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Road traffic noise is the most common source of environmental pollution in urban areas and therefore,
the study of noise mitigation actions is fundamental for urban planning. The main source of road traffic
noise is tyre/road interaction; thus, the use of low noise road surfaces represents an optimal solution for
its mitigation. Several studies tried to find a correlation between road texture and broadband noise data,
trying to provide guidelines for the development of acoustically optimised road surfaces.
The present work studies the correlation between road texture and tyre/road noise from an experimen-

tal point of view, by analysing texture and noise spectra on ten different road surfaces. Tyre deformation
has also been addressed by analysing two already existing tyre envelopment algorithms. The first algo-
rithm, proposed by Von Meier and based on the limitation of the second order derivative of the profile
signal, shows poor correlation with high frequency noise, while the second algorithm, based on a novel
method proposed by Sandberg and Goubert and called indenter method, enhances correlation with low
frequency noise and preserves information at higher frequencies. Correlation patterns show that rolling
noise can be separated in three main contributions: low, middle and high frequency noise. Finally, exper-
imental tyre/road noise and enveloped texture data obtained with the indenter algorithm have been used
to elaborate a linear model that relates low and high frequency noise to texture one-third octave bands.
This model deepens knowledge on tyre/road interaction.
� 2019 The Authors. Published by Elsevier Ltd. This is an openaccess article under the CCBY license (http://

creativecommons.org/licenses/by/4.0/).
1. Introduction

Noise pollution produced by transport infrastructures is a very
widespread issue for modern society, especially for the inhabitants
of urbanized areas. Despite the efforts of the scientific community
to study new mitigation measures, the recent European Environ-
mental Noise Directive revision [1] reported that noise pollution
continues to be a major health problem in Europe. Even if not
the most annoying, road traffic is the most common noise source
and about 100 million people in the 33 EU member states are
exposed to harmful road traffic noise levels exceeding 55 dB(A)
of Lden, and 32 million are exposed to noise levels higher than
65 dB(A) of Lden. An exposure to such high noise levels could lead
to a whole list of health effects, such as: sleep disorders with awak-
enings [2], learning impairment [3,4], hypertension ischemic heart
disease [5] and annoyance [6]. The prevention of such effects is
remanded to mandatory action plans for big infrastructures or
urban agglomerations [7], and in order to optimize mitigations
[8], noise generation mechanisms are of paramount interest.

Studies show that road traffic noise is a remarkably complex
phenomenon, with different sources such as the power unit, aero-
dynamics and tyre-road interaction [9,10], which constitutes the
most important source of traffic noise, particularly for traffic
speeds that range from 35 up to 120 km/h. Noise caused by tyre/
road interaction shows a strong degree of variability, depending
on properties of both tyre and pavements, since its generation
mechanisms involve several mechanisms that occur simultaneously.

A combination of aerodynamic and vibro-dynamic phenomena
occurs in the generation of tyre/road noise, where the contact
between tyre and pavement acts as a source [11]. Aerodynamic
noise is related to compression of the air trapped within the tread
of the rolling tyre [12,13]. This mechanism is known as air pump-
ing and causes noise at frequencies higher than 1 kHz. Other than
air pumping, aerodynamic mechanisms also include pipe and
Helmholtz resonances [14], due to the coupling of a vibrating mass
of air within the tread, which acts as a cavity [9].
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Vibro-dynamic noise covers frequencies lower than 1 kHz, and
is due to tyre vibrations caused by the impact of the tyre against
irregularities of the road surface. It is also caused by non-linear
effects such as the stick-and-slip and stick-and-snap mechanisms
[15]. While the former is caused by the motion of the tyre treads
with respect to the road surface, the latter is present when the grip
on the tyre is too strong, as it can happen on newly laid road sur-
faces [9].

The three main dominions (generation, absorption, propaga-
tion) which affect pavement acoustic performance involve a num-
ber of acoustic parameters [16]: in fact, a comprehensive approach
for the evaluation of noise at receivers must analyse not only the
generation mechanisms of traffic noise, but propagation and
absorption-reflection processes that can occur during propagation
[10].

In this paper, however, tyre/road noise is studied only in rela-
tion to road texture, since the aim is to propose a phenomenolog-
ical model of the source based on measures performed according to
the CPX method defined by ISO 11819-2 [17] as a function of road
texture.
2. State of the art

The description of tyre/road interaction carried out by Sandberg
[9] has led to the separation of aerodynamic and vibrational contri-
butions, raising awareness about the fundamental properties of
road surfaces related to noise generation. In particular, surface
macro and megatexture, as defined by ISO 13473-2 [18], porosity
and layer thickness play a key role in generation of rolling noise
[19].

