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Summary

Sound absorption of porous asphalt pavements is an important property when reducing tyre-road

noise. A hybrid model has been developed to predict the sound absorption of porous roads. This model

is a combination of an analytical analysis of the sound field and a numerical approach, including both

the viscothermal effects and the scattering effects. The model provides a description of the three-

dimensional sound field in and above the porous asphalt pavement and can be used to predict the

absorption coefficient for oblique incident sound waves.

PACS no. 43.20, 43.28, 43.40

1. Introduction

Tyre road noise can be reduced by increasing the
sound absorption of the pavement. Properties that
influence the sound absorption are for example the
porosity, the stone size, the type of bitumen and
fillers. The sound absorption and impedance of porous
materials can be predicted with ground impedance
models. An overview of the different model ap-
proaches and models is given by Attenborough et
al. [1]. With such models the absorption behaviour
of porous pavements can be optimised before con-
struction of the road. However, these models assume
that the behaviour of the porous pavement is homo-
geneous and locally reacting. Therefore, the reflection
and scattering of the sound waves on the surface of
the pavement and on the stones within the pavement
is not accounted for.

In this paper, a numerical model is presented which
describes the three-dimensional sound field in and
above the porous asphalt pavement and is used to
predict the absorption coefficient for oblique incident
sound waves. The modelling approach is a combina-
tion of an analytical and a finite element approach,
including both the viscothermal effects within the
pores of the pavement and the scattering effects at
the stones in the pavement. Using this modelling ap-
proach it is not difficult to model different gradings in
multilayered asphalt pavement. Also, the effect of the
angle of incidence can be included when modelling the
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porous asphalt pavement, which is important since a
rolling tyre will radiate noise in all directions.

In this paper the ongoing research of this modelling
approach is described. In an earlier publication of the
authors [2], this approach is introduced for a two-
dimensional problem. Here, the approach is extended
to a three-dimensional problem. The approach and
simulation results for 3 three-dimensional configura-
tions are given in this paper. The developed model
can be validated by measurements of the absorption
coefficient for oblique incident sound waves using a
small microphone array [3].

2. Hybrid modelling approach

A three-dimensional hybrid model is developed which
predicts the sound field in and above nonlocally react-
ing porous materials and which includes viscothermal
and scattering effects. In this research is focused on
porous asphalt pavements.

The approach used for this model is shown in Figure
1. It is a combination between the analytical solution
of the sound field in two mediums with acoustically
hard backing, shown at the top left of Figure 1, and a
numerical approach, where the scattering of the sound
waves is included, as shown on the top right side of
Figure 1. The total pressure field is then given by the
combination of the analytical solution and the finite
element solution, shown at the bottom of Figure 1.

The analytical solution is derived for the sound field
in two mediums, where one medium represents air and
the other medium is an air layer including energy dis-
sipation by viscous and thermal effects. The second
medium has an acoustically hard backing. The sound
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Figure 1. Modelling approach.

field is derived for an incoming wave field with an
arbitrary angle of incidence, which will be partly re-
flected at the interface with the second medium and
partly absorbed by the second medium, due to the
viscothermal dissipation of energy. At the acoustically
hard backing at the bottom of the second medium the
remaining sound waves are reflected and again partly
absorbed in medium II, partly reflected at the inter-
face with medium I and partly transmitted back into
medium I.

The acoustic properties of a porous asphalt pave-
ment can be determined with a microstructural
ground impedance model. In these models the acous-
tic properties of the air within the (small) pores of the
porous asphalt pavement are derived from analytical
descriptions of a fluid flowing through pores with a
simple geometry and uniform cross-section, like cylin-
drical tubes. Most models include shape factors to
describe the influence of the pore shape on the ther-
mal and viscous effects. The properties of an individ-
ual pore are used to find a generalized model for the
porous material, for example by using the porosity.
Various microstructural models are available, [4], [5],
[6].

A similar approach is used in the low reduced fre-
quency (LRF) model [7], [8], which is used in this
modelling approach to estimate the acoustic proper-
ties of the air within the pores of the asphalt pave-
ment. However, the acoustic properties of the air in-
side the individual pore are directly used for the sec-
ond medium, instead of deriving an impedance rep-
resentative for a medium with a certain porosity,
such that the impedance homogeneous over this layer.
Thus, in the hybrid modelling approach, the acoustic
properties belonging to a single pore are used for the
analytical solution and for the numerical model. The
correct porosity is obtained only in the combination
with the numerical model. This is also a homogenisa-
tion of the acoustic properties, but since this approach
is combined with a scattering problem, the total ap-
proach is not an homogenisation. And therefore, it
is possible to study the sound absorption for oblique
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Figure 2. Directions, polar angle § and azimuthal angle ¢
(left) and 2D view of boundary conditions for analytical
solution (right).

incidence and the influence of different gradings in
multilayered asphalt pavement.

