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� The use of low-noise surfaces is the best solution to mitigate tyre/road noise.
� Green Public Procurement (GPP) requires CPX measurements on new low-noise pavements.
� Modelling CPX levels in function of the mix properties is necessary to reduce costs.
� Two models were elaborated, using two frequency separations for tyre/road noise.
� The variables used are related to volumetric and composition properties of the mix.
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a b s t r a c t

Road traffic in urban contexts produces noise mainly by the interaction of tyres with pavement surface
and, therefore, the use of low-noise surfaces represents the best solution since they aim to mitigate
the source. Moreover, in urban contexts it is often the only viable solution, together with a careful traffic
planning. The main challenge in their adoption as noise mitigation actions is to be able to forecast the
acoustical performances that the new road surface will be able to offer. In the UE, the new Green
Public Procurement requires experimental verification of noise performance compliance: the designer
must declare the acoustical performance of the proposed low-noise pavement and, a few months after
the laying, the actual performance of the road surface must be tested using the Close Proximity
Method (CPX). Due to the importance of being able to forecast CPX levels, the present work reports a
novel way to model CPX broadband levels of newly laid low-noise road surfaces using only data available
to the designer before the laying or easily obtained through coring tests, such as grading curve, fractal
dimension, asphalt binder content, air voids, voids in mineral aggregates. Two models were elaborated,
using two different frequency separations for tyre/road noise. The first model separates low and high fre-
quency contributions, while the second one also considers noise around 1 kHz separately, using a three-
band model. Both models are capable of forecasting the acoustic performance of newly laid low-noise
road surfaces, using different road mixture parameters at different frequency ranges. The three band
model shows a lower RMSE.
� 2020 The Authors. Published by Elsevier Ltd. This is an open access articleunder the CCBY-NC-ND license

(http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction people in the 33 EU member states are exposed to an average
Transport infrastructure are well-known sources of noise [1],
affecting the wellness of modern society, with roads as the most
diffused and impacting one in urbanized areas. Indeed, even after
15 years from the 2002 European Environmental Noise Directive
(END) emission, a revision [2] reported that ‘‘about 100 million
sound level due to traffic over a 24-hour period (LDEN) exceeding
55 dB(A), and 32 million are exposed to noise levels higher than
65 dB(A) of LDEN”. Such levels could lead to a series of issues, i.e.
sleep disorders with awakenings [3–5], partial deafness [6,7] car-
diovascular diseases [8,9], annoyance [1,10–12]. In order to miti-
gate such problems, competent authorities periodically fund
proper action plans, as demanded by the END [13], while in the last
years the goal of the scientific community is the deepening of the
knowledge of noise generation mechanisms and optimization of
mitigation actions [14].
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Road traffic noise is due to different sources: the engine, whose
contribution is significant only at low speeds, aerodynamic turbu-
lence due to the vehicle motion through the air, and tyre-road
interaction, which represents the main contribution for speeds that
cover a wide range, from 30 to 120 km/h [15].

Tyre/road noise combines aerodynamic and a structural mech-
anisms of noise generation. Aerodynamic noise is related to air
pumping [16], generating noise at frequencies higher than 1 kHz,
and to pipe and Helmholtz resonances, due to the coupling of a
vibrating mass of air within the tread, which acts as a cavity
[15]. Structural or vibrodynamic noise is produced by the interac-
tion of the tyre with pavement irregularities and covers frequen-
cies lower than 1 kHz. It is also caused by non-linear effects such
as the ‘‘stick-and-slip and stick-and-snap mechanisms” [17]. While
the former is caused by the motion of the tyre tread with respect to
the surface, the latter is present when the grip on the tyre is too
strong, as it can happen on newly laid road surfaces.

In this context, studies aiming to optimise road textures or mix-
ture designs have become increasingly popular in order to mitigate
noise since the last decade [18–20] and regulations such as the
Regulation E.U. No 1222/2009 [21] have been published in order
to suggest tyre characteristics that are useful to decrease tyre/road
noise. In the meanwhile, the European studies SilVia [22], HARMO-
NOISE [23], QCITY [24] and SILENCE [25] focused on actions based
on low emission road surfaces, including the methods to evaluate
their effectiveness. Results showed that road pavements which
incorporate rubber deriving from end-of-life tyres represent an
effective solution. Besides reducing noise, the use of rubber has
also the great environmental benefit of recycling rubber, meeting
modern green and circular economy requests [26,27]. In particular,
Porous Elastic Road Surfaces (PERS) [28–30] use rubber as main
component of the mix, while rubberized surfaces mix rubber with
common asphalt components [31].

The acoustical performances of these pavements are in constant
monitoring since their birth: PERS reduce noise in roadside levels
of about 10 dB(A) if compared to traditional surfaces [32–34] and
provide a very elastic surface, thus greatly reducing vibro-
dynamic noise. However, these surfaces are not yet widespread
on the Italian territory and several issues were found out in a Japa-
nese study [35]. On the contrary, rubberized surfaces have gained
popularity in Italy and provide also a greater noise reduction, com-
pared to traditional road surfaces [36,37]. The Leopoldo project and
several studies were carried out in order to monitor the acoustical
performances of rubberized pavements and assess their effective-
ness as a mitigation action [38–40].

For new low-emission pavements, the European legislation GPP
[41] has recently prescribed acoustic tests by means of the CPX
method [42] during the first 3 months from laying date. Therefore,
forecasting the acoustic performance of a pavement in terms of the
CPX level from the job mix formula now covers an extremely
important role, since it could lead to considerable time and money
savings. The importance of deriving the acoustical performance of
pavements from their mix design is confirmed in previous works
[43,44].

