cavity natural frequency corresponds to the first peak at around 220 Hz. 
The higher harmonics also appear. The acoustic field inside a tyre is well reproduced inside 
the test rig. In Chapter 5 measurements made inside a tyre are compared to some of the 
results obtained in the box. Adding sound absorbing materials the sound pressure is 
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reduced mainly at the peaks. The sound absorbing properties around the peak at 220 Hz are 
achieved as a function of the material, its thickness, and its configuration. For the white 
acoustic wool, the reduction at the main peak is improved as its thickness is increased. For 
a 15 mm thick layer, the reduction is 7.5 dB and for a 60 mm thick layer of the same width 
the reduction is 16 dB. 
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Fig. 5. Sound pressure level inside the model with and without the white acoustic wool in 
several thicknesses. 

 

3.3. Perforated plates 
Perforated plates can, when mounted to a cavity, give a certain sound absorption. 
Perforated and micro-perforated plates were tested inside the box in the groove at two 
different positions. 

 

 

 

Fig. 6. Sketch of the lower part of the model 
indicating the two tested heights. 

Fig. 7. Wave incidence with the 
perforated plate. 

 

“a”
“b” 

Surface2 

Surface1 
h1 

h2 
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In one case the plates were mounted to the bottom structure of the groove, 01 =h  mm, see 
Figure 6. The surface of the micro-perforated plates was very rough and its acoustic effect 
was investigated. In the other case, the distance between the bottom and the plates was 
increased to 202 =h  mm. The dimensions of the plates at 1h  were 175060 ××  mm and at 

2h  175070 ××  mm. The latter at 2h  were taped to the aluminium beams of the model 
below creating an air cavity under them. Micro-perforated plates of middle roughness 
(Plates “1” and “2”) and a 3 mm hole diameter perforated plate (Plate “3”) were tested 
(Figure 4b). Plates “1” and “2” were tested at both heights, at four different positions “a”, 
“b”, “c”, “d” taking into account the incidence of the wave respect to the micro-perforated 
plate surface as it is illustrated in Figure 7. The two surfaces of the micro-perforated plates 
were different, one being rougher than the other. Positions “c” and “d” were obtained with 
surface2. The intensity of the wave propagating away from the excitation point was higher 
than for the wave propagating in the opposite direction. The micro-perforated plates had a 
diverse set of slits of different geometries. Thus, the orientation of the plate versus the 
incoming wave was of importance for the sound absorption results. 

Plate “2” does not work at any height. None of the three plates work at 1h . An air gap 
between the floor and the plate is required to improve the sound absorption. Plates “3” and 
“1” in positions “a” and “d” give a good sound reduction at the first resonance peak, but the 
second harmonic is increased as shown in Figure 8. There is no reduction at high 
frequencies. For 2h , the reduction at the main peak for Plate “3” is 7 dB and for Plate “1” is 
around 8 dB in the best cases. Hence, it is confirmed that the perforated and micro-
perforated plates can only be used when backed by an air cavity, i.e. when mounted in 
position 2h . 

In order to improve the sound absorption properties of the plates these structures were 
combined with foams or honeycomb structures. 
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Fig. 8. SPL inside the model without and 
with Plate “3” at both heights.  

Fig. 9. SPL inside the model without and with 
Plate “1” and the honeycomb structure. 
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3.3.1. Perforated plates with a honeycomb structure 

For many industrial applications sound absorbing elements can consist of a perforated plate 
mounted to a honeycomb core. A solid plate is mounted to other side of the honeycomb 
core making the entire construction a three-layered element as shown in Figure 10.  The 
sound absorbing properties of the element depend on the diameter of the holes 02 A π , 
the perforation ratio ε  and the thickness of the perforated plate t as well as on the 
dimensions of the honeycomb cells. The sound absorption properties of some honeycomb 
elements without and with a covering perforated plate were tested in the rig. 

 

 

 

H 

d

d A0 

 

Fig. 10. Typical honeycomb structure. 
Fig. 11. View of a single perforation in a 
structure. Perforations are separated from 
each other a distance d. 

 

The structure tested consisted of a honeycomb core of thickness 18 mm with a steel back-
plate 1 mm thick. It was mounted in the groove between the two aluminium beams in the 
test rig. The dimensions of the honeycomb structure were 1975060 ××  mm. A reduction of 
the sound pressure level of 3.5 dB is achieved at the first resonance frequency by adding 
the honeycomb element to the empty test rig. At the higher harmonics the magnitude is 
increased as in the case of the perforated plates. Adding a micro-perforated cover plate, 
Plate “1”, the reduction at the middle-high range of frequencies is much better. The entire 
construction, honeycomb plus micro-perforated cover plate, works like a Helmholtz 
resonator. The resonator is analogous to a mass and a spring system excited by an external 
force due to the pressure field outside the opening. The mass term is equivalent to the mass 
of the air volume entrapped in the perforations and the spring is due to the volume 
compressibility of the air. The natural frequency of a Helmholtz resonator is 

1
2

0 2
cf

t H
ε

π
 =  ′ 

 where 0
2

A
d

ε = , and t t t′ = + ∆  is the neck effective length. Nevertheless, 

the sound absorption at the main peak is not improved. The configuration was also heavier 
than the design without the honeycomb structure. Experiments, using the two-microphone 
method, giving the sound absorption at normal incidence for the honeycomb structure plus 
micro-perforated plate were conducted. The resulting sound absorption coefficients at 
normal incidence for a number of constructions were of the order 0.2 in the frequency range 
200 – 250 Hz as reported in reference [19]. 
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3.3.2. Perforated plates with foams 
Several sound absorbing foams were tested in the model with the perforated plates. The 
perforated plate was placed over the foam. The sound pressure reduction is improved in the 
entire frequency range of interest. Nevertheless, the reduction obtained in the best cases is 
almost equal to using the foams only. It has to be taken into account that this configuration 
was heavier and more complicated. 

 

3.4. Aluminium foam beams 

3.4.1. Manufacture and application of Al-foams 
The term aluminium foam refers to a cellular solid of aluminium created from a dispersion 
of gas bubbles in a liquid phase and subsequently solidified [20]. The metallic foams with a 
cellular structure are known to have many interesting physical and mechanical properties, 
such as high stiffness in conjunction with very low specific weight. For this reason, nature 
frequently uses cellular materials for constructional or functional purposes as for example 
in wood or bones. 

There are many ways to manufacture cellular metallic materials. The various methods 
could be classified [20] according to the manufacturing process as for example from liquid 
metal, from solid metal in powdered form, from metal vapour or gaseous metallic 
compounds, or finally from a metal ion solution. 

The metallic foams tested are cellular structures created from a liquid metal. The molten 
metal is processed into a porous material either by foaming it directly, by using an indirect 
method via a polymer foam, or by casting the liquid metal around solid space holding filler 
materials which reserve space for what after further processing becomes the pore space. 
One further possibility is to melt powder compacts containing a gas-releasing blowing 
agent. 

In this section the direct foaming of metals with gas is described since the tested samples 
were manufactured through direct foaming. The foaming by gas injection was exploited by 
Hydro© in Norway and by Cymat© in Canada. The latter is the manufacturer of all the 
aluminium foam samples tested in this thesis. According to this process [20], the first step 
requires the preparation of an aluminium melt containing particles or substances which are 
used to enhance the viscosity of the melt. Substances used are silicon carbide, aluminium 
oxide or magnesium oxide. The liquid melt is foamed in a second step by injecting gases 
into it using specially designed rotating impellers or vibrating nozzles. The impellers are 
used to create very fine gas bubbles in the melt and distribute them uniformly. Sufficiently 
fine bubbles must be created for obtaining foam with enough quality. The mixture of 
bubbles and metal melt floats up to the surface of the liquid where it turns into fairly dry 
liquid foam as the liquid metal drains out. The foam can be pulled off the liquid surface by 
means of a conveyor belt. Then is cooled down and solidified. Before it is completely 
solidified, the semi-solid foam could be flattened by means of rolls, as shown in Figure 12, 
to yield the foam slab with closed and fairly even upper and lower skins. An important 
effect of the outer skins on the global behaviour has been noticed when the skins are 
parallel to the loading direction in a static compression test [21]. The stress level is 
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observed to increase in the stress-strain curve, indicating their contribution to the stiffness 
of the foam.  

 

  

Fig. 12. Processing aluminium foam by 
injecting gas [22].  

Fig. 13. Automotive applications of metal 
foams [20].  

 

The solid foam slab obtained is in principle as long as desired and as wide as the vessel 
containing the liquid. The porosity of the aluminium foams produced in this way is from 80 
to 98%, and the average pore sizes from 25 to 3 mm. The average cell size could be 
adjusted by means of the injected gas flow, and the impeller speed or nozzle vibration 
frequency. 

As pointed above, the aluminium foam comes from the manufacturer as a closed cell 
material after passing trough the rolls at the horizontal casting. The application of metallic 
foams much depends of their open porosity. A closed cell foam could be very useful for an 
energy absorption or load-bearing component applications. However, the sound absorption 
application is desired in our case. Thus, the porosity should be increased either by cutting 
the sample at an intermediate section, drilling holes or cracking the cells in some way. As 
the open porosity is increased the metallic foams could be even used as silencers, filters or 
heat exchangers. It is remembered that aluminium foams with a similar density can exhibit 
a wide dispersion of the mechanical properties owing to various effects as gradients of 
density distribution, pore orientation, cell size distribution and cell shape [21].  

It must be also considered the intrinsic multi-functionality of these materials, because, even 
though a particular morphology makes preponderant one property, the others are still 
present and they may be even enhanced through small modifications. An example of multi-
functionality for aluminium foams would be in the automotive industry [20] as shown in 
Figure 13. The growing demands for active and passive safety of the vehicles lead to an 
increase of vehicle weight. The materials with low specific weight and high energy 
absorbing capacity are of interest for making possible lower fuel consumption. Moreover, 
especially in Europe and Japan, cars with reduced lengths are desired. This reduction, 
however, should not take place at the expense of the size of the passenger compartment. 
Thus, new compact engines are introduced. This creates new problems with heat dissipation 
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in the engine compartment or with crash safety owing to the reduced length of the crash 
zones. Finally, the need to reduce acoustic emissions from cars has led to a demand for new 
absorbers.  

Further applications in aerospace industry, ship building, railway industry, building 
industry, etc. are discussed in [20]. The aluminium foams  are of importance for users in 
transport applications due to a low specific weight, high energy absorption capacity during 
plastic deformation, high specific stiffness, reduced thermal and electrical conductivity, 
good mechanical and acoustical damping, not inflammable, recyclable and good 
machinability [23]. 

 

3.4.2. Results 
The aluminium foam beams tested were provided by the Canadian company Cymat©. The 
original beams were sandwich beams. These consisted of an aluminium foam core and two 
aluminium plates at each side. The mechanical properties of these sandwich beams were 
studied, and the results were presented in reference [24]. The aluminium plates were 
thereafter removed. The aluminium foam cores shown in Figure 4c have several 
thicknesses, pore sizes and porosities. The samples were tested without skin. There were 
nine aluminium foam beams used in the tests. The porosity of the foams was obtained by 
weighting the beam and measuring the dimensions. The density of the aluminium is 

2800=Alρ  kg/m3. 

 

Table 3. Aluminium foam beams characteristics. 
 

Beams Thickness 
(m) 

Density 
(kg/m3) 

Porosity (%) 

“1” 0.017 517 82 
“2” 0.018 475 83 
“3” 0.016 506 82 
“4” 0.020 465 83 
“5” 0.020 351 87 
“6” 0.026 103 96 
“7” 0.020 165 94 
“8” 0.020 295 89 
“9” 0.020 310 89 

 

The acoustic properties of the aluminium foam beams were measured. The aluminium foam 
beams were tested inside the rig or box described at the beginning of this chapter. The tests 
procedures previously used for the acoustic wools and perforated plates were used for the 
foams. The test samples were 60 mm in width, 750 mm in length and with different 
thicknesses as shown in Table 3. The thickness of the sample does not have so much 
influence on the sound absorption properties of the foam since the cells away from the 
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surface are closed. The main properties influencing the sound absorption are the open 
porosity and the distribution of the radii of the cells.   
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Fig. 14. Sound pressure level inside the model with the addition of Al-foam beams. 

 

The sound pressure level inside the box when excited by a shaker was measured. Thereafter 
the aluminium foam was mounted in the box and the sound pressure was again measured. 
The power in-put to the shaker was constant during the measurements. White noise 
excitation was used. The measured reductions of the sound pressure levels are plotted in 
Figure 14. At the first resonance at 220 Hz the reduction is from 5.5 to 8 dB. But as in the 
case of the plates, the second peak is increased in magnitude. It is thought that a new 
resonance of the model appears when the dimensions inside the model are changed due to 
the addition of a new structure. The acoustic wool and the foams have good sound 
absorbing properties and even eliminate this new resonance.  

 

Table 4. Reduction of sound pressure level in the model at the first peak with the addition 
of aluminium foam pieces. 
 

Type No 
abs. 

BEAM
4 1 piece 2 

pieces 
3 

pieces 
4 

pieces 
5 

pieces 
6 

pieces 
f  (Hz) 230.5 227.0 227.5 227.0 227.0 227.5 224.5 224.5

SPL(dB) 69.0 62.0 68.5 67.0 62.5 63.5 63.0 62.5
Reduction(dB) * 7.0 0.5 2.0 6.5 5.5 6.0 6.5

 

The aluminium foam beams can not readily be formed or bent to fit a rim. Alternatively a 
number of small foam elements could be mounted on the rim. The number of elements has 
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to be optimized by testing in the rig.  Hence, the beams were cut into pieces. The pieces 
were added inside the model to test the acoustic properties of the new configuration as 
shown in Figure 15.  Half of one sound absorbing aluminium foam beam (beam “4”) was 
cut into six pieces of 63 mm in length. Only half of the material of the entire beam tested 
earlier was used when the six pieces are added inside. 

 

1 piece Situated at the middle. 
  

2 pieces 312.0e = mm 

  
3 pieces 280.5e = mm 

  
4 pieces 166.0e =  mm 

  
5 pieces 108.7e = mm 

  
6 pieces 74.4e = mm 

Fig. 15. Sketch of several tests with the aluminium foam beams cut in pieces. =e distance 
between two ends of two consecutive pieces. 

 

The results for the first peak are shown in Table 4. The reduction obtained from three 
pieces or more is practically the same as obtained for the entire beam. The amount of 
material can be drastically reduced to a quarter of the initial amount while maintaining 
almost the same sound absorbing properties of the construction.  

The sound pressure wave travels perpendicular along the longitudinal axis. Inside the box a 
standing wave front is produced. The high pressure is located at the ends of the box, and the 
minimum pressure at the middle of the box. The effect of the aluminium foam pieces is 
larger if situated where sound pressure is higher and velocity is lower, at the ends of the 
model. The effect of the pieces at the middle of the box is almost insignificant because the 
sound pressure there is almost zero. This gives an idea how the material is working. Of 
course, it is difficult to implement Al-foams in such described positions inside a tyre which 
is rotating, because the pressure is changing with time. However, the reduction of the sound 
pressure level around the second and third harmonics is not good, even is increased as in 
the entire beam case. As mentioned earlier, it may be a resonance due to the addition of 
material. At high frequencies the results are acceptable but not as good as when using the 
entire beam in the box.  

The pieces were produced by cutting the aluminium foam beam. The cut pores at the sides 
of a piece have no sound absorbing properties because of the destruction of the pore 
characteristics. A layer of silver tape was added around the pieces in order to repair the 
destroyed cells, increasing the viscous and thermal losses. New experiments show that as 
the number of opened sides increase, the reduction is less due to there being more destroyed 
cavities. Four pieces of aluminium 206360 xx  mm were tested. Then, these four pieces 
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were cut in halves 205.3160 xx  mm and tested again. The amount of material was the same, 
but the number of opened sides was doubled. The eight samples were mounted in pairs. 
Each pair was separated by 5 mm. The distribution of pieces was more or less the same 
inside the model in both cases. A reduction of 1 dB less is obtained doubling the opened 
sides. Then a layer of silver tape was placed around the eight pieces. An additional 2.5 dB 
reduction is obtained. The reduction is improved with the addition of silver tape. The walls 
are closed and the number of energy absorbers is increased. Thus, the results are better than 
with the double-sized samples. The improvement of the reduction is not only obtained at 
the first peak. The sound pressure levels at the higher harmonics are also reduced by the 
addition of the silver tape around the pieces. 

 

3.5. Cavity in the rim 
The idea of having a large Helmholtz resonator in the rim of the wheel has been 
investigated. The resonance frequency of the resonator should be 224 Hz. 

 

 

Fig. 16. Sketch of the cross section of the cavity inside the rim 

 

The resonance frequency 0f  of the configuration shown in Figure 16 is  

 

( )0 2
c b Bf

L d dπ
= ⋅

⋅ ⋅ + ∆
      (33) 

 

The end correction d∆  takes into account the termination of the cavity. The quantity of air 
mass around the neck of the cavity depends of the shape of the hole and of the termination 
itself. The end correction is approximately dd ⋅=∆ 5.0 . The velocity of the sound in the 
medium is 340=c  m/s. The air passes through the neck of the hole of the rim in and out 
fast when the air cavity inside the tyre is excited at 224 Hz. Energy is dissipated due to the 
movement of the air in the neck. The sound absorption is increased at resonance due to the 
losses in primarily the opening. Consequently, the magnitude of the sound pressure inside 
the tyre is decreased at the resonance frequency. 
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The maximum thickness of the rim was only 3 mm. The construction of a proper cavity was 
impossible because of the reduced space. Nevertheless, the cavity could be built as a belt 
around the rim surface. Thus, the available space was increased. However, after some 
calculi is shown that this is not possible. There are some strong restrictions as Ld +  cannot 
be too large because the belt would pass over the exterior radius of the rim and B cannot be 
too wide because it would be difficult to mount the tyre. Also there are other restrictions on 
the dimensions d  and b . 

Finally, this solution is not practical due to the sound pressure reduction being provided 
only at one specific frequency. It cannot work in a real case because the rotation of the tyre 
shifts the main resonances of the air cavity as is described in the theory chapter. The 
absorbent should have good sound absorbing properties in a range of frequencies around 
the air cavity natural frequency. Of course, a set of diverse tuned cavities inside the rim 
could be built but the solution would be difficult to implement for a real case for a large 
range of tyre velocities. 

 

3.6. Quarter-wavelength resonators 
The sound pressure inside a closed space could at a certain frequency be reduced 
considerably by using a quarter-wavelength tube mounted to the cavity. For a tyre the 
length of a tube should be such as to reduce the noise level inside the cavity at 224 Hz. The 
tubes could for practical reasons be folded inside the cavity 

 

 

 

Fig. 17. Sketch of tubes’ position. Fig. 18. Photo of the model with sound 
absorbing tubes. 

 

The idea was again tested using the test box. The tubes were mounted close to the ends of 
the box where the sound pressure level was maximum. Two of the tubes were positioned at 
each side perpendicular to the upper surface of the box as shown in Figure 18. A hole was 
perforated in this surface, and then the tube was screwed into it. The upper end of the tube 
was closed. 
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The diameter of the tubes was 10 mm. Four different tests were conducted using from one 
to four tubes as maximum on the box in all the possible positions (“1”, “2”, “3”, and “4”).  

One can say that the sound pressure level in the box at the side near the shaker is +P . This 
standing wave enters into a thin tube whose length is 4λ . This wave travels through all the 
thin tube to its end and returns to the box. At this moment it is again in the box with its 

2λ  position. Consequently, it is out of phase ( −P ) with the standing wave of the box. 
Thus 0≅+ −+ PP  . The sound pressure level is reduced to almost zero. 

The tubes only modified the sound pressure level inside the box at the first resonance and 
the rest of the curve is almost the same. Hence, the effect on the first peak depends on the 
number of tubes that are placed on the box and their position. A big anti-resonance is 
produced at the first harmonic, but in most cases two high peaks around the anti-resonance 
appear. These two peaks are larger in magnitude than the resonance without using an 
absorbing configuration. In the case of using only one tube, there is a little sound 
absorption of 3 dB when the tube is situated at the position “4” next to the microphone. No 
acceptable results are obtained using two, three or four tubes. A large reduction is obtained 
at the first resonance but the two new peaks make the final result worse as shown in Figure 
19.  
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Fig. 19. Sound pressure level inside the model with sound absorbing tubes configuration. 

 

The same experiment but now with white acoustic wool inside the cavity was also carried 
out. The effect of the addition of the white absorbent produces a large reduction at the 
harmonics. Nevertheless, the reduction at the first peak is not as good as with just the wool. 
Even though, in the real rotating case this solution does not work, due to the splitting of the 
peaks. The technique is only efficient at a particular frequency of tuning. 
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3.7. Summary 
The test rig or box can in a simple way be used to test various configurations designed to 
increase the sound absorption inside a tyre. It is shown that inside the model the acoustic 
field with and without sound absorption can be simulated quite well. This is confirmed by 
the test on a stationary tyre reported in Chapter 5. The air cavity resonance and its 
harmonics are well reproduced in the rig. The acoustic properties of new materials and their 
behaviour at the main resonances can be studied. Of course, the splitting of the peaks 
predicted by the theoretical model can not be observed in the rig. However the tests in the 
rig indicate the possible noise reduction at frequencies other than the resonances.  The 
constant cross section of the rig is not exactly the one of a real tyre when it contacts the 
road surface. The profile of a real tyre air cavity contacting the road is not constant along its 
perimeter. 

The tuning of a hole-cavity in the rim or the quarter-wavelength tubes are not practical 
solutions in reducing the magnitude of the sound pressure at the natural frequency of the air 
cavity of the tyre. These configurations are only designed for reducing the sound pressure 
level at a specific frequency. The rotation of the tyre shifts the natural frequency depending 
on the velocity according to equation (27).  

Some perforated plates have a good reduction at the main peak but the levels of other 
harmonics are increased. A new configuration with honeycomb structure in combination 
with a perforated plate was also tested. However, the reduction at the first resonance is not 
improved. Also foams and acoustic wools in combination with perforated plates were tested 
but again there was no improvement with respect to the same solutions without the 
perforated plate. 

 

Fig. 20. Detail of aluminium foam with 
added perforation. 

The aluminium foam has good mechanical 
properties. The acoustic properties of the 
foam are satisfactory in the frequency range 
of interest. The foam can be used in pieces 
making it easy to mount the material.  The 
foams and the acoustic wools are the best 
absorbents. The lightest one, the white 
acoustic wool, has the best sound absorbing 
properties in the entire frequency range. 

The acoustic white wool is to be tested on 
the rim and on the interior rubber surface of 
the tyre. Different thicknesses will be used. 
The aluminium foam beams, which are also 
to be tested on the rim, are more interesting 
because of their mechanical properties. 

Hence, these absorbents are tested inside the tyres in a real case. The experiments let us 
establish a relation between the results of sound pressure reduction inside the vehicle 
compartment and the results of the reduction in the model with the addition of sound 
absorbing materials. In other words, using this relation, the reduction of the sound pressure 
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level inside the car with absorbents inside the tyres can be predicted by the results of the 
box shaped-model. 

 

3.8. The new modified wheels 
The sound pressure level at the air cavity resonances of a tyre is decreased by adding a 
sound absorbing material. Various types of sound absorbing materials and constructions 
have been tested. In practice a sound absorbing device to be used in a tyre should not only 
have good sound absorbing properties but should also be robust and lightweight with a 
small volume. The material and mounting costs are clearly also very important factors to be 
considered. 

Based on the results presented previously, three possible solutions have been selected. The 
behaviour of the sound absorbing materials inside a tyre must be determined and compared 
to the tests carried in the test rig. It has to be shown that the air cavity resonances are as 
predicted from the theoretical model. It has to also be shown that the addition of sound 
absorbing materials inside the tyre will reduce the air cavity resonances and their effect on 
the transmission of energy from the tread of the tyre to the hub of the wheel.  

 

 
(a) (b) (c) 

Fig. 21. Some new modified wheels, Type 1 (a), Type 4 (b), Type 5 (c). 

 

The mounting of acoustic wool inside a tyre has previously been tested as discussed in 
reference [13]. The noise from the tyre air cavity is radiated through the sidewall to the 
environment. The exterior noise level is reduced 0.8 dB covering the rim with foam. In [16] 
the reduction of tyre-road noise is achieved by adding a rubber ring on the interior tyre 
surface. In [25] the tyre air cavity is modified from circular to oval in order to change the 
cavity resonance frequency with rotation, and in that way, reducing the tonal noise. Studies 
during the seventies with the tyre air cavity completely filled with rubber are discussed in 
[26], and also in [27]. However, this filling would be more expensive than the solutions 
presented here, and it would increase the wheel mass. Furthermore, this solution would 
have some speed and temperature limitation. Other approaches to perform new modified 
wheels and to control the tyre air cavity resonances are proposed and investigated in [28], 
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but neither the implementation to a real tyre, nor the influence on the exterior tyre-road 
noise is carried out.  

Of course, for new modified wheels with sound absorbing wool there will be a limited 
durability cycle. Nevertheless, the new wheel with the Al-foam pieces attached is going to 
be confirmed as a robust sound absorbing solution. 

In the modified wheels different types of sound absorbing materials were added inside the 
tyre. Absorbents can be mounted on the rim and on the interior wall of the tyre. The sound 
absorbing configurations Type 1, 2, 3, and 4 listed in Table 5 are glued to a surface inside 
the tyre. The absorbents, Type 1 and Type 3, have a thickness of 20 mm, and the absorbent 
Type 2 is 40 mm thick. These materials are mounted on the inside of the tyre as shown in 
Figure 21a. The absorbent Type 4 has a thickness of 30 mm and is mounted on the rim, 
Figure 21b.  More sound absorbing material can be mounted on the inside of the tyre than 
on the rim itself. The width of the material mounted on the rim and in the groove can not 
exceed 60 mm. The added material around the rim increases the difficulty of mounting the 
tyre and this operation has to be done carefully in order not to destroy the sound absorbing 
material. The configuration Type 5 consists of the sound absorbing aluminium foam beams. 
As explained in subsection 3.4., the aluminium foam beams have more or less the same 
effect when cut in pieces. Hence, the aluminium foam pieces are inserted into the tyre. Each 
piece is 203535 ××  mm. A silver tape strip is added around each piece because the 
acoustic behaviour is improved. Totally, there are 16 pieces grouped in pairs. The pieces 
are screwed onto the rim symmetrically. The pieces mounted on the rim are shown in 
Figure 21c. 

 

Table 5. Sound absorbing configurations inside the tyre. 
 

Type Material Volume Density Location 

1 Multicoloured 
Polyester foam 0.0054 m3 110=ρ  kg/m3 On the interior 

rubber surface 

2 White acoustic 
wool 0.0127 m3 17.6=ρ  kg/m3 On the interior 

rubber surface 

3 White acoustic 
wool 0.0054 m3 17.6=ρ  kg/m3 On the interior 

rubber surface 

4 White acoustic 
wool 0.0017 m3 17.6=ρ  kg/m3 On the rim 

5 Aluminium 
foam pieces 0.0004 m3 309.8=ρ kg/m3 On the rim 

 

The sound reduction measured in the box-shaped rig with the sound absorbing materials 
used for the new modified wheels are shown in Tables 2 and 4. 
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For a design solution in the transportation industry it is important to combine structural and 
acoustical needs. Aluminium foams in particular, but metallic foams in general, could have 
the necessary properties [29]. The potential acoustical applications are the vibration 
damping and the sound absorption. 

