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Traffic noise is one of the most predominant noise sources that affect citizens’ quality of life in urban
areas. The increasing presence of alternative powered vehicles, such as electric or hybrid vehicles, could
provide an improvement of such a situation due to the absence of internal combustion engines. However,
tyre/road noise is independent of the vehicle type and still exists in alternative powered vehicles. Hence,
efforts should focus also on reducing noise emission by means of new tyre designs. The tyre/road noise
emission of newly produced tyres is currently evaluated by the Coast-By method, and as a result the roll-
ing sound pressure level at the measuring distance, located 7.5 m away from the test vehicle is obtained.
Such an acoustic index provides a very representative data of the annoyance that a pedestrian located at
such distance could suffer. However, this value could be affected by external factors, such as environmen-
tal conditions. For that reason, this paper presents a methodology for extrapolating the sound pressure
levels that are obtained in a Coast-By test, by means of the sound power level emitted by the specific
tyre/road combination evaluated. This methodology could serve as the basis for defining a universal
model to evaluate a tyre when rolling on a road, by using its sound power emission and predicting the
Coast-By sound pressure level.

� 2019 Elsevier Ltd. All rights reserved.
1. Introduction

Environmental noise is one of the problems that most severely
affect citizens in urban areas. Noise pollution is perceived as an
annoyance that decreases the quality of life of people exposed to
high noise levels, which may have negative consequences, varying
from not being able to maintain a conversation to producing sleep-
ing disturbances, alterations in the development of work and other
activities that require intense concentration, or variations in the
nervous system. Different policies have been developed in the last
decades in order to control and reduce environmental noise. In this
sense, the ‘‘European Commission Green Paper on Future Noise
Policy” [1] was a first step towards a common policy on noise in
the European Union, identifying traffic noise as the major noise
problem in urban and inter-urban environments.

Traffic noise can be considered as the collective contribution of
each of the individual vehicles that composes a line of traffic. The
noise emitted by a vehicle is produced by different sub-sources
[2], which can be grouped into three main categories: noise gener-
ated by the power and traction system, noise produced at the
tyre/pavement interaction, and aerodynamic noise. Depending on
the vehicle speed [3], the sub-sources provide a different contribu-
tion: the noise of the power and traction system predominates at
low speed, that is, below 30 km/h, whilst at higher speeds the noise
coming from the tyre/road interaction prevails. Thanks to new
vehicle designs, aerodynamic noise is not currently a relevant
source at legal circulation speeds.

The progressive introduction of electric vehicles (EVs) into traf-
fic fleets could represent a reduction of the noise pollution, due to
the absence of a mechanical engine in that type of vehicles. How-
ever, in [4] it is concluded that the noise emitted by an EV can be
compared to the noise emitted by an internal combustion engine
(ICE) vehicle without mechanical noise, when they are driving at
speeds above 50 km/h. Such a conclusion implies that tyre/road
noise is independent of the power supply system, and efforts
should focus also on reducing the noise emission of the source,
which implies that new silent tyres need to be developed.

The current methodology to evaluate tyre/road noise emission
and to obtain the approval of newly produced tyres is known as
the Coast-By (CB) method, which is regulated by the UNECE Regu-
lation 117 [5] and based on the ISO 13,325 standard [6]. The
assessment methodology is based on measurements at 7.5 m from
the test vehicle, which is equipped with the tyres under evaluation,
when it passes in front of the measuring point with the engine
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switched off and the transmission in neutral. Although the CB is
the current standardized methodology, different authors have
pointed out diverse drawbacks of the method [3,7], such as the lack
of repeatability due to environmental conditions or background
noise, and the fact that it is an expensive method. Besides, the mea-
sured magnitude provided by the methodology -the rolling sound
pressure level at the measuring distance- could not be the most
appropriate to define the rolling noise emission. Other methodolo-
gies to evaluate rolling noise can be found in the literature, such as
the Close-Proximity method (CPX) [8] or the drum method [9], but
they also provide their results as an expression of the sound pres-
sure level.

The acoustic magnitude inherent to a noise source and not
dependent on external factors is the sound power level. Very few
studies in the literature analyse the sound power level emission
of the tyre/road interaction [10–14], and for that reason, the
research group authoring this paper developed novel methodolo-
gies [15,16,7]. In [15] an Alternative Coast-By (A-CB) methodology
was proposed, which provides the rolling sound power level emit-
ted by the whole set of tyres installed on a vehicle. In [16] an Alter-
native Close-Proximity (A-CPX) test was presented, which provides
the sound power level of a single tyre installed on a driven car. In
that research, the results of the A-CPX test were used to calculate
the tyre/road emission of the whole vehicle, and that value was
finally compared with the results of the A-CB test, resulting in an
exceptional agreement between both methodologies.