The correlation between noise and composition and volumetric
parameters was studied in 2013 by Losa et al. [45]. In this work,
tyre/road noise produced by a reference tyre was obtained using
a linear function of asphalt mix characteristics. The study was
based on measurements of CPX levels and composition and volu-
metric parameters of pavements of different ages, but recently
some works [46,47] show that acoustic ageing of pavements is also
dependent on both traffic loads and climatic conditions.

The objective of the present work is to establish a model able to
forecast the CPX level (LCPX) from the job mix formula for newly
laid pavement surfaces using data from newly-laid road surfaces,
starting from the same parameters proposed by Losa [44] and
using a set of CPX measurements performed by a National
Research Council of Italy spin-off company, IPOOL srl,. The model
could represent a useful tool for complying the GPP requests,
which require for newly laid surfaces a specific acoustical test
based on the CPX protocol.

2. Methods

Due to its importance among EU regulations [41], tyre/road
noise was evaluated using the CPX method, as defined in ISO
11819-2 [43]. As already stated, the objective of this work is to cre-
ate a model based on road surface volumetric and mixture param-
eters for estimating the CPX level obtained on newly laid road
surfaces.

The parameters used for modelling CPX noise levels are:

1. Asphalt binder content B% referred to aggregate weight (UNI EN
12697-1);

2. Sieve diameters (or aggregate sizes) Dx through which a per-
centage x of the aggregate mass is able to pass. For each pave-
ment, aggregate grading curve was determined (UNI EN
12697-2). Subsequently, the diameters Dx were obtained via
linear interpolation with steps of 5%;

3. Fractal dimension (Df);
4. Air voids content VA (UNI EN 12697-8);
5. Percentage of voids in mineral aggregates on the total volume

VMA (UNI EN 12697-8).

While these parameters represent only a small subset of the
variables that describe road surfaces, these properties were cho-
sen since they are determinant in the design phase when choos-
ing the optimal mix and they can be easily measured by on-site
coring tests. It has been noted [46] that each one of the param-
eters used represents a different property of the road surface: in
particular, while aggregate grading and fractal dimension are
representative of texture properties, air voids percentage
and voids in mineral aggregates are related to absorption
properties.

The VA are ‘‘small airspaces that occur between the aggregate
particles in the final compacted mix”, while VMA are defined as
‘‘the volume of inter-granular void spaces between the aggregate
particles of a compacted pavement mixture including the air voids
and the effective asphalt content, expressed as a percentage of the
total volume of the specimen” [48]. It is customary to express both
VA, VMA as a fraction of total volume, while B% and the aggregate
grading are expressed as a fraction of weight. Fig. 1 further
explains the relation between the different parameters chosen in
this study.

Aggregate grading, used to derive both fractal dimension Df

and the diameters Dx, is performed by sieving the sample
through a set of sieves and measuring the passing rate of aggre-
gates P(r) for each sieve. Following the calculations reported in
[41] the mass fractal dimension Df is related to the passing rate
as follows:

P rð Þ ¼ M rð Þ
M

¼ r3�Df � r
3�Df

min

r
3�Df
max � r

3�Df

min

ð1Þ

where M is the total mass of the aggregates, M(r) represents the
mass of particles with radius �r, and rmax and rmin are the maximum
and minimum radius of particles. For fine aggregates, rmin can be
neglected, thus Eq. (1) becomes:

P rð Þ ¼ M rð Þ
M

¼ r
rmax

� �3�Df

ð2Þ



Fig. 1. Volumetric and mass parameters for HMA. Parameters used in this work are represented in bold.
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Eq. (2) can be recast in the form:

Df ¼ 3� lnP rð Þ
ln r

rmax

ð3Þ

showing that the fractal dimension is an adimensional quantity
that varies between 2 and 3. The fractal dimension is ‘‘an index
that measures the degree of complexity how fast our measure-
ments increase or decrease as our scale becomes larger or smaller”
[49]. In this case the concept of fractal dimension is a generaliza-
tion of a classical concept of integer dimension, i.e. how many
times a self-similar object is divisible for a scale factor as defined
in [41] and reflects how the configuration of the solid structure
is represented by the aggregates.

CPX measurements have been carried out by means of a modi-
fied protocol, described in previous works [50], which is able to
provide results with high accuracy and to estimate the related
uncertainty. In order to obtain adequate statistics in terms of data
variability and sample size, the measurements used in this work
were all performed before the last ISO 11819-2 was released in
2017 and therefore the reference tyre was a Michelin Energy XSE
185/65 R15 88T.

The CPX method aims at the evaluation of the acoustical prop-
erties of road surfaces, measuring tyre/road noise using two micro-
phones located close to the reference tyres, as shown in Fig. 2.

During the measurement sessions, at least 8 runs for each pave-
ment surface were performed at different speeds. The energetic
Fig. 2. Microphone positioning for CPX measurements. Figure modified from ISO
11819–2:2017 [42].
average of the sound pressure level measured by both micro-
phones was calculated on each road surface, using a spatial resolu-
tion of 6.18 m. During post-processing, the energetic average of the
sound pressure level recorded by both microphones was fitted
with speed within each section with the well-known logarithmic
relationship [15,42], using a minimum v2 iterative algorithm.
Using a reference speed of 50 km/h and performing hardness and
temperature corrections as described by ISO 11819:2 [42], mean
CPX levels in one-third octave bands were calculated for each road
surface.

Hardness and temperature corrections proposed by the current
release are strictly valid only for broadband levels, however, due to
the absence of studies concerning this issue in current literature,
CPX levels in one-third octave bands were also corrected in tem-
perature and hardness using the same relation.

