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Abstract
Tyre-road noise is a serious problem. One of the parameters to reduce the noise radiation is the sound
absorption coefficient of the road, which is (partly) determined by properties such as the porosity of the road,
the size and shape of the stones. In this study, a novel ‘hybrid’ (analytical/numerical) model is used to predict
the three-dimensional sound field in and above porous structures – modelled as rigid granular structures –
and to predict the absorption coefficient for oblique incident sound waves. In this modelling approach, the
air inside the pores of the structure is considered, including viscothermal effects in the pores and scattering
of the sound waves due to the, assumed, rigid granular structure, representing the pavement. In this paper,
the validation of the hybrid (analytical/numerical) modelling approach with impedance tube measurements
for normal incident sound waves is described for two three-dimensional configurations. It is concluded that
this novel hybrid modelling approach has been validated with good results for normal incident plane waves.

1 Introduction

Tyre-road noise can be significantly reduced by improving the sound absorption coefficient of the road sur-
face. The sound absorption of a road is determined by properties such as the porosity, stone size and shape,
the type of bitumen and fillers. Quite some research has been done on models predicting the sound absorp-
tion coefficient and impedance of porous road surfaces, resulting in the so-called ground impedance models.
In general, three types of ground impedance models are used: (semi-)empirical models, phenomenological
models and microstructural models. Empirical and semi-empirical models are based on best fits to a large
number of measurements. An advantage of this approach is that for the majority of these models only one
or two parameters have to be known. A well-known empirical ground impedance model is the Delany and
Bazley model [1], where the impedance and sound absorption coefficient are described as function of the
frequency and flow-resistance. The drawback of this method is that Delany and Bazley mainly tested fibrous
materials with a porosity close to one, which makes this model less applicable to porous asphalt concrete.
However, with some adjustments, the model gives acceptable results for outdoor surface impedances [2, pp.
62– 63].

Phenomenological models are based on the behaviour of a viscous and compressible fluid inside the porous
material on a global scale. The parameters needed for the mathematical expressions can be determined by
measurements. An extended phenomenological model often used to describe porous asphalt concrete is the
Hamet model (e.g. [2–4]). Only three parameters are needed to describe the material. Frequency dependent
viscous and thermal effects are included in the model.

The last type of ground impedance models are the microstructural models. These models are based on
analytical relations for the wave propagation inside the porous materials, assuming an elastic frame or a rigid
frame. Again, many models are available. Overviews of the most popular models are given by Attenborough
[2] and Allard and Atalla [5].
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Figure 1: Schematic overview of the developed modelling approach

1.1 Background

Combining an impedance model with a numerical model, a ‘hybrid’ (analytical/numerical) modelling ap-
proach is developed to predict the three-dimensional sound field in and above porous materials [6, 7]. Using
this modelling approach, the sound absorption coefficient for oblique incident sound waves can be derived.
Since a rolling tyre will radiate noise in all directions, it is considered important to also account for the
behaviour for grazing incidence.

In the developed modelling approach, the porous asphalt road is modelled as a granular structure, in which
the air inside the (network of) pores is considered. The granular structure, the frame, is assumed rigid. In
this modelling approach, the analytical solution of a background sound field is combined with a numerical
solution of a scattered sound field. In the analytical description of the background field, the sound propaga-
tion in a viscous air layer undisturbed by the porous material is described. The properties of the viscous layer
are based on the behaviour of the air inside a generalised, representative prismatic tube. These properties are
also used to describe the air inside the rigid frame of the porous material in the numerical model, in which
the sound field due to scattering is solved. The sum of both the background sound field and the scattered
field gives the combined sound field. This modelling approach is illustrated by Figure 1.

The main advantage of this modelling approach is that the viscothermal effects in the narrow pores inside the
porous material as well as the scattering due to the structure of the material are included, while the numerical
model remains compact and the computational time relatively short.

The modelling approach can be applied to predict the sound absorption coefficient for simple geometries,
like a prismatic tube, but also for more complicated materials, such as stacked spheres and porous asphalt
concrete. Furthermore, this approach can be used as a design tool when optimising the sound absorption of
porous road surfaces, since the influence of properties – such as stone size, mixture, layer height, multiple
layers with different gradings and angle of incidence – on the sound absorption effect can be investigated.