Given the previous background, this paper collects a sound
propagation study in which it has been possible to extrapolate
the sound pressure level that is obtained in a CB test, using for that
purpose the sound power level, previously obtained from an A-CPX
test, of the tyre/road combination analysed. The study has been
validated by experimental measurements, and a methodology for
extrapolating the CB noise of the tested tyre/road combination,
by means of its sound power level emission, is finally presented.
Table 1
LW_TOTAL_A-CPX in one-third octave bands, derived from Eq. (4).

Frequency (Hz) LW_TOTAL_A-CPX (dB)

200 LW TOTAL A�CPX@200Hz ¼ �12:2þ 55:3 � logðvÞ
250 LW TOTAL A�CPX@250Hz ¼ 5:8þ 45:2 � logðvÞ
315 LW TOTAL A�CPX@315Hz ¼ 22:3þ 34:9 � logðvÞ
400 LW TOTAL A�CPX@400Hz ¼ 35:3þ 26:8 � logðvÞ
500 LW TOTAL A�CPX@500Hz ¼ 41:6þ 24:2 � logðvÞ
630 LW TOTAL A�CPX@630Hz ¼ 16:6þ 39:5 � logðvÞ
800 LW TOTAL A�CPX@800Hz ¼ 4:6þ 47:3 � logðvÞ
2. Materials and methods

The intrinsic property that defines a sound source is its sound
power level. This is independent of other external factors like envi-
ronmental conditions, distance or the orientation of the receiver.
Once the sound power level of the source is known, then the sound
pressure level at any reception point can be calculated by using a
sound propagation model. As mentioned above, the objective of
the study is to define a methodology for extrapolating the sound
pressure level of the tyre/road noise that would be obtained after
measuring the pass-by of a vehicle in CB conditions, by means of
using its sound power level emission. Hence, the sound power
levels of the tyre/road combination that were evaluated in previ-
ous studies are presented in the next sections, as well as the test
campaign that was carried out to obtain the experimental CB
sound pressure levels at 7.5 m distance of the vehicle. The test
environment, in which the test campaign was performed, is also
described. Then, an analysis of the application of different sound
propagation models is done, in order to calculate the theoretical
sound pressure level that is received at the CB reception point.
Finally, the results are compared with the experimental sound
pressure levels obtained at the CB test campaign, in order to deter-
mine a final model for the tyre/road noise tests.
1000 LW TOTAL A�CPX@1000Hz ¼ 7:4þ 46:2 � logðvÞ
1250 LW TOTAL A�CPX@1250Hz ¼ 18:1þ 41:0 � logðvÞ
1600 LW TOTAL A�CPX@1600Hz ¼ 11:0þ 43:6 � logðvÞ
2000 LW TOTAL A�CPX@2000Hz ¼ 6:7þ 45:2 � logðvÞ
2500 LW TOTAL A�CPX@2500Hz ¼ 1:5þ 45:9 � logðvÞ
3150 LW TOTAL A�CPX@3150Hz ¼ �0:9þ 44:9 � logðvÞ
4000 LW TOTAL A�CPX@4000Hz ¼ �1:8þ 43:7 � logðvÞ
5000 LW TOTAL A�CPX@5000Hz ¼ �8:7þ 46:1 � logðvÞ
2.1. Sound power level of tyre/road noise

The A-CPX methodology described in [16] allows the assess-
ment of the sound power level that one tyre installed on a vehicle
emits when it is running on a road in regular driving conditions.
The measurement method is based on the procedures described
in the conventional CPX method and also in the ISO 3744 standard
[17]. As a result, the tyre rolling sound power level, expressed by
the index LW_A-CPX, is obtained.

The main difference between the A-CPX and the A-CB method-
ology [15], is that the latter allows the assessment of the sound
power level emitted by the tyre/road interaction of the whole set
of tyres installed on the vehicle test when it runs on the road test
section in CB conditions, that is, with the engine switched off and
the transmission in neutral. The A-CB methodology is, in turn,
based on the procedures described in the current CB method and
in the ISO 3744 standard as well. The result of the test is the sound
power level of the whole vehicle’s tyre/road noise, expressed by
the index LW_A-CB.