An other advantage of this approach is that the vis-
cothermal effects are included in the properties of the
medium, by means of a complex wave number, speed
of sound and impedance, and not as special viscother-
mal finite elements which have large computational
cost.

The numerical models are made with the multi-
physics package Comsol, version 4.4, in combination
with Matlab, version 2013a.

In Section 2.1 the analytical solution and in Section
2.2 the numerical solution are described and applied
to example cases. The coupled numerical model is de-
scribed in Section 2.3.

2.1. Analytical solution including viscother-
mal effects

An incoming sound wave including reflection and dis-
sipation of energy by the viscothermal effects can be
described by the sound pressure and particle velocity.
The pressure in domain I (see Figure 2) is given by pr

pr = AI(EMISI + Bleiiklsl, (].)
and for domain II by ppy
prr = AHeianII +BIIe—ikIISII7 (2)

where, A; and B; are the complex amplitudes of re-
spectively the incident and reflected waves, [ indicates
the domain and s is a spatial coordinate defined by
the position, the polar angle of incidence 6; and az-
imuthal angle of incidence ;:

sp = xsinf; cosp; + ysinb;sinp; + zcos ;. (3)

It is assumed that 0, = 0;; = —0;, and ¢, = ¢;; =
Pl,r-

The particle velocity in the direction normal to the
the interface between domain I and domain IT is given
by vi ,, for domain I:

o = — Ay cos 6y gikis B cos glefikm
El ZI ZI )
and by wvrp,, for domain II:

(4)

—AH COS 911 ; : BH COS 911 ; :
e etkmsm =+ e tkmsirs (5)

ZH ZH
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2.1.1. Boundary conditions

The analytical solution is found using the continuity
of the pressure and the particle velocity in normal
direction at z = 0 and the sound hard boundary at
z = —d, where d is the thickness of medium II.

p1|z=0 = p11|z=o

'UI,n|z:0 = UII,nIz:O

—~ o~ o~
0 g O
L = =

U,n|z2=—d = 0

The boundary conditions are shown on the right side
of Figure 2. Solving the system for an incident wave
of unit amplitude, A; = 1, yields:

Z11 cos 01 (1 + 65) — Zycos by (1 — 6‘5)

Bi=A 9
! IZ1100891(1+65)—I—ZICOSHH(l—ef) )
Z11 cos 0;
A =2A

1 IZHCOSGI(l—i—ef)—i—ZICOSGH (1 —ef)
(10)
BH = Aneg (].].)

where

65 — e—?ikndcos@n (12)

The boundary conditions and the solution procedure
are described in more detail in [2].

2.1.2. Example

The equations for the pressure and particle velocity
are implemented in a numerical model. To demon-
strate the analytical solution, an example model,
called model A, has been built. In this model the
stones are not included and the impedance of the sec-
ond medium is derived from the impedance for a sin-
gle cylindrical pore, Zore, using the porosity € of the
porous layer, [7]:

Z
pore
= ———"

e, (13

where Zy; is the impedance of medium II. The
impedance of the single pore is found using the LRF
model for a cylindrical pore with the dimensions
and porosity listed in Table I. The impedance used
in the analytical model is not frequency dependent.
This value is the averaged impedance value over the
range of frequencies used in the simulations. Note
that the LRF model returns a frequency dependent
impedance.

The three-dimensional model is shown in Figure
3 and consists of a half sphere representing the air
in medium I and a cylindrical layer representing the
porous material in medium II. Both layers are en-
closed by perfectly matched layers (PML), such that
pressure waves entering these layers are completely
absorbed without reflections. PML are introduced by
Berenger [9] for the application of electromagnetic
waves.
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Table I. Parameters for LRF model of example model A.

Property Value
equivalent radius tube, Riype [mm] 3.5
length pore, Lpore [mm] 75
impedance pore, Zpore [kg/ (Mm”s)] 407 + 61
porosity, 2 [-] 0.44
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Figure 3. Example model A with 2 layers enclosed by per-
fectly matched layers.