ISO 13473-2 defines road texture as the deviation of a pavement
surface from a true planar surface, caused by the random disposi-
tion of the surface elements and their superficial roughness. Wave-
lengths from 0.5 mm to 50 mm are addressed as macrotexture,
while longer wavelengths, up to 50 mm, formmegatexture. Macro-
texture covers wavelengths that are the same order of size as tyre
tread elements, while megatexture is of the same order of size as
tyre-road interface.

A common approach to studies concerning road texture is pro-
vided by spectral analysis in constant-percentage bandwidth,
using octave bands or one-third octave bands defined by ISO
13473-4 [20].

Sandberg’s studies [9] underlined that the lower range of
macrotexture, which includes wavelengths shorter than 10 mm,
is negatively correlated with high frequency noise; conversely
the first part of megatexture, up to 80 mm, shows a strong positive
correlation with low frequency, vibrational noise. These studies led
to the definition of the Estimated Road Noisiness Level (ERNL), an
estimation of roadside broadband noise, as a linear combination of
the octave bands centred in 5 mm and 80 mm.

Using a similar approach, Losa et al. [6], within the framework
of the Leopoldo project [21], proposed a model that estimates
broadband rolling noise measured with the CPX method as a linear
combination of texture levels within 2–4 mm and 16–63 mm.
While the former is positively correlated with noise emission, the
latter shows a negative correlation.

ISO 13473-5 [22] suggests using the texture level in the octave
band centred at 63 mm as an indicator of tyre/road noise, since
these wavelengths correspond approximately to the length of the
interface between tyre and road.

A study based on sieve analysis of the aggregates that form the
road surface has shown that only the diameter of the 95% passing
sieve is positively correlated with noise generation, while a nega-
tive correlation links noise and void percentage [19]. This study,
although focusing on properties of road pavements other than
texture, underlines yet again the presence of two generation mech-
anisms. Despite the simple linear relations found in the study, the
resulting model requires pavement coring in order to obtain data
and therefore is not so practical for spatial evaluation conducted
for each site.

Models of rolling noise based on FEM and BEM approaches have
been proposed to describe tyre vibrations. These models are
mainly based on the decomposition of tyre simulation in three
components: a non-linear stationary rolling case, an eigenvalue
analysis on a deformed tyre model and a noise radiation prediction
module [23,24]. These approaches, however, are more focused on
optimising acoustical design of tyres, and are therefore less inter-
esting as far as this work is concerned.

A simple evaluation of texture does not distinguish between
positive texture, i.e. when a road surface is characterised by high
peaks, and negative texture, where deep grooves and valleys are
dominant [25]. In fact, possible asymmetry of the profile is not evi-
dent by an abrupt spectral analysis, which does not distinguish
between ridges and valleys of equal amplitude. It has been
reported that negative texture results on a decrease of rolling
noise, while positive texture is more aggressive from an acoustical
point of view.

It is therefore evident that tyre/road noise modelling based only
on an abrupt evaluation of texture spectrum would erroneously
conclude that pavements with equal spectra are acoustically iden-
tical [26], while, on the other hand, an experimental study of the
relationship between road texture and rolling noise that does not
take into account the difference between positive and negative tex-
ture would lead to the wrong conclusion that rolling noise exhibits
random variations for road surfaces with same texture spectra.

The measure of asymmetry of a profile is provided by the skew-
ness, defined as the ratio of the mean value of the cube of the pro-
file and the cube of the standard deviation.

When a tyre runs on a textured road surface with high negative
skewness, it does not necessarily touch all the points on the sur-
face, and, therefore, tyre envelopment of the road surface can be
used to distinguish road surfaces with different skewness.

Several algorithms that simulate the deformation of the tyre
due to the contact with the road surface have been developed.
The first algorithm that simulates tyre envelopment was developed
by Von Meier. Von Meier’s method (VM), was based on empirical
and heuristic considerations [27], such as the limitation of the
second-order derivative of the profile signal. Other methods are
based on the analytical solution of the tyre deformation due to
the roughness of the road surface, such as the method proposed
by Hamet and Klein which describes the tyre-road system using
the Green function [25]. The solution proposed approximates the
tyre as a two-dimensional infinite elastic medium; moreover, the
resulting integral equation is never exactly solved, and relies on
an iterative approach.

Sandberg and Goubert derived an envelopment procedure
based on experimental analysis of the behaviour of the SRTT used
for CPX measurements [28]. This study shows that the tyre envel-
opment follows the road profile until a certain depth, determined
by the kind of tyre and the speed of the vehicle.