Most of the previous published work dedicated to this subject concern the normal incidence 
sound absorption coefficient of these materials. Some results with normal incidence on the 
aluminium foam samples are discussed in Chapter 8. Closed cells aluminium foams are 
poor sound absorbers. The sound absorption is improved by drilling holes, increasing the 
open porosity. The purpose of the work in this chapter is to investigate the acoustical 
behaviour of this material in measuring the sound absorption with plane wave grazing 
incidence [30]. 

 

4.1. Grazing incidence 
Metallic foams with closed cells are generally regarded as poor sound absorbers, while 
these materials having open or semi-open cells are said to provide a fairly good sound 
absorption. The ways in which sound absorption occurs in metallic foams are mainly 
determined by viscous losses, as the pressure wave pumps air in and out of the cavities of 
the material and by thermo-elastic damping. The normal incidence sound absorption 
coefficient is usually measured with simple standard techniques as the impedance tube 
method, [31]. The sound absorbing materials which could be added inside the tyre air 
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cavity would have mainly an acoustic wave grazing incidence. In that sense, it would be of 
interest for that application to test the material in such an incidence. The tyre air cavity 
section could be modelled as in previous measurements as a stiff rectangular section. In this 
case the tyre air cavity was characterised as a tube made of wood with the cross section of 
an approximately typical tyre air cavity dimensions. 

 

4.1.1. Measurement technique  
The efficiency of the aluminium foam as sound absorber in presence of a grazing incidence 
was evaluated experimentally by means of a duct in which plane waves were propagating. 
On lateral side of a wooden duct with rectangular cross section, a rectangular shaped 
opening was made. A sample could be mounted in this opening as shown in Figure 22. 

 

 

Foam sample

HARD WALLS

 

Fig. 22. Cross section of the test duct. 

 

The original wooden duct is referred to as hard, while the duct with the framed foam 
sample as lined. The adjective hard is used to imply that the original duct had rigid walls 
with smooth inner surfaces. However, two hard sections constituted the lined duct as it is 
shown in Figure 23. 

 

 
Lined  section 
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Fig. 23. Scheme of the tested duct. 
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The absorption due to the lined section can be evaluated if the normal incidence sound 
absorption coefficient is known in the sections b and a. The plane wave field in the hard 
sections b and a can be written as 
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where A , C  are the complex amplitudes of the incident waves in the two sections and B , 
D  the amplitudes of the reflected waves, and L is the lined section length. The time 
dependence tie ω  is assumed.  

The reflection factors bR  and aR  are defined as the ratio between the complex amplitudes 
of reflected waves and the incident waves in the two sections of the duct. It is easy to show 
that their magnitude square ( ,b aρ ρ ) represents the ratio between the incident power and the 
reflected power in each section. The normal incidence absorption coefficient is defined as it 
follows 

 

 ρα −=−= 11 2R         (35)  

 

It represents therefore the fraction of the incident power which is not reflected back. 
Necessarily, the absorption coefficient measured in section a depends only on the field in 
section a, while the absorption coefficient in section b depends on the entire field upstream 
according to Figure 23. If the wave propagating in the positive direction in section a is 
completely reflected at the end, and the duct is completely leakage free, the absorption 
would only be caused by the lined duct section. However the end of section a is not totally 
reflecting. For this reason, the contribution of the lined duct to the absorption Lα , which in 
the ideal case should be equal to bα  is actually given by 

 

L b aα α α= −          (36) 

 

This quantity above should represent the sound absorption of the duct due to the presence 
of a lined section. The technique used in order to obtain the reflection factor was the two 
microphone technique [31], discussed in details in [32]. Having a duct in which only low 
frequency sound propagates, the so-called two-microphone technique can be used. The low 
frequency region is defined as the frequency range in which only the plane wave mode can 
propagate. The technique is based on the fact that the propagating plane wave can be 
decomposed into its incident and reflected components using a simple transfer function 
relation between two acoustic pressures at two known locations. Two microphones were 
placed flush with the inner walls of the duct in order to obtain the transfer function between 
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the sound pressures at the two positions. Since in our case, the reflection factors which 
must be calculated are two, then four microphone positions were necessary. A pair of 
microphones was set in section b and a pair in section a. 
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Fig. 24. Experimental set up. 

 

The pressure fields in section b and a can be written as: 
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The reflection coefficients bR  and aR  can be evaluated as  
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where s is the distance between microphones and h L d s= + + . 12H  and 34H  are the 
frequency response function between the sound pressures at the positions shown in Figure 
24. Therefore, it is obtained that 
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The reflection coefficients and the normal incidence sound absorptions can be obtained 
from the frequency response functions 12H  and 34H . 
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4.1.2. Experimental Setup 
The inner dimensions of the test duct cross section were 150×100 mm and the total length 
was 3590 mm. With such a cross section, the cut on frequency for the first higher order 
mode is 1133 Hz. The loudspeaker section was located in the downstream section followed 
by an open end. A view of the duct is shown in Figure 26. 

Two aluminium foam samples were tested. The dimensions of the samples were 
1000×65×25 mm 3 . The interfaces between the sample and the duct were sealed with 
acrylic adhesive. One of the two samples, sample X, was tested without external skin. 
Therefore, in order to avoid leakage, the outer side of the sample was covered with tape. 
The same treatment was carried out for the other sample which could have holes through 
the skin not detectable by sight. In Table 6, the characteristics of the aluminium foam 
samples under test are summarized. The porosity is given by the ratio between the volume 
of voids in the foam and the total volume of the sample.  

 

Table 6. Tested aluminium foam characteristics. 
 

Samples L (m) w (m) h (m) ρ (kg/m³) Porosity (%) 
X (no skin) 1.000 0.065 0.025 290 89.6 
Y 1.000 0.065 0.025 378 86.5 

 

  

Fig. 25. Tested aluminium foams. Sample X 
in the left, and sample Y. Fig. 26. View of the entire test rig. 

 

Two microphones were used. A calibration transfer function between them was obtained by 
placing the microphones in a duct cross section where the pressure field was uniform. The 
response between microphones was measured with a noise source equal to the one used for 
the actual measurements. Each frequency response measured in the experiment was divided 
by the calibration frequency response function.  
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The microphone positions were four. While a transfer function was measured between two 
microphone positions, the two remaining holes were kept closed. Referring to Figure 24, 
the transfer functions actually measured were 12H , 13H , 14H . The required transfer 
function 34H  was calculated from the measured ones. The microphone mounting is shown 
in Figure 27. The distance s between each pair of microphones was 150 mm, allowing a 
valid operation range for the two microphone technique from 113 to 1020 Hz [31]. The 
measurements were performed in the frequency range from 100 to 1100 Hz. The distance d 
between each pair of microphones and the ends of lined section was 250 mm. Within this 
distance all the higher order modes generated at the ends of the lined section are expected 
to decay. The microphones used were quarter inch B&K type 4139. The microphone 
signals were sent to an amplifier and then to a signal analyzer. A stepped sine signal with a 
10 Hz step was fed the loudspeakers. 

 

  

Fig. 27. Microphone mounting. Fig. 28. Loudspeakers section. 
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The reflection coefficients obtained are shown in Figure 29. Furthermore, the reflection 
coefficient for the hard duct in section a is slightly larger than the one in section b, leading 
to a residual absorption of the test section shown in Figure 30. This residual absorption is 
taken into account when measuring the sound absorption of the aluminium foam samples 
by subtracting it from the total sound absorption obtained for each sample. 

There could be several reasons which produce this residual absorption. The duct was build 
from four wood plates which were screwed together and sealed at the interfaces using an 
acrylic adhesive. A contribution of the adhesive could affect the absorption of the duct. The 
aluminium foam samples and the piece of wood for the hard duct case were framed having 
the interface with the duct wall also sealed in the same manner. Even, in the hard duct test, 
a piece of wood is placed at the upper wall in order to close the sample mounting open area. 
This mounting could also give a contribution. The microphones mounting could also be 
another cause, although great care was taken in order to minimize leakage from the holes 
drilled for the microphones. Finally, some residual absorption could be caused by the fact 
that the duct is not infinitely rigid. Figure 30 shows clearly that the residual absorption is 
around 10%. However, at approximately 600 Hz and between 800 and 1100 Hz some 
absorption peaks appear. The origin of this frequency selectivity in the sound absorption of 
the hard duct was not found, but it could be caused by some specific leakage. 

 

4.1.3. Sound absorption experimental results 
The values obtained from measurements do not represent the normal incidence sound 
absorption according to the classical definition. Instead, what is referred to sound 
absorption is the quantity defined in equation (36). It represents the fraction of energy 
absorbed by the foam sample when a plane wave reaches at a grazing incidence. 
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Fig. 32. Sound absorption measured for 
sample Y. 
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The sound absorption contribution of the lined duct is plotted in Figure 31 for the sample X 
with high open porosity and without external skin, and in Figure 32 for sample Y with low 
open porosity. As it is expected, the sample without skin is absorbing more because the air 
can be pumped in and out of the open pores, and introducing losses. The sample with the 
skin remaining has a very low sound absorption as shown in Figure 32. 

In order to study the effect of the open porosity, measurements were carried out after 
drilling holes through the aluminium foam samples. Sample X without skin had already a 
large open porosity at the surface and also some pores were interconnected already through 
the thickness. However, holes were perforated in a nearly random spatial distribution. The 
perforations had 1 mm diameter in a first measurement. Afterwards, the diameter was 
doubled in order to check the influence of the open area. 

On sample Y, two rows of holes were drilled along the length of the sample. Each row was 
positioned 20 mm from the lateral edges of the sample. The spacing between the holes in a 
row was 50 mm for a first measurement. This configuration had 38 perforations. A second 
measurement was carried out by doubling the number of holes on each row. The last 
measurement was performed after doubling the perforation diameter from 2 to 4 mm. 
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Fig. 34. Effect of increasing the diameter 
perforation in sample Y. 

 

The effects of the artificial enhancement of open porosity are shown in Figures 33 and 34. 
The absorption of sample X, which originally had a fairly high sound absorption, was not 
much influenced by the perforations. 

For sample Y, the increase in sound absorption in the entire frequency range is large 
because the open porosity is increased considerably. When doubling the number of 
perforations, the absorption is increased in all frequency range except for very low 
frequencies. A further sound absorption increasing is obtained when the diameter of the 
holes was doubled. 
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The results presented clearly show that closed cells in aluminium foams are not good sound 
absorbers. In order to enhance the sound absorption, the open porosity must be increased in 
the foam. 

 

4.2. The attenuation coefficient 
A further evaluation and analysis of the sound absorbing properties of the aluminium foams 
independent of the length of the sample itself could be investigated. The parameter required 
is the attenuation constant in the lined section of the duct. The attenuation coefficient can 
also characterise the sound absorbing properties at grazing incidence of a material. 

It is assumed that plane waves propagate along the duct in section b, section a and the 
measurement section. The measurement section is also referred to test section or lined 
section, where the sound absorbing material is present. The velocity potential ψ  should 

satisfy the wave equation 
2 2

2 2 0
x c
ψ ω ψ∂

+ =
∂

. Sections b and a are assumed to be loss free. 

Thus 2 2
0c c=  is real. Losses are introduced in the measurement section. The losses are 

included by setting 2 2
0 (1 )c c iδ= +  as discussed in Section 2. 

By introducing the velocity potential ψ  the sound field in the duct can be written as 
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where δ  is the loss factor in the measurement section ms . The time dependence is tie ω .  

Unity amplitude for the incident wave in section b is considered, while M1, M2 and N are the 
amplitudes for the other propagating waves. The particle velocity v  in the x-direction and 
the sound pressure p are expressed as 

 

 xv
x
ψ∂

=
∂

     0p
t
ψρ ∂

= −
∂

    

 

At the walls of the measurement section, the boundary conditions are set on the continuity 
of pressure and of particle velocity 
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Based on the boundary conditions the parameters M1, M2 and N can be solved assuming 
1δ << . The result is  

 

 1 1M =   2 bM R=  1N
α

=  2 a

b

R
R

α =    (44) 

 

where 2
k L

e
δ

α = . Finally, the attenuation is 

 

 1 ln a

b

R
kL R

δ =          (45) 
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Fig. 35. Attenuation coefficient in the measurement section for the hard duct. 
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The analysis on the measured data gives the results plotted in Figures 35 and 36. The first 
Figure shows the attenuation coefficient in the measurement section for the hard duct. The 
second shows the effect of lining the duct with the aluminium foam samples with different 
open porosities. It is observed on the results that δ  is complex. A small phase mismatch in 
the reflection coefficients could be possible leading to a complex attenuation coefficient. 

The real part of the attenuation coefficient δ  corresponds to the actual loss. The presence 
of an imaginary part in the attenuation coefficient is due to that the wave number in the 
measurements is different to the one hypothesized. A change in the sound speed could lead 
to a change in the wave number. Variations in the speed of sound are also obtained in 
Chapter 5 in the acoustic field inside the tyre when absorbents were added in the tyre air 
cavity. The air cavity resonances are shifted in frequency due to the change in a few 
percentage of the speed of sound. 

Increasing the sound absorption on the measurement section, not only, as one should 
expect, Re( )δ  increases, but also the Im( )δ  does. The values of Re( )δ  and Im( )δ  are low 
for sample Y, but they increase when the sound absorption is increased by drilling holes. 
Sample X has the largest attenuation coefficient due to its large open porosity. 

 

100 200 300 400 500 600 700 800 900 1000
0

0.05

0.1

Frequency (Hz)

R
e(
δ)

100 200 300 400 500 600 700 800 900 1000
-0.05

0

0.05

0.1

0.15

Frequency (Hz)

Im
( δ

)

X
Y
Y drilled 1
Y drilled 2
Y drilled 3

 

Fig. 36. Attenuation coefficient in the measurement section for sample X , for sample Y, 
and sample Y with 1) n  holes of 1mm diameter, 2) 2n holes of 1mm, 3) 2n holes of 2mm. 
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4.3. The impedance 
The loss factor can be related to the acoustic impedance of the sound absorbing material at 
grazing incidence. The loss factor depends on the dimensions of the duct whereas the 
impedance only depends on the material properties of the absorbent.  

It is assumed that the impedance is only locally reacting. It is important to notice that the 
impedance of the whole side of the measurement section is obtained. In order to obtain the 
foam surface impedance, the sample should cover the complete side of the measurement 
section. A simple way of measuring the actual surface impedance of a sample when a plane 
wave is impinging with grazing incidence is investigated.  

The impedance is a property of the material, while the sound absorption depends very much 
on the geometry of the sample and the mounting. The acoustic impedance is defined as the 
ratio between the sound pressure and the particle velocity normal to the surface. 
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Fig. 37. Model of the test section. 

 

Figure 37 shows the model of the measurement section. The top wall has impedance Z, 
given by the ratio of the sound pressure p to the normal velocity component zv , at 0z = . 
For the other walls, the boundary conditions are given by the vanishing of the normal 
components of the particle velocity, since the walls are rigid. 

The particle velocity v  can be written as the gradient of a scalar function ψ , the velocity 
potential, and the sound pressure can be written as ttzyxp ∂∂−= /),,,( 0 ψρ . For a field 
with no flow, and with harmonic time dependence tie ω , the wave equation can be written as 

 
2 2 0kψ ψ∇ + =          

 

where 0/ ck ω= . The boundary conditions as mentioned above are  
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 0yv
y
ψ∂

= =
∂

,   for yLyy == ,0      (46) 

 0zv
z
ψ∂

= =
∂

,   for zLz =       (47) 

 / z
ip v Z

z

ωρψ
ψ− = =
∂
∂

,  for 0=z       (48) 

 

The first three boundary conditions are satisfied by a velocity potential of the form 

  

 [ ] ( )cos( ) cos ( ) xi t k x
m z z

m y

m yA k L z e
L

ωπψ −= −∑      (49) 

 

The last boundary condition leads to 

 

 
)sin(
)cos(

zzz

zz

Lkk
Lki

Z
ωρ

=         (50) 

 

Inserting the expression of the velocity potential into the wave equation we obtain the 
following relation 

 

 2 2 2 2
x m zk k k k= + +         (51) 

 

where 
y

m L
mk π

= . Considering only the propagation of the first mode 0m = , it is possible 

to write 

 

 222
zx kkk =−          (52) 

 

Assuming that the amplitude attenuation of the wave propagating along the duct in the x-
direction is introduced as in 4.2 
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 (1 / 2)xk k iδ= −         (53) 

 

which leads to  

 

 2 2
zk ik δ≅          (54) 

 

where the attenuation coefficient δ  was considered much smaller than unity and the non-
linear terms in δ  were neglected. Inserting (54) into (50) leads to an expression of the 
impedance as a function of the attenuation coefficient.  

 

 
z

cZ
kL
ρ
δ

=          (55) 

 

An evaluation of the impedance of the side of the duct where the foam was placed can 
therefore be carried out. The following graphs show the results achieved. The surface 
impedance is normalized by the air impedance. 
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Fig. 38. Impedance of the hard duct upper wall in the measurement section. 
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Fig. 39. Impedance of the upper wall in the measurement section for sample X , for sample 
Y, and sample Y with 1) n  holes of 1mm diameter, 2) 2n holes of 1mm, 3) 2n holes of 2mm. 

 

The impedance of the upper wall in the hard duct case which theoretically should be 
infinite, is actually finite, although larger compared to the case in which the wall is lined 
with the foam samples. The results regarding sample Y are the closest to the hard duct case 
because the presence of the skin leads to high impedance. For the other cases both real and 
imaginary parts become smaller in absolute value, as the sound absorbing capability of the 
sample increases. The magnitude of the impedance decays from high values at low 
frequencies to an almost constant low value at the high frequency range. This trend is 
evident for the sample with the higher porosity, but can be observed also for the other 
samples whose impedance curves oscillate more. The oscillations of the real and imaginary 
parts of the impedance are produced because the imaginary part of the attenuation 
coefficient is comparably large to its real part. 

 

4.4. Discussion 
An evaluation of the sound absorbing properties when an acoustic plane wave is 
approaching the aluminium sample at grazing incidence was carried out. The idea was to 
introduce a further characterization in addition to that provided by standard normal 
incidence sound absorption coefficient measurements.   
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The analysis of the results in terms of sound absorption of the samples tested shows that 
closed cell aluminium foams are not a good sound absorber in grazing incidence. The 
absorption is improved when the open porosity is increased either by removing the external 
skin or by drilling holes. Certainly, the absorption occurring at grazing incidence is smaller 
than that at normal incidence as discussed in Chapter 8, but the sound absorbing 
phenomena are the same such viscous and thermal losses. 

The sound attenuation coefficient in the lined section and the impedance of the foam 
samples are evaluated from the data which the measurements provide. Such models could 
then be used to estimate these two key parameters defining the sound absorbing properties 
at grazing incidence. 
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The best absorbents have been selected based on the measurements carried out in the test 
rig in Chapter 3. The absorbents were mounted inside a tyre as described in Subsection 3.8. 
Several tests were conducted without and with the sound absorbing configurations shown 
in Table 5. Measurements in a static tyre were first performed. After that, measurements 
were carried out with a rotating tyre. Field measurements in a standard car with tyres with 
and without absorbent inside were also investigated. 

 

5.1. Static tyre 
To start with a stationary tyre with and without sound absorbing materials was studied. The 
tyre was mounted as shown in Figure 40. The tyre was suspended with four springs 
connected by chains to the ceiling in such a way that the first natural frequency of the 
mechanical system was much lower than the required frequency range for the acoustic 
measurement. A lightweight and stiff plate element was used to simulate the force 
excitation of the tyre-road contact over a surface. The plate was 65 mm by 175 mm and 
sufficiently stiff to simulate the tyre’s deformation. The weight of the plate has to be as low 
as possible in order not to change the dynamic characteristics of the tyre. The plate was 
curved in order to fit well onto the tyre surface and it was fixed to the tyre with a double-
sided scotch tape. A shaker was suspended by strings in order not to excite any tangential 
forces. The shaker was connected to the lightweight plate by a thin straight metallic rod. A 
force transducer was placed on the plate and connected to the rod. The impedance of the 
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plate was not taken into account for the measurements. Also a hydrophone, B&K type 
8103, was placed inside the tyre through the rim. The tyre was completely airtight. A 
hydrophone was used since the pressure inside the tyre was too high (2 bar) for a standard 
microphone to work properly. The relative angle between the hydrophone and the shaker 
can be changed as Figure 42 shows. In the cylindrical coordinate system defined at Figure 
1, the position of the hydrophone was 01.00 += rr  m, 2/0zz =  m, and 0=ϕ , 2/π , π , 
and 2/3π . 

   

 

Fig. 40. Setup of the static tyre experiment. 

 

The transfer function pH  between the sound pressure inside the tyre and the exciting force 
was measured. The appearance of the air cavity natural frequency was determined. Also the 
transfer acceleration and the point acceleration function aH  were measured between an 
accelerometer in different positions and the exciting force. The transmission of the air 
cavity resonance through the rim was studied. 

The loss factor was also calculated for the new configurations. It is an indicator of the 
sound absorbing properties of the modified wheels. 

 

5.1.1 Pressure 

The magnitude of the transfer function pH  is defined as /pH p F=  where p  is the FT 
(Fourier Transform) of the acoustic pressure inside the tyre and F  the FT of the force 
exciting the tyre. Preliminary measurements were first carried out using a smooth tyre type 
205/55 ZR 16. The average interior radius of the air cavity 0r  was 0.21 m, the exterior 
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radius of the tyre air cavity 0R  was 0.275 m, and the width 0z  was 0.205 m. Three different 
pressures inside the tyre (1, 2 and 3 bar) were tested. The standard pressure for this tyre was 
2 bar. Four peaks at 224, 440, 664, and 876 Hz appear in the results for the case of 2 bar 
with the relative angle 0 degrees between the shaker and the hydrophone. The peaks are the 
natural frequency of the tyre air cavity and its harmonics. This was predicted in the 
theoretical model as shown in Table 1. The theoretically predicted frequencies are at 224, 
447, 671, and 894 Hz. The error ε  between the theoretical and the experimental results was 

%2≤ε . It is observed that the air cavity resonance is really strong and predominant versus 
the other peaks. 

 

Fig. 41. Sketch of the transducers’ positions. Fig. 42. Relative positions between the 
shaker and the hydrophone. 

 

As the static pressure inside the tyre was increased the magnitude of the air cavity 
resonance was increased. The magnitude of the vibrations was increased because the tyre 
behaves more rigidly.  

According to the test results the frequencies of the resonances were increased as the 
pressure inside the tyre was increased. The tyre dimensions were slightly changed due to 
the higher static pressure. The relative position of the hydrophone and the shaker were 
changed, rotating the tyre 2/π  radians each time. The highest acoustic pressures or rather 
the maximum values of pH  were recorded at the angles 0 and π  rad as shown in Figure 
43. 

The results show that the pressure inside the tyre is very high at the first few natural 
frequencies of the cavity. The narrowness of the peaks also indicates that the losses inside 
the tyre are very small as discussed in Subsection 3.8. These high pressure peaks will make 
the tyre stiff at the resonances resulting in a high energy flow of structure borne noise from 
the surface of the tyre to the hub of the wheel. Thus, the problem with this resonance and its 
importance is confirmed. 
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Fig. 43. The frequency response function, FRF pH , for four different angles, 0=ϕ , 
2/π , π , 2/3π .   

 

The static tyre test is repeated adding sound absorbing materials in the air cavity. 
Configuration Type 2 described in Table 5 was tested.  The results at 2 bar for the four 
relative positions are shown in Figure 44. 

The air cavity resonances are reduced at all positions. For 0=ϕ  a reduction of 20 dB is 
obtained. It is proved that the new wheel configuration with sound absorbing materials 
reduces the magnitude of the pressure at the first natural frequency and at the first few 
harmonics of the tyre air cavity. The configuration Type 2 has good absorbing properties in 
a wide frequency range. The Type 1 and Type 3 configurations give reductions of 17 and 
16.5 dB respectively at the first air cavity resonance for 0=ϕ . 
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Fig. 44. The frequency response function pH  with the absorbent Type 2 for 0=ϕ , 
2/π , π , 2/3π . 

 

In Figures 43 and 44 two peaks around 100 and 300 Hz are also observed. At 100 Hz a 
resonance is produced due to a two degree of freedom motion of the tyre-rim assembly, and 
approximately at 300 Hz the resonance of the rim mounted with the tyre is produced 
according to reference [33]. It is essential not to let one of these resonances to coincide with 
any natural frequency of the air cavity. The two minor maxima are not significantly 
influenced by the addition of the sound absorbing material inside the tyre. These maxima 
are determined by the stiffness of the tyre and the rim, and not by the tyre air cavity. 

In Chapter 2 the FRF pH  is predicted and presented in equation (23). Predicted and 
measured FRFs are compared in Figures 43 to 45. For the predicted results the loss factors 
were obtained experimentally from the static tyre tests, with and without sound absorbing 
material, as discussed in Section 5.1.3. For the predictions it is assumed that ( )ϕδ0VV = .  



 66

0 100 200 300 400 500 600 700 800 900 1000
0

100

200

300

400

500

600

Frequency (Hz)

| H
p 

|

THEORY - No absorbent - Angle 0 degrees

0 100 200 300 400 500 600 700 800 900 1000
0

100

200

300

400

500

600

Frequency (Hz)

| H
p 

|

THEORY - No absorbent - Angle 90 deg.

0 100 200 300 400 500 600 700 800 900 1000
0

10

20

30

40

50

60

Frequency (Hz)

| H
p 

|

THEORY - Absorbent 2 - Angle 0 degrees.

0 100 200 300 400 500 600 700 800 900 1000
0

10

20

30

40

50

60

Frequency (Hz)

| H
p 

|
THEORY - Absorbent 2 - Angle 90 deg.

Fig. 45. Predicted pH at two different angles, 0=ϕ  and 2/π , for no added absorption 
(above) and for the absorbent Type 2 in the tyre (below). 

 

The sound pressure inside the tyre is well predicted at 0=ϕ and π  radians. The peaks at 
100 and 300 Hz do not appear because they are not caused by the air cavity of the tyre. The 
frequency of the resonances is well predicted as stated at the beginning of this chapter and 
the relative error is less than 2%. The absolute value of the magnitude of the predicted 
peaks cannot be compared to the measured results due to the fact that the constant term in 
equation (23) is not taken into account in the predictions. The addition of the sound 
absorbing materials inside the tyre is well predicted. All the peaks have been reduced. The 
reduction depends on the material itself and the amount of it mounted inside the tyre. The 
reduction between the magnitude of the air cavity natural frequency obtained without and 
with sound absorbing materials can be compared for 0=ϕ . The error between the 
reduction obtained in a real case shown in Figures 43 and 44 and the theoretical one in 
Figure 45 is about %5.2≤ε . It is essential that in order to obtain the theoretical curves, the 
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loss factor of the experimental test results calculated by means of the half bandwidth 
method is inserted in the theoretical equations. 

 

5.1.2. Acceleration 
The transmission of the main resonance of the air cavity through the rim is studied. The 
point acceleration and the transfer accelerations aH a F=  were measured. These functions 
consist of the transfer function between the FT of the acceleration and the FT of the force 
measured by the force transducer. For the point acceleration an accelerometer was 
positioned next to the force transducer on the plate that simulates the tyre-road contact at 
the position “1” according to Figure 41. The transfer acceleration was measured with the 
accelerometer in two different positions, position “2” attached on the rim, and “3” on the 
rim in the axle position. The relative position between the shaker and the accelerometer was 

0=ϕ . The natural frequency peak around 224 Hz appears in the transfer function aH  
between the acceleration and the force. The results also show the resonances at 100 and 300 
Hz caused by the dynamic system as discussed in Section 5.1.1. These resonances are also 
shown in Figures 46 and 47.  These peaks are almost not influenced by the addition of 
sound absorbing materials. Around 100 Hz the two degree of freedom resonance of the 
tyre-rim assembly is excited. The resonance is present at the point acceleration, position 
“1”, and at the two transfer accelerations in positions “2” and “3” according to Figure 41. 
At approximately 300 Hz the resonance of the rim is induced. This appears only at the 
transfer function of the accelerometer positioned in “2” according to Figure 41.  
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Fig. 46. aH  with the accelerometer 
mounted on the rim “2” with and without 
absorbent Type 1. 