Results of CPX measurements were divided in separate fre-
quency ranges, by defining wide-bands derived from the one-
third octave spectra, and the resulting wide-bands were correlated
to road mixture properties through a stepwise-like regression
using a forward selection approach [51], which consists in adding
iteratively explanatory variables to the models using correlation
analysis. The purpose of the stepwise-like iterative algorithm is
to avoid the presence of collinear explanatory variables within
the model. Multivariate linear regressions were then performed
between the statistically significant variables and wide-bands
tyre/road noise levels. In principle, the relation between tyre/road
noise and road mixture parameters could be much more compli-
cated; however, a linear model was chosen to easily pinpoint the
effect of the different variables on tyre/road noise.
3. Experimental sites

The analysis was carried out on a set of 12 low noise pavements
laid on inter-urban roads in Italy in the area of Bolzano, Bologna
and Rome. The time evolution of the acoustic properties of the road
surfaces is also available and has been monitored with CPX over
almost a whole decade but, since this work focuses on modelling
the CPX levels shortly after laying, this data was only used to check
the fitness of the road surfaces, since eventual defects could lead to



Fig. 3. Gradation Curve for Gap Graded 0/8 and 0/6.
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a faster degradation of the acoustic performance of these surfaces.
Table 1 details the sites analysed, showing for each surface its ID,
pavement type, crumb rubber recycling process, mix and volumet-
ric characteristics and the age of the pavement. Figs. 3–5 report
gradation curves for the analysed mixes, summarised in Table 2.

As it can be inferred from Table 1, the sample studied includes
dense asphalt concrete and gap graded surfaces and rubberized
surfaces, divided in wet and dry according to their recycling pro-
cess of rubber in pavement. These pavements were chosen since
they are the most common low-noise road surfaces available in
Italian territory.

In the pavements produced according to the wet process, crumb
rubber is blended with liquid asphalt cement (AC) before mixing
AC with the aggregate. According to ASTM [52], asphalt rubber is
‘‘a blend of asphalt binder, reclaimed tyre rubber and additives in
which the rubber component is at least 15% by weight of the total
blend and has reacted in the hot asphalt binder sufficiently to
cause the swelling to the rubber particles”. Therefore, in the wet
process, the crumb rubber absorbs a portion of the bitumen oily
phase, causing swelling of the rubber particles and thus leading
to an increase of viscosity [53]. In the dry process, crumb rubber
is added to the hot aggregate in 1–3% of the weight of the total
mixture before adding the asphalt cement. This process was devel-
oped in Sweden during the ‘60 s, while it spread in the USA in the
late 80’s and reached many European countries only in year 2000
[26].

For the development of the CPX model from road parameters,
dense or gap graded surfaces (ID 1 to 10) were used, whereas the
two open graded surfaces (ID 11 and 12) were only tested but
not used for modelling, since their small number could not provide
information regarding their acoustic behaviour.
Fig. 4. Gradation Curve for AR 0/16.

Fig. 5. Gradation Curve for the remaining types of pavements.
4. Development of the multivariate model

The original model proposed by Losa et al. [44], used as a start-
ing point in this work, describes broadband CPX levels as a linear
combination of the ratio of the diameter of the 95th percentile
passing sieve (D95) and the fractal dimension Df, and the ratio of
VA and VMA:

LCPX ¼ C1 þ C2
D95

Df
þ C3

VA

VMA
ð4Þ

The study was performed using CPX levels at two different
speeds, thus including the logarithmic dependence on speed.

As stated in the study, the ratio between D95 and Df ‘‘is an opti-
mal indicator of the diameter encountered by the tyre”, while the
ratio between VA and VMA takes into account the acoustic absorp-
tion properties of road surfaces [44].
Table 1
Investigated pavements.

Site ID Pavement Type RecyclingProcess Thickness(cm) B%(%) VA(%) VMA(%) DF Age at survey (Days)

I 1 SMA Gap Graded 0/8 with optimized texture [38] 3 6.8 11.8 25.2 2.453 164
II 2 Dense Graded 0/6 with expanded clay 4 8.5 5.1 19.0 2.612 35
III 3 AR Gap Graded 0/8 Wet 3 8.7 7.3 25.6 2.518 54
IV 4 AR Gap Graded 0/16 Wet 5 8.4 8.0 26.0 2.313 57
IV 5 AR Gap Graded 0/16 Wet 5 8.5 8.1 26.4 2.309 57
V 6 AR Gap Graded 0/16 Wet 4 8.1 8.1 25.0 2.400 57
IV 7 AR Gap Graded 0/9 Wet 5 8.2 8.2 26.0 2.443 57
VI 8 SMA Gap Graded 0/8 with 0.75 RTR Dry 3 7.5 8.3 22.8 2.375 63
VI 9 SMA Gap Graded 0/8 with 1.20 RTR Dry 3 8.5 5.4 21.9 2.381 63
VII 10 SMA Gap Graded 0/6 with RTR Dry 3 8.1 7.9 23.9 2.439 105
VIII 11 Micro-porous Open Graded 0/6 4 4.4 21.4 30 2.414 44
IX 12 Micro-porous Open Graded 0/10 3 4.2 28.5 35.7 2.522 44
Legend: SMA = Stone Mastic Asphalt; RTR = Recycled Tyre Rubber; AR = Rubberized pavement by wet process



Table 2
Aggregate grading of the mixtures.