3. Methods and sites analysed

Noise and road texture measurements were carried out during
November 2017 on ten different sites of the highway connecting
Merano to Bolzano, located in the region of Trentino-Alto Adige/
Südtirol in Northern Italy. Since the maximum distance between
sites is about 20 km and the difference in height at the starting
and ending point of the highway is about 100 m, it is safe to
assume that the sites are exposed to the same weather and traffic
condition, minimising ageing influence on measurements [29,30].



Fig. 2. Aggregate gradations of pavements analysed.

Table 1
Sites surveyed and their characteristics.

Road
Surface

Road Type Road
Surface

Road Type

P1 Dry gap-graded 0/12 P6 Wet gap-graded 0/16
P2 Dry gap-graded 0/12 P7 Dry gap-graded 0/16
P3 Dry gap-graded 0/12 P8 Wet gap-graded 0/16
P4 Dry gap-graded 0/12 P9 Wet gap-graded 0/16
P5 Wet gap-graded 0/16 P10 Dense Asphalt Concrete 0/12
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A complete flowchart of the paper’s experimental plan is pro-
posed in Fig. 1.

The characteristics of each site in terms of aggregate gradation
of the ten pavements are reported in Fig. 2. As summarised in
Table 1, sites from P1 to P4 and P7 are gap graded 0/12 rubberized
asphalts, produced according to the dry process, while sites P5, P6,
P8 and P9 are gap graded 0/16 rubberized asphalts produced fol-
lowing the wet process. P10 is a dense asphalt concrete 0/12.

It is useful to remind that rubberized road surfaces are built
using hot asphalt mixes containing crumb rubber which acts as a
modifier, in order to improve the acoustical properties of the bin-
der [31]. In the wet process, named Asphalt Rubber (AR), crumb
rubber is blended with liquid asphalt cement (AC) before mixing
AC with the aggregate; in general, the percentage of crumb rubber
used in this process is roughly equal to 1% of the total weight. In
the dry process, crumb rubber is added to the hot aggregate, usu-
ally in the range of 1–3% of the weight of the total mixture before
adding the AC.

3.1. Noise measurements

In this work, a modified protocol based on the CPX method
[32,33] was used for evaluating tyre/road noise. Measurements
are compliant to the last version of ISO 11819-2 [17], since Stan-
dard Reference Test Tyre (SRTT) was used and temperature and
hardness normalisations were also performed using a reference
temperature of 20 �C and reference hardness of 66 Shore A. The ref-
erence speed adopted for the calculation of CPX levels is 100 km/h.

During the measurement sessions, several acquisition on the
same surface were performed, varying the speed at each run. A
minimum v2 iterative algorithm is used in each segment for fitting
sound levels with speed, in order to compute the one-third octave
bands spectrum at the reference speed. Finally, the mean value of
the sound pressure level within each band is used to characterise
the whole site. As per ISO requirements, for each road surface,
the broadband noise level LCPX expressed in dB(A) is calculated
by summing all the A-weighted energy contributions LCPX,i within
the 13 bands from 315 to 5000 Hz. Indicating with Aweight the value
of the A-weighting curve, the broadband level is given by (1):
Fig. 1. Flowchart of the pap
LCPX ¼ 10 log
X13
k¼1

100:1ðLCPX;iþAweight Þ ð1Þ

The uncertainties related to broadband levels resulting from Eq.
(1) are estimated using propagation based on maximum error of
the uncertainties on each one-third octave band DLCPX;i derived
from the fitting algorithm according to Eq. (2):

DLCPX ¼ 10 log
P13

k¼110
0:1ðLCPX;iþAweightþDLCPX;iÞP13

k¼110
0:1ðLCPX;iþAweight Þ ð2Þ
er’s experimental plan.
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The main modification to the official protocol regards data anal-
ysis, since the test sites were divided in segments 6.18 m long, i.e.
three times a tyre circumference, instead of using the standard sec-
tion length of 20 m, in order to increase the spatial resolution of
the analysis.

3.2. Road texture measurements

Road texture measurements were carried out at the same time
as CPX measurements, using a triangulation point profile sensor,
compliant with the requirements reported in ISO 13473-2 [18].
The set-up is based on a measurement system mounted on a
self-powered vehicle, where the CPX equipment and the pro-
filometer for texture measurements are deployed at once. In this
way, both CPX and road texture measurements are carried out at
the same time, thus ensuring perfect alignment of signals and same
conditions of measurement.

According to the terminology adopted by ISO 13473-2 [18], the
profilometer used during measurements is a contactless profilome-
ter, based on the setup described in [34]. It combines the output of
the laser sensor fixed to the rear of the vehicle, a piezoelectric
accelerometer that measures vertical oscillations of the sensor
and a rotary encoder fixed to a wheel that yields the horizontal dis-
tance travelled. The information provided by the rotary encoder is
then used to obtain a profile with sampling distance of 0.5 mm.