The A-CPX and the A-CB methodologies share the assumption
that tyre/road noise is the main vehicle’s noise source during the
test, and distances between tyres and microphones are enough to
consider that far field measurement conditions are fulfilled in both
cases. The usual hypothesis of low sound directivity of a rolling
tyre in the far field [18] is also assumed. Both methodologies were
applied in previous test campaigns to evaluate the noise emission
of a set of Pirelli 175/70 R13 82T tyres, installed on a 1991 3-door
1.6 Ford Escort vehicle, when it was driven on dense asphalt. The
results obtained were presented as a function of the vehicle speed,
following a logarithmic expression, and considering the frequency
range from 315 to 4000 Hz. The results were as follows [16]:

LW A�CPX ¼ 21:0þ 39:9 � logðvÞ dBð Þ ð1:aÞ

LW A�CPX ¼ 17:0þ 41:9 � logðvÞ dB Að Þð Þ ð1:bÞ

LW A�CB ¼ 27:8þ 40:1 � logðvÞ dBð Þ ð2:aÞ

LW A�CB ¼ 23:7þ 42:4 � logðvÞ dB Að Þð Þ ð2:bÞ
From the previous studies, it was concluded that the sound

power level of the rolling noise of the whole vehicle, LW_TOTAL_A-

CPX, can be calculated from the energetic sum of the sound power
level of each individual tyre, Eq. (3). Evaluating that calculation
for Eq. (1), Eq. (4) was obtained, which has a strong similarity with
Eq. (2) [16].

LW TOTAL A�CPX ¼ 10 � log10 4 � 100:1�LW A�CPX

� �
dBð Þ ð3Þ

LW TOTAL A�CPX ¼ 27:0þ 39:9 � logðvÞ dBð Þ ð4aÞ

LW TOTAL A�CPX ¼ 23:0þ 41:9 � logðvÞ dB Að Þð Þ ð4bÞ
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The Eq. (4) has been computed also in the form of one-third
octave bands, as shows Table 1. The expressions for the frequency
range from 315 to 4000 Hz are collected in the table, as well as the
200, 250 and 5000 Hz one-third octave frequency bands in order to
cover the octave bands from 250 to 4000 Hz.

2.2. Tyre/road noise Coast-By measurements

In the present research, experimental measurements have been
made according to the CB method, for the same tyre-vehicle-
pavement combination used in the previous studies, Fig. 1. During
the test campaign, the measuring point was located at 7.5 m away
from the vehicle and 1.2 m from the ground. Tests were conducted
for six reference speeds: 40, 50, 60, 70, 80 and 90 km/h, and five
pass-bys were performed for each speed. Table 2 shows the sound
pressure levels registered during the tests, and also includes the
average sound pressure level obtained for each reference speed.
The results show a stable behaviour of the sound values, and as
expected, they show a direct correlation between the speed and
the sound pressure level.

2.3. Characterization of the test environment

The test environment in which the test campaigns were carried
out influences the sound propagation from the source to the recei-
ver position. Therefore, it was necessary for the present study to
acoustically characterize the road test surface. All the tests – those
presented in the previous studies as well as those CB tests carried
out for the present research – were conducted on the same paved
road, composed of a 20 cm thick subbase of graded aggregate, a
20 cm thick base course of graded aggregate, and a surface course
consisting of two layers, 5 cm G-20 and 4 cm S-20 with barren por-
phyry, and sprayed with prime and tack coats, Fig. 2. The tests
were carried out on a flat area, with no irregularities on the surface.
Given the composition of the pavement, it can be considered to be
dense asphalt, of which the acoustic features were characterized by
means of the sound absorption coefficient (a) and the Mean
Texture Depth (MTD).
Fig. 1. Left: Test vehicle and tyres; Right: tes

Table 2
Sound pressure levels registered during the CB test campaign.

Reference speed (km/h) Sound pressure level (dB(A))

Pass-By 1 Pass-By 2

40 60.4 60.2
50 65.1 64.7
60 66.5 67.9
70 69.8 70.6
80 72.3 72.7
90 74.4 74.2
The sound absorption coefficient of the road surface was evalu-
ated by means of an impedance tube, according to the guidelines
described in the ISO 10844:1994 standard [19], see Fig. 3. Six posi-
tions were evaluated, carrying out five measurements in each posi-
tion, so thirty samples were collected in total. The measurements
were made for the frequency range from 400 to 1600 Hz, and the
sound absorption coefficient was obtained following the procedure
described in the ISO 10844:1994, resulting in a sound absorption
coefficient of 0.18 for the test surface. The resulting value can be
compared with the results collected in [20], where the absorption
coefficient of ordinary asphalt is described. According to those
authors, the a value of a conventional pavement increases from
values near 0 to 0.2, for the 200 Hz to 800 Hz frequency range,
and from the 800 Hz frequency onwards the a values tend to sta-
bilize near 0.2. The absorption coefficient value obtained for the
test surface is very close to the value described in the literature,
so it can be considered as conventional asphalt.