Sieve Size [mm] ID1 ID2 ID3 ID4 ID5 ID6 ID7 ID8 ID9 ID10 ID 11 ID 12

16 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0
12.5 100.0 100.0 100.0 99.5 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0
10 100.0 100.0 100.0 89.5 91.1 89.4 100.0 100.0 100.0 100.0 100.0 100.0
8 100.0 100.0 100.0 76.7 76.9 77.7 99.2 98.1 98.5 100.0 100.0 100.0
6.3 99.70 100.0 98.80 63.7 64.3 64.1 84.8 87.4 88.1 96.0 99.30 89.90
4 72.80 88.00 46.30 36.5 38.6 38.3 57.4 50.5 51.2 56.5 57.30 28.70
2 28.70 50.30 25.40 20.3 21.6 23.1 32.5 24.6 25.2 28.2 27.80 14.00
1 17.40 32.40 20.50 13.2 13.8 17.6 24.6 17.8 18.2 19.8 18.40 9.30
0.5 14.60 18.90 16.70 9.1 9.1 12.0 16.8 13.9 14.2 15.3 13.80 8.20
0.25 13.60 13.50 11.10 6.4 6.3 9.5 9.6 9.5 9.6 12.0 9.90 5.70
0.125 11.10 11.20 10.50 4.4 4.3 7.0 7.9 6.5 6.7 8.5 7.20 6.30
0.063 7.80 8.50 8.90 3.0 2.9 4.5 6.1 4.5 4.7 5.8 5.90 3.60
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It is known, however, that noise generation depends not only on
large discontinuities represented by the D95, but on shorter lengths
too: in particular, high frequency noise, due to air compression
within the voids, is related to smaller aggregates. It seems reason-
able, therefore, that a more accurate description of tyre/road noise
could be achieved by introducing different frequency ranges differ-
ently influenced by road surface properties. This provides a theo-
retical basis for the development of a multi-band model that
relates CPX noise levels to the job mix formula of road surfaces
using a frequency analysis. In particular, two different models have
been developed in this work, which separate differently the fre-
quency regions. The first model uses two different frequency
ranges for tyre/road noise, while the second one is a three-band
model focusing on the frequency region around 1 kHz, which
showed poor correlation with road surface properties in other
studies [54,55].

The two models were developed following the same process,
based on correlation analysis. At first, the wide-band levels LCPX(j)
were defined starting from one-third octave levels and considering
A-weighing, according to the equation

LCPX jð Þ ¼ 10log10

Xf 2

i¼f 1
100:1� LCPX ið ÞþAið Þ

� �
ð5Þ

where:
LCPX jð Þ is the 1/3 octave band level centered in f i;
f1 and f2 are the lowest and highest central frequencies for each

wide-band;
Ai is the A-weighted correction according to the International

standard IEC 61672:200.
Table 3 shows the selected range for each model:

- for the two band model, the low frequency band sums energy
contributions from 315 Hz to 1250 Hz and the high frequency
band sums energy contributions from 1600 Hz to 5000 Hz;

- for the three band model the low frequency band sums energy
contributions from 315 Hz to 800 Hz, the mid frequency band
sums contributions from 1000 Hz to 1600 Hz and the high fre-
quency band sums energy contributions from 2000 Hz to
5000 Hz.

Finally, the broadband LCPX was reconstructed using the wide-
band levels, as follows:
Table 3
Wide-bands of the two and three band models.

Three-band model Low frequency Mid

Central frequency [Hz] 315 400 500 630 800 1000

Two-band model Low frequency
LCPX ¼ 10log10

X2_3
j¼1

100:1�LCPX jð Þ
� �

ð6Þ

where the upper index of the summation is equal to 2 for the two-
band model and 3 for the three-band one.

The model development process took place using a stepwise-
like regression in which the choice of predictive variables was
performed by an iterative approach based on the analysis of the
correlation between measured CPX wide-band levels and parame-
ters of the surveyed road surface. A concise flowchart of the
procedure adopted for developing the model is shown in Fig. 6.

More in detail, the aim of the stepwise-like procedure adopted
for developing the model was to highlight the correlation between
measured CPX wide-band levels and parameters of the surveyed
road surface avoiding the choice of collinear explanatory variables.
Naming LCPX(j)0 the CPX level measured for the jth wide band, in the
first iteration of the procedure the correlation coefficient was cal-
culated between the jth level and all the input parameters. The
most correlated variable was selected and a simple linear regres-
sion was performed and the p-value was used for evaluating its
significance. If the variable resulted significant, a corrected level
named LCPX(j)1 was calculated as follows:

LCPX jð Þ1 ¼ LCPX jð Þ0 � a1VAR1 ð7Þ
where VAR1 is the selected variable and a1 is the slope obtained
from the linear regression. The corrected level defined by Eq. (7)
therefore allows to subtract the influence of VAR1 from the LCPX(j)0,
thus avoiding the presence of collinear variables in the final
explanatory set. The next steps were performed iteratively, until
the predictors added to the model resulted likely to be a meaningful
addition, i.e. their p-value was smaller than 0.05. On the kth step, the
multivariate regression was performed using LCPX(j)0 and the set of

variables fVAR1; � � �VARkgk ¼ fVAR1; � � � ;VARk�1gk�1 [ VARk, where
VARk was selected by the analysis of the correlation between
LCPX(j)k�1 and the remaining input parameters, after removing the
k-1 variables already selected. This iterative process is shown in
the flow chart in Fig. 7.

It is important to emphasize that in each iterative step the mul-
tivariate regression was performed using the unmodified wide-
band levels LCPX(j)0, in order to avoid the influence of mutual cor-
relation among the set of variables. Lastly, for each LCPX(j)0 a mul-
tivariate model was provided:
frequency High frequency

1250 1600 2000 2500 3150 4000 5000

High frequency



Fig. 6. Flow chart.