Fig. 47. FRF aH  with the accelerometer 
mounted on the hub “3” with and without 
absorbent Type 4. 
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The resonance of the air cavity is well presented by the transfer accelerations. This 
indicates that energy is transmitted through the rim to the axle and then to the vehicle body 
through the suspension system. Consequently, the car structure vibrates and the low tonal 
frequency components are radiated as noise into the car. The air cavity resonance and the 
transmission across the wheel are almost eliminated by adding sound absorbing materials 
inside the tyre in the new configurations, as one can observe in the previous graphs. The 
reduction of the magnitude of the FRF aH  is reduced by approximately a factor 10 by 
adding the sound absorbing material Type 1 and Type 4 to an empty tyre as shown in 
Figures 46 and 47. It is interesting to note the FRF aH  is reduced more than pH  by the 
addition of sound absorption inside the tyre. 

In [34] is discussed that the tyre air cavity resonance is also influenced by the design of the 
tyre itself. The structural control of the tyre sidewall could also reduce the air cavity 
resonance. As the sidewall stiffness increases, as for example decreasing the body ply 
height, the air cavity resonance transmitted to the axle would be larger. But, the effect of 
the air cavity resonance would be decreased if rubber layers are added on the sidewall. 

 

5.1.3. Loss factor 
According to equation (23), the transfer function pH  is inversely proportional to the loss 

factor δ  at the resonance frequency 0f . In other words, 
absno

abs

fp

fp

abs

absno

H

H

_
0

0
_

δ
δ

= . Thus, in 

order to increase the reduction, the loss factor of the absorbing configuration has to be 
increased. The absorbing properties are increased directly proportional to the loss factor 
inside the tyre. The loss factor depends on the quality and on the amount of the added 
material. The loss factor was measured by means of the half bandwidth method. The loss 
factor is defined as  

 

0

21

f
ff −

=δ           (56) 

 

where 21 ff −  is the half bandwidth of the resonance peak, or the width of the peak when 

the maximum absolute value of pH  is reduced by a factor
2

1 . And also, 0f  is the 

resonance frequency.  

Measured loss factors for a number of tyre configurations are listed in Table 7. For 
comparison the sound absorption coefficients for the absorbents measured in a Kundt’s tube 
are also listed. The measurements are discussed in [35]. The loss factor δ  is proportional to 
the sound absorption at grazing incidence whereas α  is determined at normal incidence. 
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The results in Table 7 show that there is no direct correlation between  α  and the loss 
factor inside the tyre δ . 

 

Table 7. Measured loss factor δ , sound absorption coefficient α * and 
maxpH at the 

eigenfrequencies 21, ff  and 3f  at 0=ϕ . 

 

Absorbent  1 224f =  Hz 2 440f =  Hz 3 664f = Hz 
α  0.04 0.09 0.19 
δ  0.055 0.114 0.151 Type 1 

maxpH
(Pa/N) 4.3 1.1 0.6 

α  0.09 0.16 0.23 
δ  0.082 0.089 0.068 Type 2 

maxpH
(Pa/N) 3.0 1.0 1.2 

α  0.05 0.08 0.11 
δ  0.070 0.042 0.053 Type 3 

maxpH
(Pa/N) 4.6 0.7 0.4 

α  0.04 0.08 0.16 Type 4 δ  0.026 0.038 0.056 
α  0.00 0.02 0.07 Type 5 δ  0.010 0.008 0.016 

* The value has been calculated for 1f , 2f  and extrapolated for 3f  by the second order polynomial fitting 

of the normal incidence absorption coefficient curves. 

 

Table 8. Measured loss factor δ , and 
maxpH at the eigenfrequencies 21, ff  and 3f  at 

0=ϕ  with several types of tyre. 

 

Tyre  1f  2f  3f  
δ  0.008 0.012 0.018 Slick 1 

maxpH
(Pa/N) 30.1 6.8 2.0 

Patterned “a” 2 δ  0.006 0.006 0.005 
Patterned “b” 3 δ  0.008 0.006 0.015 

Truck 4 δ  0.010 0.006 0.005 
1 Slick tyre 205/55 ZR 16 
2 Patterned tyre ”a” 195/60 R 15 88 V 
3 Patterned tyre ”b” 205/55 R 16 91 V 
4 Truck tyre 315/80 R 22.5 
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It is noted that the resonances 1f , 2f , 3f  for the slick tyre and tyre “b” are around 224, 
440, and 664 Hz. Otherwise, the resonance frequencies for the tyre “a” are slightly higher 
because it has smaller radii dimensions and consequently a smaller mean radius. Also, the 
truck tyre has much lower resonance frequencies at 142, 282, and 417 Hz due to the larger 
dimensions of the interior and exterior radii of the tyre air cavity. The loss factor δ  is 
almost independent of the angle ϕ . 

 

  

Fig. 48. Interior pattern of different car tyres: slick tyre (left), patterned tyre “a” (center),    
and patterned tyre “b” (right). 

 

As can be observed in Figure 48 at the center photograph, the tyre “a” has a very smooth 
interior pattern that consists of lines on the lateral wall. The distance between the lines is 40 
mm. It can be seen in Table 8 that tyre “a” has the lowest loss factor of the tyres. The slick 
tyre that has the best loss factor at the required frequencies has as seen in the left 
photograph, still some remains of sound absorbing material, previously used, glued to 
interior wall. Otherwise, for example the patterned tyre “b” has a rougher interior drawing 
with lines separated each one by approximately 8 mm. That lining increases the loss factor 
of the tyre itself. 

A truck tyre is much stiffer than a tyre for a passenger car. Consequently the amplitudes for 
the FRFs measured on a truck tyre at resonances were lower than the corresponding FRFs 
for a passenger car tyre.  

The loss factor inside the tyre is increased when the sound absorbing material is added. The 
sound quality and the amount of material limited by its position inside the tyre, determines 
the loss factor. The amount of material has not a linear effect with respect to the loss factor 
as can be seen when comparing the results for the configurations Type 2 and 3. Table 7 
shows that the white acoustic wool, Type 3, performs as the multicoloured polyester foam, 
Type 1. Configuration Type 3 works better at the main resonance of the tyre air cavity than 
Type 1. The multicoloured foam has a better loss factor at the middle-high frequency range 
than Type 3. The loss factor is drastically reduced in Type 4 due to the amount of material 
being much less as compared to configurations 1, 2 and 3. The white acoustic wool was 
placed around the rim in configuration Type 4. The amount of material is less because only 
60 mm in width can be occupied by the material. A space has to be left for mounting the 
tyre onto the rim. However, the loss factor at the middle-high range of frequencies is quite 
good. For the configuration of Type 5, the quantity of material is much reduced so that the 
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loss factor is almost the same as that of an empty tyre. It can be said that the mass does not 
influence the loss factor as is proved by the comparatively high density of the aluminium. 

The magnitude of the air cavity resonance of an empty tyre is shown in Table 8. The 
absolute value of the FRF between the sound pressure inside the tyre and the exciting force 
of the shaker by adding some absorbing materials are in Table 7. It is observed that the 
reduction is at least 15 dB for the configurations Type 1, 2, and 3. 

As stated at the beginning of this chapter referring to equation (23), the magnitude of the air 
cavity resonances is inversely proportional to the loss factor. At the natural frequency of 
configuration Type 2, the magnitude of the FRF is reduced by a factor of 10. Furthermore, 
the loss factor is increased 10 times. A linear relation between the reduction of sound 
pressure level inside the tyre and the loss factor is obtained. This relation achieved with the 
experimental results also verifies the theoretical model. 

 

5.2. Rotating tyre 
The acoustic performance of the modified wheels described in Subsection 3.8. was also 
tested while the wheels were being rotated. The sound reduction effect and the resistance of 
the material to the movement and the deformation caused by the rolling wheel are studied. 
The frequency split discussed in equation (27) is also demonstrated. 

 

 

 

Fig. 49. Trailer with a static load. One wheel 
positioned on a rotating cylinder. 

Fig. 50. Sketch of test arrangements for 
the rotating test. 

 

The setup of the experiment consists of several elements such as a frequency controller, an 
electric engine and its power transmission, a rotating cylinder and a trailer with the 
modified wheels mounted. The tests were carried in the semi anechoic room at MWL. The 
test setup is shown in Figure 49. The cylinder in the floor can be rotated by means of the 
electric engine. The power transmission from engine to cylinder is via two belt drives. The 
tyre is resting on the cylinder. When the cylinder is rotating also the tyre will rotate. The 
rolling contact is distributed approximately as a line across the tyre. In a real situation the 
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contact is more or less over a surface. The steel cylinder has a diameter of 0.246 m. The 
diameter of the cylinder should be of the order of 2 m to simulate the contact surface when 
driving on a flat road. The excitation is higher; consequently the absorbing configuration is 
tested in adverse conditions. 

To simulate real conditions, the trailer was loaded with approximately 400 kg over the 
tested tyre showed in Figure 49. The speed of the wheel could be changed to 15, 30, 45 and 
60 km/h, by means of the frequency controller on the engine. The frequency controller 
changes the speed of the engine linearly. Thus, the rotation of the cylinder can be controlled 
and also the speed of the tyre, and in consequence the velocity of the supposed vehicle. A 
linear relation between the velocity of the tyre and the frequency of the controller was 
obtained. Changing the frequency in the controller, one can run the desired speed of the 
tyre. 

The sound pressure inside the tyre was measured with a hydrophone mounted through the 
rim as mentioned previously. The tyre was completely airtight again. The signal was 
transferred from the center of the tyre to the analyser with optical equipment. Also the 
acceleration was measured in the trailer and on the wheel axis by two accelerometers as 
shown in Figure 50. Some measurements are described in reference [36]. 

Smooth and patterned standard tyres were used at the rotating test in the semi anechoic 
room. The surface of the steel cylinder was smooth. Also experiments with a rough surface 
of the cylinder were performed. 

 

5.2.1. Pressure  
The auto-spectrum of the sound pressure level inside the tyre was recorded for empty tyres 
and for the new modified wheels. The comparison between the two sound pressure 
frequency responses inside the tyres was analysed. Some tyres with absorbing materials 
inside were tested as Type 3, Type 4 and Type 5. Configurations Type 3 and Type 4 were 
made of the white acoustic wool. The wool is fairly soft and due to the rotation, the 
centrifugal forces can deform the wool. The wool placed on the tyre wall can be 
compressed, or expanded if it was placed on the rim. Its acoustic behaviour may change 
because its structure changes depending on the centrifugal forces. The sound absorbing 
material in Type 1 and Type 5 are stiffer and work better in a strong centrifugal force field. 

The test was performed with a standard tyre “b” described in Table 8. The results in Figure 
51 show the four peaks around 224, 447, 671 and 894 Hz and the reduction achieved is 
clearly observed. The highest peak is at the natural frequency of the air cavity. The problem 
with the resonance is again proved and its magnitude is high. At the main resonance, for the 
Type 4 configuration, there is a reduction from 7.5 up to 15 dB depending on the rotation 
velocity. All the sound pressure frequency response increases with the velocity due to the 
excitation being stronger. The reduction at the other peaks was also acceptable. For 
configuration Type 5 the reduction was much better at the main resonance than at the 
middle-high frequency range. Its behaviour at the middle-high frequencies was predicted by 
the aluminium foam beam experiments in the box-shaped model. Nevertheless, the 
reduction of pressure level inside the tyre at the air cavity natural frequency is up to 10 dB. 
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The acoustic behaviour of the new configurations is not so good for the high velocities at 
high frequencies.  

When a smooth tyre was used, the pressure levels inside the tyre were lower than in a 
standard tyre. The pattern of a standard tyre increases the sound pressure level due to its 
excitation being stronger. In all the other aspects the results were similar. The additional 
measurements are reported in reference [36]. The smooth tyre was tested with Type 3 
configuration. The reduction at the air cavity first natural frequency is up to 8 dB as 
compared to the empty tyre. The reduction is better at the other peaks in the middle-high 
frequency range. 

The three configurations tested here work well and the sound pressure field inside the tyre 
is reduced. It seems that the amount of material is not important, whereas its location is. 
The absorbent in Type 3 works compressed, yet the results achieved are as good as the ones 
with less material. Material in Type 5 configuration works well in a rotation field. The 
results are quite similar for all the tests. It indicates that the sound pressure level can be 
easily reduced by adding some absorbing materials inside the tyre. The results can also be 
influenced by the stronger contact with the cylinder leading to rougher test conditions. 
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Fig. 51. Sound pressure level inside the tyre at 30 km/h with Type 4 configuration (left) 
and at 60 km/h with Type 5 configuration. 

 

The sound pressure response consists of a sequence of peaks with four differentiated main 
peaks. The sequence of peaks or in other words multiple splitting is a consequence of the 
rotation. The sound pressure level curve exhibits a periodic character. Records of the sound 
pressure between 150 and 250 Hz are given in Figure 52. Each resonance obtained in the 
static test arrangement suffers doubling into two symmetric peaks according to the equation 
(27) when movement is introduced into the tyre. In [25] is discussed that these both tyre air 
cavity resonances corresponds to two different modes. The higher frequency resonance 
would correspond to a mode making the wheel vibrate in the vertical direction. Besides, the 
lower frequency resonance would correspond to a mode making the wheel vibrate in the 
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horizontal direction parallel to the pavement. It results in that 
0

0
00 2 R

U
mff mm π

±=′ . The 

resonances obtained in the static case are 0mf . The splitting frequencies are calculated for 
each velocity 0U  for tyre “b”. The distance between two consecutives peaks, shown in the 

table below, is 0

02theo
Uf

Rπ
∆ =  , where 0R  is the exterior radius of the tyre air cavity. It is 

noted that due to the small contact with the cylinder, the tyre has a high deflection. So, the 
exterior radius of the tyre cavity was much less than in the static case. The exterior 
diameter of the air cavity was calculated by the deformed diameter of the tyre due the 
cylinder contact in situ and then subtracting the thickness of the rubber which was 
approximately 15 mm. The exterior air cavity diameter was 0.578 m. 

 
Table 9. Distance f∆  in the curve of sound pressure for different tyre speeds. 

 

Speed (km/h) 15 30 45 60 
theof∆  (Hz) 2.3 4.6 6.9 9.2 

testf∆  (Hz) 2.2 4.3 6.5 8.6 

 

The distance between the peaks is proportional to the velocity. Not only a splitting of the 
air cavity resonances is produced, there is also multiple splitting as mentioned above. testf∆ , 
the distance in the test results, was calculated with the mean distance between several peaks 
in order to obtain good precision.  
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Fig. 52. Distance between peaks at 15 and 45 km/h for tyre “b”. 

 

testf∆  
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The multiple splitting is due to the splitting of the air cavity resonances. It can be observed 
that the distance between peaks is the same as predicted by the theoretical model. The error 
of the splitting predicted is 6%ε ≤ . It is thought that the multiple splitting observed in 
Figure 52 has still an influence of the hard contact between the cylinder and the tyre. This 
contact has a strong influence on the air cavity sound pressure.  

 

5.2.2. Acceleration 
The acceleration was also measured using the same setup of the rotating tyre experiment 
discussed in Section 5.2.1. The accelerometer was positioned on the axis of the trailer. The 
graphs below show the results for the configurations Type 4 and Type 5. For Type 4 at 15 
km/h a reduction at the main peak of 10 dB is obtained. A reduction of 4 dB is achieved for 
configuration Type 5. The transmission of the air cavity resonance is reduced as the results 
indicate. The sound pressure curve at low rotational speeds shows clearly the air cavity 
resonances. As the rotational speed of the wheel is increased, background noise is 
generated introduced due to the high oscillations of the trailer itself. Due to the background 
noise the various peaks of the auto-spectra are not clearly observed. At 15 km/h the peak 
around 100 Hz of the two degree of freedom motion of the tyre-rim assembly is very 
distinct. Usually, the first air cavity resonance is the most dominating but at 45 km/h the 
second harmonic around 450 Hz becomes more important. The configurations Type 4 and 
Type 5 do not give good reduction of the acceleration levels in the mid-frequency range. 
This is again due to the background noise excitation of the entire test setup. The cylinder as 
previously noted should have a larger diameter. 
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Fig. 53. Acceleration level at 15 km/h with Type 4 configuration (left) and at 60 km/h with 
Type 5 configuration. 

 

Additional measurements with several sound absorbing configurations are reported in [36] 
obtaining similar results. 
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5.3. Field measurements  
Static and rotational measurements have been carried out with the new modified wheels. It 
has been proved that the addition of sound absorbing material reduces the magnitude of the 
sound pressure at the resonances inside the tyre. Also the transmission of these vibrations 
has been reduced. The last stage of this chapter is the field measurements. A real case test 
has been developed. The purpose of these measurements consists on studying the 
transmission of the air cavity resonance across the wheel and the suspension system into the 
vehicle compartment. The appearance of a tonal noise component inside the car at the 
natural frequency of the air cavity is to be recorded.  Also it is essential to study the 
influence of the new modified wheels of this tonal noise. The influence of the velocity of 
the car is also to be investigated. A relation between the results of the physical model and 
the field measurements with the materials added in the tyres is equally important. 

The sound pressure level in the vehicle is mainly determined by air-borne transmission 
through the structure and by structure-borne sound transmitted into the car body. The 
vibrating structure then radiates noise into the vehicle compartment. If the transmission of 
air-borne sound is reduced, for example by improving the air-borne sound insulation of the 
floor, then the contribution of the structure-borne sound would be more dominating. It can 
therefore be expected that the noise induced by the cavity resonances in the tyres is more 
dominating in vehicles with good sound insulation, thus having a low background noise 
level. 

Experiments with a real car were carried out. A Ford Mondeo was used (Figure 55). 
Several microphones and accelerometers were placed inside the car in different positions as 
indicated in Figure 54. 

 

 

Fig. 54. Sketch of the positions of the microphones ( ○ ) and accelerometers  (  ). 

 

Six microphones, from “1” to “6”, were positioned inside the car. A dummy head with two 
earphones “1” and “2” was mounted next to the driver as shown in Figure 59. Two 
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microphones “3” and “4” were hanging from the ceiling and above the back seats. 
Furthermore, two microphones “5” and “6” were located in the boot and identified by white 
circles in Figure 60. The microphones were placed in pairs; one was on the right side of the 
car and the other on the left. The microphones in the back seats were at height of the ear of 
a passenger. Inside the car, there were also seven accelerometers positioned directly on the 
steel floor structure. Two of them, “7” illustrated in Figure 57, and “8” were on the top of 
the front springs. An accelerometer “9” was placed on the floor at the position of the feet of 
a passenger sitting next to the driver. Two additional accelerometers “10” and “11” were 
located on the floor under the back seats. And finally “12” and “13” were situated on the 
floor chassis of the boot above the wheels. Accelerometer “12” is shown in Figure 58. 

 

  

Fig. 55. Ford Mondeo test running car. Fig. 56. Road in Malmby airfield 

 

  

Fig. 57. Accelerometer on the left front 
spring. 

Fig. 58. Accelerometer on the chassis 
above the left back wheel. 
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All the transducers were connected to the amplifiers with wires. There were thirteen 
channels. The batteries supplied the energy to the signal processing equipment. All the 
connections are illustrated in Figure 60. The signals of the amplifiers were sent to the tape 
recorder. The time domain responses of the microphones and accelerometers were recorded 
for all the tests. The sound pressure inside the car compartment and the acceleration level in 
different chassis positions were recorded. The sound pressure level inside the tyres could 
not be measured. 

During all measurements there were three persons inside the car, a driver and two 
passengers in the back seats taking care of all the equipment, the experimental notes and 
procedure. Furthermore, a dummy was placed on the seat next to the driver. The field 
measurements were made in Sweden at two different locations. 

 

  

Fig. 59. Dummy head and microphones in 
the back seats. 

Fig. 60. Amplifiers, batteries, wires and the 
two boot-microphones. 

 

Some measurements were recorded at Malmby airfield in Strängnäs Kommun on the 22nd 
of September-2003. Figure 56 shows the road of the airfield. It was smooth and uniform. It 
means that the excitation of all the tyres was the same. There were no wheel tracks on the 
surface caused by vehicles running along the road. The weather conditions were stable and 
suitable for performing the test. The car was driven at a constant speed of 45, 60, 90, and 
120 km/h along a test track of approximately 1500 m. It was taken into account that the car 
speedometer gave us a velocity a little higher, usually 5 - 10 % more than the real one. The 
real velocity of the car was measured with a speed-pistol with a precision of ±1.5 km/h.  
The measurements of sound pressure inside the vehicle and acceleration level were 
recorded first with the standard tyres “b” defined in Table 8, and then with wheels Type 5 
(Table 5) mounted. The external noise emitted by the car is discussed in reference [37]. 
Also measurements of external noise without studded and with studded winter tyres and 
with several types of vehicles are described in this reference. 

The second measurement location was a standard public road near Vaxholm. The 
measurements were carried out during the days of 25th and 26th of September-2003. The 
same Ford Mondeo was driven at 45, 60 and 90 km/h along 1000 m on a good conditioned 
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road with not much traffic. Here the excitation was not as homogenous as before. 
Sometimes part of the car was on the hard shoulder next to the road. There, the excitation 
was harder due to the surface being rougher. The distribution of the acceleration and sound 
pressure level is not expected to be symmetrical between the right and left hand side of the 
car. Furthermore, the right-sided microphones were farther off the track, where vehicles 
were running in the opposite direction. The experimental conditions were more adverse 
than at the airfield due to the traffic and the worn-out road surface. Running conditions can 
never be completely reproduced when one drives a standard car on a public road. The 
weather conditions were stable and dry. Tests were made with the four empty tyres “b” 
mounted and thereafter with the wheels Type 4 and Type 5 with sound absorbing material 
inside the tyre. Sound pressure and acceleration levels were recorded while driving at a 
constant speed along a straight section of the road.  

Furthermore, some additional measurements were carried out on the motorway Vaxholm - 
Stockholm at 90 km/h. No external noise measurements were obtained at this location. 
Nevertheless, experiments on the same road conducted on the 5th of June-2002 with 
configuration Type 2 with tyres “a” were carried out in a Volvo V40. 

 

5.3.1. Pressure 
The sound pressure levels were recorded inside the car by means of the six microphones. 
The acoustic distribution inside the compartment was studied. The noise levels were 
determined by many different sources and the transmission of both air- and structure-borne 
sound. The transmission of structure-borne sound through the tyres represents just one path. 
The reduction of the sound pressure inside the car obtained by the addition of sound 
absorbing materials in the tyres is described. The tests were quite conclusive. It is shown 
that tonal character noise components appear at low frequencies. There is a high level tonal 
component inside the compartment at the particular frequency of the air cavity resonance as 
illustrated in Figure 61. The noise levels inside a good quality standard car can be reduced 
substantially. The tonal character is reduced at the frequency range from 200 to 300 Hz due 
to the added sound absorption.  

The peak of the sound pressure level transmitted inside the car at around 225 Hz is split due 
to the rotation of the wheel as discussed in Subsection 5.2.1. The separation between the 
split peaks increases with the speed of the car. Each peak is shifted approximately 2.3 Hz 
for speed increase of approximately 15 km/h as predicted in Table 9 for theof∆ . 

In reference [38] the field measurement results obtained by tyres with Type 2 configuration 
is discussed. The reduction of sound pressure at the air cavity resonance frequency obtained 
inside the car is from 4.5 to 9 dB at all microphone positions at different speeds. The 
interior surface of the test tyre “a” is quite smooth. So, its absorbing properties are low and 
consequently also the loss factor as shown in Table 8. The addition of any sound absorbing 
material inside the tyre greatly increases the reduction. Also, it must be mentioned that the 
amount of material used in Type 2 is considerable as shown in Table 5. For these reasons, 
the Type 4 and 5 configurations are expected to give less reduction than Type 2. 

The measurements at Malmby airfield with the Type 5 configuration and the standard “b” 
tyres show quite good results at the velocities 60 and 90 km/h at all microphones positions. 
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The reductions are most pronounced at the quiet places inside the car. In other words, the 
results are better in the boot and worse in the earphones of the dummy next to the driver 
due to the presence of higher background noise. The reduction at the tyre air cavity main 
resonance measured at the right earphone is 2 dB for the speeds of 60 and 90 km/h. For the 
same speeds and for the same resonance frequency in the back right seat there is a 
measured reduction of 2.5 and 3 dB, respectively. In the boot there is a reduction of 3.5 dB 
at 60 km/h and 5.5 dB at 90 km/h for the microphone at position “6” at the same resonance. 
The sound pressure is changed in magnitude at the tyre air cavity resonance when the speed 
of the car is increased. For the left earphone it increases 2 dB from 45 to 60 km/h, 2.5 dB 
from 60 to 90 km/h and 8.5 dB from 90 to 120 km/h. 
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Fig. 61. Right back seat microphone SPL at 60 km/h in Malmby airfield with Type 5. 

 

Two peaks appear at 60 km/h in the sound pressure inside the compartment during the tests 
at the airfield. The peaks are located at approximately 85 and 170 Hz. They are highly 
noticeable in the earphones of the dummy and in the back seats as shown in Figure 61. In 
other words, their presence is strong in the compartment between the two wheel axles. At 
the same speed these two peaks are presented in the sound pressure on the road to Vaxholm 
field measurements. Even more, the peaks are presented also in the accelerometer 
measurement positioned at “9” on the floor. Furthermore, a sound acoustic field appears 
beneath the floor of the car between the wheels around these characteristic frequencies at 
55 km/h in the external noise measurements discussed in reference [37]. One concludes that 
these two peaks at low frequencies are produced by resonances in the exhaust system. 

The measurements on the road in Vaxholm also with Type 5 configuration show no 
significant reduction at the earphones of the dummy. The results in the back seats at the air 
cavity resonance are good for 90 km/h, on the road and on the motorway, where a reduction 
of 2 to 4 dB were obtained. As before, the reduction is better in the boot where 3 dB is 
obtained at 60 km/h, 4 dB at 90 km/h as shown in Figure 62, and 5 dB at 45 km/h on the 
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road for the microphone at position “5” at the tyre air cavity natural frequency. The one 
third octave band analysis of the latter is represented in Figure 64. 
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Fig. 62. Sound pressure level inside the car at 45 km/h in the earphone’s dummy with 
Type 4 configuration (left) and at 90 km/h in the boot with Type 5 at Vaxholm road. 

 

The results of the configuration Type 4 are much better than the ones with configuration 
Type 5. The reduction at the interesting frequency is particularly good at 45 km/h. At this 
speed and at this frequency, at microphone “4” in the back seats a reduction of  5.5 dB was 
obtained, 5 dB at the right earphone (Figure 62) and 9.5 dB at microphone “5” in the boot. 
The results are better in the boot than in the back seat or in the front part of the car. The 
right earphone at the main resonance obtained 2.5 and 3 dB in reduction at 60 and 90 km/h, 
respectively. At the same speeds in the back seat, position “4”, a reduction of 2 dB was 
achieved. Finally in the boot for the tyre air cavity resonance, at 60 km/h for position “5” 
5.5 dB reduction was achieved and for the position of the microphone “6” at 90 km/h the 
reduction was 3.5 dB. It is observed that the microphones on the right side of the car, as “2” 
and “4” present better results due to the excitation of this side of the car being higher 
because this side is driven sometimes on the hard shoulder of the road. The effect of the 
sound absorption in the modified wheels is more notable in adverse excitation conditions. 
As before, the noise levels increase with the velocity of the car. For the left earphone an 
increase of sound pressure at the air cavity resonance of 3 dB inside the compartment is 
obtained when the speed is changed from 45 to 60 km/h and 2.5 dB from 60 to 90 km/h. 