1.2 Outline

In this paper, the experimental validation of this novel hybrid modelling approach is described for normal
incident sound waves. The modelling approach is validated for an aluminium sample with an array of 37
parallel tubes and for a structure with 12 layers of stacked glass marbles. The predicted sound absorption
coefficient for normal incidence is compared to impedance tube measurements.

In Section 2, the hybrid modelling approach, method to determine the sound absorption coefficient and the
developed hybrid models are described. In Section 3, the experimental validation is discussed.
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2 Numerical models

The principles of the novel hybrid (analytical/numerical) modelling approach are discussed in Section 2.1.
A more extensive discussion of this modelling approach can be found in [8].

In this paper is focused on the validation of the modelling approach using the sound absorption coefficient.
Therefore, the method to determine the absorption coefficient is also discussed in this section. Furthermore,
the properties and model results for an array of 37 parallel tubes and for a structure with 12 layers of stacked
spheres are presented in this section.

2.1 Hybrid modelling approach

The hybrid modelling approach, shown in Figure 1, consists of two subsystems. Both subsystems contain
two layers: an air layer, medium I, which is assumed to have standard air conditions; and a viscous air layer,
medium II, representing the air inside the porous material.

The first subsystem, the background wave field, is solved analytically and describes the wave propagation
through medium I, air, into medium II, a viscous air layer with acoustically hard backing representing the air
inside the rigid frame of the porous material. This viscous air layer is defined by the characteristic impedance
and viscothermal wave propagation coefficient. These properties, derived from a ground impedance model,
are then used to solve the wave propagation above and inside this viscous layer. The background wave field
is illustrated at the top left of Figure 1.

The scattered sound field, the second subsystem, is illustrated at the top right of Figure 1. This subsystem is
solved using the finite element method (FEM). Again, two layers are defined in this model. Note that in the
FEM model, only the air inside the porous material is considered. Therefore, the frame of the porous material,
for example the stones within the porous asphalt, is modelled as accurate as possible and subtracted from the
viscous air layer. If the porous material has a repetitive structure, only a small part of this structure has to
be modelled. The boundary conditions for the numerical model depend on the solution of the background
sound field, since the normal velocity vn in the total model has to be equal to zero at all boundaries:

vn = vn,bw + vn,scat = 0 (1)

where vn,bw is the normal velocity obtained from the solution of the background sound field and vn,scat is the
normal velocity used as boundary condition for the scattering problem.

Both subsystems describe a sound field which is solved by the Helmholtz equation [9]:

∇2Φ + k2
i Φ = 0 (2)

where ∇ is the Laplace operator, Φ is the velocity potential and ki is the wave number. The wave number
depends on the properties of the medium, indicated by the index i. The wavenumber in medium I is kI = k0;
the wave number assuming standard air conditions. The wave number used in the Helmholtz equation of
medium II has to include the viscothermal properties:

kII = −ik0Γ (3)

where Γ is the viscothermal wave propagation coefficient, given in Equation 4. We used the so-called low-
reduced frequency (LRF) model (e.g. [10–13]) to find the properties of the viscous air layer. This approach
is similar to that of a microstructural model approach, but is applied to a broader scope of problems and
its applications are not limited to that of predicting the impedance and sound absorption of porous ground
surfaces. Note that any ground impedance model, as long as the viscothermal energy dissipation is included,
can be used to describe the properties of the viscous air layer in the hybrid modelling approach.

In the LRF model, the sound field and particle velocity are based on the analytical expressions for the air
inside a prismatic tube with constant cross-section. Therefore, a representative tube based on the geometry
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of the frame of the porous material has to be defined to find the properties of the viscous air layer used in
the hybrid modelling approach. The representative tube used for the models described in this paper is a
cylindrical tube with constant cross-section. The viscothermal wave propagation coefficient then yields:

Γ =
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i
√
is
)

J2

(
i
√
is
) γ
n

(4)

with the polytropic coefficient n:

n =

[
1 +

γ − 1

γ

J2

(
i
√
iNPrs

)
J0

(
i
√
iNPrs

)]−1

(5)

where J0 and J2 are the Bessels functions of the first kind of the order 0 and 2, s is the shear wave number,
γ ratio of specific heats at constant pressure Cp and constant volume CV , NPr is the Prandtl number:

s = rt

√
ρ0ω

µ
and γ =

Cp

CV
and NPr =

µCp

λ
(6)

where µ is the dynamic viscosity and λ is the thermal conductivity.