Fig. 7. Stepwise-like regression process.
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LCPX jð Þ0 ¼ bþ
Xk

n¼1
anVARn ð8Þ

where b is the intercept of the multivariate regression.
Table 4
Significant independent variables.

Two-band model Three-band model

Frequency range Model
variables

Frequency range Model variables

Low (315–1250 Hz) B%, VMA,
Df, D100

Low (315–800 Hz) B%, VMA, Df , D95

Mid (1000–1600 Hz) B%, VMA, Df , D45

High (1600–5000 Hz) Df , D45 High(2000–5000 Hz) Df , D45
5. Results

Using the notation reported in Table 3, two different models
were elaborated with different frequency ranges. At the end of
the iterative process, the non-collinear set of variables most corre-
lated with each single CPX wide-band levels was found. In partic-
ular, for the two-band model, the low frequency region was
modelled using a linear combination of asphalt binder content (B
%), VMA, fractal dimension (Df) and the diameter of 100th per-
centile passing sieve (D100). The high frequency region showed
the highest correlation with fractal dimension (Df) and the
diameter of the 45th percentile passing sieve (D45) and was there-
fore modelled using these variables.

The three band model uses the D95 passing sieve percentage for
the low frequency region, instead of the D100, while the high
frequency region uses a linear combination of Df and D45. The
remaining mid frequency region was modelled using Df, D45, VMA



Table 5
Two-band linear regression coefficients. Uncertainties related to the coefficients are
estimated through the fitting algorithm and represent the confidence bounds at 95%
confidence level.

Low frequency High Frequency

r2adj = 0.950 r2adj = 0.904
bl = 12.16 ± 2.62 dB(A) bh = -11.71 ± 3.47 dB(A)
al1 = 0.48 ± 0.12 dB(A) ah1 = 35.44 ± 1.3 dB(A)
al2 = 0.50 ± 0.02 dB(A) ah2 = 2.52 ± 0.13 dB(A)/mm
al3 = 22.21 ± 1.12 dB(A) —
al4 = 0.42 ± 0.04 dB(A)/mm —
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and B%. Table 4 summarises the independent variables that
resulted significant for each band.
Table 6
Three-band linear regression coefficients. Uncertainties related to the coefficients are
estimated through the fitting algorithm and represent the confidence bounds at 95%
confidence level.
6. Two-band model

The two-band model separates the contributions to broadband
CPX level into two different frequency regions, modelled as a linear
combination of parameters deriving from the job mix formula of
the road surface. The linear regression coefficients obtained for
Eq. (9) are reported in Table 5.

LCPX Lowð Þ ¼ bl þ al1B%þ al2VMAþ al3Df þ al4D100

LCPX Highð Þ ¼ bh þ ah1Df þ ah2D45
ð9Þ

Fig. 8 shows the predicted low frequency, high frequency and
reconstructed broadband levels versus the experimental CPX ones.
Despite high values of r2adj were obtained for both regressions, a
visual inspection of data in the figure shows that the model devel-
oped describes better noise at low frequencies compared to high
frequencies, where the presence of two possible outliers, namely
id 10 and id 6, could influence the results. This provides further
motivation for the development of the three band model. Anyway,
experimental and modelled broadband levels are in accordance, as
their values lay on the equality line.
Low frequency Mid Frequency High Frequency

r2adj = 0.972 r2adj = 0.912 r2adj = 0.851
bl = 27.70 ± 1.35 dB(A) bm = -10.21 ± 3.17 dB(A) bh = -16.19 ± 4.35 dB(A)
al1 = 0.26 ± 0.06 dB(A) am1 = 30.99 ± 1.44 dB(A) ah1 = 35.86 ± 1.6 dB(A)
al2 = 0.28 ± 0.014 dB(A) am2 = 1.97 ± 0.20 dB(A) ah2 = 1.96 ± 0.16 dB(A)/mm
al3 = 17.39 ± 0.57 dB(A) am3 = 0.28 ± 0.05 dB(A) —
al4 = 0.59 ± 0.028 dB(A)/mm am4 = 0.69 ± 0.14 dB(A)/mm —
7. Three-band model

Since previous studies on correlation between pavement sur-
face properties and rolling noise show poor correlation around
1 kHz [54,55], the three-band model was developed in order to
Fig. 8. Predicted vs experimenta
better investigate this region and describe the relation with mix-
ture parameters. The regression coefficients for the three band
model shown in Eq. (10) are reported in Table 6.

LCPX Lowð Þ ¼ bl þ al1B%þ al2VMAþ al3Df þ al4D95

LCPX Midð Þ ¼ bm þ am1Df þ am2D45 þ am3VMAþ am4B%
LCPX Highð Þ ¼ bh þ ah1Df þ ah2D45

ð10Þ

Fig. 9 shows the predicted low frequency, mid frequency, high
frequency and reconstructed broadband levels versus the experi-
mental CPX ones.
8. Discussions

Both models developed show dependence on the fractal dimen-
sion Df for all wide-bands. As far as the diameter percentiles are
concerned, lower frequencies are related to larger diameters, such
as the D100 (two-band model) and the D95 (three-band model),
while mid-high frequency noise results correlated with the D45.
The mid frequency and the low frequency region of the three band
model depend on the same set of variables, except for the diameter
percentile, which is D45 for the mid frequency band. These results
are in agreement with studies regarding the relationship between
road texture and tyre/road noise [50,51], since low frequency noise
results correlated with long texture wavelengths, determined by
larger diameter percentiles, and high frequency noise is correlated
with shorter wavelengths, that is to say smaller diameter per-
centiles. However, contrary to the expectations, high frequencies
are not dependent on air voids (VMA and VA).
l levels for two-band model.