The Mean Texture Depth analysis was developed according to
the procedure described in the EN 13036-1 standard [21], and for
that purpose six random positions were selected, and nine mea-
surements were made at each position. The material selected for
the test was sand, the composition of which has a granulometry
of 100% of the grains with a size greater than 0.2 mm. The granu-
lometry meets the requirement that 90% of the weight of the grains
must pass through a sieve of 0.25 mm but not through a 0.18 mm
sieve, according to the ISO 565 standard [22]. A volume of 70 ml of
sand was spread at each position, with the help of a flat rubber
disk, see Fig. 4.

Table 3 collects the MTD test results. The covered average diam-
eter equals to 37.2 cm, which results in a MTD of 0.65 mm. This
result agrees with others found in the literature [23] for similar
pavements. Moreover, the obtained result meets the requirement
of the ISO 10844:1994 for pavements intended for acoustic tests,
in which a MTD higher than 0.4 mm is required.

In order to finalize the test road characterization, as can be
noticed in Fig. 1, that the test track has a road divider, 4.5 m wide,
covered with gravel, which separates the two traffic directions. The
road divider must be taken into account when considering the
t environment of the CB measurements.

Pass-By 3 Pass-By 4 Pass-By 5 Average

65.6 63.4 62.0 62.3
65.3 64.6 63.3 64.6
67.9 66.9 68.0 67.4
70.4 70.8 70.3 70.4
72.5 74.0 72.8 72.9
73.3 73.6 73.7 73.8



Fig. 2. Detail of the road surface on which tests were conducted.

Fig. 3. Sound absorption coefficient measurements set-up.
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sound propagation from the running vehicle to the measurement
position, since the measurement position is located 7.5 m away
from the vehicle axis and the sound waves encounter the divider
on their propagation path. The Fig. 5 shows the geometrical
arrangement of the test site, where the measurement position at
7.5 m is located in the test area. The measurement position is
located on the southern road direction lane, which is paved with
the same dense asphalt than the northern road direction lane
where the vehicle test runs during the tests. The measurement
position is located at 1.2 m height from the ground.

The gravel which covers the divider has a different sound
absorption coefficient from the road surface, usually higher than
conventional asphalts. The sound features of different types of
gravel have been characterized by some authors [24,25], conclud-
ing that the absorption coefficient is comprised between 0.6 and
0.8, depending on the thickness and type of gravel. The gravel that
covers the divider is a crushed limestone, for which a sound
absorption coefficient of 0.8 and a flow resistivity of 300.5 Ns/m4

can be considered [26]. These properties will be taken into account
when drafting the final model.
2.4. Sound propagation models

The sound propagation from a noise source to a reception loca-
tion is described in the literature according to different theoretical
and empirical models. In all cases, the acoustic pressure pij(f)
generated by a noise source Si in a reception point Mj, Fig. 6, can
be expressed according to Eq. (5) [27]:

pijðf Þ ¼ Aiðf Þ � Hijðf Þ ð5Þ
where Ai(f) is the complex amplitude of the source Si and Hij(f) is the
transfer function between reception point and source, which all
them depend on the frequency f.

2.4.1. Theoretical modelling of the sound propagation on a flat
homogeneous ground

When the sound propagation is produced on a flat homoge-
neous ground, the transfer function Hij(f) can be expressed accord-
ing to the model proposed by Rudnick [28], Eq. (6). The model
includes both the contribution of the direct path from the source
and the receiver and the path of the reflected wave, and also
includes the spherical wave reflection factor that in turn depends
on the impedance of the ground.

Hijðf Þ ¼ 1
Rd;ij

� eJ�k0 �Rd;ij þ Q
Rr;ij

� eJ�k0 �Rr;ij ð6Þ

where Rd,ij is the length of the direct path between source and recei-
ver, Rr,ij is the length of the reflected wave path, and using the e�Jwt

complex convention where J2 =-1. k0 is the wave number in the air
and Q is the spherical reflection coefficient defined by Eq. (7):

Q ¼ Rp þ 1� Rp
� � � FðwÞ ð7Þ

Being Rp the flat wave reflection coefficient which for a locally
reactive soil is expressed according to Eq. (8) [29]:

Rp ¼
ðcoshÞ � z0

zg

ðcoshÞ þ z0
zg

ð8Þ

where z0 is the characteristic acoustic impedance of the air and zg is
the normal specific impedance of the ground.

