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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 use of
low noise road surfaces is one of the most widespread intervention since it acts directly on the
source of road traﬃc noise, represented by tyre/road interaction. In this work, the interaction
between texture and tyre/road noise was studied from an experimental point of view, by comparing CPX and road texture measurements on rubberised and standard road surfaces. Tyre
deformation was addressed by taking into account the indenter method proposed by Sandberg
and Goubert in 2018. Regressions of CPX and enveloped road texture levels were performed
separating rubberised from reference surfaces, and parallelism tests were performed on the
slopes. Results show that the use of rubber inﬂuences the interaction of road texture and noise,
especially at high frequencies.
Keywords: Tyre/road interaction; tyre/road noise; CPX measurements; road texture; rubberised asphalts; low noise asphalts

Introduction
Noise pollution produced by transport infrastructures is a very widespread issue for modern
society, especially within cities and other urbanized areas. Indeed, after 15 years from the 2002
European Environmental Noise Directive (END) emission, a revision (European Commission,
2017) reported that noise pollution still represents a serious health problem in Europe, with road
traﬃc representing the most common noise source. 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 these levels
could lead to a series of issues, such as sleep disorders with awakenings (Muzet, 2007; Skrzypek
et al., 2017), learning impairments (Hygge et al., 2002; Lercher et al., 2003), cardiovascular,
hypertension and ischemic heart disease (Babisch et al., 2012; van Kempen et al., 2018) and
annoyance (Guski et al., 2017; Miedema & Oudshoorn, 2001; Okokon et al., 2015). One of the
solutions adopted by the END is the institution of mandatory action plans for big infrastructures
or urban agglomerations (Licitra et al., 2017b). Bearing this prospect in mind, the study of noise
generation mechanisms is of paramount interest in order to optimize mitigation actions (Ögren
et al., 2018).
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Previous studies (Kuijpers & Van Blokland, 2001; Sandberg & Ejsmont, 2002) show that tyreroad noise is a remarkably complex phenomenon, which results from the combination of airborne
and structure-borne phenomena, where the source is provided by the contact between tyre and
pavement. Airborne noise is related to compression of the air trapped within the tread of the
rolling tyre (Morgan et al., 2007). These mechanisms are known as air pumping, and cause noise
at frequencies higher than 1 kHz. Other than air pumping, airborne mechanisms also include pipe
and Helmholtz resonances, due to the coupling of a vibrating mass of air within the tread, which
acts as a cavity (Sandberg & Ejsmont, 2002).
Structure-borne 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 and by non-linear eﬀects, such
as the stick-and-slip and stick-and-snap mechanisms (Kuijpers & Van Blokland, 2001). 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 surfaces.
Since noise reduction at the source is very cost-eﬀective treatment, compared to actions at
receivers or along the propagation path (Praticò & Anfosso-Lédée, 2012), European studies
such as SILENCE (SILENCE, 2005), SILVIA (Descornet, 2006), QCITY (QCITY, 2008) have
focused on actions based on low emission road surfaces such as porous asphalts, stone mastic asphalts, thin, very thin and ultra-thin surfacing, and road surfaces that incorporate rubber
deriving from end-of-life tyres. Besides reducing noise, the use of rubber has also the great
environmental beneﬁt of recycling rubber, inserting the noise mitigation action in a green and circular economy. The main applications of rubber in pavements are in porous elastic road surfaces
(PERS) and rubberised surfaces; the former uses rubber as main component of the mix, while the
latter mixes rubber with common asphalt components. More in detail, a PERS (Sandberg et al.,
2005) is a mix whose air void content ranges from 20 to 40% in volume, while its rubber content
reaches 90% of weight. It consists of an aggregate of rubber granules and ﬁbres, with a supplement of sand, stones or other additives, bound together by bitumen or polyurethane. On the other
hand, rubberised 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 binder (Shatnawi, 2011).
The wet process, named Asphalt Rubber (AR), crumb rubber is blended with liquid asphalt
cement (AC) before mixing AC with the aggregate. According to the American Society for
Testing and Materials International (ASTM, 2005), the deﬁnition of 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 aromatic oils in
the binder, causing swelling of the particles and thus leading to an increase of viscosity and
stiﬀness.
In the dry process, crumb rubber is added to the hot aggregate, usually in the range of 1–3% of
the weight of the total mixture before adding the asphalt cement. In this process, rubber can be
used in ﬁne or coarse crumb, in order to match the aggregate grading and improve its properties.
Praticò et al. (2015) reported that although at the moment the dry process lacks standards, it has
greater potential as far rubber recycling is concerned.
The acoustical performances of these pavements are in constant monitoring since their birth.
Zetterling and Nilsson (Zetterling & Nilsson, 1990) compared PERS to traditional surfaces, concluding that the use of PERS leaded to a reduction in roadside levels of about 10 dB(A). During
the ‘90s, several studies used the CPX method (International Organization for Standardization
[ISO], 11819-2:2017) for the evaluation of tyre/road noise, suggesting that rubberised surfaced
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provide better conditions for noise reduction, compared to traditional road surfaces (Paje et al.,
2010).
More recently, rubberised surfaces started to gain popularity in the Italian scenario and therefore several studies were carried out in order to assess their eﬀectiveness as a mitigation action.
As a consequence, speciﬁc projects have been launched, in order to check the eﬀectiveness of
these road surfaces. In particular, in 2006 the Region of Tuscany started the Leopoldo project,
with the aim to improve the knowledge in the design and the characterisation of low-noise road
surfaces, producing guidelines helpful to the public administrations (Licitra et al., 2015). For
this purpose, rubberised surfaces produced according to the wet and dry process were laid on
extra-urban main roads. Their acoustical performances were monitored by evaluating tyre/road
noise emission for several years. Results showed that the use of rubberised surfaces leads to
a reduction of noise emission compared to standard dense asphalt concrete surfaces of the
same age.
While studies regarding optimal road texture and mixture design for noise abatement are
widely available (Hamet & Klein, 2000; Losa et al., 2013; Losa et al., 2010; Praticò, 2014)
and regulations such as the Regulation E.U. “No 1222/2009” suggest tyre characteristics that
are useful to decrease tyre/road noise, the diﬀerent interaction between tyre/road noise and road
texture caused by the presence of rubber in the asphalt mix remains a topic yet to be covered.
The purpose of this work is to try to ﬁll this gap using CPX and road texture measurements on
17 diﬀerent road surfaces. The sample studied contained both dry and wet rubberised surfaces
as well as dense asphalt concrete surfaces. In order to study the eﬀect of rubber on tyre/road
noise, the correlation between mean CPX levels and road texture levels for each one-third octave
bands were calculated, showing that results vary between rubberised and standard dense asphalt
concrete surfaces. Linear regressions between each couple of noise and texture bands were also
performed, separating rubberised and standard road surfaces; the resulting slopes were compared
using a test for parallelism based on t-statistics.