Fig. 9. Predicted vs experimental levels for three-band model.

Table 7
RMSE values for the two models.

Two-band model Three-band model

Frequency range RMSE Frequency range RMSE

Broadband LCPX 0.41 Broadband LCPX 0.37
LCPX(Low) 0.45 LCPX(Low) 0.26
— — LCPX(Mid) 0.63
LCPX(High) 0.75 LCPX(High) 0.83
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Table 7 shows the RMSE of all linear regressions. The three-
band model offers a lower RMSE value for the broadband LCPX,
mainly thanks to the significant improvement of the LCPX(Low)
prediction. On the other hand, high frequencies do not show a sim-
ilar improvement switching from the two-band model to the
three-band one. Interestingly, the RMSE value for mid frequencies
in the three-band model is lower than the high frequencies bands
for both models, in spite of results obtained in previous studies
which faced serious issues when modelling frequencies around
1 kHz [49,50].

The lower RMSE of the three-bandmodel for the broadband CPX
levels could be due to the better description of the different influ-
ences of the road mix properties on tyre/road noise at different fre-
quencies, managing to describe the frequency region around 1 kHz
where a transition between the two bands occurs. Using a reduced
number of subdivisions cannot take into account all the different
processes.

Further considerations can be brought about by calculating CPX
levels on the two open surfaces using the two models. As shown in
Fig. 10, the two-band model does not perform well on these sur-
faces. The three-band model (Fig. 11), although reaching a better
agreement in the broadband evaluation, clearly does not provide
an adequate modelling for the wide-band levels on open surfaces.
An explanation of this discordance could be provided by the differ-
ent function of air void content on tyre/road noise emission among
dense and open road surfaces, which could not be highlighted by
the modelling performed by using only dense surfaces, the most
widespread on Italian territory.

The models developed show the possibility of predicting the
CPX level in the mix design phase, but further research is needed
to decrease variability of volumetric parameters due to testing pro-
cedure, whose influence on the measurements has been studied
[56–58], and to evaluate the right model coefficients for the new
Standard Reference Test Tyre (SRTT) required by the ISO
11819-2:2017 [41]. However, the procedure suggested in the
paper is easily applicable when a sufficient number of tests
performed using the SRTT will be available.



Fig. 10. Comparison of experimental and forecasted values for porous surfaces (two-band).

Fig. 11. Comparison of experimental and forecasted values for porous surfaces (three-band).
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9. Conclusions

For new low-noise pavements, the European legislation GPP has
recently prescribed acoustic tests by means of the CPX method dur-
ing the first 3 months after laying; therefore, forecasting the acoustic
performance of a pavement in terms of the CPX level from the job
mix formula now holds an extremely important role, since it could
lead to both time and money saving. The objective of this work
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was to develop a procedure for the development of a model capable
of predicting the initial value of LCPX from the job mix formula.

In particular, the different interaction between road surface
properties and noise was considered by splitting the frequency
range in wide frequency bands, rather than using broadband levels.
The choice of performing a frequency analysis was based also on
the knowledge that tyre/road noise exhibits a frequency-
dependent behaviour, and therefore, in order to provide a better
description of the phenomenon, a broadband description was
deemed insufficient.

The dataset was composed by 10 low-noise road surfaces, wide-
spread on the Italian territory, and two open surfaces, which were
only used for testing. Using the 10 low-noise road surfaces, two
models have been proposed using a stepwise-like regression based
on a forward selection, which allows to choose a non-collinear set
of explanatory variables well correlated to the CPX levels: the first
one uses two wide-bands, while the second one also separates the
contribution between 1000 and 1600 Hz in a third band. This range
is known to be a transition region between the low frequency and
high frequency regions for the correlation between tyre/road noise
and road surface properties. Both models developed provide a
powerful way to predict the acoustical properties of newly laid
low-noise road surfaces, surveyed with a reference tyre different
from the standard one (SRTT), however the three-band model
showed a lower broadband RMSE. This could be due to a better
separation of the various phenomena which occur at the different
frequencies involved in CPX measurements: the three-band model,
in contrast to the two-band one, presents a mid-frequency region
where the transition between vibrodynamic and aerodynamic
noise happens.

Analysis of the behaviour of the two models on two open road
surfaces available for the study show that these surfaces require a
specific modelling of their acoustical behaviour, due to their sound
absorption properties. This could be the objective of further
research in order to establish a more general model, when more
open surfaces will be available for testing.

Lastly, future investigations are required to develop similar
models able to predict LCPX using the SRTT, for both open and
closed surface families. Indeed, since the approach adopted in this
work is general and based on regression and statistical analysis, it
could be easily reproduced when the sample size of CPX data com-
pliant with the last ISO release on newly laid surfaces will be suf-
ficiently large. In principle, the use of a different tyre should, result
in different regression coefficients, without altering the significant
parameters found.
CRediT authorship contribution statement

Luca Teti: Conceptualization, Methodology, Supervision, Writ-
ing - review & editing. Gonzalo de León: Software, Data curation,
Formal analysis, Writing - original draft, Writing - review & editing.
Alessandro Del Pizzo: Software, Data curation, Formal analysis,
Writing - original draft, Writing - review & editing. Antonino
Moro: Investigation, Resources, Writing - review & editing.
Francesco Bianco: Investigation, Resources, Writing - review &
editing. Luca Fredianelli: Resources, Writing - original draft, Writ-
ing - review & editing. Gaetano Licitra: Funding acquisition, Super-
vision, Project administration, Writing - review & editing.
Declaration of Competing Interest

The authors declare that they have no known competing finan-
cial interests or personal relationships that could have appeared
to influence the work reported in this paper.
Acknowledgment

The authors would like to thank Ecopneus Scpa for devoting
time and resources to the project.
References

[1] R. Guski, D. Schreckenberg, R. Schuemer, WHO environmental noise guidelines
for the European region: a systematic review on environmental noise and
annoyance, Int. J. Environ. Res. Public Health 14 (12) (2017) 1539, https://doi.
org/10.3390/ijerph14121539.