It is noticed that the noise level in right earphone was much higher level than in the left. 
The proximity to the window can affect the level of the right earphone. The microphones at 
the back seats recorded much higher sound pressure levels on the motorway (Vaxholm – 
Stockholm) than on the airfield. The road surface is much smoother on the airfield than on 
the motorway.  It seems that the highest levels are for the microphones in the boot and the 
earphone “2”. At 90 km/h the level can be increased up to 4.5 dB when it changes from the 
road to the motorway for the interesting frequency resonance. 
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Table 10. Reduction in dB of the sound pressure level inside the car at the air cavity 
resonance with the implementation Type 5 inside the tyres at 90 km/h. 

 

Microphones “3” “4” “5” 
Malmby airfield 1 3 2 
Road Vaxholm 2 2 4 
Motorway Vaxholm 2 4 2 

 

The results obtained at some microphone positions on different roads at a constant speed of 
90 km/h are listed in the table above. The smoothest surface is the Malmby airfield. The 
road in Vaxholm is rougher and the motorway is the roughest.  It can be concluded that the 
effect of the new configurations is higher for adverse excitation conditions. 

The results obtained with the Type 2 configuration are much better than these. 
Approximately double the reduction is obtained with Type 2 configuration as it is explained 
in reference [38]. It is noted that the amount of material is much more than double. Using 
this configuration in a Volvo V40, a reduction at the interesting range of frequencies of at 
least 7 dB is obtained at 60 km/h for the right earphone and 6 dB at 90 km/h as shown in 
Figure 63. For the left earphone are at least 6.5 dB for 60 km/h and 3.5 dB at 90 km/h at the 
tyre air cavity resonance. All the peaks between the 200–300 Hz frequency range in the 
sound pressure measured by the microphones at the back seats and at the earphones are 
reduced.  
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Fig. 63. Sound pressure level inside the car at 60 km/h in the earphone’s dummy with 
Type 2 configuration.  
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It is observed in Table 11 that the reduction is higher at lower speeds especially at 45 km/h. 
It is also noticed that the Type 4 configuration works much better than Type 5. 

 

Table 11. Reduction of the SPL at the tyre air cavity natural frequency for the microphone 
“5” in the boot with two different configurations inside the tyres at several speeds on road 
to Vaxholm. 

 

Speed (km/h) 45 60 90 901 
∆ (dB) Type 4 9.5 5.5 2.5 2.5 
∆ (dB) Type 5 5 3 4 2 

1The measurements are performed in the motorway 

 

From the results shown in Table 12 it can be concluded that the reduction of sound pressure 
of each test depends a lot on the environmental conditions. In the case of the motorway the 
Type 5 configuration is better. 

 

Table 12. Reduction of the SPL at the interesting resonance for the microphone “4” in the 
back seats with two different configurations inside the tyres at two speeds in road to 
Vaxholm. 
 

Speed (km/h) 45 90 901 
∆ (dB) Type 4 5.5 2.5 2.5 
∆ (dB) Type 5 1 2 4 

1The measurements are performed on the motorway 
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Fig. 64. One third octave band for the microphone at position “5” at 45 km/h in Vaxholm 
for Type 4 and 5 configurations. 
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The reduction at the microphones’ positions at the air cavity resonance is up to 9.5 dB with 
Type 4 configuration inside the tyres and for Type 5 it is up to 5 dB for the Vaxholm road 
measurements. It means that the maximum reduction for both configurations is almost 
double for Type 4.  

The third octave band analyses for all measurements were calculated. The figure 64 is just 
an example. The peak around 250 Hz of the tyre air cavity is observed clearly. The 
reduction of the sound pressure level inside the compartment is achieved adding sound 
absorbing material inside the tyres. 

 

5.3.2. Acceleration  
As mentioned at the beginning of this chapter, the acceleration levels were also recorded at 
the same time as the sound pressure levels during the field measurements. The acceleration 
level distribution is studied inside the car. The tests were also conducted with the tyre 
configuration Type 5 at the Malmby airfield at 45, 60, 90 and 120 km/h. Furthermore, they 
were carried out on the road to Vaxholm with the tyres Type 4 and Type 5 at 45, 60 and 90 
km/h and at 90 km/h on the motorway. The positions of the accelerometer are well 
described in Figure 54. Two of them, accelerometers “7” and “12” are shown in Figures 57 
and 58.  

The acceleration levels measured on the floor under the back seat and on the chassis 
structure above the left wheel are plotted in Figures 65 and 66. The peak at the air cavity 
frequency around 200-300 Hz is quite distinct. It is evident that the air cavity resonance not 
only has an effect on the sound pressure level inside the compartment but also has an effect 
on the vibration levels. The peak is more pronounced at the accelerometer positions over 
the wheels at “12” and “13”, since these positions are the closest to the tyres. The addition 
of absorbent inside the tyres reduces the magnitude of the resonance of the acceleration 
levels. At the position above the left back wheel shown in Figure 65 the acceleration level 
is reduced by 3 dB at resonance. The measurement results in Figure 66 show for the Type 4 
implementation a reduction of 7.5 dB and for Type 5 the result is 1.5 dB reduction at the 
main air cavity resonance. 

Some third octave band analyses of the measurements are shown in Figure 68. The 
acceleration levels are well correlated to the sound pressure levels measured at the same 
positions. 

The magnitude of the acceleration level for the air cavity resonance increases with the 
speed of the car. In the case of Malmby airfield, it increases 1.5 dB from 45 to 60 km/h, 5 
dB from 60 to 90 km/h and 5 dB from 90 to 120 km/h for the accelerometer positioned at 
“9”.  The acceleration levels are much higher at the positions near the wheels at “12” and 
“13”. They are quite high also at the positions close to the front springs. The accelerometers 
on the middle of the car floor have the lowest level on the Vaxholm road and on the 
airfield. It is also noticed that the levels of the accelerometers that are positioned in pairs 
are quite uniform. There is generally no difference between the left and the right side of the 
compartment acceleration level. Furthermore, the total level can be increased by up to 3 dB 
between driving on the road and on the motorway at 90 km/h at the air cavity resonance. 
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The results on Malmby airfield show that the reduction achieved with the tyre Type 5 is up 
to 3.5 dB compared to a standard at resonance. The reduction is quite uniform at all the 
accelerometer positions. However, it is not very large. With the same type of tyres, very 
poor results are obtained for the Vaxholm field measurements. Also at Vaxholm, the 
configuration Type 4 is tested. Good results are obtained, especially at 45 km/h. The best 
reduction is up to 7.5 dB at the tyre air cavity natural frequency. The accelerometers on the 
front springs and in the front-middle part of the car on the floor are the ones that achieved 
better improvement in the acceleration behaviour. At 60 and 90 km/h around 2 dB of 
reduction are achieved at the interesting frequency. 
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Fig. 65. Acceleration level at “12” at 120 
km/h on the airfield with Type 5. 

Fig. 66. Acceleration level at “10” at 45 
km/h on the Vaxholm road. 

 

Running the car at 90 km/h on the road near Vaxholm a sequence of peaks separated by 30 
Hz each one, appears in the acceleration level. The peaks appear at the level of the 
accelerometers positioned in the front part of the car, two of them on the front springs, “7” 
and “8”, and one more on the floor “9” next to the driver. The origin of the sequence of 
peaks could be a modulation effect due to a tyre unbalance or a run-out. At 90 km/h, there 
would be approximately 15 rev/s, and for two pulses per revolution, one could get this 
sequence of resonances. Anyway, all the peaks are completely reduced with the addition of 
any of the absorbing material configuration as plotted in Figure 67. Also this sequence of 
peaks, for the same transducer positions, appears in the measurements on the airfield 
especially at 90 and 120 km/h. 

The highest peak of the sequence is around 385 Hz. Also this peak is noticed at the sound 
pressure level of the earphones and in the same measurements at the back-seat 
microphones. The peak is reduced by the addition of absorbents in the tyres. 
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Fig. 67. Acceleration level at “9” at 90 
km/h on Vaxholm road. 

Fig. 68. Acceleration level in 1/3 octave 
bands for “10” at 60 km/h on the airfield. 

 

Table 13. Reduction in dB of the acceleration level at the tyre air cavity resonance for the 
accelerometer positioned on the floor next to the driver with the implementation Type 5 
inside the tyres at 45 and 90 km/h. 

 

Speeds (km/h) 45 90 
Malmby airfield 2.5 1 
Road Vaxholm 1.5 1.5 
Motorway Vaxholm * 1 

 

Table 14. Acceleration level reduction for several accelerometers with the tyres Type 4 and 
Type 5 at 45 km/h on the road to Vaxholm at the tyre air cavity resonance frequency. 

 

Accelerometers “7” “9” “10” “11” 
∆ (dB) Type 4 3.5 5 7.5 5 
∆ (dB) Type 5 1 1.5 1.5 1 

 

Type 4 configuration achieves as maximum a reduction of 7.5 dB (Figure 66), and Type 5 
up to 3 dB on the road to Vaxholm at the interesting frequency. At the airfield Type 5 
configuration obtained a reduction up to 3.5 dB. In the reference [36] the results with tyre 
Type 2 mounted on a Volvo V40 at Vaxholm are described. The acceleration level has been 
reduced at the natural frequency of the air cavity from 10 to 15 dB as it is shown in Figure 
69. 
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Fig. 69.  Acceleration level at “12” at 90 km/h in Vaxholm road for Type 2 configuration.

 

The peaks of the acceleration level between 200 – 300 Hz are no longer distinct. Its 
acceleration level reduction is much larger than the sound pressure. However, for the Ford 
Mondeo, sound pressure reduction is greater than the acceleration level reduction. It can be 
concluded that the Ford Mondeo is better insulated from the vibrations and has a more 
stable chassis structure than the Volvo V40. 

 

5.3.3. Discussion 
Many different experiments have been discussed in the previous chapters. It is especially 
interesting to compare the results of the physical model and the field measurements. 

The sound pressure reduction in the compartment of the Ford Mondeo at the microphones’ 
positions at the air cavity resonance is up to 9.5 dB with the tyre Type 4 and for Type 5 is 
up to 5 dB for the Vaxholm measurements. On Malmby airfield the Type 5 tyre gave the 
same reduction as on Vaxholm road at the same resonance frequency.  

In Chapter 3, the results of the sound absorbing materials inside the physical model are 
discussed. The same acoustic wool as used in the tyre Type 4 configuration gives an 11 dB 
reduction at the main resonance peak, and the aluminium foam pieces used in tyre  Type 5 
achieves 6.5 dB as compared to the results with no absorption. Thus, more or less, the 
results indicate that the Type 4 should achieve twice the reduction as compared to tyre 
Type 5 at the air cavity resonance. 

As stated just above, the maximum reduction of the sound pressure level in a car is directly 
proportional to the reduction obtained with the same sound absorbing material inside the 
physical model. The physical model enables us to determine the best sound absorbing 
material for the required range of frequencies. Consequently one can predict the maximum 
reduction in the compartment, after testing the new materials in the physical model at the 
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tyre air cavity natural frequency. The results of the white acoustic wool and the aluminium 
foam pieces in the physical model, static and rotating tyre and in the car measurement let us 
establish a relation between the results of the physical model and the results of the field 
measurement for a specific car. The reduction of the sound pressure level inside the car can 
be predicted from the results of the physical model by using this relation. It is not necessary 
to perform all the tests, for example, the static and rotating tyre, and the experiments in the 
car, in order to obtain a rough prediction. 

The maximum reduction inside a car is usually obtained in the most quite positions of the 
compartment. Also another relationship is found between the field measurements and the 
measured loss factors in the static tyre. As observed in Table 7, the loss factor for Type 4 
tyre is slightly more than twice the loss factor of the tyre Type 5. Furthermore, the Type 4 
configuration has 4 times the amount of material as Type 5. The reduction of the tonal 
noise components at low frequencies within the compartment, produced at the air cavity 
resonances, is directly proportional to the loss factor inside the tyre as is shown also in 
reference [39].  

For the acceleration level results it is difficult to predict the reduction due to the fact that in 
the physical model only sound pressure is measured. Type 4 configuration achieves as 
maximum a reduction of 7.5 dB, and Type 5 3 dB on the road to Vaxholm at the resonance 
of the tyre air cavity. That is 2.5 a times reduction. On the airfield Type 5 configuration 
obtained 3.5 dB of reduction. The acceleration level reduction can again be predicted with 
the loss factor inside the tyre. 
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Traffic noise is one of the biggest contributors to the environmental noise pollution. During 
the last few years, the noise provided from the engines and other mechanical parts of 
vehicles has been reduced by means of advanced technology. In that way, the tyre-road 
noise has become the main contributor to the traffic noise even at moderate speeds. Thus, a 
reduction in tyre-road noise would improve the noise environment and the associated 
quality of life. 

Noise radiated from tyres of the vehicles is a dominating source. The acoustic field inside 
the tyre has previously been modelled. The first acoustic mode for a standard stationary 
passenger car tyre is at 225 Hz. The tyre becomes stiffer at these tyre air cavity resonances 
and radiates comparatively high tonal noise to the exterior at these frequencies. In order to 
reduce this tonal noise at low frequencies a set of new modified wheels were developed. 
The wheels had some sound absorbing material inside the tyre. A reduction of the radiated 
tyre noise was achieved.  

The tyre air cavity and the effect of its resonances on the sound pressure level inside a car 
have been studied. The noise level inside a car running on a road surface exhibits a tonal 
character at frequencies close to the first tyre air cavity resonance. The transmission of 
energy between the tyre-road contact to the car body can dominate a large frequency 
intervals due to the acoustic field inside the tyre. It is found that the interior noise in a 
passenger car could be reduced by mounting some sound absorbing material inside the 
tyres. Further measurements on radiated exterior noise while the tyre is rotating are also 
described in this following chapter. 
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Tread mic. 

Sidewall mic. 

Shaker 

6.1. Static tyre 
Preliminary sound pressure and intensity measurements have been carried out on a static 
tyre. The influence of the tyre air cavity resonances on the radiated noise is reduced by 
adding a sound absorbing material inside the tyre. Sound intensity measurements on a 
stationary tyre indicated that the exterior noise could be reduced up to 5 dB in the 
frequency range up to 2 kHz. Additional sound intensity measurements on a truck tyre have 
also been completed. Again, based on a stationary tyre test, it was found that a  noise 
reduction of at least 2 to 5 dB could be achieved in the frequency range below 1 kHz by 
adding some sound absorbing material inside the tyre. 

 

6.1.1. Car tyre 
The noise radiated from a stationary tyre has been investigated. The test arrangement in a 
semi-anechoic room is shown in Figure 76. A tyre was suspended with four springs 
connected by chains to the ceiling in such a way that the first natural frequency of the 
mechanical system was much lower than the frequency range of interest for the acoustic 
measurement. A lightweight and stiff plate element shown in Figure 70 was used to 
simulate the force excitation of the tyre-road contact over a surface. The plate was 65 mm 
by 175 mm and sufficiently stiff to simulate the tyre’s deformation. The weight of the plate 
was as low as possible in order not to change the dynamic characteristics of the tyre. The 
plate was curved in order to fit well onto the tyre surface and was fixed to the tyre with a 
double-sided adhesive tape. A shaker was suspended by chains in order not to excite any 
tangential forces on the tyre. The excitation was provided by a random noise signal up to 2 
kHz. The shaker was connected to the lightweight plate by a thin straight metallic rod. A 
force transducer was placed on the plate and connected to the rod. 

 

 

 

Fig. 70. Simulation of the tyre-road contact. Fig. 71. Microphones’ probe positions. 

Sound pressure and sound intensity levels were measured while the tyre was excited by the 
shaker. First a microphone and then a sound intensity probe were placed next to the tyre as 
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shown in Figure 71. The relative angle between the probe or the microphone and the shaker 
was πϕ =  rad. 

First, the sound pressure level was recorded in front of the tread and close to the upper 
sidewall as illustrated in Figure 71. The distances between the windscreen of the 
microphone and the tyre were 5 cm and 60 cm. Also the transfer function pH  between the 
sound pressure of the microphone and the exciting force was measured. 

Then, the sound intensity level was recorded in front of the tread and above the upper 
sidewall. The distances between the probe and the tyre were 5 cm for the closest and 50 cm 
for the farthest position from the tyre surface. The effect of the tyre air cavity resonances on 
the radiated noise was studied. 

Measurements were carried using tyre type “b” described in Table 8. The average interior 
radius of the air cavity 0r  was 0.21 m, the exterior radius of the tyre air cavity 0R  was 
0.275 m, and the width 0z  was 0.205 m. Three different pressures inside the tyre (1, 2 and 3 
bar) were tested. The standard pressure for this tyre was 2 bar. The first natural frequency 
of the tyre air cavity was 224 Hz which is in accordance with the previous measurements 
reported in Subsection 5.1. The theoretical model, equation (19), gives the same result.  
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Fig. 72. Sound pressure level recorded at the sidewall position at 5 cm (left) and at tread 
position again at 5 cm (right) from a standard tyre for 1 and 3 bar pressures. 

 

Measurements of the external sound pressure level showed maxima at the frequencies 
corresponding to the first few natural frequencies of the air cavity. The magnitude of the 
exterior noise at the air cavity resonance was increasing with the static pressure inside the 
tyre. The frequency of the resonance increases with the pressure due to the change of the 
dimensions of the tyre air cavity. The sound pressure level of the noise radiated from the 
tyre is reduced as the distance between the microphone and the surface of the tyre is 
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increased. As it is shown in Table 15 and in Figure 72 the SPL of the radiated noise at the 
sidewall positions is higher than the noise radiated from the tread. 

The bending waves which are good noise radiators, propagating in the tyre tread cause high 
particle velocities close to the contact edges with the road surface. This high particle 
velocity with a combination of high acoustic impedances again near the contact edges cause 
high levels of acoustic radiated power [40].  The stiffness of the sidewall and the tread is 
decreased as the pressure inside the tyre is decreased. This causes a reduction in the 
velocity of the bending waves in the tread lowering the cut-off frequency for high-order 
modes. Below the cut-off frequency only plane waves exists. The higher-order modes are 
poor radiators of energy, thus the plane wave radiation typically below the cut-off 
frequency is much decreased when the pressure is decreased.  

 

Table 15. Sound pressure level at the natural frequencies of the air cavity recorded by the 
microphone at 5 and 60 cm from the tread and the upper sidewall. 

 

Pressure 
(bar) 

Frequency 
(Hz) 

SPLtread_5cm 
(dB) 

SPLtread_60cm 
(dB) 

SPLsidewall_5cm 
(dB) 

SPLsidewall_60cm 
(dB) 

1 224.37 23.0 15.8 24.6 15.9 
2 226.25 - 20.2 30.6 22.4 
3 229.37 31.8 21.8 34.6 26.7 
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Fig. 73. SPL (left) and the FRF between the microphone and the force transducer 
recorded at 5 cm from the tread with and without Type 4 configuration. 

 

The dominant noise generation mechanism is the sidewall resonance with the tread 
vibration caused by the simulated contact of the tread blocks with the road surface, also 
shown in [41]. In a low frequency range where the tyre behaves as a simple supported 
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beam, the tyre tread vibrations are much larger than in the sidewall. However, the sidewall 
is a much more efficient radiator of noise as compared the tread and for this reason the 
sidewall vibrations are the main contributor to the external noise. 

In order to reduce the noise radiated from the tyre, a sound absorbing material was mounted 
inside the tyre in accordance with the configuration of the Type 4 wheel. The absorbent was 
acoustic wool mounted on the rim. The width of the wool was 60 mm and the thickness 
was 30 mm. The volume of added absorbent was 0.0017 m3 and its density was =ρ 6.17 
kg/m3. The addition of sound absorbing material inside the tyre reduces the noise radiated 
by the tyre at the first few cavity resonances as shown in Figure 73. At the first resonance 
the reduction of the radiated sound pressure level was 6 dB.  

The magnitude of frequency response function between the microphone and the force 
transducer is reduced by 60 % using the Type 4 configuration. 

Similar sound intensity measurements were carried out using the tyres Type 4 and Type 5. 
The Type 5 configuration had aluminium foam pieces screwed to the rim. In all there were 
sixteen pieces, each with the dimensions 020.0035.0035.0 ×× m. The pieces were grouped 
symmetrically in eight pairs. The added volume was 0.0004 m3 with a total weight of 0.124 
kg. 

The addition of sound absorbing material inside the tyre reduces again the effect of the air 
cavity resonance on the intensity radiated by the tyre as shown in Figures 74 and 75.  
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Fig. 74. Sound intensity (Li) measurements with a standard car tyre and with the two 
modified wheels in 1/3 octave bands at 5 cm from the tread. 
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At 5 cm above the upper sidewall
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Fig. 75. Sound intensity (Li) measurements with a standard car tyre and with the two 
modified wheels in 1/3 octave bands at 5 cm from the upper sidewall. 

 

The noise radiated by the standard tyre was high at the tyre air cavity resonance at around 
250 Hz. A substantial reduction of up to 8 dB was obtained at that frequency by changing 
to modified wheels. It is noted that the peak produced around 400 Hz is the resonance of 
the rim mounted with the tyre. Similar results were obtained measuring at the farthest 
positions. 

The noise radiated by the tyre could also be reduced in the frequency range from 500 Hz to 
2 kHz. A reduction of 2 dB was obtained with both modified wheels at the positions in 
front of the tread. At the positions above the upper sidewall, the modified car wheel Type 5 
gave a 5 dB reduction and the Type 4 wheel gave achieves 7 dB reduction. It can be 
observed, Figures 74 and 75, that the sidewall radiates more acoustic power than the tread 
at middle-high frequencies.  

Also measurements with a smooth tyre “slick” were carried out. A comparison was made 
between the standard patterned tyre and a smooth tyre. The pattern of the tyre increases the 
level of the noise radiated approximately in 3 dB. It is observed that the “slick” tyre air 
cavity resonances have a high noise intensity level. 

 

6.1.2. Truck tyre 
The noise radiated by a truck tyre was also investigated. A tyre 315/80 R 22.5 was used. 
Again the experiments were carried out in a semi anechoic room in a way previously 
described. The plate which was simulating the tyre-road contact was now 60 mm by 245 
mm. The excitation was provided by a random noise signal up to 1 kHz instead of 2 kHz as 
in the case of the car tyre. However, also a sound intensity probe was placed next to the tyre 
as it is shown in Figure 76. The relative angle between the probe and the shaker was again 

πϕ =  rad. 
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Fig. 76. Set up of the static tyre experiment. 

 

The sound intensity level was recorded in front of the tread and also above the upper 
sidewall. The distances between the probe and the tyre were 5 cm for the closest and 50 cm 
for the farthest position from the tyre surface. 

The average interior radius of the air cavity 0r  was 0.263 m, the exterior radius of the truck 
tyre air cavity 0R  was 0.493 m, and the width 0z  was 0.315 m. The standard pressure for 
this tyre was 8.4 bar. The first natural frequency of the tyre air cavity is 143 Hz as predicted 
by the theoretical model and achieved from previous measurements. 
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Fig. 77. Sound intensity (Li) measurements with a standard truck tyre and with the 
modified wheel in 1/3 octave bands at 5 cm from the upper sidewall. 
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In order to reduce the effect of the tyre air cavity resonances a sound absorbing material 
was again mounted inside the tyre. The absorbent, the white acoustic wool, was mounted to 
the inside of the outer periphery of the tyre. The wool was 0.250 m in width and 0.050 m in 
thickness. The total added mass was 0.378 kg.  

The addition of the sound absorbing material inside the tyre reduced the air cavity 
resonances and consequently the noise radiated by the tyre as shown in Figure 77. The first 
air cavity eigenfrequency can be observed. A substantial reduction of up to 8 dB was 
obtained at that frequency range by adding some sound absorbing material. Similar results 
were obtained in front of the tread. It is noted that the peak produced around 100 Hz is also 
reduced. This peak can be produced by a resonance from the mounting of the tyre with the 
rim.  

The radiated noise was not only reduced at the first air cavity resonance but also in the 
entire frequency range up to 1 kHz. A 2 dB reduction was obtained close to the tread and 8 
dB reduction close to the upper sidewall. 

The measurements on stationary tyres indicate that the noise radiated by a tyre of a moving 
truck could be reduced by 2 to 5 dB in the frequency range up to 1 kHz. The sidewalls of 
the tyre radiated again more noise than the tread.  

 

At 50 cm

0
10
20
30
40
50
60

100 200 300 400 500 600 700 800 900 1000

1/3 octave bands (Hz)

Li
 (d

B
)

Tread Sidewall
 

Fig. 78. Sound intensity measurements with a standard truck tyre in 1/3 octave bands at 
50 cm in front of the tread and above the upper sidewall. 

 

6.2. Rotating tyre 
The vibration behaviour of a rotating tyre is different from that of a stationary tyre. The 
boundary conditions changes and the effect of the centrifugal forces and the increasing 
temperature are added. 
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The tyre-road noise is a combination of different physical processes. One of them could be 
the mechanical processes of impacts and shocks between the tyre tread and the road 
surface. Also aerodynamical processes such as air turbulence, air pumping, cavity 
resonances, Helmholtz resonance radiation and pipe resonances are also influencing the 
tyre-road noise. Furthermore, frictional processes such the adhesion and movement effects 
of the tread blocks during the contact have their influence on the entire mechanism.  

The tyre-road noise is amplified by the horn-effect. This phenomenon is produced by the 
area formed between the road surface and the tyre surface. The larger amplifications are 
above 2 kHz. However in some test rigs when a tyre is rolling on a drum, the sound 
amplification is much influenced below 500 Hz [42].   

The most important mechanism for the radiated noise of a rolling tyre below 1 kHz is the 
tyre wall vibration. It is caused by the contact of the tread blocks and the road surface. The 
air pumping phenomena, the cavity resonances and the aerodynamical turbulence are also 
important in that frequency range. These mechanisms will be dominant depending of the 
speed, the road surface and the tyre conditions.  

In [43] it is described that below 100 Hz the non-uniformities of the tyre affect the radial 
stiffness and control the response of the tyre. These non-uniformities also affect the quality 
of the vehicle ride. Besides at frequencies below around 1 kHz the tread element spacing is 
of importance. However, at higher frequencies the response of the tyre is instead much 
dependent of the road surface macrotexture.  

Below around 1 kHz the dominant noise generation mechanism is the tyre wall vibration 
caused by collisions between the tread blocks and the road surface. Noise is mainly radiated 
form the tyre sidewall. For frequencies above 1 kHz, the air pumping, tangential vibration 
of the tread blocks and air resonant radiation are important as discussed in [44]. 

The tyre vibration is produced by the tread pattern with a load modulation. Also the tyre 
non-uniformity can excite the carcass and the tread vibration. The wheel rotation can also 
excite tyre vibrations due to the deflection at the contact area [45]. Even a completely 
smooth tyre on a completely smooth road surface would generate noise due to the vibration 
provoked by the deflection at the contact area. A tread element has a substantial vertical 
velocity before it contacts to the road surface and this velocity component is zero in a short 
time causing a large deceleration which is a source of vibrations. Finally the roughness of 
the road surface makes the tyre also vibrate [46]. 