The resulting profiles were divided in adjacent segments. Since
measurements of noise and texture are performed simultaneously,
the profile segments result aligned to the CPX measurements.

In order to reduce noise in the profile signal, in each segment
the profiles were fitted with an autoregressive model based on
the Yule-Walker method. Then, texture spectra are calculated
using power spectral density and adding the energy within each
one-third octave bands, following the prescriptions of the fourth
method reported in ISO 13473-4 [20].

Since our analysis focused on tyre envelopment procedures,
which are linked to noise induced mainly by tyre vibrations, tex-
ture spectra were calculated from 5 to 200 mm. It is known, in fact,
that shorter wavelengths are connected to aerodynamic phenom-
ena, while wavelengths that range in megatexture are responsible
for in-vehicle noise, passenger comfort and ride quality [9,22].

3.3. Measurement uncertainty and spatial variability

The uncertainty related to the mean CPX values, named LCPX
hereafter, derives from three main contributions. The first source
of uncertainty derives from the fitting process in each segment,
due to data dispersion around the fit. Since the dispersion around
the fit is assumed to be a random source of error, it is assumed
to be the measurement uncertainty of the sound pressure level
within the given segment.

The uncertainty of the mean value of the CPX sound pressure
level within a band can be evaluated taking into account the spatial
homogeneity of the installation, i.e. data dispersion around the
mean value. Spatial homogeneity, represented by the standard
deviation of LCPX data on a road surface, is a description of the mean
value precision and it cannot be neglected when two road surfaces
are compared [32].

The last source of data variability derives from ‘‘several factors
and processes, whose cause and nature of disturbance are either
known, but randomly distributed in an uncontrollable way, or
are of a systematic nature, but affect the result in an unpredictable
way” (as declared in Annex K of the ISO 11819-2). Since measuring
conditions do not vary greatly within the different sessions, this
source was neglected in the analysis.

The same reasoning applies to road texture spectra: in each seg-
ment, a measurement uncertainty of the segment spectrum was
derived for each one-third octave band, assuming that the signal
within a band has the same properties as white Gaussian noise.

In fact, as well known [35], the uncertainty Dz2SEG related to the
RMS value of a bandwidth-limited white Gaussian noise z(x) with
bandwidth Dk and length L can be evaluated according to the
Eq. (3):

Dz2SEG ¼ r2 z xð Þf gffiffiffiffiffiffiffiffiffi
DkL

p ð3Þ

where r2 z xð Þf g is the variance of the random process z(x). Since the
profile z(x) is filtered to yield a zero-mean and zero-slope signal, its
variance in a band centred in k is also equal to the mean square
valueZ2

SEG kð Þ :

Dz2SEGðkÞ ¼
Z2
SEGðkÞffiffiffiffiffiffiffiffiffi
DkL

p ð4Þ

Propagation of maximum error in dB provides an estimate of
measurement uncertainty for texture levels within the band cen-
tred in k DLtxSEGðkÞ of each segment:

DLtxSEGðkÞ ¼ 10 log 1þ 1ffiffiffiffiffiffiffiffiffi
DkL

p
� �

ð5Þ

Data dispersion around the mean value is taken into account by
computing the sample standard deviation due to spatial variability
and performing quadratic addition with the resulting estimates of
uncertainty provided by Eq. (5).

3.4. Road texture envelopment method

Since only the portion of road profile that is in contact with the
tyre is directly involved in rolling noise generation, several algo-
rithms capable of simulating the deformation of the tyre due to
the contact with road texture have been developed. The two meth-
ods compared in this work are Von Meier’s method (VM) [27] and
the indenter method by Sandberg and Goubert (SG) [28].

Von Meier’s studies represent the first attempt to simulate the
tyre envelopment of road texture. This method is based on the lim-
itation of the second-order derivative of the signal given by Eq. (6),
in order to simulate the tyre rubber deformation due to the contact
with the road surface.

2zi � zi�1 þ ziþ1

dx2
� d� ð6Þ

where:

zi is the discretised profile;
d* is the maximum value of the second difference, equal to
0.054 m�1 as suggested by Von Meier;
dx is the sampling distance.

The procedure is carried out iteratively raising or lowering each
point of the profile of a fixed quantity, depending on the difference
between the value of the second order derivative in that point and
the threshold chosen. The process halts when the condition pro-
vided by Eq. (6) is verified for each profile point. The parameter
d* is related to tyre hardness, with lower values simulating higher
hardness; for instance, a soft tyre can be modelled by choosing a
limit value of 0.1 m�1, while a stiff tyre would provide d* =
0.01 m�1.