The viscothermal wave propagation coefficient for the air inside a single representative tube is then used to
derive the characteristic impedance ZII of medium II; for both the background field and the scattered field.

ZII =
ρ0c0
−G

(7)

where the coefficient G depends on the type of cross-section. For a cylindrical tube this coefficient G is
defined as:

G = − i
Γ

γ

n
(8)

All relations above are defined according to [10–13].

The properties of the viscous air layer in the background sound field and the scattered sound field are now de-
scribed using the LRF model and both sound fields can be solved. The sum of the solutions of the background
sound field and the numerical field gives the combined sound field, as indicated in Figure 1. The combined
sound field is used to determine the sound absorption coefficient. This hybrid (analytical/numerical) mod-
elling approach is explained in more detail in [6–8].

2.2 Sound absorption coefficient

The area averaged absorption coefficient α is derived from the ratio between the time-averaged active sound
power Wac and the time-averaged incident sound power Win over an interface S, parallel to the interface
between the medium I and medium II [14]:

α =
Wac

Win
=

∫
Iac · ndS∫
IindS

(9)

The sound powers are obtained by integrating the active and incident intensity, Iac and Iin respectively, over
the interface S, where n is the unit vector normal to the interface S.

The active intensity is derived from the complex sound pressure p and the complex particle velocity v, both
directly obtained from the solution of the combined sound field:

Iac =
1

2
Re (pv) (10)
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Figure 2: Model with 37 parallel tubes with circular cross-section.

where v denotes the complex conjugate of the complex particle velocity.

The incident intensity cannot be determined directly, but can be described by the complex amplitude of the
incident wave A, assuming the sound field is described locally by plane waves:

Iin =
AA

2ρ0c0
(11)

where ρ0 is the density of air and c0 is the speed of sound in air, both assuming standard air conditions. The
complex amplitude of the incident wave is given by A = 1

2 (p− ρ0c0vn), where vn is the particle velocity in
positive z-direction. The complex conjugate of amplitude of the incident wave is denoted by A.

2.3 Model of sample with cylindrical tubes

The first model is based on a cylindrical aluminium sample containing 37 parallel tubes, a photo of this
sample is shown on the left of Figure 10. Each tube has a circular cross-section with radius rt = 3mm.
The tubes act like an array of cylindrical quarter wave resonators, tubes with one closed end and one open
end. The length of the tubes is optimised for maximal sound absorption between the frequencies 850Hz and
2500Hz, similar to Hannink et al. [13]. The dimensions and coordinates of the tubes are summarized in
Table 4 in Appendix A.

The geometry of the numerical model is shown in Figure 2, the air inside the array of resonators and a small
part of the air inside the enclosing tube are modelled here. The normal velocity vn,scat at all boundaries of the
numerical model of the scattering problem is equal to the normal velocity vn,bw obtained from the solution
of the background sound field, but in opposite direction: vn,scat = −vn,bw. Therefore, the normal velocities
at the boundaries in the combined model are equal to zero.

2.3.1 Properties of viscous layer

The properties of the viscous layer are found with Equations 3, 7 and 8, and are listed in Table 1. Note that
the characteristic impedance, the wave number and the shape coefficient depend on the frequency, the values
for f = 2000Hz are listed in Table 1.

2.3.2 Model results

The sound pressure of the combined sound field in and above this geometry is shown in Figure 3. The real
and imaginary part of the pressure are shown for f = 2000Hz. Since the model contains quarterwave length
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Property Symbol Value
Hydraulic radius rt 3mm
Wave number medium II kII 37.1− 0.448i m−1

Impedance medium II ZII 408 + 4.93i kg/m2s
Shape coefficient G −0.996− 0.00442i

Table 1: Properties of viscous layer for model with cylindrical tubes for f = 2000Hz.
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Figure 3: Sound pressure level in and above the tubes for f = 2000Hz: (left) real part and (right) imaginary
part of pressure.

resonators, tubes with a length close to a quarter of the wavelength λ are the most effective resonators. The
length of these effective resonators is L = c0/ (4f) = 43mm, where f = 2000Hz.