Above 1 kHz, the air pumping mechanisms are caused by the compression of the tread 
blocks against the road surface. The compressions are in the radial, lateral and longitudinal 
directions. At the leading edge the air is pumped out due to the fact that the volume of the 
groove of the tyre is reduced [47]. The pumping of air of course also can be produced by 
the voids of the road surfaces. In the high frequency range noise is also generated by the 
frictional forces exciting the tread blocks which stick the tread blocks on the road during 
the contact, and again when the tread elements slip when the adhesion is lost. Besides, at 
the trailing edge there is an expansion of the groove of the tyre when a tread block leaves 
the contact surface. The groove volume and the opening form a Helmholtz resonator.  
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Fig. 79. SPL averaged at the side microphone in the coastdown 130-30 km/h with a 
smooth road surface. 

 

Fig. 80. SPL averaged at the leading 
microphone in the coastdown with a 
smooth road surface. 

Fig. 81. SPL averaged at the trailing 
microphone in the coastdown with a 
smooth road surface. 
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A set of tyres, Type “a” and “b” in Table 8 have been tested on a drum with two different 
surfaces. A coarse road was simulated and is referred to as rough. Also, a smooth surface 
(safety walk) was tested. A standard tyre and the wheels Type 5, Type 2 and a combination 
of Type 2 plus Type 4, as described in Table 5, were used in the rolling test. 

The sound pressure levels were measured with one microphone positioned at the leading 
edge, one microphone at the trailing edge and another one by the side of the tyre. The 
microphones were located at the three different positions at 1 metre from the center 
footprint. The microphones were placed 30 centimetres above the floor. 

The measurements were carried out during a coast-down from 130 to 30 km/h. 

The sound pressure level for the three microphones is plotted in Figures 79 to 81 for the 
different configurations on tyres “a” and “b”. 

First, it is observed that tyres “a” and “b” radiate noise in a different way. For the 
microphone positioned at the side, the noise radiated for tyres “b” especially up to 1.5 kHz 
is much higher than for tyres “a”. Again, the tyres “b” are radiating around 10 dB more 
than tyres “a” in the frequency range above 1 kHz at the leading and trailing edges. 

At the first tyre air cavity resonance frequency the noise radiated for tyres “a” and “b” is 
quite high. Again, the microphone positioned at the side of the tyre “b” recorded the highest 
noise level at the first air cavity resonance frequency. 

For tyre “b”, the results are carried out with configurations Type 5 and Type 2. The noise 
radiated at the first tyre air cavity resonance frequency at the three microphone positions 
was reduced by around 3 dB when using the new modified wheels. The rest of the spectrum 
of the radiated noise is not much modified. The Type 5 configuration with the aluminium 
foam pieces works as well as Type 2. It is noted that the Type 5 configuration has much 
less amount of material inside the wheel. 

Tyre “a” was tested with a modified wheel which consists of white acoustic wool added 
around the rim and also around the interior surface of the tyre. It is a new configuration 
obtained by combining the Type 4 and Type 2 solutions in Table 5. Again a reduction was 
obtained at the first tyre air cavity resonance frequency. At least a 5 dB reduction was also 
obtained in the frequency range between 1-1.4 kHz at the leading and the trailing edges. 
The same reduction is obtained for the same modified wheel at the position of the 
microphone by the side over 2 kHz as shown in Figure 79. 

The noise radiation was also decreased when the internal pressure in the tyre was 
decreased. This is in accordance with the previous discussion. It has been shown in a 
theoretical study in [48] that the inside pressure can influence such parameters as stiffness, 
damping coefficients and extensional stiffness of the tyre. The sound radiated by a tyre is in 
turn influenced by these parameters. If the sidewall thickness increases, its stiffness also 
increases and this again produces more sound radiation from a rotating tyre. Also, it is 
proved that increasing the tyre radius, the contact patch increases and therefore also the 
excitation leading to an increased sound radiation. 

The force transmissibility from the tread to the hub has also been studied.  The tyres were 
hit by a hammer. The force transmissibility was determined. In Figure 82, the results of the 
force transmissibility are shown. It is observed again the different behaviour between tyres 
“a” and “b”. Around 200 Hz, the “a” tyre’s rim resonance is observed. A slight reduction of 
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force transmissibility was obtained at this rim resonance with the new modified wheel. At 
the air cavity resonance frequency the force transmissibility was much reduced with the 
new modified wheels. It is noted that the configuration Type 5 is not working as well as the 
other configurations.  

 

Fig. 82. Force transmissibility curves on tyres. 

 

Fig. 83. Radial force averaged in the coastdown 130-30 km/h with a rough surface. 
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The radial force  of the tyre was determined during the coastdown of the tyre rolling on the 
drum from 130 to 30 km/h. The results are shown for a rough surface in Figure 83 from 150 
and 300 Hz. Again it is observed the different behaviour of tyres “b” and “a”. For tyre “a” 
the configuration Type 2+4 was working well, reducing the radial force. A spectacular 
reduction in tyre “b” with configuration Type 2 was obtained. With this configuration no 
signals of air tyre cavity resonances were observed. Type 5 modified wheel was not 
performing as well as the others. The amount of sound absorbing material added inside the 
wheel is much less for this type of tyre as compared to the other configurations. 

A study in [49] confirms that there is a correlation between the average vibration velocity 
of the sidewall and the average sound intensity radiated from the sidewall of a rolling tyre.  

Also in that study, it is confirmed that the vibration level of the trailing edge of the tyre is 
smaller than that of the leading edge. The vibrating responses are influenced by the Doppler 
effect. The waves at the leading edge are compressed and the ones at the trailing edge are 
extended. The leading edge is also receiving more excitation from the road surface. 
However, it is shown that the sound intensity at the trailing edge is higher than at the 
leading edge as shown in Figures 80 and 81. 

Sidewall and tread accelerations of a tyre rolling on different surfaces and at different 
speeds are presented in [50]. In this reference it is confirmed that unsteady tyre-road 
interaction forces produces low frequency vibrations of the belt near the contact patch, and 
these vibrations are also responsible for the noise radiation. Furthermore, the asymmetrical 
vibration behaviour of the tyre is proved. 

All measurements were carried out at Goodyear in Luxembourg during the summer and 
autumn of 2005. 

 

6.3. Field measurements 
Based on the results obtained for static tyres the noise radiated from the wheels could be 
reduced by as much as 8 dB at the frequency corresponding to the first air cavity resonance 
by adding some sound absorbing material inside the tyre. In addition a noise reduction was 
also achieved in a wide frequency range which would lead to a lowering of the A-weighted 
traffic noise. Based on the laboratory tests some of the modified wheels were selected for 
some additional field tests.  

 

6.3.1. CPX – Close proximity method 
A new set of measurements were carried out using the so called Close Proximity Test or 
quite simply the CPX-Method. The CPX-Method, described in [51], is also known as the 
trailer method.  The technique is faster, easier and more practical than the other methods as 
for example the by-pass method. The tyre being tested is mounted in a trailer shown in 
Figure 84. During the tests the tyre was rolling on a road surface while the noise level was 
recorded by microphones located near the tyre. The tyre and the microphones were 
mounted in this special trailer fitted with an enclosure in order to reduce background noise 
and noise from traffic and wind.  
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Fig. 84. Trailer used for the CPX method with the 
tested tyre in the rear axle. 

Fig. 85. Front and rear microphones 
positions. 

 

The trailer NOTRA [52] from the Laboratory of Automotive Engineering at Helsinki 
University of Technology shown in Figure 84 was used. The enclosure of the trailer was 
made of wood and aluminium and was suitable for measurements on standard roads. The 
trailer had a rear supporting axle which could be lifted up in order to adjust the position of 
the tested tyre. Thus, a wide range of different tyre sizes could be tested. The trailer back-
wheel axle was raised up while measurements were performed. The enclosure was 
equipped with two microphones, one in the front part of the tyre and one at the rear part as 
illustrated in Figure 85. These two microphones recorded the average noise level of the 
tested tyre. The microphones were connected to a signal analyser and to a computer placed 
in the car pulling the trailer. The tyre-road noise level was recorded by the microphones for 
each tested tyre. The A-weighted 1/3 octave band levels were recorded. 

The measurements were carried out while the trailer was towed along a certain stretch of 
public road for a few kilometers while the car was driven at a fixed and well controlled 
speed. Two road surfaces SMA16, stone mastic asphalt with 16 mm average chipping size 
were chosen. The difference between the surfaces is that one was a new surfacing just two 
weeks old and the other was two years old. Different road textures are useful in order to 
compare the results as function of the roughness of the road. The roads selected for the tests 
were part of the first ring near Helsinki in Finland. The measurements were performed on 
May the 9th  2005. The weather conditions were good and the road surfaces were dry. 
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The trailer’s speed was controlled by the cruise control of the towing vehicle. The speed of 
the tested wheel was measured with microwave radar. The measurements were carried out 
at 50, 80 and 100 km/h for both road surfaces. At these speeds the tyre-road noise was 
recorded during 15 seconds for both microphones and for each tested tyre.  

A high performance summer tyre “b”, Table 8 and Figure 86, and two modified wheels 
Type 2 and Type 5 but with the same tyre type “b” were tested in the trailer under the same 
conditions with respect to velocity and road surface. Type 5 modified wheel shown at the 
right in Figure 86 used aluminium foam pieces mounted on the rim. The total aluminium 
foam added was 0.0004 m3 and weighted 121 g. The Type 2 modified wheel had  sound 
absorbing wool on the interior surface of the tyre’s tread as shown in  Figure 86. The total 
added volume was 0.016 m3 and the added weight was 99 g. The internal pressure of the 
three tyres was 2 bar.  

Time averaged tyre-road noise levels for the standard and the modified wheels were 
obtained as functions of frequency at different speeds and for both road surfaces. 

 

 

Fig. 86. Tread pattern of the used tyres (left) and the modified wheels, Type 2(center) and 
Type 5. 

 

6.3.2. Front and rear microphones 
The CPX-method obtains the tyre-road noise by means of two microphones positioned near 
the tyre. There was one microphone in the front part and one in the rear part of the tyre.  

The level recorded by the microphones was increasing with the speed. For example, for the 
old road surface and for the front microphone, the A-weighted noise level was increased by 
7 dB when the velocity is increased from 50 to 80 km/h. From 80 to 100 km/h there was an 
increase of 3 dB. For the rear microphone the total noise level was increased slightly more 
than at the front position. 

As it is seen in Figure 87 for a standard tyre, the front microphone has a higher level than 
the rear one. This phenomenon is clearly observed below 1 kHz where the front 
microphone level is especially high at the peaks around 500 and 800 Hz. Hence, low 
frequency noise is dominant at the front part of the tyre. These low frequency components 
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at the front part of the tyre are related to the tread pattern impact mechanisms and the tyre 
vibrations induced by the road surface texture [8].  

The tread pattern generates high level tyre-road noise at the low frequencies. This tested 
tyre has a variable pitch tread with a periodicity around 39-52 mm that shows tonal 
components on the noise radiated around 450-550 Hz at 80 km/h and 550 to 700 Hz at 100 
km/h. The tread pattern has a synchronous randomisation with an offset of 20 mm. The 
segments on the right side of the tyre are mirror images of the segments of the left side as it 
can be seen in Figure 86, performing a one-directional tyre.  
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Fig. 87. Sound pressure level for both microphones for the standard tyre on the old road 
surface. 

 

It is also noted that the noise level recorded by the rear microphone was higher than the 
noise at the front microphone for frequencies between 1000 and 1600 Hz. These high 
frequency noise components were due to aerodynamic effects such as air pumping and pipe 
resonances, and possibly amplified by the “horn effect” phenomenon [53].  

At very high frequencies the noise level for both microphones are the same. 

 

6.3.3. Road surfaces 
The road tests were carried out on two different SMA16 surfaces. The stone mastic asphalt 
(SMA) is a monolithic, gap-graded material which has a high binder content and also a very 
high stone content. The surface is noted for its toughness and durability, properties that are 
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due to a combination of a stone skeleton and the composition of the mortar which partially 
fills the voids between aggregate particles. The mortar consists of crashed sand, bitumen 
and filler. A stabilising agent such as cellulose fiber is also added to the mortar in order to 
achieve the high binded content required for this surface [54]. 

The comparison between the road surfaces was made using a standard tyre, Type “b”. The 
sound pressures recorded by the front and rear microphones were averaged. The two week 
old surfacing is referred as new and the two year old one as old.  

 

  

Fig. 88. New road surface. Fig. 89. Old road surface. 

 

In Table 16 the measured noise levels are listed. The noise level of that high performance 
tyre is quite high for both surfaces and several speeds compared with the measurements 
reported in [54]. 

 

Table 16. Total averaged noise level in dB(A) for the standard tyre at 50, 80 and 100 km/h 
for both road surfaces. 

 

Surfacing 50 km/h 80 km/h 100 km/h 
New 96.0 102.6 106.6 
Old 98.1 104.3 107.1 

 

In Figure 90 one can observe that the tyre-road noise level is increasing with the speed. Of 
course, the rate of increasing will be related due to the type of tyre and road surface. For the 
old road surface is increasing around 6 dB from 50 to 80 km/h and around 3 dB from 80 to 
100 km/h. Similarly, for the new surfacing 6.5 dB from 50 to 80 km/h are increased and 4 
dB from 80 to 100 km/h. It seems that the tyre noise spectrum for the new road surface, 
more regularly textured than the old one, achieves more dependence in function of velocity. 
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A-weighted traffic noise is mainly determined by the noise levels in the 1 kHz and adjacent 
1/3 octave bands. This 1 kHz peak is also now as the multi-coincidence peak  [55]. The 
peak is even more pronounced if the A-weighting is applied. Around this frequency range 
the noise level is comparatively similar for both new and old road surfaces. Thus, one can 
say that both surfaces excite with similar influence the multi-coincidence peak. Hence, it 
also means that the tread pattern excitation is not a big cause of tonal component noise 
around the 1 kHz peak.  

The multi-coincidence peak is not due to a few tonal components, but a concentration of 
several tonal noise components, as it is observed in the narrow band spectra such as Figure 
92. 
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Fig. 90. Sound pressure level for the standard tyre for both surfaces. 

 

The multi-coincidence peak is present in all the spectra for all the speeds. Thus, it is of 
great significance to find the causes of this concentrating of noise around 1 kHz and the 
means of reducing this noise level. However the tyre companies have changed the tread 
pattern in order to avoid noise tonal components, it is said in [8] that a new spectral 
concentration has occurred in the modern tyres around that frequency range. 

The Stone Mastic Asphalt has 16 mm average chipping size that will give a strong 
excitation around 850 Hz at 50 km/h, 1400 Hz at 80 km/h and 1750 at 100 km/h. 

At very high frequencies the old road surface was approximately 3 dB noisier than the new 
surface. Furthermore, at low frequencies the old surfacing is also much noisier, and at very 
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low frequencies the tyre-road noise level is at least 5 dB more than on the new surface. 
Thus, in conclusion one can say that the old road surface is the noisiest.  

Hence, for the old road surface at 50 km/h the total noise level is 2 dB higher, at 80 km/h 
1.7 dB higher, and at 100 km/h 0.5 dB higher than for the new surfacing. One can say that 
at very high velocities the difference between the total noise level for both surfaces is small, 
but the noise spectra are much different at high and low frequencies. 

 

6.3.4. Modified wheels 
A high performance tyre was tested with the CPX-method. In addition, two modified 
wheels Type 2 and Type 5 were also tested.  

Measurements with all three wheels were carried out on both surfaces described above at 
50, 80 and 100 km/h. Each measurement was repeated at least twice and the duration of 
each measurement was 15 seconds. The many tests for the same type of wheel, surface and 
speed were averaged. The sound pressure level in narrow band spectrum and in 1/3 octave 
band were obtained for each test for the front and rear microphone. The total tyre-road 
noise level for each measurement was obtained averaging the signals from both 
microphones. 

The noise reduction obtained with the modified wheels was quite uniform with respect to 
the front and rear microphone positions. The tyre-noise level reduction in 1/3 octave bands 
for the front and rear microphones and the average of both are shown in Figure 91.  

As it can be observed in Figure 91 the reduction obtained is quite uniform in the entire 
frequency range. Adding sound absorbing materials inside the tyre, the noise level was 
decreased by at least 0.5 dB in the entire frequency range. The reduction is more notable 
around the multi-coincidence peak and at the tyre air cavity resonance.  

Tyre-road noise is concentrated at the multi-coincidence peak around 1 kHz.  In Table 17 
the maximum reduction obtained with the modified wheels around the multi-coincidence 
peak between the one third octave band of 800 and 1250 Hz is shown. 

 

Table 17. Maximum noise level reduction in dB for the standard tyre and the modified 
wheels at 50, 80 and 100 km/h for both road surfaces around the multi-coincidence peak. 

 

50 km/h 80 km/h 100 km/h Reduction (dB) White Alumin. White Alumin. White Alumin. 
New surfacing 1.30 0.70 0.60 0.15 0.60 0.40 
Old surfacing 0.80 0.90 1.20 0.95 0.75 1.10 

 

The modified wheels gave a better reduction on the old surfacing than on the new surface. 
However, the modified wheel with white acoustic wool obtains good reduction also in the 
new road surface. Both modified wheels achieves up to 1-1.5 dB reduction at the multi-
coincidence peak. The reduction is more or less independent of speed. 
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Fig. 91. Noise level for the standard tyre and the modified wheels on the new surfacing at 
50 km/h for the front mic. (above left), rear mic. (above right), and  the both averaged 
(bottom). 

 

Again in [55], some methods for the reduction of the multi-coincidence peak are discussed. 
Some new porous road surfaces can reduce this peak. However, these surfaces shift the 
peak from 1 kHz to 600-800 Hz due to their absorption characteristics. Furthermore, other 
solutions are exposed such as a softer tyre-road contact with softer tyre tread as well as 
softer road surface, or as increasing the belt stiffness, or as decreasing contact stiffness. 
Recently in [56], a very good total tyre-road noise level reduction has been obtained with a 
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new porous elastic road surface. A porous elastic road surface combines high porosity with 
high elasticity due to the wearing course is made essentially of rubber granules bound 
together with a binder and with a selection of particle sizes. During the seventies, these 
surfaces were already studied and patented [26]. However, serious problems with these 
surfaces have still not been solved such as the adhesion to the base layer. Even some 
improvements should be done in the curing and laying time of these surfaces. 

Furthermore, the normal incident sound absorption coefficient of a porous elastic road 
surface is not sufficiently good at frequencies below 315 Hz [57]. The acoustical properties 
of the porous road pavements do not influence the horn effect below 300 Hz where the 
resonance effects of the air cavity are significant [58]. 

In [59] a study is reported on low noise road surfaces in Hong Kong. The performances of 
the friction course and the absorption characteristics have a service life less than 5 years. 
The frequent maintenance of the roads would be costly and cause significant disturbances 
to the users and neighbours.  

It has also been studied how the low noise effects of these roads are affected by time, traffic 
conditions and weather characteristics in Finland. For example, a standard road surface will 
be 2-3 dB(A) noisier per year during the first years [52].  

Even a porous tread tyre has been recently performed in [60]. The total noise emission is 
exceptionally low. However, the porous tyre was noisier at lower frequencies below 500 
Hz, where the air cavity resonance is produced, due to the uneven and inhomogeneous tread 
surface. Its rolling resistance was good, thought its wet skid resistance was lower than a 
conventional tyre. 

Narrow band analyses of the noise levels generated by the standard tyre and the modified 
wheels are shown in Figure 92. The levels were recorded at 100 km/h. Particularly at 100 
km/h the standard tyre noise spectra present a sequence of resonances around the multi-
coincidence peak between 800 and 1100 Hz as it can be seen at Figure 92. Adding some 
sound absorbing material inside the tyre, these resonance peaks are reduced. Thus, it means 
that most of the resonances provoked by the road excitation are reduced by the modified 
wheels. The sequence of these peaks is separated by 14 Hz from each other. The distance 
between peaks is already discussed in previous chapters. The distance between two 
consecutives peaks depends on the speed of the vehicle and the external radius of the tyre 
air cavity. The sequence of the peaks is due to the rotation of the tyre [61].  

Moreover, the tyre air cavity resonance at around 250 Hz is evident in the narrow band 
analyses shown in Fig. 92. 

Low frequency tyre-road noise is discussed in [62]. Two tyre-road noise spectra are 
compared and analysed by the subjective reaction of listeners. The first spectrum has much 
more low frequency energy below 300 Hz than the second one. Although both of them have 
the same total dB(A) level. The first spectrum is classified by the listeners as the most noisy 
of the two. Hence, it is important to reduce the noise level at the low frequencies. 
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Fig. 92. Sound pressure level for the standard tyre and modified wheels on the new road 
surface for the averaged microphones at 100 km/h. 

 

With Type 2 modified wheel one can obtain a reduction up to 5 dB at the tonal component 
and around 2 dB with the Type 5 modified wheel. In the analysis in one third octave band 
tyre-road noise spectra, a reduction up to 1.5 dB with the Type 2 modified wheel, and up to 
0.5 dB with the Type 5 was obtained in the 250 Hz frequency band. The reduction obtained 
was independent of road surface and velocity. 

Totally, a modified wheel with some white acoustic wool on the interior surface of the tyre 
can give a 1 dB reduction. Similar results were reported in [13]. Studies also during the 
seventies with the tyre air cavity filled completely with rubber are discussed in [26], and 
previously in [27]. This filling will be more expensive and it will increase the wheel mass. 
Furthermore, this solution will have some speed and temperature limitation. 

The other modified wheel with the aluminium foam pieces can reduce the total tyre-road 
noise level by 0.5 dB. However, the reduction in dB(A) is not so much due to the A-
weighting does not take into account the low frequency components of the noise radiated. 



 111

80

85

90

95

100

0 400 800 1200 1600

Frequency (Hz)

Lp
 (d

B
)

 

Fig. 93. Noise level for the standard tyre___ and Type 2 modified wheel -----, and the 
Type 5 ...... on the old road surface for the front microphone at 80 km/h. 

 

The total reduction is better at low than at high velocities. The noise reduction in front of 
the wheel is slightly better than behind the wheel. There is not a big difference in total 
reduction between the road surfaces. 

 

6.3.5. Discussion 
The CPX method let us obtain the tyre-road noise spectra in the near field due to the 
position of the microphones. The measurements results can be extrapolated to the far field 
since the CPX method is related with the CB coast-by method. Receptors like pedestrians 
and people living near traffic experience noise in the far field. The CB method is the closest 
to real life noise exposure levels. The coast-by method consists of a vehicle with the tested 
tyres running with the transmission disengaged and the engine switched off. The maximum 
A-weighted noise level is recorded by a microphone at 7.5 m away from the center part of 
the track and 1.2 m above the road surface. The correlation between the CPX and the CB 
methods is very good. The noise levels between both methods differ by 22 dB(A) [63]. 
Thus, with the CPX noise level values, one can obtain the maximum A-weighted level in 
the coast-by method by subtracting 22 dB(A). But, this difference is not independent of 
frequency. It seems that at 250 Hz the trailer method is underestimating the tyre-road noise 
level [64]. Furthermore, the CPX method typically underestimates the high frequency 
levels by 5 dB.  

The reduction of 1 dB is achieved with the modified wheels as it discussed above. It seems 
a marginal improvement, but for obtaining an effective reduction in tyre-road noise, a 
group of these small improvements must be obtained. In particular, this reduction is 
equivalent to a reduction of traffic flow by around 33%. In [8] it is explained that a “low 
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noise road surface” is expected to give a noise reduction of 3 dB as compared to a standard 
surface. In other words, equivalent to traffic flow reduction of 50%. 

The modified wheels provide a reduction of tonal components of the noise spectra, even in 
the low frequency range where the low noise road surfaces are not working properly in 
noise reduction. Furthermore, this is a good improvement due to the fact that low frequency 
tonal noise components are also easily transmitted through the facades and windows of 
buildings. The sound transmission loss of windows of ordinary houses is very low in that 
frequency range [65]. 

The addition of some sound absorbing materials inside the air cavity of the tyres could be 
used in a combination of the run-flat tyres technology. Again, some 20 years ago [27], tyres 
filled with polyurethane were tested for noise reduction. In [8], a filled tyre with 
polyurethane was also tested, but the reduction obtained was not uniform in all frequency 
range, and even in some frequencies the noise level was increased. However, a good 
reduction of the total noise level was achieved. The run-flat tyres and the tyres filled with 
polyurethane are much heavier than a standard tyre. This makes an increase of fuel 
consumption. In [66] is discussed that the four tyres plus the spare one have an equivalent 
mass of approximately 8 % of the entire car. An increase of the wheel mass such as the run-
flat tyres and the tyres filled with polyurethane will again increase the car’s fuel 
consumption with a few percentage. The modified wheels presented here have a really 
small added weight in wheels and no influence with the fuel consumption of the car. 

The laboratory tests gave much better results than field measurements. The different 
excitation of the tyre-road contact could influence the noise radiated from the tyres. 
Obviously, the contact patch would be the main cause of the disagreement between the 
noise reduction on the static tyre and the field measurements. The noise reduction is greater 
for the static tyre measurements than the corresponding results during the field 
measurements due to the road surface derivate effects are not taken into account. The 
aerodynamic noise radiation phenomena such as pipe resonances, air pumped out, air 
“sucked in” and the amplification by the horn effect are not included in the static tyre case. 
Even some noise vibration-related mechanisms are not either taking into account in the 
static case such as tangential vibrations of the tread or the adhesion “stick-snap” [8]. 
Furthermore, probably more coherent results would be obtained in field measurements if 
the position of the microphones would be perpendicular in front of the sidewall instead of 
being at 45 degrees at the leading and trailing edges of the tyre. 
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Measurements on a passenger car have shown that a strong acoustic field is generated 
between the floor of a travelling car and the road surface. The noise is not only radiated to 
the exterior field, it is also transmitted to the interior of the vehicle. It is shown here 
through measurements with sound absorbing material placed beneath the car that the 
exterior acoustic field and the transmission of noise to the inside of the car could be 
reduced. 

 

7.1. Background 
Measurements were carried out using a standard passenger car travelling at different 
speeds. The results of the sound pressure levels of the noise emitted by the car were 
obtained using an acoustic array or an acoustic camera [67]. The noise was measured with 
96 microphones positioned in a special grid as shown in Figure 94. The resulting sound 
photographs calibrate the source strength levels with good accuracy and provide spatial 
information of the source strength distribution.  

The system was provided by Nordborg Acoustics AB. Ninety-six microphones were used. 
All the signals received from the microphones were combined with the sum-and-delay 
principle taking into account the position of each microphone and the velocity of the 
passing vehicle. In this way, from all this signal information an acoustic image could be 
obtained. The image defines the acoustic field with different colours indicating the intensity 
of the source. The image corresponds to an area 7.5 m in length and 2.5 m in height. Apart 
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from the acoustic images provided, the sound pressure level spectra in one third octave 
bands were also obtained. 

 

 

Fig. 94. Grid with the microphones and cables. 

 

The grid with all the microphones was situated at 5 metres from the nearest tyres of the 
passing car. The sound pressure level was recorded during 30 meter passage of the car. The 
velocity of the vehicle was measured by an optical pistol which gives a speed precision of 
±1.5 km/h. 

The measurements were carried out in an unused airfield near Stockholm in April 2004. 
The track was straight and wide. There was no interfering traffic. The asphalt test surface 
was very smooth. The tyres were not so much excited by the roughness of the road. This 
was a drawback. The car had summer tyres type “b”, described in Section 5. The 
measurements were carried with the car travelling at 55 and 90 km/h using different gears. 

The acoustic images are a powerful tool for showing the different acoustic fields and noise 
sources of the car running on a real road. The images show that the noise from the car is 
mainly due to the tyre-road contact. Other noise sources can also be detected. 