Table II. Properties of example model A.

Property Value
speed of sound in medium I [m/s] 343
speed of sound in medium II [m/s] 768 + 114
impedance in medium I [kg/ (m”s)] 413
impedance in medium II [kg/ (m?s)] 925 + 13:
height medium II [m] 75

The analytical solution of the total pressure field is
projected onto this model, shown in Figure 4. This is
the solution of the incident pressure field, shown in
Figure 5, using the model parameters listed in Table
II. The incident pressure field is not continuous at
the interface of domain I and II, since the complex
amplitude Ajr is defined as the sum of all incident
pressure waves in medium II. Note that the solution
is given for the boundary condition where the sum of
the amplitudes of all incident and all reflected waves
is continuous over this interface (Eq. 6).

2.2. Scattering problem

The second part of the hybrid modelling approach is
the scattering problem, as shown on the top right part
of Figure 1. This problem is solved using the finite
element method.

The three-dimensional numerical model used to
solve the scattering problem consists of a half sphere
representing the air in medium I and a box containing
stacked spheres representing the individual stones in
the asphalt concrete, as shown in Figure 6.
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Figure 6. Geometry of the three-dimensional model with

Figure 4. Total pressure field for model A (f = 1600H z, stone structure (example model B).

6 = 35° and ¢ = 90°).

Table III. Parameters of stacked sphere structures of ex-

Figure 5. Incident pressure field for model A (f = 1600H z,
6 = 35° and ¢ = 90°).

With this finite element model the scattering of the
sound waves on the stone structure and the box itself
is solved. This is implemented by applying the ana-
lytical solution of the particle velocity, as given in Eq.
5, on the boundaries of the stacked spheres and the
enclosing box. The total particle velocity in normal
direction, consisting of the analytical particle velocity
of the incoming and the reflected waves (vrr,,) and
the particle velocity of the scattered waves (vscat.n),
is set to zero at the boundaries.

2.2.1. Stacked spheres

The stones in the porous pavement are represented in
this model by a structure of spheres. The structure
of the stacked spheres is based on the face-centered
cubic system, since this structure has a low porosity
and is therefore more realistic.

In the future more research will be done to optimise
this structure for the sound absorption and to find a
structure more similar to the stone structures found
in real asphalt pavement.

2.2.2. Example

Model B, shown in Figure 6, can be used to demon-
strate the scattering approach. The model consists of
a half sphere representing the air and a structure of
stones within a rectangular box. The parameters of
model B are given in Table III, where N,, N, and
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2 ample models.
1 Property Model B Model C
radius spheres [mm] 12 8
0 height porous layer [mm] 61 65
porosity [-] 0.44 0.42
-1 Ng [] 11 16
Ny [ 11 16
-2 N [ 3 5

Table IV. Properties of medium II of example models.

Property Model B Model C

speed of sound [m/s] 338 + 5¢ 336 + 71

impedance [kg/ (m”s)] 407 + 64 405 + 86
porosity [-] 0.44 0.42

N, denote the number of spheres in, respectively, x-
direction, y-direction and z-direction.

The acoustic properties of medium I are the same
as for air and the half sphere is circumscribed by per-
fectly matched layers. The edges of the box repre-
senting the porous asphalt concrete are rounded, to
avoid numerical problems. Also, some problems re-
garding the mesh were encountered, these were solved
by modelling a small gap between the stones in the
sphere structure and by reducing the radius of the half
sphere containing medium I. The acoustic properties
of medium II are summarized in Table IV.

The scattering problem is solved for an angle of
incidence of § = 35° and ¢ = 150°. The scattered
pressure field for a frequency of 1150H z is shown in
Figure 7.

2.3. Coupled numerical model

In the hybrid modelling approach the analytical so-
lution is combined with the solution of the scattering
problem in a coupled numerical model. This is done
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Figure 7. Scattered pressure field for model B (f =
1150H z, @ = 35° and ¢ = 150°).
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Figure 8. Total pressure field for model B (f = 1150H z,
6 = 35° and ¢ = 150°).

by adding the analytical solution to the numerical so-
lution of the scattering problem, both for the same
analytical incident pressure.

2.3.1. Example

The solution of the total pressure field of model B
is obtained by adding the analytical solution of the
incident and reflected pressure field to the numeri-
cal solution of the scattered pressure field. The total
pressure field is shown in Figure 8.