The function F(w) describes the interaction of a curved wave
front against a surface with infinite impedance. In the case of a flat
wave front F(w) tends to 0, while in the case of an infinitely hard
surface zg tends to infinity and hence F(w) tends to 1. For other con-
ditions, the general equation for F(w) is expressed as Eq. (9):

FðwÞ ¼ 1þ 2 � J �w1=2 � e�w �
Z 1

�J�w1=2
e�u2 � du ð9Þ

Being w the numerical distance, Eq. (10):

w ¼ 1
2
� J � k0 � Rr;ij � ðcoshÞ þ z0

zg

� �2
ð10Þ

The ground impedance can be expressed by any impedance
model that fits the properties of the ground under study. The
model proposed in [30] and updated by [31], equation (11), is suit-
able in the case of surfaces covered by porous and fibrous materials
[32], as grass or vegetation. In the model a local sound reaction is
considered and the only parameter that is taken into account is the
specific flow resistivity, r, expressed in Nsm�4.

zg
z0

¼ 1þ 5:5 � f
r

� 	�0:632

þ J � 8:43 � f
r

� 	�0:632

ð11Þ

For porous surfaces, as absorbing asphalts, the hypothesis of a
local reaction is not valid, due to the need to consider the angle
of incidence of the sound waves that affect the surface. Hence, in
that case the acoustic impedance is defined according to the model



Table 3
Mean texture depth test results.

MTD TEST RESULTS (cm)

Measurement number Measurement position

1 2 3 4 5 6

1 36 36 38 37 37.5 39.5
2 37 35 38 36.5 38 39
3 35 34.5 39 37.5 38 38.5
4 36 35 37.5 38 38.5 39
5 35.5 36 37 38 39 39
6 35.7 35 37 37.5 39 39
7 36.5 35 37.5 37 37.5 39
8 36.5 35 37.5 36.5 37 38.5
9 36 36 37.5 37 38 39

Average (cm) 36.02 35.28 37.67 37.22 38.06 38.94 Global average (cm) 37.2
MTD (mm) 0.69 0.72 0.63 0.64 0.62 0.58 MTD average mm) 0.65

Fig. 5. Geometric arrangement of the test site.

Fig. 6. Geometrical conditions of sound propagation, extracted from [27].

Fig. 4. Sand sample used for the MTD tests, test procedure and measurement point.
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described in [33], Eq. (12), in which three parameters are used: the
porosity (expressed in %), the specific flow resistivity r(expressed
in kNs/m4) and the form factor or tortuosity K.

zg ¼ q0 � c0 �
1
X
�

ffiffiffiffi
K
c

s
�

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1� J � f uf

q
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1� 1� 1

c

� �
� 1
1�J�f#f

r ð12Þ

where c ¼ cp=cv ¼ 1:4 is the ratio of the specific heat for air; and
f u ¼ r�X

2p�q0 �K and f # ¼ r
2p�q0 �Npr

are the characteristic frequencies associ-
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ated with thermal and viscous effects respectively, being Npr ¼ 0:71
the dimensionless number of Prandtl for air.

In the case of totally reflecting surfaces, as non-porous asphalts,
the boundary condition is infinite acoustic impedance.

2.4.2. Theoretical modelling of the sound propagation on a
discontinuous impedance ground

When the sound propagation is not produced on a flat and
homogeneous ground, but is produced on a ground with discontin-
uous impedance, that is, with changes in the ground material, the
transfer function Hij(f) that describes the sound propagation must
include those changes. The model proposed by Rasmussen [34]
takes this into account, Eq. (13), including different spherical wave
reflection factors for each ground type.

Hijðf Þ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
8p � k0

p
� ddisc;j � eJ�p4ffiffiffiffiffiffiffiffiffiffiffi

16p2
p �

Z 1

0
Gij zð Þdz ð13Þ

Being ddisc,j the distance between the impedance change and the
measurement position, and where:

Gij zð Þ ¼ eJ�k0 � R1;ijþR3;ijð Þffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
R3
3;ij � R1;ij � R1;ij þ R3;ij

� �q

þ Q2;ij �
eJ�k0 � R1;ijþR4;ijð Þffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

R3
4;ij � R1;ij � R1;ij þ R4;ij

� �q

þ Q1;ij �
eJ�k0 � R2;ijþR3;ijð Þffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

R3
3;ij � R2;ij � R2;ij þ R3;ij

� �q

þ Q1;ij � Q2;ij �
eJ�k0 � R2;ijþR4;ijð Þffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

R3
4;ij � R2;ij � R2;ij þ R4;ij

� �q ð14Þ

Being Q1,ij and Q2,ij the spherical reflection coefficient when tak-
ing into account the direct and reflected waves over ground 1 and 2
respectively, between sound source and receiver point and a point
located on the vertical of the discontinuity, see Fig. 7. Those coef-
ficients have the same form as expressed in Eq. (7).