The results of some measurements [37] are shown in Figure 95. At low frequencies a strong 
acoustic field appears beneath the floor of the car. It is especially strong around the 250 Hz 
one third octave band. The most important sources in this case are the tyres, the exhaust 
system, and the engine. Again in [68] it is discussed that the equivalent noise source of a 
running car, at constant speed, has been located very close to the pavement surface.  

Interior noise was also measured simultaneously as discussed below. 
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Fig. 95. Sound images for a passenger car at 250 Hz one third octave band running at 55 
km/h in 3rd gear (a), 55 km/h in 4th gear (b), 90 km/h in 4th gear (c) and 90 km/h in 5th 
gear (d). 

 

7.2. Physical model 
A solution for reducing the sound field beneath the car could be the addition of some sound 
absorbing material under the bottom of the car as shown in Figure 96. A preliminary study 
was carried using a simple test set-up in the laboratory at MWL, KTH. The set-up consisted 
of a rectangular chipboard panel simulating the bottom of the car. Four loudspeakers were 
used to generate the acoustics from the wheel-road contact. The test set-up was mounted in 
a semi-anechoic room. The rectangular plate made of wood had the standard dimensions of 
a car’s floor. It was 1.80 m wide and 4.8 m long. The plate was suspended from the ceiling 
with chains. The space left between the floor of the room and the wood plate was 
approximately 0.23 m. 

The four loudspeakers were placed on the floor and positioned 1.4 metres to both sides 
from the center line of the plate. The wheelbase, or in other words the distance between 
wheels, of a standard car would be around 2.8 metres. The loudspeakers generated random 
noise up to 5 kHz. The membrane of the loudspeakers was parallel to the surface of the 
plate for the results shown below. Also, experiments were repeated with the membrane of 
the loudspeakers at 45 degrees to the floor. The orientation of the loudspeaker had no 
significant effect on the results. 

The sound pressure level was measured in four different positions. The height of the 
measured positions “1”, “2” and “3” was set at 0.11 m above the floor. There were three 
microphones “1”, “2” and “4” at the center line of the plate as shown in Figure 97. 
Microphone “1” was at the center of the plate, and microphone “2” was at 3 metres from 
the side of the car’s floor. The microphone “3” was located next to the microphone “2” but 

(a) (b) 

(c) (d) 
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in front of the loudspeakers. Microphone “4” was at the same position of microphone “2” 
but at height 1.2 metres. 

 

 

Road 

Car’s floor 

Tyre

1

2 3
 

Fig. 96. Model of the sound field between the 
floor of the car and the road surface. 

Fig. 97. Optimisation of the location of 
the sound absorbing material. 

 

The noise levels at the microphone positions can be reduced by adding some sound 
absorbing material beneath the plate. The sound reduction at the four microphone positions 
was measured as function of the area covered by the material, the total amount of material 
and its location. 

 

  

Fig. 98. Proposed physical model with 
added absorbent under the plate. 

Fig. 99. Physical model with the second 
sound absorbing configuration. 

 

The measurements were first carried out using the untreated plate. Next, the plate was 
totally covered by a sound absorbing material as shown in Figure 98. The total volume of 

/4 
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the absorbent, density 45 kg/ m3, was 0.35 m3 .The total added mass of the sound absorbing 
material was 15.5 kg. 

A second configuration, see Figure 99, was also tested.  The total volume of the absorbent 
was reduced to 0.13 m3 and the added mass was only 6 kg. Four pieces were placed near 
the simulated wheel areas and one piece in the middle of the plate. Each piece was 
1.17x0.56x0.04 m3. 

The resulting sound pressure levels were measured for the three configurations. The power 
in-put to the loudspeakers was constant during the measurements. The results, 1/3 dB 
analysis, are shown in Figure 100. The pressure level at microphone “1” below the plate is 
much higher than the rest of microphones. This again confirms and indicates that a strong 
acoustic field is induced beneath the floor of a car.  

The sound pressure level measured at positions “2”, “3” and “4” by the side of the plate 
show instead very similar results. Comparing positions “2” and “3”, one can say that the 
noise radiated from beneath the car does not much change along the side of the car. If one 
compares the noise in positions “2” and “4”, it is observed that the behaviour is again 
similar though the height of the measurement points is different. It is observed that the 
noise level from 2 kHz to 5 kHz is higher for microphone “4” than for microphone “2”.  

The totally covered surface of the plate is in the following graphs referred to as total abs. 
The second sound absorbing configuration, Figure 99, is referred to as abs.2. 

Microphone “1” obviously obtains the best noise reduction results due to the proximity of 
the measuring position to the absorbing solution. One can say than the effect of the sound 
absorption in the proximity area beneath the floor of a car is high. From microphones “2” 
through “4” better noise reduction results are obtained especially from 1 to 3 kHz for both 
sound absorbing configurations. Moreover, microphone “4” at height 1.2 m obtains a good 
reduction for both types of absorbents up to 5 kHz. A 5 dB reduction in that frequency 
range is obtained at position “4” for both absorbing configurations. 
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Fig. 100. Sound pressure level in the physical model with both absorbing configurations 
at positions “1”, “3” and “4”. SPL for all mics. for the hard plate (1st graph).  

 

As shown in Figure 100 both sound absorbing configurations work well. A good noise 
reduction is obtained throughout the frequency range. Hence, the amount of material could 
be much reduced as indicated by the results using the second configuration. In the second 
configuration only 37% of the initial sound absorbing material was used, still the same 
noise reductions was obtained. Nevertheless, the totally covered plate configuration works 
better below 1 kHz. It indicates that for eliminating low frequency noise the area covered is 
of importance.  
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Fig. 101. SPL radiated from a car at 80 km/h, and the reduction which it could be 
obtained adding some absorbent beneath the car. 
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As an example, the absorption in position “4” could be used as the noise reduction of the 
proposed model when sound absorbing material under the plate was added. The absorption 
achieved will be the difference of sound pressure level with and without absorbent under 
the plate. Actually, the same absorption with the plate totally covered with absorbent could 
be obtained in a real case if some sound absorbent material would be added under the floor 
of a car. For this reason, the absorption obtained in the model at position “4” is applied to 
the noise radiated curve for a running car at 80 km/h. The sound pressure level of the car 
without modification is shown as a solid curve in Figure 101. The noise reduced curve, 
dashed in Figure 101, would be obtained if one applies absorbent beneath the floor of the 
car with a similar absorption as the proposed model. This example indicates the potential of 
the model which would obtain very good results in reduction of noise radiated to the 
exterior. 

Some other materials as the aluminium foams used in Type 5 modified wheel could be 
again tested. Such materials as metallic foams would perform well in this case. These have 
good properties in order to resist with stable state at high temperatures, adverse weather 
conditions, and adverse road conditions such as dust. Of course, these foams should be used 
in such cases in their best acoustic characteristics in order to reduce the problematic noise 
field under the car. Again, the metallic foams would be a good suggestion for this 
application due to their multi-functionality. The metallic foams would work well from an 
acoustic point of view. The foam could also be a part of the supporting structure of the car 
and also function as crash energy absorbers. 

 

7.3. Finite element simulation 
This section instead describes a finite element model which may be used to simulate the 
influence of sound absorption on the acoustic field below the floor of the car. A model 
formulation for the two-dimensional Helmholtz equation in a half-plane is developed to 
calculate sound propagation and radiation out from underneath a flat-body of rectangular 
cross-section and arbitrary surface impedance onto surrounding flat rigid ground. 
Specifically, the case considered is that of propagation from two mono-frequency coherent 
line sources on the ground underneath the scattering body which is assumed to be straight 
and infinitely long with cross-section and surface treatment that does not vary along its 
length. The impedance is allowed to vary around the body in the plane perpendicular to the 
line source so that it is possible to model, for example, absorbent material beneath a car 
body. The plate body which is infinitely stiff and totally reflecting is located 20 cm above a 
totally reflecting infinite and flat surface simulating a road surface. The two sources 
simulate the noise radiated from the tyre-road contact. In this model the sound field beneath 
the car may be studied in some detail. 

 

7.3.1. Finite element method 
A uniform regular mesh in the domain of the problem is considered in this subsection 
solely. The adjacent elements either shared a vertex or a common edge. The finite element 
technique may be found in [69] but is described here briefly for completeness. Basically, 
the finite element method consists of the triangulation of the original fluid domain, say Ω , 
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where the union of all the finite elements, triangles iτ , equal the initial domain. That is to 
say, the finite elements construct an exact partition of the domain. Hence, any function, u 
here, calculated in the entire domain, is equal to the summation of these functions applied 
for each of the triangles. 

Each of the finite elements is mapped from master elements by a transform of variables in 
the physical domain, as shown in Figure 102. 

 

( ), ( , )x y Q ξ η=         (57) 

 

where ξ  and η  are defined on a master triangle as 0 1ξ≤ ≤ , 0 η ξ≤ ≤ .  

The trial functions u were then approximated in local coordinates ξ , η  by the linear 
combination 

 

( ) ( )
( )

1
, ,

n p

h i i
i

u a Nξ η ξ η
=

= ∑        (58) 

 

where the ia  are unknown complex coefficients and iN  are polynomials of maximal degree 
p. Each of coefficients ia  corresponds to a degree of freedom of the element iτ . The 
functions iN  are called shape functions. For fixed degree of approximation p, the choice of 
polynomial shape functions does not influence the quality of the approximation. The 
mapping Q transforms the elemental shape functions into element-level basis functions for 
approximation in global coordinates. The quality of the finite element approximation 
depends on the mesh design as the size and shape of the elements, the degree of 
approximation inside the elements, and also the choice of transform Q. In this case the 
degree of approximation was taken to fourth order, 4p = . 

On each element the local stiffness and mass matrices were computed. On the global level, 
an approximate solution which is continuous across element junctions was computed. The 
global stiffness matrix was obtained by summing up the contributions of local stiffness 
matrices for all elements that contained the vertex or edge under consideration.  

The finite element analysis was carried out with the software FEMLAB 3.0© [70]. The 
frequency domain formulation becomes the reduced Helmholtz equation 
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       (59) 
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where ω  is angular frequency, 0ρ is the fluid density, sc  is the speed of sound, and q term 
is an acoustic dipole source with the same units as an acceleration, taking the value zero in 
the application here. The term is included in equation (59) as FEMLAB 3.0© requires a 
value for q. 

 

Fig. 102. Triangular and squared 
element in a domain. 

Fig. 103. Mesh and sub-domains in the 
proposed finite element model. There are 5731 
elements and 45954 DOFs.  

 

Different boundary conditions may be applied here. For example, for sound hard 

boundaries as walls, 0p
n
∂

=
∂

 was applied on the car body model, Fig. 96. Also, a radiation 

boundary condition may be applied in other boundaries. The radiation boundary condition 
is useful when the surroundings are merely a continuation of the near-field domain. For 
simplicity, we show the formulation in three dimensions. Hence assuming spherical 
radiation, the radiating condition takes the form below: 

 

( ) ( ) ( )( ) ( )
0

0 0 0 0

1
i k rik R r i k n p eR rikn p p

ρ ρ ρ ρ

− ⋅+ − ⋅  
− ⋅ − ∇ + + =       

  (60) 

 

The term on the right-hand side represents an incoming pressure wave with amplitude  0p  
and direction given by the vector k. By defining source location ( )0 0 0 0, ,r x y z= , the 

radiation condition is correct for a spherical wave when ( ) 1R r r= , where r is the radius 
from the source to the boundary. The default for vector k is the inward normal vector – n , 
which is the natural direction for waveguides and similar structures. 
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The two sources were modelled in FEMLAB© by assuming a constant velocity over a 
small strip boundary. Unit value for velocity was given over a 0.1 m strip length. This is 
given the term “velocity line source” in the proceeding sections.  The velocity line sources 
are located at (0.1,0) and (1.6,0). 

 

7.3.2. Radiating finite element and element mesh 
A new boundary, defined by the semi-ellipse aΓ  was introduced in the far-field as shown in 
Figure 104. This artificial boundary transforms the original infinite domain to a finite 
domain. The exterior was decomposed into a near field and a far field by the introduction of 
the artificial boundary, aΓ . The semi-ellipse covered the plate and the sound field beneath 
it. All the behaviour and characteristics of the boundaries Γ  were known a priori. The 
pavement, road and ground surface and the plate are given by the boundaries Γ . In [69] the 
new boundary conditions are discussed in detail, such that 

 

 p ik p
n

β∂
=

∂
   on Γ    where  0β =  is rigid 

        0β ≠  is absorbent Re 0β > . 

p G p
n
∂

= ⋅
∂

   on aΓ   where G is an unknown operator.  

           (61) 

 

Fig. 104. Proposed model of the sound 
field beneath the car in finite elements. 
Note the diagram shows a polygonal 
boundary. The real boundary is close to 
semi-ellipse. 

Fig. 105. Simplified proposed model of the 
sound field beneath the car and its 
surroundings at 100 Hz. 

Γ  

aΓ

aΩ
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A first step for solving the problem consists of meshing the domain. Two parameters were 
left to be chosen: the radius R of the artificial boundary and the mesh parameter h, which is 
the diameter of the largest element. The latter was hard to control directly, and therefore in 
addition to R, the number of elements eN  was chosen. Then, h was computed from R and 

eN . In order to obtain a minimal error, the radius R must be increased and the length h 
decreased at the same time [71]. The elements gradually increase in length by increasing 
the distances from the sources as Figure 103 shows. As seen, the left part of the model has a 
more precise mesh due to the selected positions of the simulated sound pressure levels 
located there. The vertical lines in Figure 103 are interfaces between mesh regions. As 
mentioned previously, the artificial boundary is a semi-ellipse which encloses the problem 
to be simulated. The semi-major axis was around 21.0 m and the semi-minor axis was 1.5 
m. The computational time with the mesh shown was around one hour for at frequency 
range from 100 Hz to 5 kHz with a standard computer machine. The frequency step was 10 
Hz and the number of elements was chosen to be 5731eN = . 

 

7.3.3. Preliminary results  
This proposed model could be used for simulating the effect of a sound absorbing material 
under the vehicle. 

A semi-ellipse aΓ  was introduced in the far field. The radiation boundary condition was set 
on the semi-ellipse because it was a continuation of the fluid domain. All the domain inside 
the semi-ellipse aΩ  was air with 0ρ  and 0c  as density and sound speed parameters 
respectively. The plate in the following examples was 1.8 m wide. As mentioned above the 
two tyres were shown laterally as a two velocity line sources with a radiation boundary 
condition for cylindrical waves.  

A simple calculation was carried out for a desired frequency. The result for 100 Hz is 
shown in Figure 105. As stated above, there are 45954 degrees of freedom (DOFs) and the 
computational time was around one minute CPU time. It is clearly seen the acoustic field 
below the floor of the car. The surface plotting indicates the acoustic pressure. Sound 
power is radiated to the side parts underneath the car where the sound field beneath the 
plate behaves like a finite length duct allowing plane waves to propagate. 

The acoustics in an impedance tube have been described in [31]. It is discussed that the 
plane waves propagate for an impedance tube up to a frequency limit uf . This upper 
frequency limit has been calculated, in this case, as 0 /(2 ) 857.5uf c d< = Hz, where d was 
the supposed diameter of the tube, that in our case is the width of the space beneath the 
floor of the car.  

For simplicity, a zoom only of the central part of the proposed model is shown in Figures 
106 and 107. The results confirm that the sound field beneath the car behaves as a duct. In 
Figure 106, the contour of the acoustic pressure waves is plotted and it is observed that 
plane waves propagate between the two point sources at 760 Hz, below the upper limit 
frequency uf . Instead, the contour of the acoustic pressure waves is plotted just above the 
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upper limit frequency at Figure 107 which shows a change in the plane wave propagation 
aspect. 

 

Fig. 106. Sound field beneath the car at 
760 Hz. 

Fig. 107. Sound field beneath the car at 860 
Hz.  

 

One may say that the sound field beneath the car could be physically modelled with an 
impedance tube, with unknown radiation impedance at the ends. Also, the reduction of the 
sound field beneath the car could be studied with the same physical model adding some 
sound absorbing materials along the upper side of the tube. For this reason, it is of 
importance to study the acoustic properties of the materials including grazing incidence into 
the model. 

Setting new sound absorbing materials in the plate would let the author estimate which kind 
of reduction could be obtained versus a hard acoustic plate for a desired frequency range. 

 

7.3.4. Comparison between measured and predicted results 
The results from the FEM calculation were compared to the measured results described in 
Section 7.2. Only measurements with the acoustically untreated plate were considered. The 
mesh used is shown in Figure 103. The plate was 1.8 m wide and infinitely long. The plate 
is rigid and as such is modeled as acoustically hard. The configuration is shown in Figure 
108. 
Figure 109 shows the measured and predicted differences between the sound pressure 
levels in the microphone positions “1” and “4”. 
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Fig. 108. Sketch of the front view of the 
finite element method. 

Figure 110 shows the difference between 
the positions “1” and “2”. Calculations 
were also carried using a standard BEM 
technique [72]. These results are also given 
in Figures 109 and 110. The BEM as well 
as the FEM calculation agrees with the 
measurements. The results indicate that a 
FEM model could be used to predict the 
effect of a sound absorbing material 
underneath a car once the acoustic 
parameters of the material are known. 
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Fig. 109. SPL difference between 
position “1” and “4”. FEM results are 
plotted in dashed-line. 

Fig. 110. SPL difference between position 
“1” and “2”. 

 

Furthermore, the mesh was also validated against the same physical model but without the 
plate. In other words, the semi-ellipse model with a cylindrical wave velocity line source at 
the rigid ground of the model was compared with the theory of a point source radiator. The 
exact solution for a unitary two-dimensional point source radiator is 

 

( ) ( ) ( )1 1
0 0, ( ) ( ')

4 4
i ip x y H kr H kr= − −       (62)  

 

4 

2 1 

1.8 m 



 126

where ( ) ( )2 2
0 0r x x y y= − + −  is the distance between the source ( )0 0,x y  and the 

receiver, and ( ) ( )2 2
0 0r x x y y′ = − + +  is the distance between the image source and the 

receiver. 

It is not possible to compare the exact solution with the finite element solution as the 
sources are very much different. However the nature of the acoustic pressure obtained in 
the finite element model was compared to the theoretical approach in equation (62). The 
pressure in a line section of constant height at 1.2 m was considered. The real and 
imaginary parts of the pressure were compared to the theoretical solution. The simulated 
acoustic pressure followed the sinusoidal curve predicted by the theoretical approach of a 
point source radiator. Again, it is confirmed that the finite element model could be used for 
calculating relative sound pressure reduction between different positions or between 
different configurations of the floor of a car for a fixed position.  

Nevertheless, the mesh could present problems at very low frequencies due to the acoustic 
wavelengths would be larger than the radius R of the artificial boundary. At very high 
frequencies, the acoustic wavelengths would be much smaller than the size of the finite 
elements iτ  leading to problems too. 

  

7.4. Field measurements 
Field measurements were carried out in order to study the influence of an added sound 
absorption on the sound field beneath the bottom of the car. The measurements were 
carried out in a standard passenger car at 45 and 90 km/h at different gears. The car was 
equipped with summer tyres “b”, see Section 5. The measurements were carried out in an 
unused airfield near Stockholm in April 2004. The surfacing of the airfield was very 
smooth; thus the tyres were not much excited by the roughness of the road.  

 

 

Fig. 111. Field measurement done with sound absorbing material under the car’s floor. 
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The sound pressure level was measured during a passage of 30 m while the car was passing 
a microphone array as discussed in Section 7.1.  

The acoustic wool used beneath the car had a density of 30 kg/m3. The absorbent panels, as 
observed in Figure 111, were placed very roughly under the floor of the car immediately 
behind the front wheels. The dimensions of the absorbent were approximately 0.9x1.4x0.09 
m. 

  

Fig. 112. Sound power spectra noise radiated from a passenger car with and without 
absorbent beneath the floor at 55 km/h in 3rd gear (left) and at 90 km/h in 5th gear. 

 

The radiated noise from the car in one third octave bands is plotted in the figures above for 
two different speeds. It is shown that adding sound absorbency beneath the car, the sound 
field radiated is lower especially in the low frequency range. The reduction seems to be 
independent of the speed of the car and the gear used. The reduction obtained could be 
larger if the experiment was carried out in a more precise way. Mounting the absorbent to a 
standard car was difficult. Certain discontinuities between the car body and the absorbent 
even generated some noise. The mounting of the absorbent could be improved. However, 
this rough test indicates again the potential of reducing noise from car traffic. 

Measurements of the interior noise were also carried out. The procedure is described in 
Section 5. Almost 5 dB reduction is obtained at the frequency range of the tyre air cavity 
resonance around 250 Hz. It is also observed that there is absorption of the noise 
transmitted inside the car even at the high frequency range up to 3 kHz. 

A very rough test has been performed. It is not the best approach taken into account the 
aerodynamically effects, but it is demonstrated that the sound absorption is much improved 
adding a sound absorbing material beneath the car. Good results are obtained with respect 
to both exterior and interior noise. 
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Fig. 113. SPL recorded at the left earphone of a dummy sat in the co-driver position of a 
passenger car at 55 and 90 km/h with and without absorbent beneath the car.  

 

Velocity levels recorded of the floor of the car were reduced significantly by adding sound 
absorption underneath the car as shown in Figure 114. 
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Fig. 114. Acceleration levels recorded at the right front seat accelerometer placed on the 
floor of a passenger car at 90 km/h with and without absorbent beneath the car. 
 

7.5. Discussion 
Traffic noise is mainly determined by contact forces between tyres and road surface at 
vehicle velocities exceeding 45 km/h. A common goal in Sweden and the EU is the 
reduction of indoor noise caused by road traffic. This means that traffic noise must be 
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reduced in the frequency range below 1 kHz or rather in the frequency range where the 
sound transmission loss of windows and facades are rather poor. A standard method to 
reduce traffic noise is the mounting of noise barriers along the main roads. In Europe and in 
particular in the Netherlands road surfaces with sound absorbing properties have been 
tested and successfully implemented. However it is often stated that these types of 
alternative road surfaces are not well suited for the Swedish climate. Due to safety aspects 
the construction of the tyre itself can not be drastically changed to reduce noise radiation. 
According to existing EU plans [73] traffic noise should be reduced by 19 dB before 2010. 

By-pass field measurements were carried out on cars. The results show that a strong 
acoustic field is induced between the bottom structure of the car and the road surface. This 
indicates that a mounting of a sound absorbing material at the bottom structure of the car 
would reduce this acoustic field and thus also the noise radiated by the car. The 
optimisation of sound absorbing material mounted below passenger cars is presented in a 
simple physical model. The type of material, position and volume are considered. 
Verification on the strong acoustic field produced beneath the car by means of laboratory 
measurements and finite element simulations are carried out. Furthermore, preliminary field 
measurements with added absorbent beneath the car are presented. 
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This chapter includes the measurement and modelling of the mechanical and sound 
absorbing properties of various types of aluminium foam. Al-foam samples of different 
densities, thicknesses and diverse size of pores were tested. 

The bending stiffness measurement was carried out for aluminium foam beams and an 
equivalent model was found in order to characterize some mechanical properties of the 
material. Furthermore, a set of diverse techniques were used in order to determine the 
sound absorption properties of aluminium foam samples. 

The Al-foam samples were tested with the covering skin at the surface which creates a 
typical configuration of closed cell material, and hence the sound absorption is not very 
good. In order to improve the sound absorption, the samples were also tested without this 
skin resulting in the aluminium foam having opened cells just at the surface. Finally, the 
cells were interconnected by creating holes between the adjacent pores. A comparison of 
the three different cases for the diverse properties was carried out. 

 

8.1. Background 
It has been shown that interior noise in cars can be reduced by mounting sound absorbing 
material inside tyres to reduce the stiffness of the tyres at the resonances of the air cavity 
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inside the tyres. Measurements on stationary tyres reveal that also the external noise 
radiated can be reduced by mounting some sound absorbing materials inside the tyres. 
These results have been confirmed by field tests. For maintenance reasons aluminium foam 
is proposed as the sound absorbing material. This requires that the sound absorbing and 
mechanical properties of the material must be determined. 

Field measurements on moving cars using acoustic arrays showed that there was a very 
strong acoustic field between the road surface and the bottom of the car. The acoustic field 
and thus the external noise from cars could be reduced by applying a sound absorbing 
material like aluminium foam underneath the car. This again requires the sound absorbing 
and mechanical properties of the material. 

The aluminium foam is a good candidate for automotive applications due to its good sound 
absorption in combination with low weight and high mechanical strength. Moreover, the 
aluminium foams have nice fire retardance, low moisture absorption and a high impact 
energy absorption capability. 

This chapter includes the measurement and modelling of the mechanical and sound 
absorbing properties of various types of Al-foam. 

 

8.2. Mechanical properties 

8.2.1. Measurement results 
Several aluminium foam beams were tested. Each beam had a different porosity, thickness 
and size of the pores. The diversity of properties makes that each beam will have a specific 
shear and Young’s moduli. In order to characterise the beams and their mechanical 
behaviour, a basic measurement of the mechanical properties of each beam is required. 
Measurements on bending stiffness for each aluminium foam beam were carried out.  

First of all, the dimensions were measured and each beam was also weighted. In that way 
the total density of the beam could be achieved. The porosity was obtained comparing the 
density with the one of pure aluminium 32800 /Al kg mρ = . 

The measurements on the bending stiffness were carried out in the laboratory in the 
acoustic department at the University of Ferrara in Italy. The beam was suspended by two 
light strings to simulate the free-free boundary conditions. An accelerometer was placed at 
one end of a lateral side. The accelerometer was fastened to the beam with wax at the center 
of the beam’s width as shown in Figure 116. Such a position let us neglect the torsion 
modes induced by an off-centre excitation of the beam. A hammer with a rubber tip was 
used for exciting the beam. The rubber tip excited the low frequency range region. 
Furthermore, the measurements were repeated with the same hammer but with a steel tip to 
show that previous results at high frequency range were reliable. Good agreement was 
found between the two sets of measurements. The response of the accelerometer and 
hammer were analysed by a standard signal analyser. The signals were previously 
amplified as shown in the measurement setup in Figure 115. 
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Table 18. Properties for the aluminium foam beams. 

 

Beams L (m) Width 
(m) H (m) Weight 

(kg) 
ym  

(kg/m2) 
ρ 

(kg/m3) 
Porosity 

(%) 
I 1.20 0.11 0.0416 0.648 4.91 118.01 96 
II 1.20 0.11 0.0249 1.388 10.52 422.30 85 
III 1.20 0.11 0.0114 0.632 4.79 419.99 85 
IV 1.20 0.11 0.0251 1.693 12.82 510.56 82 
V 1.20 0.11 0.0139 1.683 12.75 917.27 67 
A 1.22 0.11 0.0245 0.995 7.42 302.87 89 
B 1.22 0.11 0.0264 1.171 8.74 331.06 88 
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Fig. 115. Setup for measuring the 
bending stiffness. 

Fig. 116. Positions for the accelerometer and the 
excitation for each beam. 

 

The acceleration response measurements of about ten impacts of the hammer were 
averaged. 

The bending modes in the acceleration curve signal were clearly observed. Very good 
definition around the peaks was obtained which let us select with a very good precision the 
resonance frequency of bending modes. Also, the loss factor for each resonance peak 
corresponding to a bending mode was obtained by using the half bandwidth method [74]. 

For each of the measured flexural eigenfrequencies, the apparent bending stiffness D of the 
structure was calculated. For a flexural wave in a beam, the wave number is 

 
2

4 ym
D

ω
κ =         (63) 
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where ω is the angular frequency and ym Hρ=  the mass per unit area. 