The indenter method has been derived by Sandberg and Gou-
bert from measurements of a known profile filled with plasticine
and run over by a car tyre. As the tyre rolls on the profile, it presses
out the plasticine, leaving only the modelling clay that covers the
volume between the tyre rubber and the profile.



Fig. 3. Mean LCPX spectra for the road surfaces analysed.

Table 2
Mean broadband CPX levels and related uncertainty.

Road Surface Broadband Level
[dB(A)]

Road
Surface

Broadband Level
[dB(A)]

P1 100:5� 0:6 P6 97:4� 1:3
P2 97:2� 1:2 P7 100:6� 0:9
P3 100:7� 0:8 P8 98:4� 1:3
P4 96:3� 0:9 P9 98:5� 1:4
P5 104:2� 1:1 P10 100:6� 0:7
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The results show that for two-dimensional profiles, a tyre
envelopment can be simulated by indenting an area S into the rub-
ber of the tyre. This area does not depend on texture characteris-
tics, but only on tyre properties, i.e. tyre pressure, width and speed.

The code developed to perform the indenter method is based on
the guidelines present in [28], along with the values of the
indented area for the SRTT (S = 5 mm2) and includes the following
steps:

1. The profile is divided into footprints of fixed length L, represent-
ing the length of the tyre/road contact zone;
Fig. 4. Road text
2. For each footprint, a horizontal line, starting from z = zmax is
iteratively lowered until the area A under the profile and above
this line reaches the predefined value S;

3. Evaluation of the points indented inside the rubber proceeds to
the next footprints, until the last one is reached;

4. Points above the line for each footprint are kept in the envel-
oped profile, while the points below are excluded from the
profile;

5. Interpolation between adjacent indenters is provided by a
Piecewise Cubic Hermite Interpolating Polynomial (PCHIP).

Even though measurements were not carried out at the refer-
ence speed of 100 km/h chosen in this work, it is reasonable to
assume that the indented area does not vary significantly, at least
on a first approximation.

4. Analysis and results

4.1. Noise measurements

Since measurements were performed using the reference tyre
SRTT proposed by ISO/TS 11819-3 [36], tyre properties, such as
ure spectra.



Fig. 5. Texture spectra resulting from VM method.

Fig. 6. Texture spectra resulting from SG method.

Fig. 7. Comparison of envelopment algorithms.
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rubber type, tread pattern, tyre pressure and its diameter, were not
investigated, despite other studies underline their influence on
acoustical emission [37]. Nevertheless, since the focus of the study
is the relation between road texture and tyre/road noise, using the
same tyre for all road surfaces minimises the number of uncon-
trolled variables within the study.

Mean CPX spectra and their related uncertainties are shown in
Fig. 3, while LCPX broadband levels calculated using Eqs. (5) and (6)
are reported in Table 2.
4.2. Road texture measurements

Following the protocol reported in ISO 13473-4 [20], texture
spectra were calculated as a function of wavenumber however,
for the sake of clarity, results are plotted as a function of wave-
length, its inverse.

Texture spectra were evaluated for road profiles and tyre envel-
opments, allowing a comparison of the results. VM algorithm



Fig. 8. Comparison of VM algorithm and SG algorithm.
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mainly affects short wavelengths and does not alter longer wave-
lengths; on the contrary SG texture levels do not show such a sharp
cut-off. The lower texture levels of SG profiles compared with the
levels of original profiles, can be explained by the overall reduction
of profile amplitudes.

While Fig. 4 shows texture spectra calculated form road profile
measurements, Figs. 5 and 6 show texture spectra resulting from
the tyre envelopment process, according to VM and SG method.

An example of the measured profile and the resulting tyre
envelopments provided by the two methods is shown in Fig. 7.

The response of the envelopment algorithms was evaluated by
calculating the gain function, viz. the ratio between the spectra of
the enveloped and original profiles. Boxplots of the gain function,
reported in Fig. 8, show the different behaviour of the two envelop-
ment algorithms as a function of texture wavelength. The two algo-
rithms exhibit different trends: while VM procedure mainly acts as
a low pass filter, SG indenter method does not show such a sharp
cut-off.
4.3. Correlation between road texture and rolling noise

As far as the relation with rolling noise is concerned, correlation
patterns between each couple of texture and noise one-third-
Fig. 9. Correlation coefficient between road texture and noise one-third-octave band
octave bands were calculated for original profiles, VM profiles
and SG profiles. The correlation patterns between the texture levels
of the original profile and rolling noise, shown in Fig. 9(a), are in
accordance with previous studies, which define two distinct
well-correlated zones: a positive, low frequency zone and a nega-
tively correlated high frequency zone.