2.4.3. Empirical model of the sound propagation
The models presented in the previous sections provide a theo-

retical calculation scheme for contemplating the effects of surfaces
with finite and infinite impedance as well as the effects caused by
discontinuities in the medium. However, empirical models are
usually employed in the engineering field and in that sense, the
model proposed by the ISO 9613-2 standard [35], is commonly
used due to its simplicity and ease of implementation, especially
for experimental studies [36]. It consists of an engineering method
whose formulation is based on algorithms in octave bands in the
frequency range from 63 Hz to 8 kHz. It takes into consideration
Fig. 7. Geometrical conditions of sound propagation on a discontinuous impedance
ground, extracted from [27].
the effects on the sound propagation due to the geometrical diver-
gence, the atmospheric absorption, the effect of ground character-
istics, the reflexions generated by other nearby surfaces and the
screening effects generated by other objects. The basic expression
of the method, Eq. (15), relates the equivalent continuous sound
pressure level in octave bands, LfT(DW), as a function of the sound
power level LW emitted by the point sound source, the directivity
correction DI, and the attenuation factor A.

LfTðDWÞ ¼ LW þ DI � A dBð Þ ð15Þ
At the same time, the attenuation factor depends on different

features, as described in Eq. (16).

A ¼ Adiv þ Aatm þ Agr þ Abar þ Amisc ð16Þ
where Adiv is the geometric divergence, which also depends on the
distance d between source and receiver, according to Eq. (17).

Adiv ¼ 20 � log dð Þ þ 11 ð17Þ
Aatm is the atmospheric absorption attenuation, which is a func-

tion of the distance d and the atmospheric attenuation coefficient
a, in dB/km, in octave bands, Eq. (18).

Aatm ¼ a � d=1000 ð18Þ
The attenuation due to ground effect Agr, Eq. (19), depends on

the attenuation factor of the source region As characterized by
the ground factor of the cited region Gs, on the attenuation factor
of the receiver region Ar characterized by the ground factor of such
region Gr, and on the attenuation factor of the middle region char-
acterized by its ground factor Gm.

Agr ¼ As þ Ar þ Am ð19Þ
The source region covers the distance from the source (located

at an hs height) to the receiver (located at an hr height) included
within the value 30�hs, till a maximum of dp, which is the distance
projected on the ground between source and receiver. The receiver
region comprises the distance from the source to the receiver
included within the value 30�hr, again till a maximum of dp. Finally,
the middle region is the distance between source and receiver
regions. There is no middle region when the expression dp <
(30�hs + 30�hr) is fulfilled.

Regarding the ground factor G for each region, three cases are
considered: hard ground, G = 0, which includes paved surfaces,
water, ice, concrete and other surfaces with low porosity; porous
ground, G = 1, which includes grass, trees and vegetation; and
mixed ground, for which 0 < G < 1. The different attenuation factors
G (where G = Gs when referring to source region calculations and
G = Gr when referring to receiver region calculations) are described
with more detail in the Table 3 of the ISO 9613-2 standard.

The attenuation due to barriers, Abar, is applied when the den-
sity of an object located between source and receiver is at least
10 kg/m2; it has a closed surface; and its horizontal dimension per-
pendicular to the source-receiver line is larger than a wavelength
of the nominal frequency for the octave band of interest.

Finally, the attenuation due to some other effects, Amisc, includes
the attenuation due to the propagation through foliage, industrial
sites or urbanized areas.

3. Results and discussion

The results of calculation of sound pressure levels derived from
the sound power levels, by means of the propagation models
described before, are presented in this section, Tables 4–6. The cal-
culations have been done using the sound power levels described
in Table 1, and hence the results are expressed in one-third octave
bands. Also the overall value results obtained from the overall



Table 4
Sound pressure levels according to Rudnick’s model, for a homogeneous reflecting ground.

Lpi_Rudnick (dB(A))

Frequency (Hz) Reference speed (km/h)

40 50 60 70 80 90

315 46.7 50.0 52.8 55.4 57.6 59.1
400 49.0 51.6 53.8 55.7 57.5 58.6
500 53.0 55.2 57.2 59.0 60.6 61.6
630 52.7 56.5 59.7 62.6 65.2 66.8
800 53.8 58.3 62.2 65.6 68.7 70.6
1000 55.7 60.1 63.9 67.3 70.2 72.2
1250 59.0 62.9 66.3 69.3 71.9 73.6
1600 56.3 60.4 64.0 67.2 70.0 71.8
2000 54.7 58.9 62.7 66.0 68.9 70.8
2500 50.7 55.0 58.8 62.1 65.1 67.0
3150 46.6 50.9 54.6 57.9 60.7 62.6
4000 43.7 47.8 51.4 54.6 57.4 59.2
Overall value 64.7 68.7 72.1 75.2 77.9 79.6

Table 5
Sound pressure levels according to Rasmussen’s model, for a ground with impedance change.