It can also be seen in Figure 3 that the pressure at a small distance from the resonators is not constant over
the diameter of the enclosing outer tube. This are local effects and at a larger distance from the entrance of
the tubes, the pressure is constant over the diameter.

The sound absorption coefficient of this sample is shown in Figure 8. The results for the experimental
validation are also plotted in this figure, but discussed later. The predicted sound absorption coefficient is
close to 1 for frequencies between f = 850Hz and f = 2500Hz. For frequencies above f = 2500Hz, the
sound absorption coefficient is still large, which is caused by the second resonance frequency of the resonator
tubes, located at f2 = c0/ (3/4λ).

2.4 Model with stacked spheres

The second model has a more complex geometry; it contains 12 layers of stacked spheres with a diameter of
6mm. The sphere structure is shown in Figure 4. The structure has 606 spheres in total and the height of the
structure is H = 60mm.

The structure of stacked spheres is according to a hexagonal close-packed (hcp) sphere packing, illustrated
in Figure 5. This structure can be extended to a more complex structure, for example by adjusting the size or
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Figure 4: Sphere structure for 12 layers of spheres with r = 3mm.

Figure 5: Stacked spheres in single layer (left) and multiple layers in hcp packing (right).

shape of the spheres, such that it will resemble porous asphalt concrete more.

Again, the normal velocity on all boundaries of the combined, total model equals vn = 0 and is the sum of
the normal velocity of both the background field and the scattered field.

2.4.1 Properties viscous layer

The properties of the viscous layer are based on the solution of the sound field inside a single representative
tube, with circular cross-section. The radius of this tube is based upon the so-called hydraulic tube radius rt.
This radius is derived for a unit cell with the hcp structure and is based on the ratio between the volume of
air between the spheres Vopen and the surface area of the spheres, the ‘wetted surface’ Awetted, within the unit
cell.

rt =
2Vopen

Awetted
=

2
(
24
√

2− 8π
)
r3

24 · πr2
=

(
2
√

2

π
− 2

3

)
r (12)

where r is the radius of the spheres.

For spheres with a radius of r = 3mm, the hydraulic radius is rt = 0.7mm. The properties of the viscous
layer are listed in Table 2. Note that the length of the representative tube and the height and porosity of the
sphere structure are not used to determine the properties of the viscous layer, since these follow directly from
the FEM model of the structure.

2.4.2 Model results

The sound absorption coefficient is shown in Figure 9. The results for the experimental validation are also
shown in this figure, but are discussed later. The results show two distinct peaks in the absorption coefficient,
similar to the type of peaks seen for tube resonators. The frequency of the first absorption peak is at f1 =
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Property Symbol Value
Hydraulic radius rt 0.7mm
Wave number medium II kII (f1) 22.6− 1.67i m−1

Wave number medium II kII (f2) 68.2− 2.56i m−1

Impedance medium II ZII (f1) 383 + 28.4i kg/m2s
Impedance medium II ZII (f2) 396 + 16.6i kg/m2s
Shape coefficient G (f1) −0.973− 0.0305i
Shape coefficient G (f2) −0.985− 0.0163i

Table 2: Properties of viscous layer for model with stacked spheres, with f1 = 1138Hz and f2 = 3563Hz.
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Figure 6: Sound pressure level in and above sphere structure for f = 3563Hz: (left) real part and (right)
imaginary part of pressure.

1138Hz. This corresponds with a cylindrical tube resonator with a length L of:

L =
c0

4f1
= 75mm (13)

As expected, this length is larger than the total height of the sphere structure, which is H = 60mm, since
this air structure is shaped like a network of winding and curved tubes. Therefore, the traveled path of the
sound waves is expected to be longer than the height of the structure.

The frequency of the second absorption peak is found at f2 = 3563Hz. The second peak for a tube resonator
occurs at f2 = c0/ (3/4λ). Therefore, the length corresponding with this peak is:

L =
3c0
4f2

= 72mm (14)

This correlates fairly well with the length found for the first absorption peak.