Positive correlation is slightly enhanced using SG algorithm,
whose correlation pattern with noise is shown in Fig. 9(b), with a
slight decrease of negative correlation in the high frequency region,
compared to the original profile.

While preserving low frequency correlation with long texture
wavelengths, VM algorithm shown in Fig. 9(c) alters the behaviour
of the one-third-octave band centred in 10 mm, producing a low
correlation line, and significantly reduces the correlation at shorter
wavelengths. Negative correlation with high frequency noise
results also significantly diminished.

Therefore, only SG algorithm results suitable for creating a
model of rolling noise that takes into account tyre deformation
due to road profile.

The correlation patterns shown in Fig. 9(a), (b) and (c) confirm
the existence of different regions for the profile and the tyre
envelopments:

1. A low frequency region, which involves the range from 315 to
800 Hz, positively correlated to road texture and with a maxi-
mum at 80 mm;

2. A high frequency region, from 2000 to 5000 Hz, negatively cor-
related to road texture, with a minimum at 8 mm;

3. A middle frequency region, where the transition from positive
to negative correlation occurs.

While the low frequency and high frequency regions show well
defined correlations, the middle region shows almost no correla-
tion with road texture.

4.4. Low and high frequency CPX indicators

Since the relationship between noise and texture can be sepa-
rated in two different well-correlated regions, with a slow transi-
tion occurring at frequencies around 1 kHz, two new variables
were created from the one-third octave bands noise level: the
low frequency noise level LCPX(LF), which includes frequencies from
315 to 800 Hz, and the high frequency noise level LCPX(HF), which
includes noise from 2000 to 5000 Hz:

LCPX LFð Þ ¼ P800
j¼31510

0:1LCPX ðjÞ

LCPX HFð Þ ¼ P5000
j¼200010

0:1LCPX ðjÞ
s, for the original profile (a), the SG enveloped profile (b) and the VM profile (c).



Fig. 10. Correlation curves of low frequency (a) and high frequency (b) noise and texture levels. The ordinate axes are on different scales to improve readability.

Fig. 11. Linear fit of data with complete dataset.

Table 3
Regression parameters for low frequency noise.

Number of data points ahf bhf Adj. r2

10 0.88 ± 0.15 71.4 ± 4.3 0.78
7 0.56 ± 0.07 80.5 ± 2.0 0.91

Table 4
Regression parameters for high frequency noise.

Number of data points abf bbf Adj. r2

10 �1.39 ± 0.34 122.5 ± 8.4 0.62
7 �1.77 ± 0.11 132.2 ± 2.7 0.98
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Correlation coefficients between these parameters and tex-
ture one-third-octave bands were recalculated for the road pro-
file and the two tyre envelopments. The results, shown in in
Fig. 10(a) and (b), underline that envelopment algorithms
enhance positive correlation with low frequency noise, but
provide a different response for high frequency noise: while
the SG algorithm exhibits the highest negative correlation at
8 mm, VM algorithm shows almost no correlation at these
wavelengths.

Moreover, correlation curves in Fig. 10(a) and (b), show that low
frequency rolling noise is related to the whole range of road tex-
ture wavelength, rather than to a single wavelength band; con-
versely high frequency noise is rather peaked around 8 mm,
especially after SG enveloping.

Despite the correlation between noise and road texture shows
small variation with road texture wavelength, it is still possible
to determine the texture bands that correlate the most: high fre-
quency noise shows the greatest negative correlation at 8 mm,
while low frequency noise has a local maximum at 80 mm.



Fig. 12. Linear fit of data with exclusion of outliers.

Fig. 13. A-weighted regressions.

Table 5
Regression parameters for A-weighed noise.

Frequency range a b Adj. r2

315–800 Hz 0.51 ± 0.12 71.4 ± 4.3 0.74
2–5 kHz �1.78 ± 0.11 133.5 ± 2.7 0.98
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4.5. Modelling of rolling noise

Modelling of rolling noise was performed using a linear regres-
sion with texture bands that correlate the most with noise, leading
to the following equations:

LCPXðHFÞ ¼ ahf LSG;txð8mmÞ þ bhf ð7Þ
where:

LCPX(HF) is noise level at high frequency,
LSG,tx,8 is the SG texture level at 8 mm,
ahf and bhf are the regression parameters

and:

LCPXðLFÞ ¼ alf LSG;txð80 mmÞ þ blf ð8Þ
where:

LCPX(LF) is the noise level at low frequency,
LSG,tx,80 is the SG texture level at 80 mm,
abf and bbf are the regression parameters.

Regression of Eqs. (7) and (8) was carried out using a robust
regression with bi-square weighting function that takes into
account uncertainty of experimental data.