Lpi_Rasmussen (dB(A))

Frequency (Hz) Reference speed (km/h)

40 50 60 70 80 90

315 47.1 50.4 53.2 55.8 58.0 59.5
400 49.4 52.0 54.2 56.1 57.9 59.0
500 53.4 55.6 57.6 59.4 61.0 62.0
630 52.9 56.7 59.9 62.8 65.4 67.0
800 53.3 57.8 61.7 65.1 68.2 70.1
1000 51.7 56.1 59.9 63.3 66.2 68.2
1250 51.0 54.9 58.3 61.3 63.9 65.6
1600 48.3 52.4 56.0 59.2 62.0 63.8
2000 50.8 55.0 58.8 62.1 65.0 66.9
2500 48.6 52.9 56.7 60.0 63.0 64.9
3150 44.1 48.4 52.1 55.4 58.2 60.1
4000 38.9 43.0 46.6 49.8 52.6 54.4
Overall value 60.7 64.7 68.1 71.2 73.9 75.6

Table 6
Sound pressure levels according to ISO 9613–2 model, for a ground with impedance change.

Lpi_ISO-9613-2 (dB(A))

Frequency (Hz) Reference speed (km/h)

40 50 60 70 80 90

250 45.8 49.9 53.6 56.9 59.9 61.9
500 53.4 56.2 58.8 61.1 63.2 64.6
1000 59.2 63.4 67.0 70.2 73.1 74.9
2000 57.7 61.9 65.6 68.9 71.7 73.6
4000 47.2 51.4 55.0 58.3 61.2 63.1
Overall value 61.5 65.5 68.9 72.0 74.7 76.4
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Eq. (4) are presented in the last row of Tables 4–6. The results of
the ISO 9613-2 calculations are presented in octave bands, instead
of one-third octave bands, according to the standard prescriptions.
For the calculations, the equivalent sound source has been consid-
ered to be located on the ground, 0 m height, at the geometric cen-
tre of the vehicle.

The first calculation under study considers a flat homogeneous
ground surface between source and receiver. Given that the
asphalt surface of the test site has a very low absorption coeffi-
cient, the hypothesis of reflecting material is taken. In such a case,
the Rudnick’s propagation model is used by means of the ground
attenuation considered in [37]. Then, the sound pressure level at
a reception point located at a distance d is expressed by the
Eq. (20). The Table 4 collects the sound pressure levels obtained.
Lpi Rudnick ¼ LW TOTAL A�CPX � 10 � log10 4p � d2
� �

þ Attgr Rudnick dBð Þ
ð20Þ

The second case under study considers the impedance change
produced by the road divider. Given the proximity of the vehicle
to the road divider, the geometrical configuration of the test site,
Fig. 5, can be initially approximated to the configuration studied
in [37] according to Rasmussen’s model. In such a study, a porous
surface followed by a reflecting surface where the receiver is
located was modelled, and the sound attenuation relative to free
field was obtained. The sound pressure levels at the reception point
are collected in Table 5, evaluated by the implementation of equa-
tion (21). The data for the overall expression have been calculated
by using the attenuation terms for 1000 Hz.
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Lpi Rasmussen ¼ LW TOTAL A�CPX � 10 � log10 4p � d2
� �

þ Attgr Rasmussen i dBð Þ ð21Þ
The propagation model proposed in the ISO 9613-2 considers

the atmospheric attenuation factor in addition to ground and dis-
tance attenuations, contemplated also in the other two models.
The attenuation due to barriers and the attenuation due to other
effects do not apply to the test conditions in the present research.
The Table 6 collects the sound pressure levels calculated at the
reception point, are evaluated by the implementation of Eq. (22).
In this case, the G factors assigned to the asphalt surface and the
gravel divider are 0.18 and 0.8, respectively, and the attenuation
due to atmospheric absorption has been calculated for environ-
mental conditions of 25 �C and 30%HR [38]. According to the stan-
dard guidelines, the results for the overall value have been
obtained by using the attenuation terms for 500 Hz.

Lpi ISO�9613 ¼ LW TOTAL A�CPX þ DC � Adiv � Aatm � Agr dBð Þ ð22Þ
The results presented in the previous tables show an increment

of sound pressure levels with speed in all cases, while the central
frequency bands present the higher levels. The results for Rud-
nick’s model provide higher levels at the reception point than Ras-
mussen’s and ISO 9613-2 models, for the overall values. The
Table 7 summarizes the overall theoretical values and experimen-
tal results of the CB test campaign, and provides a comparison of
the differences in absolute values between the theoretical and
experimental results.