[2] European Commission (2017). Report from the Commission to the European
Parliament and the Council on the Implementation of the Environmental Noise
Directive in accordance with Article 11 of Directive 2002/49/EC. COM/2017/
015.

[3] A. Muzet, Environmental noise, sleep and health, Sleep Med. Rev. 11 (2) (2007)
135–142, https://doi.org/10.1016/j.smrv.2006.09.001.

[4] E. Okokon, A. Turunen, S. Ung-Lanki, A.K. Vartiainen, P. Tiittanen, T. Lanki,
Road-traffic noise: annoyance, risk perception, and noise sensitivity in the
Finnish adult population, Int. J. Environ. Res. Public Health 12 (6) (2015) 5712–
5734, https://doi.org/10.3390/ijerph120605712.

[5] M. Skrzypek, M. Kowalska, E.M. Czech, E. Niewiadomska, J.E. Zejda, Impact of
road traffic noise on sleep disturbances and attention disorders amongst
school children living in Upper Silesian Industrial Zone, Poland, Int. J. Occupat.
Med. Environ. Health 30 (3) (2017) 511. https://doi.org/10.13075/ijomeh.
1896.00823.

[6] D.M. Connolly, J.E. Dockrell, B.M. Shield, R. Conetta, T.J. Cox, Students’
perceptions of school acoustics and the impact of noise on teaching and
learning in secondary schools: Findings of a questionnaire survey, Energy
Procedia 78 (2015) 3114–3119, https://doi.org/10.1016/j.egypro.2015.11.766.

[7] P. Lercher, G.W. Evans, M. Meis, Ambient noise and cognitive processes among
primary schoolchildren, Environ. Behav. 35 (6) (2003) 725–735, https://doi.
org/10.1177/0013916503256260.

[8] W. Babisch, W. Swart, D. Houthuijs, J. Selander, G. Bluhm, G. Pershagen, P.
Sourtzi, Exposure modifiers of the relationships of transportation noise with
high blood pressure and noise annoyance, J. Acoust. Soc. Am. 132 (6) (2012)
3788–3808, https://doi.org/10.1121/1.4764881.

[9] E. van Kempen, M. Casas, G. Pershagen, M. Foraster, WHO environmental noise
guidelines for the European region: a systematic review on environmental
noise and cardiovascular and metabolic effects: a summary, Int. J. Environ. Res.
Public Health 15 (2) (2018) 379, https://doi.org/10.3390/ijerph15020379.

[10] N. Riedel, H. Köckler, I. van Kamp, J. Scheiner, R. Erbel, A. Loerbroks, G. Bolte,
Perceived noise control and its value in the association of road traffic noise
with noise annoyance, Eur. J. Pub. Health 28 (suppl_4) (2018) cky213-317,
https://doi.org/10.1093/eurpub/cky213.317.

[11] M. Brink, B. Schäffer, D. Vienneau, M. Foraster, R. Pieren, I.C. Eze, J.M. Wunderli,
A survey on exposure-response relationships for road, rail, and aircraft noise
annoyance: Differences between continuous and intermittent noise, Environ.
Int. 125 (2019) 277–290, https://doi.org/10.1016/j.envint.2019.01.043.

[12] K.M. Paiva, M.R.A. Cardoso, P.H.T. Zannin, Exposure to road traffic noise:
Annoyance, perception and associated factors among Brazil’s adult population,
Sci. Total Environ. 650 (2019) 978–986, https://doi.org/10.1016/j.
scitotenv.2018.09.041.

[13] G. Licitra, E. Ascari, L. Fredianelli, Prioritizing process in action plans: A review
of approaches, Curr. Pollut. Rep. 3 (2) (2017) 151–161, https://doi.org/10.1007/
s40726-017-0057-5.

[14] M. Ögren, P. Molnár, L. Barregard, Road traffic noise abatement scenarios in
Gothenburg 2015–2035, Environ. Res. 164 (2018) 516–521, https://doi.org/
10.1016/j.envres.2018.03.011.

[15] Sandberg, U., & Ejsmont, J. Tyre/road noise. Reference book, 2002.
[16] P.A. Morgan, S.M. Phillips, G.R. Watts, The localisation, quantification and

propagation of noise from a rolling tyre, TRL Limited, 2007.
[17] Kuijpers, A., Van Blokland, G. (2001, August). Tyre/road noise models in the

last two decades: a critical evaluation. In INTER-NOISE and NOISE-CON
Congress and Conference Proceedings (Vol. 2001, No. 2, pp. 2494-2499).
Institute of Noise Control Engineering.

[18] M. Losa, P. Leandri, R. Bacci, Empirical rolling noise prediction models based on
pavement surface characteristics, Road Mater. Pavement Design 11 (sup1)
(2010) 487–506, https://doi.org/10.1080/14680629.2010.9690343.

[19] M. Bueno, J. Luong, F. Terán, U. Viñuela, S.E. Paje, Macrotexture influence on
vibrational mechanisms of the tyre–road noise of an asphalt rubber pavement,
Int. J. Pavement Eng. 15 (7) (2014) 606–613, https://doi.org/10.1080/
10298436.2013.790547.