Goodness-of-fit was evaluated calculating the adjusted coeffi-
cient of determination r2adj, intended to be an unbiased estimate of
the coefficient of determination of the population, especially in small
samples.

The linear regressions with the complete dataset containing ten
surfaces are shown in Fig. 11.

Low frequency noise is apparently well described by the linear
fit in Fig. 11(a), while the high frequency component in Fig. 11(b)
underlines the presence of three outliers, namely P2, P4 and P5.

Regression parameters for Eqs. (7) and (8) are reported in Tables
3 and 4.



Fig. 14. Predicted low and high frequency contributions to broadband LCPX vs
experimental LCPX data.
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The elimination of the three outliers leads to Fig. 12(a) and (b).
Data fits without outliers show higher adjusted r2 values.

Based on the results of the linear regressions after the removal
of the outliers, low frequency and high frequency noise can be
modelled as:

LCPX LFð Þ ¼ 0:56LSG;tx 80 mmð Þ þ 80:5
LCPX HFð Þ ¼ �1:77LSG;tx 8 mmð Þ þ 132:2

Since CPX results are reported in A-weighted decibels, the same
low frequency and high frequency levels defined in Eqs. (5) and (6)
were recalculated adding A-weighting contribution for each fre-
quency band Aweight:

LCPX A; LFð Þ ¼ P800
j¼31510

0:1ðLCPX jð ÞþAweight ðjÞÞ

LCPX A;HFð Þ ¼ P5000
j¼200010

0:1ðLCPX jð ÞþAweight ðjÞÞ

A new regression was performed using these A-weighed vari-
ables. Regressions and the comparison with experimental data
are shown in Fig. 13(a) and (b). The resulting goodness-of-fit
reported in Table 5 show that A weighted low frequency noise is
not described as well as the correspondent non-weighted quantity,
while high frequency noise in unaffected by A-weighting.

A-weighted levels can be therefore modelled in a very similar
way to non-weighted noise levels:

LCPX A; LFð Þ ¼ 0:51LSG;tx 80 mmð Þ þ 71:4
LCPX A; HFð Þ ¼ �1:78LSG;tx 8 mmð Þ þ 133:5

Despite the good values of the adjusted coefficient of determi-
nation, the CPX level resulting from the energetic sum of
LCPX A; LFð Þ and LCPX A;HFð Þ does not yield information on the exper-
imental CPX level, as shown in Fig. 14.

Therefore, while being able to describe low frequency and high
frequency noise, the models presented lack predictive power on
broadband LCPX, since the contribution of the one third octave
bands from 1 kHz to 1.6 kHz cannot be neglected.

5. Discussion

Correlation patterns in Fig. 9 show two distinct zones of
correlation: a positive zone, which relates low frequency noise
(315–800 Hz) with all texture bands, peaked at 80 mm, and a high
frequency region (2000–5000 Hz), negatively correlated with road
texture and with a minimum at 8 mm. The different behaviour can
be explained analysing the different generation mechanisms that
dominate the two regions: low frequency noise is caused by tyre
vibrations, which is enhanced by higher texture components, while
high frequency noise is due to aerodynamic mechanisms, which
are suppressed in case deep valleys are present on the road profile.
Both these aspects, however, lead to an increase of texture ampli-
tude, and, in turn, of its spectrum.

Analysis in one-third octave bands shows that, for low fre-
quency noise, the envelopment processes enhance correlation;
however, correlation patterns at 10 mm is disrupted by Von
Meier’s algorithm, while the indenter model not only enhances
correlation between texture and low frequency noise, but it also
leads to a better determination of the couple of texture and noise
bands with highest negative correlation in the high frequency
region.

By observing the figures in Section 4.3, it is rather clear that VM
acts as a smoothing filter, while SG algorithm preserves the shape
of the profile down to a certain depth, and connects the edges with
cubic polynomials. It is also interesting to notice that the gain of SG
method offers less inter-quartile variation compared to VM algo-
rithm, suggesting that SG algorithm offers a more stable procedure
for tyre envelopment, less dependent on the road surface
characteristics.

Low frequency sound levels, related to tyre vibrations, shows
the strongest correlation at 80 mm for all methods adopted; how-
ever, the maximum value is obtained by the indenter’s method
(correlation coefficient q = 0.93).

High frequency sound level, caused by aerodynamic processes,
has minimum negative correlation with envelopment performed
according to the indenter’s method at 8 mm (q = -0.73), which,
despite being somewhat lower compared to the original profile,
is still notably strong.

Nevertheless, Fig. 9 does not shed light on middle frequency
noise (1000–1600 Hz). In fact, it is reasonable to assume that in
this region a steady transition occurs from the positive correlation
with the band centred at 80 mm to the negative correlation shown
by high frequency noise at 8 mm.