The eigenvalues nLκ  for a finite Bernoulli beam with free-free boundary conditions are 
known. The values for the first modes can be found, i.e. in [74], and for 5n ≥  they are 
given by ( 1 2)n π+ .  Using the equation above which relates the wave number to the 
bending stiffness, the apparent bending stiffness nD  for mode n is obtained as 

 

( )
( )

2 4
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2 n y
n

n

f m L
D

L

π

κ
=         (64) 

  

where nf  is the eigenfrequency for the n-th flexural mode. The bending stiffness values 
were calculated from the corresponding values of the eigenfrequencies. It is assumed the 
validity of the Bernoulli-Euler model for the beam and again only the propagation of 
bending waves is considered. Because of the direction of the impact excitation, the 
measured bending stiffness refers to a bending moment around the z axis and a 
displacement in the y direction, in Figure 116.  

The values for each bending mode resonance can be seen in Figure 117. It is observed that 
the measured apparent bending stiffness of six from the seven original beams is frequency 
dependent. In general, the first ten natural frequencies can be identified. Consequently, the 
apparent bending stiffness can be determined for beams I, III and A up to 2 kHz. However, 
the bending modes for beam II were measured up to 3 kHz, for beams V and B up to 4 kHz, 
and for beam IV up to 5 kHz. As it can be seen in Figure 117 the beam III has a very low 
bending stiffness while the beam II has a higher bending stiffness. Both beams have the 
same density but the different behaviour at bending is mainly due to different thickness and 
different size of the pores. Beam IV has the highest bending stiffness value measured for 
these beams. The measured loss factor for all the beams is under 1% up to 1200 Hz. Over 
that frequency the loss factor is slightly increasing.  

The natural bending frequency curves for beams I, II, III, IV, A and B indicate a bending 
stiffness frequency dependent curve similar to the one obtained for the classical sandwich 
beams. However, beam V shows a behaviour completely different from the other beams. It 
can be said that the measured bending stiffness of beam V is independent of frequency up to 
4 kHz as shown in Figure 118. This means that beam V would behave as a slender and 
homogeneous beam or a sandwich beam with a stiff core. In fact, for this beam 1Hκ <<  
consequently having a core stiffer and leading to a constant apparent bending stiffness up to 
high frequencies. Beam V has the highest density of the beams investigated, see Table 18.  
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Fig. 117. Measured values ( o ) of the bending stiffness for each beam and the polynomial 
interpolation. Added limit values from the exact model are drawn such as ( o ) 
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Thus it could be said that the mechanical behaviour of the aluminium foam beams with skin 
is similar to the behavior of a sandwich structures. The frequency dependence of the 
apparent stiffness depends of the density of the beam, its thickness and the size of the pores. 

The measured values of the bending stiffness natural frequencies for beams in Figure 117 
are well correlated to the predicted shape of the bending stiffness curve for typical 
sandwich beams [75]. For this reason, it is assumed that aluminium foam beams behave as 
a sandwich structure.  

 

Fig. 118. Measured values of the bending 
stiffness for beam V. 

Fig. 119. Upside view of the 3rd bending 
mode for beam V calculated with FEM. 

 

8.2.2. An equivalent model 
A deeper analysis was carried out for the beams I, II, III, IV, A and B. As a very first 
approximation it is though that the aluminium foils which cover the two lateral sides of the 
beams act such the laminates of a sandwich structure. In Chapter 3, it is said that these skin 
foils were caused by the rolling process in the aluminium foam manufacture. Actually, they 
are not laminates but could behave like such. The skin thickness is supposed to be 0.25 mm 
as an averaged measurement for all beams. The core of these virtual sandwich aluminium 
foam beams would be the aluminium foam beam without these external skins. 

For this first approximation, the shear modulus of the core and the Young’s modulus of 
these sandwich beams were calculated by the approach described in [75]. In this 
approximation, the length of the beam, the mass per unit area and the thicknesses of the 
laminate and the core were required. Also the 3rd and 4th measured eigenfrequencies for the 
bending stiffness with free-free boundary conditions were used as in-put to the model. The 
results are the shear modulus of the core cG , the Young’s modulus of the laminates 

lamE and the total bending stiffness totD  of the aluminium foam sandwich beams. 
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The limits of the bending stiffness curve at very high and at very low frequencies were 
calculated with these output values. Sandwich structures have an apparent bending stiffness 
which is frequency dependent and which approach an asymptotic value at high frequencies. 
This asymptote or minimum value is equal to the bending stiffness of one laminate, 
thickness h, which one can calculate as 12/3hED lamlam = . The bending stiffness of one 
laminate was calculated assuming that the aluminium foils have a thickness h of 0.25 mm.  

At very low frequencies the bending stiffness of a sandwich structure approaches its 
maximum. This maximum value is the total bending stiffness totD . 

With the semi-empirical approach one can obtain the limit values for high and low 
frequencies for the bending stiffness for each of these beams that are supposed to be 
sandwich structures.  

In fact, the limit values obtained with that approach were correlated very well with the 
measured values. The low frequency limit value totD  was imposed at 10 Hz. The high 
frequency limit value lamD was imposed for frequencies higher than 5 kHz. As it is said, the 
agreement in the graphs with the measured values was very good and it indicated again that 
these beams behave as a sandwich beam. 

However, a more detailed approach was needed in order to make clearer the approximation. 
The model described again in [75] was used. An exact solution for that model of the 
sandwich parameters was provided. All the necessary parameters of the sandwich beams 
are known since they are already measured or obtained from the first approximation of the 
semi-empirical approach. Then, with the exact solution, the Young’s modulus of the 
laminates lamE  was obtained and also the shear modulus of the core cG . The parameters are 
found by defining an error function describing the proximity of the calculated set of natural 
frequencies to the measured, and then the optimal values lamE  and cG  are found by 
minimization. The elasticity modulus of the core is not of direct interest as it does not have 
a significant influence on the dynamics of typical sandwich beams, and is going to be 
assumed to be related to the core shear modulus by the isotropic relation 2(1 )c cE Gυ= + . 
Since the eigenfrequencies of the beam are not sensitive to the Poisson’s ratio υ , this is set 
to 0.33υ = . 

The resulting exact values of cG  and the calculated values of cE  and totD  are in Table 19. 
Again the thickness assumed for the laminates was 0.00025h = m and the thickness of the 
core H  is the total thickness of the beam subtracted by the thickness of the two skin foils. 

The total bending stiffness [74] of the beam is 
/ 2 / 2

2 2

0 / 2

2 2
H H h

tot c lam
H

D y E dy y E dy
+

= +∫ ∫ . 

It is assumed that at 10 Hz the value of bending stiffness for each beam will be totD . At 
high frequencies, over 5 kHz is again assumed that the value for the bending stiffness for 
each beam will be lamD . 

 

 



 138

Table 19. Exact solution and calculated values of model Backström-Nilsson. 

 

Beam cG  (MPa) cE (MPa) totD (Nm) 
I 41 109 2464 
II 271 721 6268 
III 114 303 398 
IV 523 1391 7397 
A 246 654 3608 
B 290 771 5252 

 

The bending stiffness curves with these values ( O ) can be seen in Figure 117. There is 
good correlation between measured and predicted results.  

The shear modulus differs although the beams have the same porosity due to the geometry 
inside the beam is different.  The shear modulus cG  is very insensitive to the input 
parameters of the laminates. 

It can be concluded that a sandwich structure approximation is correct for beams I, II, III, 
IV, A and B. Beam V shows the behaviour of a slender and homogeneous beam.  

 

8.2.3. Validation 
A simulation in finite elements (FEM) first and then with SPECFE was carried out in order 
to validate this equivalent model for both virtual sandwich beams and the virtual 
homogeneous beam. SPECFE [76] is a formulation based on a spectral finite element 
approach using a mixture of high order element shape functions and wave solutions. The 
model predicts the frequency response of a layered system at a distance of a concentrated 
point load. The fictitious beams were modelled with both finite element softwares. 

For beam V a virtual homogeneous beam was modelled with finite elements. This 
homogeneous beam had the measured density, length and thickness of beam V and the 
calculated meanE . The Poisson’s ratio was set to 0.33υ = . The excitation was simulated and 
the bending modes were calculated. The third bending mode from the upside view is shown 
in Figure 119. The values obtained with finite elements analysis versus the values measured 
with the test set up are shown in Table 20. The Delta value was calculated as 

meas FinElemn nf f∆ = −  and indicates the error in number of Hz that differs from the measured 
true value to the finite element calculations. 

Very good results are obtained with the finite element validations. Less than 10 Hz of 
variation between the measured and calculated frequencies are obtained below 1 kHz. Over 
1 kHz the Delta function is a bit higher. However, it is known that the FEM algorithm is 
used in real cases for low frequencies due to for the  high frequency analysis with FEM 
algorithm is required a great deal of calculi. It can be said that for the frequency range of 

X 
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interest the validations are successful. It can be finally stated that beam V is behaving as a 
homogeneous and slender beam. 

 

Table 20. Measured bending stiffness eigenfrequencies vs. finite element calculations for 
beam V. 

 

Eigenmode 
beam V Measured (Hz) FEM 

(Hz) 
SPECFE 

(Hz) FEM∆  (Hz) SPECFE∆ (Hz) 

1st 33.5 33.4 33.5 0.1 0.0 
2nd 92.7 92.0 91.9 0.7 0.8 
3rd 180.9 180.2 180.3 0.8 0.6 
4th 299.8 297.3 297.2 2.5 2.6 
5th 446.8 443.1 443.3 3.7 3.5 
6th 624.2 617.2 617.1 6.9 7.1 
7th 828.7 819.4 819.5 9.3 9.2 
8th 1067.3 1048.7 1049.0 18.6 18.3 
9th 1321.7 1304.6 1304.8 17.1 16.9 

10th 1605.1 1587.1 1587.0 17.9 18.1 
11th 1918.5 1895.0 1895.6 23.4 22.9 
12th 2259.1 2228.1 2228.4 31.0 30.7 
13th 2618.1 2585.4 2585.4 32.7 32.7 
14th 2986.2 2965.7 2966.0 20.5 20.2 
15th 3379.5 3370.2 3369.3 9.3 10.2 
16th 3803.3 3794.0 3794.8 9.3 8.5 

 

An analysis with finite elements was also carried out to validate the behaviour of the beams 
I, II, III, IV, A and B as sandwich structures. A virtual sandwich beam was modelled using 
finite elements. The fictitious laminates were modelled with the length of the beam and the 
thickness 0.00025h = m discussed above. The density of these laminates was the density of 
aluminium 32800 /Al kg mρ =  and the Young’s modulus lamE  was the one obtained by the 
solution of the exact model of Backström-Nilsson. 

Thus, the virtual core was modelled with the length of the beam and the thickness of this 
virtual core which is the total thickness of the beam subtracting the thicknesses of the 
virtual laminates. The Young’s modulus of the fictitious core cE  was the one calculated in 
Table 19 provided by the exact solution model. Finally, the density of this core was 
calculated taking into account the mass and volume of the two fictitious laminates. In that 
way, the density of the virtual core was a bit less of the real density of the aluminium foam 
beam. It is noted that the Poisson’s ration was the typical for the aluminium of 0.33. 

As an example, the following table shows the results of the validation with finite elements 
models. As it can be seen, there are good results at low frequencies. It can be said that 
below 1 kHz the correlation of the results is very good with a maximum difference between 
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measured and finite-element calculated bending eigenfrequencies of 15 Hz. It is concluded 
that this group of beams behave as sandwich structures. 

 

Table 21. Measured bending stiffness eigenfrequencies vs. finite element calculations for 
beam A. 

 

Eigenmode 
beam A Measured (Hz) FEM (Hz) SPECFE 

(Hz) 
FEM∆  

(Hz) SPECFE∆ (Hz) 

1st 49.5 52.7 54.5 3.2 5.0 
2nd 142.0 141.8 148.4 0.3 6.4 
3rd 287.3 280.1 287.6 7.2 0.3 
4th 460.5 447.3 468.0 13.2 7.5 
5th 668.5 665.0 685.4 3.5 16.9 
6th 934.5 877.7 936.0 56.8 1.5 
7th 1208.2 1166.8 1215.7 41.4 7.5 
8th 1491.5 1496.3 1519.9 4.8 28.4 
9th 1787.3 1776.3 1845.2 10.9 57.9 

 

 

 

 

 

 

 

Fig. 120.  SPECFE schema with the beam divided in two elements and the measured 
points.  

 

All Al-foam beams were validated with a finite element analysis program SPECFE [76]. 
The calculating time was very fast. For this method, the beam was defined in two elements 
(Figure 120). The two elements were separated at the position of the force. For each of 
these two elements it is possible to define the virtual work as a function of frequency. A 
combination of approximating functions forms a complete set for the finite element 
subspace with polynomials of second order in the laminates and of third order in the core 
on the bending displacement direction. 

The beams were 1.2 m length and the force was positioned at 1.1x = m. The first element 
consisted of three calculated acceleration positions ( 0.01,0.02,0.6x =  m). In the second 
element, to the right of the force, there were two calculated position 1.15,1.2x =  m. For 
each position the vertical acceleration was obtained as it is shown at Figure 121. For each 
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x  section there are six calculated nodes describing the finite element structure. The nodes 
were situated at the two boundaries of the supposed laminates and two nodes at the core. 
Real measurements with beams in other positions could be done and then compared to the 
calculated values of SPECFE method. 

In Figure 121 it is shown that the agreement of the bending wave’s acceleration is very 
good between the measured and calculated values. The differences of level are caused by 
the no calibration of the measured values to the input force. The disagreement with the 
width of the peaks at high frequencies is due to that the SPECFE acceleration has been 
calculated with the loss factor equal to zero. The losses at high frequencies are not 
negligible. However, the SPECFE analysis has a better approximation than the standard 
FEM method on the calculation of the bending eigenfrequencies.  
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Fig. 121. Calculated and measured vertical acceleration on Beam IV at x=0.01. 

 

In summary, it can be stated that the equivalent virtual model works fine. The equivalent 
model was created by means of the algorithm of Backström-Nilsson from the 
characteristics of aluminium foam beams. Finally, the validation with FEM-SPECFE shows 
very good agreement with this equivalent model and the measurements on the aluminium 
foam beams. 

 

8.3. Sound absorption coefficient for Al-foams with skin 

8.3.1. Kundt’s tube measurements 
Tests in an impedance tube were carried out. The absorption coefficient measured is valid 
for normal incidence only. The experiment consisted of a duct, a loudspeaker, two 1/4” 
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microphones and their amplifiers, and an analyser. The two microphone technique was 
used, reference [31]. Two different distances s  between the microphones were used. Only 
the second microphone changed position in order to cover a larger frequency spectrum. 

The sound absorbing material samples are described in Table 22. It is noted that scotch tape 
was wound around the samples in order to make them fit tightly in the tube. All the holes 
between the border of the samples and the tube are again well closed with tape. An idea of 
how important is the effect of the undesirable holes around the edge of the samples is 
explained in [77]. Both sides of each sample were tested. Two different samples of each 
beam were tested. Good repeatability was obtained. 

 

Table 22. Aluminium foam samples. 

 

Samples Diameter 
(mm) 

Thickness 
(mm) Weight (kg) Density 

(kg/m3) Porosity (%) 

I 98.1 41.6 0.035 111.5 0.96 
II 98.1 24.5 0.074 399.5 0.86 
III 97.5 11.6 0.034 392.5 0.86 
IV 98.4 25.1 0.091 476.5 0.83 
V 98.8 13.9 0.095 891.5 0.68 

 

 

 

Fig. 122. Al-foam samples with the superficial skin 
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B 

Fig. 123. Sketch of the standing wave tube. 

 

According to Figure 123, a rigid termination was used because all the waves in the duct are 
reflected or absorbed by the sample. Thus, the waves which are propagated in the sound 
field inside the duct are for 0>x  

 
ikx ikxp A e B e−= ⋅ + ⋅          (65) 

 

where p  is the Fourier transform of the sound pressure level, 2 fk
c
π

=  and c  is the sound 

velocity. 

The microphones are located at the positions 1xx =  and 2xx =  . Thus from equation (65) 
the FT of the pressures at 1xx =  and 2xx =  are obtained as 
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The reflection coefficient is defined as  
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Thus    
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The transfer function between the sound pressure levels at the positions 1x  and 2x  is used 
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=           (69) 

 

1p  and 2p  are measured by the transfer function between the sound pressure in the 
microphone’s position and the signal of the loudspeaker. 

Thus, expression (69) can be expressed by means of equations (68) 
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The reflection coefficient at the cross section on the sample at 0=x  it is found.  
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If only the incident wave is considered then its transfer function between the two positions 
is 
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The same only considering the reflected wave 
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With equations (73) and (72) in (71) the following expression is obtained 
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The sound absorption coefficient α  is the quantity of sound absorbed energy by the 
material relative to the total incident sound energy. The total absorption of a surface is 
given by the absorption coefficient multiplied by the area. From the expression (74), the 
absorption coefficient is found 

 

 21 R−=α          (75) 

 

and the final expression is obtained 
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Fig.124. Sound absorbing coefficient for the aluminium foam samples 
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The range of frequency ( lf , uf ) is limited according to reference [31]. For the first position, 
0.05s = m, the acoustic properties can be obtained from 100 Hz and up. Changing the 

position of the microphone at 2x , so that 0.10s = , makes it possible to determine the 
absorption coefficient even below 100 Hz. 

The density and the thickness of the material do not have much influence on the absorption 
when the skin of the foam is not removed.  

The Al-foam samples have closed cells. Tests with smaller samples of 30 mm of diameter 
in a standing wave tube were also carried out in order to improve the accuracy and to avoid 
the non-plane wave propagation at high frequencies. It was again showed that the 
absorption is less than 10% up to 6 kHz. 

The undesirable holes on the samples mounted in the tube have been closed. However, it is 
assumed that there are few small holes, unobservable to the eye, at the surface of these 
samples. These small holes connect the standing wave at the surface to the immediate pores 
under the skin. If the pores connected to the surface have a small size the effect is 
insignificant. But a resonator phenomenon is created when the pores connected to the 
surface through these unexpected small holes have a large size. The size of the pores is 
large in samples I and III. This makes that the resonator phenomenon is noticed at low 
frequencies due to the size of the pores. 
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Fig. 125. Modulus of the reflection 
coefficient. 

Fig. 126. Phase of the reflection coefficient. 

 

The Al-foam samples investigated are practically totally reflecting. In Figure 125 the 
modulus of the reflection coefficient is around 1 and the phase is around zero as shown in 
Figure 126. 
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Fig. 128. Imaginary part of the surface 
impedance. 

 

Further work is to be done in order to improve the sound absorbing properties of these 
materials. First, some small holes are made in the samples to make the surface perforated. 
Sound absorption in these Al-foams will be caused by viscous losses due to flow resistance, 
and thermal losses due to heat transfer to the structure [78]. The viscous losses are 
determined by the flow resistance of the samples [79]. 

 

8.3.2. The four microphone technique 
In addition to the measurements in the Kundt’s tube, the Al-foam samples described in 
Table 22 were tested in an impedance tube with the four microphone technique as described 
in [80].  

 

Fig. 129. Four microphone technique 
measurement set up. 

Fig. 130. The new impedance tube at the 
University of Ferrara. 
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The set up consisted of an impedance tube [81] shown in Figure 130. Two ¼” inch 
microphones were used instead of four. The microphones measured the pressure in four 
different positions for each sample as it is shown in Figure 129. The signals were amplified 
and analysed by the software elaborated by the Dipartimento di Ingegneria di Ferrara.  

The excitation was done by a standard loudspeaker and the signal of excitation was an 
exponential sine sweep as discussed in [82]. The exponential sine sweep signal )(tx with a 
starting frequency 1ω  and an ending frequency 2ω  with a total duration of T   is  

  

( )/( ) sin 1t Lx t K e = ⋅ −         (77) 

 

For obtaining the unknown values  K and  L it was constrained that 
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Finally, the exponential sine sweep resulted in 
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Using an exponential sine sweep produced a distortion-free linear response and well 
separated harmonic distortions responses in the frequency range of interest. The signal-to-
noise ratio was very good. 

The amplitude and phase calibration were obtained by a series of cross measurements at 
two pre-determined positions without any sample. The procedure is described in [81]. 
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The technique based on the transfer matrix approach decomposes the incident field in 
reflected and transmitted waves. Furthermore, the complex pressure and the particle 
velocity at each side of the sample material were calculated. The transfer matrix was 
obtained from these quantities and then the complex acoustical properties were found. The 
characteristic impedance, the propagation constant, and the complex reflection coefficient 
were measured. 

The Fourier transform of the sound pressure ip  recorded at four different positions ix  
permitted us to find the unknown waves complex amplitudes A, B, C, D in Figure 129. 
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where k  is the wave number of the fluid and the convention of i te ω  has been adopted. 

Thus, the normal acoustic particle velocity and the exterior sound pressure at each side of 
the material results in 

  

( )0p A B= +          (85) 

 ( ) ( ) 00xv A B cρ= −         (86) 

 ( ) ikd ikdp d Ce De−= +         (87)  

 ( ) ( ) 0
ikd ikd

xv d Ce De cρ−= −        (88) 

 

where 0ρ  is the ambient fluid density and c its speed of sound. With these parameters, the 
so-called transfer matrix was formulated. It relates the sound pressures and the normal 
acoustic particle velocity at the two surfaces of the tested material. 
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It is of interest to find the elements of the transfer matrix iiT  because they are related to the 
acoustic properties of the tested material. In the transfer matrix there are two equations and 
four unknowns. For this reason two more equations are needed. 

In [18] and [83] it was discussed that for a homogeneous material the principle of 
reciprocity can be used. This means that the determinant of the transfer matrix should be 
unity. Furthermore, for a symmetric system it can be shown that the plane wave reflection 
coefficient from the two surfaces is the same. Thus, taking into account the reciprocity and 
symmetry conditions it follows that 

  

11 22T T=           (90) 

11 22 12 21 1T T T T− =          (91) 

 
The resulting elements of the transfer matrix are from equations (89) to (91) obtained as  
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The test was carried out with Al-foam material of thickness d . The measurement setup had 
anechoic termination, so it can be assumed that D  was negligible in the downstream 
direction as compared to C . 

Then the quantities R and T are defined ABR /=  and ACT /=  as the reflection and 
transmitted coefficient. The normal acoustic particle velocity and the pressure at both 
surfaces of the tested material are 

 
( )0 1p R= +           (96) 

( ) ( ) ( )00 1xv R cρ= −          (97) 

( ) ikdp d Te−=           (98) 

( ) ( )0
ikd

xv d Te cρ−=          (99) 
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Finally, inserting these expressions in the equations (92) through (95) gives the reflection R 
and transmission T coefficients with respect to amplitude as 
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For homogeneous isotropic porous material the normal incidence transfer matrix is, [83]  

  

11 12

21 22

cos sin
sin cos

C C C

C
C

C

k d iZ k d
T T

i k d k dT T
Z

 
   =      

 

     (102) 

 

where c c cZ cρ=  is the characteristic impedance of the material and ck  the complex wave 
number in the material. Again the acoustic properties of the material can be easily 
evaluated with the transfer matrix as 
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It is noted that the acoustic dissipation in the material is related to the imaginary part of the 
complex wave number. 

In summary with the measured sound pressure in the four different positions upstream and 
downstream it was possible to calculate the normal acoustic particle velocity and the 
pressure at the surfaces of the material. In that way the acoustic properties of the tested 
material were defined. 

The surface impedance and the sound absorption coefficient for normal incidence for a 
material with a rigid backing can be calculated from the acoustic properties found by means 
of the transfer matrix. From the characteristic impedance and the complex wave number the 
new calculated acoustic properties are found and this let us to compare the results with the 
Kundt’s tube measurements. This procedure is described in [81]  
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The measurement were carried out for each sample at two different distances 1s , and 2s  
between the microphones. Good results are obtained in a wide frequency range between 50 
and 1600 Hz. The measurements with the two distances agreed well in almost the entire 
frequency range. As in the Kundt’s tube measurements, the sample was tighten to the tube 
rolling scotch around it in order to reduce the influence of the border and the mounting 
effects. 

As it said previously, the transfer matrix approach decomposes the incident field into 
reflected and transmitted waves. In such procedure the sound absorption of the material, or 
also called internal absorption, was obtained as 1w w wA T R= − −  being 2

wT T=  and 
2

wR R= . T  and R  were obtained from eqs. (100) and (101). The most of Al-foam 
samples with skin have a very high reflection coefficient over the 90% and a very low 
transmission coefficient less than 1% such as sample III in Figure 131. The internal 
absorption is also poor around 10%. The sample I, as it is shown in the same Figure, is the 
only one that has a higher internal absorption coefficient over 20% due to its surface 
characteristics. 
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Fig. 131. Internal absorption, transmission and reflection coefficient of sample III  and 
I. 

 

The transfer matrix method also let us to reconstruct the impedance and the normal 
absorption coefficient of the material with a rigid end termination as in  the case of the 
Kundt’s tube by  means of equations (105) and (106). The reconstructed normal absorption 
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coefficient gives a good estimate of the results obtained in the Kundt’s tube as shown in 
Figures 124 and 132. 
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Fig. 132. Sound absorption coefficient calculated from the transfer matrix for Al-foam 
samples. 

 

The calculated surface impedance is shown in Figure 133. The real part of the calculated 
surface impedance gives a good estimation of the measurement done in the Kundt’s tube 
with a rigid end, Figure 127. For samples II and III, the real part of the surface impedance 
presents a high resonance around 600 Hz. However, the real part of the surface impedance 
is well estimated by the calculation for all the samples except around 600 Hz. The 
distortion around that frequency range may be caused by a resonance of the sample when is 
mounted to the tube. In that frequency range, the vibration level of the structure is rather 
high and for that reason the measurements are not well correlated with the results obtained 
in the Kundt’s tube. 

Nevertheless, the calculated imaginary part of the surface impedance is not well estimated. 
It is much underestimated. This phenomenon is produced because of the energy 
downstream is very low for calculating the imaginary part of the impedance. These Al-
samples have a really poor transmission coefficient. Furthermore, the fact of changing end 
terminations from Kundt’s tube and the four microphone technique, and the insufficient 
energy transmitted downstream makes the imaginary part underestimated. 
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Fig. 133. Real part of the surface impedance calculated by the transfer matrix method. 

 

8.4. Sound absorption coefficient for Al-foams with perforated 
skin 
Measurements with samples in Table 22 were again carried out in a standing wave tube. 
This time the skin was perforated to make the pores connected. The holes were produced 
with a drilling machine at the same positions for all the samples. There were sixteen holes 
of 2 mm each in a grid of 4 4× . However, for sample I the diameter of the holes was 0.5 
mm. Measurements on other types of metallic foams are reported in [84]. 

The surface impedance of the material is changed due to the perforation. The surface 
impedance of the new system can according to [85] be written as 

  

[ ]cot( )s m c cZ r j m Z k dω′ = + −       (107) 

 

where, it is remembered that cZ , ck  are the material characteristic impedance and  wave 
number respectively, and d  its thickness. The system presents a resonance when the 
imaginary part of the impedance is zero. The losses in the material are described by the 
resistance term mr . 
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24m
hDr
a

σ
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As this resistance term is closer to the impedance of the air, the absorption is maximized. In 
consequence the parameters that maximizes the absorption are the thickness h of the skin, 

the flow resistance σ , and the balance between the open area 
2

2

4a
D

. It is noted that D is the 

diameter of the resonator of volume V, and a the perforation radius. 

 

  

  

Fig. 134. Al-foam samples with foils with the perforated holes. 