The combined sound field in and above the stacked spheres for f = f2 is shown in Figure 6. Here, the local
effects inside and just above the sphere structure are visible.
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Figure 7: Impedance tube used for absorption measurements

3 Experimental validation

In this section, the experimental validation for the sample with 37 parallel tubes and the sphere structure is
discussed. Additional measurements to validate the modelling approach are discussed in [8].

Figure 7 shows the impedance tube used for these measurements. This is an aluminium tube with, at one end,
a build-in speaker. The other end is closed with a sound hard aluminium plate of 10mm thickness. The tube
has a microphone module containing upto 4 microphones. The measured microphone signals are controlled
and processed using LabView and the post processing is performed in Matlab. The signals are analysed in
the frequency domain using a method based on the method described by Kuipers et al. [15]. In this paper we
focus on the method for normal incidence, using the sound pressure from all 4 microphones.

The maximum frequency is kept below the cutoff frequency of the tube. Therefore, only plane wave propa-
gation is possible.

3.1 Sample with 37 tubes

The sample, shown in Figure 10 in Appendix A, is manufactured from a solid aluminium tube in which 37
holes are drilled, according to the length and coordinates as listed in Table 4. The absorption coefficient for
the sample is measured using the impedance tube and compared to the model results.

3.1.1 Difference between model and sample

The model is based on the sample, however, there are some differences between the model and the sample,
due to the manufacturing process. First, a difference is expected between the length of the tubes in the model
and the depth of the tubes in the sample, since the dimensions used for the model are based on the design
values of the sample. Furthermore, the sample is manufactured using a drill tapered with a point angle of
118◦. Therefore, the bottom of the tubes is not flat, but tapered similar to the shape of the drill tip.

3.1.2 Discussion of results

The sound absorption coefficient for both the measurements and the model are shown in Figure 8. The light
solid line (orange) is the measured value of the sound absorption coefficient of the sample, the shaded area
indicates the standard deviation. Notwithstanding the differences between the model and the sample, the
absorption coefficient for the measurements and the model show an excellent agreement. All the dips and
peaks in the sound absorption coefficient are predicted extremely well by the hybrid model.
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Figure 8: Absorption coefficient for 37 tubes with rt = 3mm, shaded area indicates ±1 standard deviation.

3.2 Glass marbles of 6mm

To validate the model for a more complex structure, we measured a stacking of glass marbles in the impedance
tube. For these measurements, the tube is placed (and stabilized) in upright position. The marbles were
weighted to estimate the amount and placed on the bottom of the closed sample holder. To ensure a compact
packing, the sample holder was slightly shaken and the stack of spheres was pressed downward using a heavy
piston.

3.2.1 Difference between model and sample

The structure in the sample holder is quite similar to the hcp stacking, but due to the circular shape and small
diameter of the impedance tube some differences are observed. Also, the layer height and the amount of
marbles is not the same as for the structure of spheres in the model. The parameters for the model and the
measurements are listed in Table 3.

Parameter Model Measurement
Radius (r) 3mm 3mm
Height structure (H) 60mm ≈ 61mm
Number of spheres (N ) 606 ≈ 636
Number of layers (Nlayers) 12 ≈ 12

Table 3: Parameters for validation of model with stacked spheres.

3.2.2 Discussion of results

The results of 4 measurements are averaged to determine the sound absorption coefficient. After each mea-
surement, the microphone module and the cables were reversed, such that the microphones have switched
positions. After two measurements, the setup was demounted and mounted and the structure of marbles was
removed and rebuilt to investigate the repeatability of these measurements. It is found that the repeatability
was very good. An average standard deviation of 0.01 was found. The absorption coefficient and the standard
deviation (shaded area) are plotted in Figure 9.
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Figure 9: Absorption coefficient for simulation and measurements with stacked marbles, shaded area indi-
cates ±1 standard deviation.