Due to the lack of correlation in the middle frequency region
between noise and road texture, modelling took place in the low
frequency region, using a linear regression between LCPX (LF) and
LTX (80 mm), and in the high frequency region, between LCPX (HF)
and LTX (8 mm). Texture levels were calculated on enveloped pro-
files, using the indenter’s method.

The three outliers pinpointed by the linear regression can be
explained by taking into account issues that occurred during the
laydown process, which caused not only significant changes in tex-
ture, but reasonably in other physical quantities that influence roll-
ing noise, such as layer thickness, porosity and stiffness. The
exclusion of the three outlier road surfaces from linear regression
leads to high values of the adjusted coefficient of determination,
which indicate a high goodness-of-fit.

Regression parameters are in accordance with literature: the
slope a80 = 0.51 ± 0.12 is remarkably close to the value 0.5 sug-
gested by Sandberg for the Estimated Road Noisiness Level (ERNL)
[9]. However, the same model used the texture level at 5 mm as an
estimator of aerodynamic contribution to noise, with a slope of
�0.25, slightly different compared to the slope a8 = -1.78 ± 0.11
obtained in this work. It appears therefore that the effect of envel-
opment is to increase the slope of high frequency noise as a func-
tion of texture.

The attempt to describe the broadband level as a function of low
frequency and high frequency level did not bring any positive
result, since tyre/road noise is dominated by levels around 1 kHz,
which was not modelled in this work.
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However, a hint of clustering of broadband CPX levels can be
observed in Fig. 14, grouping P10, P3, P1 and P7 in one group
and P6, P8 and P9 in another group. Since pavements within the
cluster behave similarly in the frequency range from 1 to
1.6 kHz, it is clear that broadband LCPX levels are extremely depen-
dent on this contribution, rather than the low frequency and high
frequency levels. This can be explained not only by the higher
levels recorded, but also by the nature of A-weighting, which
enhances frequencies around 1 kHz. It is interesting to notice,
moreover, that the two different groups highlighted in Fig. 14 cor-
respond to the two different production methods of rubberized
surfaces. Indeed, as reported in Table 1, P1, P3, P7 are dry surfaces
and, together with P10, form a single group in Fig. 14, while P6, P8
and P9 are wet road surfaces. Therefore, it is arguable that the pro-
duction means could affect the acoustic performance of rubberized
surfaces.

Therefore, the models proposed, while not being able to forecast
broadband CPX levels, can describe low and high frequency levels
in terms of road texture, thus shedding light upon the basic rela-
tions which link road texture to tyre/road noise.
6. Conclusions

This paper implemented a new approach for the evaluation of
tyre/road noise, considering a tyre envelopment algorithm derived
by road profile measurements.

A total of ten road surfaces were analysed in terms of CPX noise
and texture levels. SG algorithm showed a distinct superiority
compared to VM method in describing tyre deformation due to
road texture and its relationship with rolling noise.

The results are comparable to previous studies, with the identi-
fication of two distinct patches of correlation: a positively corre-
lated zone for low frequency emission and a negatively
correlated region at higher frequencies.

The low frequency region, which showed the highest correla-
tion at 80 mm, ranges from 315 to 800 Hz, while high frequency
noise involves frequencies from 2000 to 5000 Hz and correlates
the most at 8 mm. This has led to the definition of two indicators,
a low frequency CPX level and a high frequency CPX level, which
were described as a linear function of SG texture levels within
the one-third octave bands, centred respectively at 80 mm and
8 mm.

Unfortunately, frequencies around 1000 Hz showed little corre-
lation with road texture and its modelling was not performed. A
multivariate linear regression did not yield results, since middle
frequencies represent a transition zone from the positively corre-
lated zone and the negatively correlated one.

Modelling noise in this region, therefore, requires deeper inves-
tigation and a better understanding of the physical phenomena
underlying road tyre interactions.

Moreover, the presence of three outliers in the sample studied,
due to other uncontrolled variables (laying conditions, tempera-
ture conditions of bitumen, etc.) could be reduced in the future
ensuring a better standard level for laying process and homogene-
ity of production process.

Further research is needed to investigate the validity of the
model and time-stability of the coefficients found in this work,
by repeating measurements over a longer period of time.

Tyre envelopment algorithms also require deeper investigation,
such as performing measurements at higher speeds in order to
elaborate a speed-dependent indenter model.

An increase of the sample size could confirm the validity of the
coefficients found for rubberized pavements, extending the model
validity to other kinds of road surfaces. The selection of future sam-
ples, however, cannot be performed randomly, but should always
be made ensuring that traffic and weather conditions are uniform
within the sample, thus minimising their influence on the genera-
tion of tyre/road noise.
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