A third model is built using the parameters for
model C is given in Table III. The spheres in model C
have a diameter of 16mm. The acoustic properties are
listed in Table IV. Because, compared to model B, the
diameter of the spheres is smaller and the height of
the porous layer larger, the LRF model to find these
properties is based on a single pore with a smaller ra-
dius and a longer tube length. Therefore, compared
to the properties of model B (Table IV), it is as ex-
pected that the properties of model C contain a larger
imaginary part, since this indicates more viscothermal
behaviour.

3. Sound absorption coefficient

The coupled model can be used to predict the sound
absorption coefficient for a certain frequency and an-
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gle of incidence. The area averaged absorption coefli-
cient « over the interface S between domain I and II
is defined as the fraction of the time-averaged incident
sound power W;,, that is absorbed by this area:

o Wzn - Wrefl
= 7{/{/2 ,

! (14)
where Wy, and W,.s; are, respectively, the time-
averaged incident and reflected sound power at S, as
described by [10].

The incident and reflected power cannot be deter-
mined directly, but can be described in terms of the
complex amplitudes A and B if the sound field can be
described locally by plane waves. The complex ampli-
tudes are derived from the ‘measured’ complex pres-
sure p and complex particle velocity in normal direc-
tion wv,:

1
A=5 (p+pevn), (15)
and
1
B=(p pevn). (16)
The incident and reflected intensity are given by:
AA
in — & 17
2 (17)
and
BB
Lepp = —. 18
=5 (18)

where A denotes the complex conjugate of A. The
incident and reflected power can be obtained by in-
tegration of the incident and reflected intensity over
the interface S.

3.1. Absorption coefficient for model B

Multiple simulations are performed with model B to
determine the absorption coefficient for a range of fre-
quencies and different angles of incidence. In Figure
9 the absorption coefficient for model B is shown for
three combinations of the polar and azimuthal angle
of incidence. Also, the analytical solution for normal
incidence using the LRF model with the parameters
listed in Table I is shown in this figure. These re-
sults show that up to f = 1300Hz, the absorption
behaviour of model B (for normal incidence) follows
the absorption coefficient given by the LRF model.
For higher frequencies, the absorption coefficient of
model B is lower, which can be caused by the scatter-
ing effects.

The two simulations for oblique incidence show
higher absorption coefficients for the low frequencies
than would be expected for locally reacting surfaces,
which indicates that the stone structure has indeed
an influence on the absorption behaviour for oblique
incidence.



M. Bezemer-Krijnen et al.: Three...

- LRF model
—~' 0.8 | = theta=0deg, phi = 90deg
_g theta = 35deg, phi = 90deg
Qo theta = 35deg, phi = 150deg
5 06 .
] ; ;
(8]
S 04t
=
2 02
o Yer - = S et N
= 4/*’ \\\ =
0 1 ————a. I
0 500 1000 1500 2000

Frequency [Hz]

Figure 9. Absorption coefficient for model B.
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Figure 10. Absorption coefficient for oblique incidence
(0 = 35° and ¢ = 90°).

3.2. Absorption coefficient for oblique inci-
dence

The absorption coefficient is also given for model C.
In Figure 10 the absorption coefficient is shown for
6 = 35° and ¢ = 90°. In this figure can be seen that
a smaller diameter of the stones (model C), gives a
smaller absorption coefficient for low frequencies, but
a larger absorption coefficient for higher frequencies.
The results show that this modelling approach can
be used to optimise the sound absorption of different
structures.

4. Conclusions and future work

In this paper a hybrid modelling approach is de-
scribed, which can be used to predict the sound ab-
sorption coefficient for porous materials at oblique in-
cidence. In this paper, we focus on the application
of porous asphalt concrete. With this approach the
sound absorbing properties for oblique incidence of
porous asphalt pavement based on geometric proper-
ties can be predicted. In the future, the geometry of
the stone structure will be changed to a more realis-
tic structure and this will optimised for better sound
absorbing properties.

The modelling approach is explained and demon-
strated for some example models. It is shown that the
absorption coefficient for normal incidence follows the
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absorption coefficient predicted by a microstructural
impedance model and that the structure of the stones
has influence on the absorption coefficient. In the fu-
ture, the hybrid modelling approach will be validated
with an experimental setup. Also, possibilities to re-
duce the amount of elements in the three-dimensional
model will be studied.
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