[20] A.Vaitkus, T. Andriejauskas, V. Vorobjovas, A. Jagniatinskis, B. Fiks, E. Zofka, Asphalt
wearing course optimization for road traffic noise reduction, Constr. Build. Mater.
152 (2017) 345–356, https://doi.org/10.1016/j.conbuildmat.2017.06.130.

[21] European Commission. Regulation, E. U. No 1222/2009 of the European
Parliament and of the Council of 25 November 2009 on the labelling of tyres
with respect to fuel efficiency and other essential parameters. European
Union: Official Journal of the European Union, 2009.

[22] G. Descornet, SilVia–Sustainable Road Surfaces for Traffic Noise Control. TRA-
Transport Research Arena Europe 2006: Göteborg, Sweden, June 12th-15th
2006: Greener, safer and smarter road transport for Europe. Proceedings, 2006.

https://doi.org/10.3390/ijerph14121539
https://doi.org/10.3390/ijerph14121539
https://doi.org/10.1016/j.smrv.2006.09.001
https://doi.org/10.3390/ijerph120605712
https://doi.org/10.13075/ijomeh.1896.00823
https://doi.org/10.13075/ijomeh.1896.00823
https://doi.org/10.1016/j.egypro.2015.11.766
https://doi.org/10.1177/0013916503256260
https://doi.org/10.1177/0013916503256260
https://doi.org/10.1121/1.4764881
https://doi.org/10.3390/ijerph15020379
https://doi.org/10.1093/eurpub/cky213.317
https://doi.org/10.1016/j.envint.2019.01.043
https://doi.org/10.1016/j.scitotenv.2018.09.041
https://doi.org/10.1016/j.scitotenv.2018.09.041
https://doi.org/10.1007/s40726-017-0057-5
https://doi.org/10.1007/s40726-017-0057-5
https://doi.org/10.1016/j.envres.2018.03.011
https://doi.org/10.1016/j.envres.2018.03.011
http://refhub.elsevier.com/S0950-0618(20)30514-6/h0080
http://refhub.elsevier.com/S0950-0618(20)30514-6/h0080
http://refhub.elsevier.com/S0950-0618(20)30514-6/h0080
https://doi.org/10.1080/14680629.2010.9690343
https://doi.org/10.1080/10298436.2013.790547
https://doi.org/10.1080/10298436.2013.790547
https://doi.org/10.1016/j.conbuildmat.2017.06.130


L. Teti et al. / Construction and Building Materials 247 (2020) 118509 11
[23] E. Salomons, D. Van Maercke, J. Defrance, F. de Roo, The Harmonoise sound
propagation model, Acta acustica united with acustica 97 (1) (2011) 62–74,
https://doi.org/10.3813/AAA.918387.

[24] Qcity 2008, Quiet City Transport PROJECT SUMMARY BROCHURE website:
http://www.qcity.org/ (last visited 15/2/2019).

[25] E. Bongini S. Molla P.E. Gautier D. Habault P.O. Mattéi F. Poisson Synthesis of
noise of operating vehicles: development within SILENCE of a tool with
listening features. In: Noise and vibration mitigation for rail transportation
systems. Springer Berlin, Heidelberg 2008, pp. 320–326. Doi: 10.1007/978-3-
540-74893-9_45 320 326.

[26] G. Licitra, M. Cerchiai, L. Teti, E. Ascari, L. Fredianelli, Durability and variability
of the acoustical performance of rubberized road surfaces, Appl. Acoust. 94
(2015) 20–28, https://doi.org/10.1016/j.apacoust.2015.02.001.

[27] M. Puccini, P. Leandri, A.L. Tasca, L. Pistonesi, M. Losa, Improving the
environmental sustainability of low noise pavements: comparative life cycle
assessment of reclaimed asphalt and crumb rubber based warm mix
technologies, Coatings 9 (5) (2019) 343, https://doi.org/10.3390/
coatings9050343.

[28] U. Sandberg, B. Kalman, R. Nilsson, Design guidelines for construction and
maintenance of poroelastic road surfaces. Silvia Project Report Silvia-Vti-005-
02-Wp4-141005, 2005.

[29] D. Wang, A. Schacht, Z. Leng, C. Leng, J. Kollmann, M. Oeser, Effects of material
composition on mechanical and acoustic performance of poroelastic road
surface (PERS), Constr. Build. Mater. 135 (2017) 352–360, https://doi.org/
10.1016/j.conbuildmat.2016.12.207.

[30] V.F. Vázquez, S.E. Paje, Study of the road surface properties that control the
acoustic performance of a rubberised asphalt mixture, Appl. Acoust. 102
(2016) 33–39, https://doi.org/10.1016/j.apacoust.2015.09.008.

[31] A.I.B. Farouk, N.A. Hassan, M.Z.H. Mahmud, J. Mirza, R.P. Jaya, M.R. Hainin, N.I.
M. Yusoff, Effects of mixture design variables on rubber–bitumen interaction:
properties of dry mixed rubberized asphalt mixture, Mater. Struct. 50 (1)
(2017) 12, https://doi.org/10.1617/s11527-016-0932-3.

[32] T. Zetterling, Implementation of the poro-elastic road surface. In: Proceedings
of International tire/road noise conference, 1990, pp. 315–325.

[33] L. Goubert, H. Bendtsen, A. Bergiers, B. Kalman, D. Kokot, The Poroelastic Road
Surface (PERS): Is the 10 dB reducing pavement within reach?, Mater. Infrastruct.
1 (5) (2016) 253–268, https://doi.org/10.1002/9781119318583.ch19.

[34] J. Ejsmont, L. Goubert, G. Ronowski, B. Świeczko- _Zurek, Ultra low noise
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