 

The flow resistance was measured [86] with an alternate airflow. It was calculated from the 
expression  

 

 
sample

v

p A
q

d
σ

∆

=          (109) 

 

where p∆  is the difference of pressure between the atmospheric pressure and the pressure 
just in front of the material. The velocity vq  of the airflow is set to 30.5 10 /m s−⋅ . The 
frequency of the piston which produces the alternating  airflow was 2 Hz. Different airflow 
velocities from 0.43 up to 3.83 mm/s were measured by means of using diverse cams. A 
linear interpolation was made in order to find p∆ at 0.5 mm/s which is the airflow specified 
in [86]. 
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Table 23. Measured airflow resistance ( 4/ mNs ) of some perforated Al-foam samples for 
both sides “a” and “b”. 
 

I  II a II b III a III b III a III b IV a IV b V a V b 
7876 3127 3180 7277 9864 8764 10398 7274 7540 12458 12409

 

The results in Table 23 show that the lowest airflow resistance is for sample II and the 
highest for samples V. The holes in sample I were made with a nail with a 0.5 mm 
diameter. For the other samples the diameter was 2 mm. 

 

8.4.1. Kundt’s tube measurements 
The measured absorption coefficients of the perforated samples show a typical behaviour of 
a Helmholtz resonator as shown in Figure 135. The bandwidth, the maximum absorption 
and the tuned frequency are the parameters which change in the results for each sample. 
The parameters of importance for the absorption are the thickness d, the average diameter 
D of the pores and the flow resistance σ . 
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Fig. 135. Absorption coefficient with Al-foam samples with perforated holes in a 
standing wave tube with a rigid termination. 
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Helmholtz resonator behaviour could be expected using a rigid termination in the wave 
tube due to the perforations. The Helmholtz resonator in [83] was described as a volume 
with an aperture. The container and the aperture can be used in different shapes in order to 
tune the resonator at the desired frequency of absorption. One could basically define the 
resonator as a mass-spring system excited by a force produced by the pressure of the 
external acoustic field. The mass of the system is the air of the volume of the resonator and 
the spring is caused by the air volume compressibility. If the area of the holes is increased 
the high frequency absorption is increased [85]. 

The tuned Helmholtz resonator frequency is approximately given by 

  
1

2
0

0 2
c Af

l Vπ
 =  ′ 

        (110) 

 

where A is the area of the opening 2aπ , V the volume resonator and l’ is the neck effective 
length. The calculated resonance frequency for the samples modelled by a Helmholtz 
resonator does not properly work. The calculated resonances are not the same obtained at 
the results shown in Figure 135. Some improving models with an equivalent neck length 
[87, 88] and equivalent volume resonator were done but again with unsuccessful results.  

The volume of the resonator for each sample is different. Samples IV and V have much 
smaller porosities than the rest of the samples. The porosity was determined by submerging 
the samples in water. For the rest of the samples I, II, and III the size of the pore is large. 
The volume of the resonator is the volume of the averaged pore size multiplied by the 
number of pores that are connected for each perforation along the thickness of the sample.  
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Fig. 136. Real part (left) and imaginary part (right) of the superficial impedance for the 
perforated Al-foams. 
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Therefore, more complicated and elaborated models should be tested such as the one of 
Johnson-Champoux-Allard. A more complex approach was needed for modelling all the 
samples with the diverse characteristics. Since the Helmholtz resonators does not operate at 
the frequency range of measurements, the absorption of sound is mainly done by the 
viscous forces at the cell surfaces and thermal fluxes which exchange heat between the 
solid skeleton and the air. 

The model of the pure Helmholtz resonators was not sufficient for describing the sound 
absorption of the perforated Al-foam materials. However, the perforations greatly increased 
the absorption , compare Figures 124 and 135. 

The reflection coefficient and its phase angle were very much influenced by the 
perforations. The real and imaginary parts of the surface impedance are compared for 
perforated and not perforated samples in Figures 127, 128 and 136. 

 

8.4.1.1. Influence of the air gap behind the sample. 

The samples were tested in the Kundt’s tube with an air gap behind the sample. Two 
different gaps of 10 mm and 30 mm were used. The results are shown in Figures 137 and 
138.  

The samples could behave as a Helmholtz resonator. The area of the resonator is the 
perforation diameter and the length of the neck is the thickness of the sample. Finally the 
volume of the resonator is the space left behind. As the air gap is increased the frequency of 
the main resonance is tuned to lower frequencies. It is noted that increasing the air gap the 
maximum absorption is again increased though the bandwidth of the resonance is 
decreasing. 
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Fig. 137. Absorption coefficient of sample I 
perforated with 2mm holes with an air gap 
of 10 and 30 mm. 

Fig. 138. Absorption coefficient of sample V 
perforated with 2 mm holes with an air gap of 
10 and 30 mm. 
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For sample I, a double resonance phenomenon is shown for the case of a 30 mm air gap. 

 

8.4.2. Four microphone technique 
The samples in Figure 134 were tested in a standing wave tube with the four microphone 
technique and the results are shown below. 

The Figure 139 shows the effect of the perforated holes for each sample. It is stated before 
that 1w w wA T R= − −  being 2

wT T=  and 2
wR R= . It is clearly shown that the reflection 

coefficient is reduced for all samples. The reflection coefficient is much lowered at low and 
high frequencies. Thus, an increase of the internal absorption and transmission coefficient 
is obtained. At the low frequencies both transmission and internal absorption coefficient are 
increased. The main cause for that would be the 2 mm perforation on samples from II to V. 
It is observed that the internal absorption below 200 Hz for samples II and III is above the 
40% and the reflection coefficient is below 40%. 
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Fig. 139. Internal absorption, transmission and reflection coefficient of the perforated 
samples (double solid line) and originals. 

 

However, at high frequencies only the internal absorption coefficient is increased. In that 
frequency region the internal absorption is not produced by the size of the perforation but 
for the action of the pores in the samples. This phenomenon is specially observed for the 
samples with small pore size such as samples II, IV and V. 

The internal absorption is not so much increased in sample I due to its diameter perforation 
is much smaller than the rest. The internal absorption potential of sample I can be improved 
increasing the diameter of the holes.  

The calculation shown in Figure 140 of the absorption coefficient gives a good 
approximation of the behaviour of the perforated samples in a Kundt’s tube with a rigid end 
in Figure 135. The maximum absorption and bandwidth are well defined, but the first 
resonance frequency is not very precise. 
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Fig. 140. Absorption coefficient calculated by the transfer matrix method. 

 

The surface impedance can be obtained by using the transfer matrix technique. The result 
using equation (105) is shown in Figure 141. 
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Fig. 141. Real (right) and imaginary part (left) of the surface impedance calculated by the 
transfer matrix method. 
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8.4.3. Influence of the area of the resonator 
Sample I was perforated with two new diameters of 1.2 and 2 mm. The rest of the samples 
were again perforated with 4 mm diameter. The samples were again tested with diverse air 
gaps in Kundt’s tube. 
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Fig. 142. Absorption coefficient of sample 
V with an air gap of 10 and 30 mm and 
perforation of 2 and 4 mm holes. 

Fig. 143. Absorption coefficient of sample III 
with an air gap of 10 and 30 mm and 
perforation of 2 and 4 mm holes. 

 

Previously it is shown that the samples backed by an air gap could behave as Helmholtz 
resonators. Increasing the diameter of the holes, the resonance frequency is increased. In 
addition, the maximum absorption and the bandwidth are also increased. The absorption 
can be tuned with different air gaps and perforation diameters. 

The flow resistance is decreased to a very low value while increasing the perforation 
diameter. The sample I with 1.2 mm perforation has a flow resistance of 5000 Ns/m4 and 
with 2 mm holes 3200 Ns/m4. Sample III with 4 mm holes has 1900 Ns/m4 and sample V 
with the same perforation obtained 2400 Ns/m4. Sample III and sample V have obtained a 
75 % reduction in flow resistance by doubling the perforation diameter.  

Measurements were again performed by the four microphone technique on samples with an 
increased perforation diameter. The calculation by means of the transfer matrix of the 
absorption coefficient gave a good approximation of the behaviour of the perforated 
samples in a Kundt’s tube with a rigid end. The surface impedance was also well estimated 
by means of the transfer matrix.  

The Figure 144 shows the effect of increasing the area of the perforated holes for each 
sample. It is stated before that 1w w wA T R= − −  being 2

wT T=  and 2
wR R= . It is clearly 

shown that the reflection coefficient is reduced mainly in the low and middle frequency 
range for all samples. Thus, an increase of the transmission coefficient at the same 



 163

frequencies is obtained. In summary can be said that at very low frequencies most of the 
energy is transmitted and at high frequencies most of the energy is reflected. In the case of 
sample III and V, the internal absorption is not increased when the diameter exceeds 2 mm. 
In the case of sample I the limiting perforation diameter for optimizing the sound internal 
absorption is less than 2 mm. 

It is noted that for sample I, the internal absorption is high at middle frequency range over 
60 %. This peak of internal absorption around 800 Hz can be tuned to higher frequencies 
increasing the diameter of perforation. As an example, with a perforation of 2 mm diameter 
the maximum peak of internal absorption was around 1 kHz. It can be said that there is a 
diameter perforation limit which optimizes the internal absorption. For diameters larger 
than this limit the internal absorption tends to decrease. 
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Fig. 144. Internal absorption, transmission and reflection coefficient of the perforated 
samples in two diameter perforation (r and 2·r). 

 

8.5. Sound absorption coefficient for Al-foams without skin 
The skin covering the porosity of the samples was removed. The surface of the Al-foam 
samples was transformed to open cell structure as shown in Figure 145. From left to right 
and from above to below, the photographs correspond to sample I with perforation of 0.5 
mm diameter, sample I with perforation of 2 mm, sample II, sample II with 2 mm 
perforation, sample III with perforation of 2 mm and sample III with 4 mm perforation.  

Previous measurements with opened or semi-opened cell structures were done in [89], [90] 
and [91]. New measurements in the Kundt’s tube were carried out. 

It has been shown previously that an increase of the diameter of the perforations shifted the 
resonance frequency upwards. The maximum absorption was also increased. This 
phenomenon is also appearing in the samples without the skin. 

In samples I and II the maximum absorption and the bandwidth are much increased by 
removing the skin. The maximum absorption is shift to a higher frequency range. The 
material behaves as an open-celled structure. Thus, connections where the air can pass 
through are opened to the external pressure field and therefore the losses are increased. An 
example can be seen in Figure 147 with the sample II with and without skin. 
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Fig. 145. Al-foam samples without the superficial skin with added perforation of diverse 
diameters. 
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Fig. 146. Sample I with and without the 
skin and with 0.5 and 2 mm diameter 
perforation. 

Fig. 147. Sample II with and without skin and 
with and without 2 mm perforation. 

 

If the sample is very thin, as in the case of sample III in Figure 148, the behaviour is not as 
good without as with the skin. An important part of the resonant cavities are eliminated by 
removing the skin. This makes the absorption much less in the entire frequency range. 
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Sample III
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Fig. 148. Sample III with and without the 
skin and with 2 and 4 mm diameter 
perforation. 

Fig. 149. Internal absorption, transmission and 
reflection coefficient in sample III with and 
without the skin and 2mm diameter perforation. 

 

Measurements with the same samples in Figure 145 were carried out in the new tube by 
means of the transfer matrix technique. The results are compared with the samples with 
skin. 

The transmission coefficient was increasing with the perforating diameter as it has been 
discussed in the previous subsection. Also it is shown that the reflection coefficient was 
reduced with increasing the diameter of the holes.  The same phenomena are observed in 
samples without the superficial skin. 
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Fig. 150. Internal absorption, 
transmission and reflection coefficient in 
sample II with and without the skin. 

Fig. 151. Internal absorption, transmission and 
reflection coefficient in sample I with and 
without the skin and 0.5 mm perforation. 
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If the skin of a sample with perforated holes is removed some substantial improvements are 
obtained. In other words, a reduction of the reflection is shown at Figure 149. The 
absorption in the material is not much modified but still improved. 

In a sample with a very small perforation diameter such as sample I, a 0.5 mm perforation, 
the effects are quite evident when the skin is removed as shown in Figure 151. The 
reflection coefficient is much decreased and the transmission coefficient is not much 
modified. The internal absorption is much increased in the region where the reflection is 
decreased. 

One can say that increasing the diameter of the perforations has the same effect as 
removing the skin from  a sample which already is perforated. 

Again the flow resistance was measured of the Al-sample without skin. The flow resistance 
decreased to a half removing the skin of these perforated samples. 

 

Table 24. Airflow resistance results in ( 4/ mNs ) for samples with and without skin. 

 

 I_1.2mm I_2mm I_2mm 
without II_2mm II_2mm 

without III_2mm III_2mm 
without 

σ  5000 3250 2200 3150 1600 9850 4550 

 

8.6. Models 
A mathematical model is needed in order to determine the influence of the different 
parameters of the Al-foams on its acoustical properties. The difficulties of the process of 
manufacturing the Al-foam for acoustic applications could be reduced by using a 
mathematical model in order to predict their acoustic properties. 

In this chapter, a mathematical model is described for determining the acoustic properties 
of the Al-foam materials. In [92] it is shown that for these kind of heterogeneous materials, 
the empirical models of Delany-Bazley [93] and Wu [94], which calculate the acoustic 
properties with only the airflow resistance parameter, do not work properly. 

The model used is the one proposed by Johnson and Champoux-Allard. The model is 
summarized in [83]. The complex acoustic properties are calculated from five material 
parameters. The airflow resistance, the open porosity, the tortuosity, and the thermal and 
viscous characteristic lengths are used as input parameters. 

The material is modelled as a dissipative equivalent fluid. The hypothesis is only valid for 
materials which structure or skeleton is considered rigid. The acoustic waves are only 
propagating in the air and not in the skeleton of the material. The sound absorption is due to 
the viscous and thermal effects of the pores. The viscous effects in the pores and the 
thermal effects between the air and the structure are considered by two different 
parameters. The description of the viscous effects is done by an equivalent density eρ . The 
thermal effects are considered by introducing a dynamic bulk modulus K . The relationship 
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between these two parameters and the characteristic impedance and wavenumber of the 
material are defined as 

 

 c eZ Kρ=          (111) 

 c ek Kω ρ=          (112) 

 

The imaginary part of the wavenumber tells how much a sound wave will be attenuated as 
it travels across the material. The real part of the wavenumber is related to the speed of 
sound. The equivalent density and the dynamic bulk modulus are calculated by the previous 
cited Johnson-Champoux-Allard model. 
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where 0P  is the air static pressure, p vc c  is the ratio between the specific heat coefficients, 

pN  is the Prandtl’s number and η  the air dynamic viscosity. From the previous 
expressions, it is observed that both equations depend on five parameters: σ  the airflow 
resistance, φ  the open porosity, α∞  the tortuosity, Λ the characteristic viscous length and 
′Λ  the characteristic thermal length. 

The airflow resistance σ  was defined in Subsection 8.4. Measurements were discussed in 
Subsection 8.5 for example. 

The open porosity φ  is defined such as the fractional amount of air volume within the 
absorbent only taking into account the open and interconnected pores. 

The tortuosity α∞  is a measure of the twistness of the pores, see Figure 152, and is defined 
[83] as 
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where v  is the microscopic velocity in the pores and V a volume of the material 
homogenization. The tortuosity is always greater than or equal to unity. For perfect straight 
pores in a material, the tortuosity would equal unity. However, for the rest of cases it would 
be greater than unity. 

 

 
Fig. 152. Physical concepts of the tortuosity, and the viscous and thermal characteristic 
lengths. 

 

The thermal characteristic length is defined as 
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The viscous characteristic length is introduced for the viscous effects between the structure 
and the fluid. 
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where v(r) and v(rw) are the microscopic velocities in the volume V of the pore and on the 
surface S of the pore respectively. The thermal characteristic length is related to the size of 
the pores. The viscous characteristic length is related to the size of the perforations or 
conducts between pores, as shown in Figure 152. 

The tortuosity and the viscous and thermal characteristic lengths could not be measured 
directly. The airflow resistance was measured and the open porosity was estimated by the 
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Archimedes’s principle. The samples were submerged in a recipient full of water. The open 
porous volume could be calculated by subtracting the measured displaced volume of water 
to the theoretical volume of water which should be displaced considering the sample 
completely without any pores.  

The three not measured properties were calculated by an inverse method described in [95]. 
This technique is based on the minimization between the theoretical absorption coefficient 
in a standing wave tube with a rigid termination and the same measured value. The function 
which should be minimized is 
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where expα   and theoα  are the absorption coefficient curves measured and calculated by J-C-
A model in the frequency domain. The absolute minima of the function were found by an 
iterative method. The minimization was done with the absorption coefficient measured in 
the Kundt’s tube due to the mounting conditions of samples on a rigid end were stronger 
and constant. Vibrations of the samples which could affect the results during measurements 
were eliminated in such mounting conditions.  

 

Table 25. Measured and calculated properties by the inverse technique of Al foam samples. 
 

Sample a (m) Skin σ (Nm-4s) φ  α∞  Λ (m) ′Λ (m) ( )( )Re ckα∞

I 0.00025 with 7876 0.63 5.2 2.00E-05 3.75E-03 6.4
I 0.0006 with 4952 0.63 7.3 9.00E-05 1.00E-03 8.2
I 0.001 with 3232 0.63 7.1 1.32E-04 1.16E-03 7.1
I 0.001 without 2186 0.80 2.8 9.20E-05 1.00E-02 3.5
II 0.001 with 3127 0.53 10.2 7.80E-05 1.00E-03 10.5
III 0.001 with 9864 0.63 16.5 3.50E-05 1.00E-03 16.3
III 0.001 without 4559 0.65 12 1.20E-04 1.00E-03 11.7
III 0.002 without 1415 0.80 12.6 1.97E-04 1.00E-03 12.4
IV 0.001 with 7274 0.25 5.6 4.00E-05 8.10E-05 6.5
V 0.001 with 12409 0.10 1.4 5.00E-06 1.00E-06 1.1
V 0.002 with 2389 0.10 1.1 6.00E-06 1.00E-06 1.0

 

The measured and calculated parameters for different samples are shown in Table 25. The 
airflow resistance is decreasing as the diameter of the perforation a is increasing. It also 
decreases when removing the external skin of the sample. The open porosity is again 
increasing removing the skin. 

The thermal characteristic length ′Λ  is related to the pore size. Samples I, II, and III obtain 
the same order of lengths for ′Λ  and samples IV and V much smaller order of these lengths 
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due to a small pore size. In the other hand, the viscous characteristic length Λ  is related to 
the size of the conducts between pores. Thus it can be stated that ′Λ  should be larger than 
Λ . It is observed that the two characteristic lengths are much different for the samples of 
big pore sizes as it should be, but in samples IV and V the two lengths are again much 
similar due to the small pore size. 

The inverse technique results also confirm that the tortuosity is reduced when the skin of 
the sample is removed.  

In order to check the results of the proposed inverse technique for these Al-foams, the 
results of the tortuosity were compared with the ones obtained from the measured real part 
of kc in the four microphone technique. The real part of the characteristic wavenumber can 
be approximated for very high frequencies to ( ) 0Re ck k α∞≅ . As it is observed in Table 
25 the values of tortuosity obtained with the inverse technique are well correlated to the 
values obtained by the approximation using measured results. 

From J-C-A model a perfect numerical agreement can be obtained on sound absorption 
coefficient, but this kind of solutions are usually not physically possible. As an example, 
the perfect numerical solutions could have huge values of tortuosity and incoherent values 
for the characteristic viscous and thermal lengths. Thus, the best physically possible 
solutions are plotted in the graphs.  
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Fig. 153. Measured and modelled sound absorption coefficient for sample II and IV with 2 
mm perforation. 

 

One could think, observing the results in Figures 154 and 153 for sample IV and V, that 
these samples could behave like a material whose losses would be only due to the added 
perforation. It is remembered that samples IV and V are very rigid with high density and 
with very low pore size. Thus, the sound propagation could be just in these cylindrical 
tubes caused by the drilling. The model described in [78] for this kind of materials which 
have only losses in perpendicular cylindrical tubes was applied. Very poor agreement is 
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obtained. However, much more improvement should be done in the J-C-A model used in 
order to reinforce the agreement. In Figure 155 is shown the good agreement between 
measurements and J-C-A model when the samples are perforated and without skin. 
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Fig. 154. Measured and modelled sound absorption coefficient for sample V with 2 mm and 
4 mm  perforation. 
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Fig. 155. Measured and modelled sound absorption coefficient for sample III with 2 mm 
and 4 mm perforation without the skin. 

 

8.7. Summary 
The mechanical and acoustic properties were measured and modelled for a set of diverse 
Al-foams. The bending stiffness, as a main mechanical property, was measured for the 
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aluminium foam beams and an equivalent model was investigated. The validation of the 
model which predicted the mechanical characteristics of the foams with different internal 
properties was carried out using FE techniques. With respect to the natural frequencies very 
good agreement was achieved between predicted and measured results. 

The acoustic properties of cylindrical samples of aluminium foams were measured and 
modelled. The samples were first tested in a Kundt’s tube with a rigid end. By using the 
two microphone technique, the sound absorption coefficient, the reflection coefficient and 
the surface impedance were obtained. The sound absorption results for the Kundt’s tube 
were used for modelling the material. Furthermore, tests with an air gap behind the sample 
were carried out in the Kundt’s tube. Again, the samples were tested in an impedance tube 
with an anechoic termination. The four microphone technique was used and with the 
method of the transfer matrix, the characteristic wavenumber and the characteristic 
impedance were obtained. Furthermore, the internal absorption coefficient was also 
determined by means of the reflection and the transmission coefficients measured in the 
impedance tube with an anechoic termination. Even, the calculation of the surface 
impedance and the normal incidence sound absorption coefficient were carried out from the 
measured values by the four microphones technique. The agreement between the 
magnitudes measured in the Kundt’s tube and the magnitudes calculated by the transfer 
matrix was good. 

Originally, the samples had an outer skin which characterized the aluminium foams as a 
closed-cell material. In that configuration, the material had a very high reflection 
coefficient, low sound absorption and low transmission coefficient. In order to convert the 
aluminium foam samples into opened-cell structures, and in that way increase the sound 
absorption, the structure was perforated. Finally the skin was removed. The effect of the 
perforations was to interconnect the pores through the sample to the surface. The open 
porosity was enlarged. In that way, the sound absorption of the samples measured in the 
Kundt’s tube was improved. Increasing the diameter of the perforation, the transmission 
coefficient was much increased specially at low frequencies, and the reflection coefficient 
was decreased for all frequencies. However, the reflection was still predominant at high 
frequencies. The internal absorption was not always increased as the perforations or their 
diameters were increased. There was an optimum perforation ratio giving the highest 
internal absorption.  

The effect of taking away the outer skin had the same physical meaning as perforating the 
samples. For a sample which was already perforated, the effect of removing the outer skin 
has similar effects as increasing the diameter of the perforations 

The acoustic properties of the aluminium foams were finally modelled with the Johnson-
Champoux-Allard procedure. The open porosity and the airflow resistance were measured 
for all samples. The viscous and thermal characteristics lengths and the tortuosity were 
obtained by an inverse technique which was validated with measurements. The theoretical 
results obtained for the sound absorbing coefficient were good. Still, some improvements 
could be done for the samples with very small pore size. The aluminium foam sound 
absorbing properties were well characterized by means of an equivalent density and 
equivalent bulk modulus. By means of these two parameters, the aluminium foam sound 
absorbing characteristics could be modelled, and in that way could be used in several 
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procedures as for example in a finite element method. These two parameters are exclusive 
for each material and do not depend of the wave incidence angle. 
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The first few eigenfrequencies in the air cavity of a stationary standard tyre for a passenger 
car are approximately 224, 440, and 664 Hz. The sound pressure level in the cavity has 
very distinct maxima at these frequencies when the belt of the tyre is being excited. As a 
consequence the tyre appears to be stiff at these frequencies. Energy induced in the tyre by 
a force acting on the tread is at the eigenfrequencies readily transmitted through the tyre to 
the hub of the wheel and from there to the compartment body itself resulting in a tonal low 
frequency noise within the car. The noise is most distinct at the first eigenfrequency of the 
air cavity. The inside of the tyre is acoustically hard resulting in small losses and high 
resonance peaks of the pressure when the tyre is excited. The losses can be drastically 
increased by the addition of an absorbing material in the air cavity. The sound pressure 
inside the tyre will decrease at the eigenfrequencies due to the added sound absorption. As 
a consequence the energy transmission from the tread of the tyre to the car body and thus 
the noise level in the car are reduced. Measurements on a stationary tyre show that the 
energy transmission through a tyre can be almost completely reduced at the first 
eigenfrequency through the addition of a sound absorbing material inside the tyre.  

For a rotating tyre the first few dominating eigenfrequencies are each split into two due to 
rotational effects. This frequency split is proportional to the rotational velocity of the tyre. 
Again the energy transmission from the contact surface between tyre and road through the 
hub and the suspension to the car body is high at these eigenfrequencies. The energy 
transmission can again be reduced by the addition of a sound absorbing material inside the 
tyre. The acoustic properties of the sound absorbing material in the tyre can be altered due 
to the centrifugal forces acting on the material.  
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The noise level inside a car travelling on a standard road surface will exhibit a tonal 
character at frequencies close to the first eigenfrequency of the air cavity but also due to a 
certain periodicity dictated by the circumference of the tyre. The transmission of energy to 
the car body due to the acoustic field in the tyre can therefore dominate within a rather 
large frequency interval between 200 and 300 Hz. The tonal noise can be reduced by the 
addition of a sound absorbing material inside the tyre. In order to achieve this noise 
reduction the acoustic properties of the material should not be changed adversely due to 
centrifugal effects. Further, the sound absorbing properties of the material should be 
adequate in the frequency range above 200 Hz. The efficiency of the material used is 
determined by its sound absorption with grazing incidence in the physical models. 

The sound absorbing properties, at grazing incidence, of a material can be measured in a 
simple box like structure or in a duct. Based on the measured sound absorption the 
reduction of the tonal noise inside the car can be predicted. It is demonstrated that tonal 
noise inside a car can be reduced by up to 9 dB at the ear passenger position.  

The effect on external noise of the added sound absorption inside tyres was also studied. 
The reduction effect could be quite significant for a stationary tyre which is excited by a 
shaker. However field tests indicate that the added sound absorption in the tyres only can 
reduce the exterior noise by 1 dB. The reason being that tyre noise is not only caused by the 
vibrating tyre wall. Nevertheless, the modified wheels would always give a reduction of 
exterior noise even when the road and tyre surfaces are very low noise radiators. The tyre 
air cavity resonance would be more enhanced in the near future due to the reduction of tyre-
road noise produced by other mechanisms by means of new road surfaces or new tread 
patterns. 

When a car is travelling on a road a strong acoustic field is induced between the car and the 
road. A simplified physical model is developed in order to study this acoustic field.  Very 
good and promising results for future work on exterior noise reduction are achieved. It is 
estimated that the external noise from a car could be reduced by approximately 3 dB by 
adding a good sound absorbing material underneath a car. A FEM technique is suggested 
for optimizing the configuration and type of the absorbents. 

Aluminium foam satisfies some of the requirements on sound absorbing materials suitable 
for being mounted inside tyres and underneath cars.  The low weight, the high stiffness and 
the good acoustic properties make this material suitable. A number of foam types have been 
tested with respect to acoustic and dynamic properties. In particular measurement 
techniques for determining the sound absorption at normal and grazing incidence are 
discussed. It is shown that some of the acoustic properties of an Al-foam can be predicted 
from the Johnson-Champoux-Allard model. 
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