The predicted sound absorption coefficient is also plotted in Figure 9 (dash-dotted line). The two absorp-
tion peaks, both the frequency and the amplitude of the peaks, are predicted very well by the model. For
frequencies up to the frequency of the second absorption peak, the overall agreement of the curves is very
good. Especially when the differences between the model and the measurements are taken into account.
The amplitude and frequency of the second peak are overestimated by the model. An explanation is not yet
found.

4 Conclusions and recommendations

In this paper, we discussed how a novel ‘hybrid’ (analytical/numerical) modelling approach can be used
to predict the sound absorption coefficient of porous materials. In the modelling approach an analytical
solution of the background sound field is combined with a numerical solution of the scattered sound field,
both including viscothermal behaviour. This viscothermal behaviour is estimated using a microstructural
modelling approach, the so-called low-reduced frequency (LRF) model.

The modelling approach is validated with impedance tube measurements for two cases: (1) for an aluminium
sample with parallel tubes and (2) for a more complex structure of stacked glass marbles. The predicted ab-
sorption coefficient for the aluminium sample with 37 tubes shows an excellent agreement with the measured
absorption coefficient.

The sound absorption coefficient of the structure of stacked spheres (in the model) or stacked marbles (in
the experimental setup) is also predicted very well with the hybrid model, especially when the differences
between the model and the measurements are taken into account. The predicted absorption coefficient shows
the same behaviour and the two peaks in the absorption coefficient are predicted very well. Possibly, the
predicted sound absorption coefficient will improve when the hydraulic radius is implemented in a frequency
dependent manner, like the characteristic impedance and the viscothermal wave propagation coefficient.
However, this has to be investigated further.

The next step is the validation for structures which will resemble porous asphalt concrete more. This can
be done by, for example, varying the size and shape of the spheres or marbles or adding a second layer to
predict the absorption behaviour of multilayered porous asphalt concrete. Furthermore, the model has to be
validated for oblique incident sound waves, since a rolling tyre will radiate noise in all directions.
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However, at this moment the hybrid modelling approach is already used as a design tool to optimise the sound
absorption coefficient of porous road surfaces, such that tyre road noise will be reduced. This research has
been carried out within the project ‘Stil Veilig Wegverkeer’ (translated in: ‘Silent and Safe Road Traffic’),
[16].
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(a) Photo of sample with 37 tubes. (b) Design of sample with 37 tubes.

Figure 10: Aluminium sample with 37 tubes.

Appendix A: Sample design

An array of parallel tubes was designed with a maximal sound absorption coefficient between 850Hz and
2500Hz. A photo of the aluminium sample with this array of tubes is shown in Figure 10. The dimensions
and coordinates of the tubes are listed in Table 4.

N Ldesign x y N Ldesign x y N Ldesign x y
[mm] [mm] [mm] [mm] [mm] [mm] [mm] [mm] [mm]

1 100.0 -10.4 8.8 16 66.4 -10.4 -18.1 31 38.6 19.6 7.1
2 100.0 4.9 -13.4 17 64.0 -10.4 18.1 32 37.3 -5.6 -4.7
3 99.0 3.6 20.6 18 61.7 19.6 -7.1 33 36.0 -20.9 0.0
4 98.0 20.9 0.0 19 59.5 -19.6 7.1 34 34.8 -3.6 -20.6
5 95.6 5.6 4.7 20 57.4 10.4 -18.1 35 33.7 -4.9 13.4
6 92.8 -19.6 -7.1 21 55.3 10.4 18.1 36 32.6 14.1 -2.5
7 90.1 -9.2 -10.9 22 53.3 12.8 4.7 37 31.0 0.0 0.0
8 87.3 -16.0 13.4 23 51.4 -1.3 7.1
9 84.6 6.8 -2.5 24 49.6 -16.0 -13.4

10 81.8 -14.1 2.5 25 47.8 -2.4 -13.4
11 79.1 3.6 -20.6 26 46.1 -3.6 20.6
12 76.4 9.2 10.9 27 44.5 10.4 -8.8
13 73.8 16.0 13.4 28 42.9 -6.8 2.5
14 71.3 1.3 -7.1 29 41.4 16.0 -13.4
15 68.8 -12.8 -4.7 30 40.0 2.4 13.4

Table 4: Dimensions and coordinates of sample with 37 parallel tubes, according to design.
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