The results show that the minimum differences between the
theoretical and the experimental values are obtained for those
models which take into account the impedance change in the
ground, that is Rasmussen’s and ISO 9613-2 models. Generally
speaking, the Rasmussen’s model presents the best behaviour for
all reference speeds, showing a maximum deviation of 1.8 dB for
the highest speed. The model proposed according to the guidelines
of the ISO 9613-2 shows higher deviation than the Rasmussen’s
model in comparison with the experimental results. However,
the standard estimates that the method has an accuracy of ±3 dB,
which is met in all cases. Regarding the Rudnick’s model, the devi-
ation from the experimental results is higher than for the other
models, presenting an average deviation of 4.5 dB.

The Rasmussen’s model is a complex sound propagation model,
which requires a high computational cost for its implementation as
well as advanced acoustic knowledge. The Rudnick’s model is also
a complex model; however, it presents a high deviation from the
experimental results, mainly due to the absence of impedance
change in the model, which does not fit with the test environment.
On the other hand, the model collected in the ISO 9613-2 standard
is much simpler to implement than the others, its use is very wide-
spread, it presents an adequate uncertainty for the sound source
being evaluated in the present research, and it allows the sound
pressure level to be directly evaluated in an overall value instead
of by frequency bands.
Table 7
Comparison of theoretical and experimental results.

Reference speed (km/h) 40 50 60

Theoretical and Experimental results (dB(A))
Lp_Rudnick 64.7 68.7 72
Lp_Rasmussen 60.7 64.7 68
Lp_ISO-9613-2 61.5 65.5 68
Lp_Experimental CB 62.3 64.6 67

Difference theoretical models – experimental measurements (dB)

|Lp_Rudnick – Lp_Experimental CB| 2.4 4.1 4.7
|Lp_Rasmussen – Lp_Experimental CB| 1.6 0.1 0.7
|Lp_ISO 9613-2 – Lp_Experimental CB| 0.8 0.9 1.5
Given all the aspects mentioned above, the propagation model
of the ISO 9613-2 has been applied to pose the relation between
the power emission and the sound pressure levels under the test
conditions described in the present research. In that sense, the
Eq. (23), can be used to extrapolate the sound pressure level that
will be received at 7.5 m, Lp_7.5m, from the test vehicle when it is
driven in CB conditions on the test site described in the previous
sections, that is, when its noise emission mainly comes from the
tyre/road interaction, and once the sound power level emission
of one of its tyres is known, LW_A-CPX.

Lp 7:5m ¼ LW A�CPX � 19:9 dB Að Þð Þ ð23Þ

By adopting the same methodology that has been used to obtain
Eq. (23), the behavior of different combinations of tyre/road could
be modeled, allowing obtaining a general model in further studies.
4. Conclusions

The current methodology for the approval of newly produced
tyres, the Coast-By (CB) method, has been discussed to present
some drawbacks that make it question its applicability for assess-
ing tyre/road noise. The result that provides such method, the
sound pressure level at 7.5 m from the tested vehicle, is a very rep-
resentative data of the annoyance that a pedestrian located at such
distance could suffer. However, the method does not provide an
effective value of the rolling tyre sound emission. The intrinsic
property that characterizes a noise source is its sound power emis-
sion, and for that reason, it seems more convenient to evaluate the
emission of a rolling tyre by means of its sound power level. Once
the sound power level is known, then the sound pressure level at
any reception point can be calculated.

The work presented in this paper is the continuation of an
extensive study dedicated to the analysis and characterization of
the sound emitted during the tyre/road interaction, in which two
different alternative methodologies (A-CB and A-CPX) were previ-
ously designed to evaluate the sound emission of the source by
means of its sound power level. In this paper, a study of the extrap-
olation of the sound pressure level that would be received at 7.5 m
distance, due to the passing of a vehicle whose only noise source
comes from the tyre/road interaction, and on a specific tyre/road
combination, has been presented. The extrapolation methodology
requires that the sound power emission of one of its tyres is previ-
ously known. The attenuation effects due to the sound propagation
from the emitter to the receiver are included in the resulting
extrapolation equation. Thereby, the proposed methodology could
be used as an alternative procedure to the current Coast-By
method. The extrapolation presented in this paper has been devel-
oped for a tyre/road combination only, being useful as a validation
of the methodology proposed. For future work, new tyre/road com-
binations installed on different vehicle types will be tested with
the aim to obtain a universal extrapolation model.
70 80 90

.1 75.2 77.9 79.6

.1 71.2 73.9 75.6

.9 72.0 74.7 76.4

.4 70.4 72.9 73.8

Average

4.8 5.0 5.8 4.5
0.8 1.0 1.8 1.0
1.6 1.8 2.6 1.3
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