Methods
Noise and road texture measurements were carried out within two diﬀerent sessions; the ﬁrst one
during November 2017, the second one is dated September 2018. The 17 sites analysed are all
part of the motorway that connects Merano to Bolzano, located in the region of Trentino-Alto
Adige/Südtirol in Northern Italy. 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, therefore
it is safe to assume that the sites are exposed to the same weather and traﬃc conditions, thus
minimising ageing inﬂuence on measurements. It is known, in fact, that ageing eﬀects such as
cracking, clogging, rutting, bleeding, binder removal, aggregate polishing among others (Chai
et al., 2014; Huayang, 1995; Miller & Bellinger, 2014; Dave & Buttlar, 2018) can lead to the
deterioration of the acoustical properties of the road surface (Licitra et al., 2019).
The 10 rubberised surfaces are divided into two sub-samples of equal size, according to their
production method, i.e. 5 dry surfaces and 5 wet surfaces. The remaining seven are dense asphalt
concrete (DAC) surfaces and are used as reference. The mean gradation curves of the dry, wet
and reference surfaces are reported in Figure 1.
The close proximity (CPX) method
The CPX method (ISO, 11819-2:2017) aims to evaluate tyre/road noise close to its source, i.e.
the contact interface between tyre and road surface, by placing at least two microphones close
to the tyre. In this paper, an adapted CPX method was used, with modiﬁcations regarding data
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Figure 1.

Mean gradation curves of the three kinds of pavements tested.

post-processing (Licitra et al., 2017a). The protocol of measurements is based on the last version
of ISO 11819-2, and, therefore, the Standard Reference Test Tyre (SRTT) was used. Moreover,
since tyre/road noise is dependent on air temperature and tyre hardness, normalisations were
performed in compliance with ISO 11819-2, which suggests a reference temperature of 20°C
and a reference hardness of 66 Shore A.
Since tyre/road noise is also dependent on speed, a comparison between diﬀerent surfaces is
possible only after a reference speed has been chosen. The nature of the roads under investigation
has led to the choice of 100 km h−1 .
During the measurement sessions, several acquisitions on the same surface were performed at
diﬀerent speeds. A minimum χ 2 iterative algorithm was 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.
The main modiﬁcation to the oﬃcial protocol regards data analysis, since the test sites were
divided into segments 6.18 m long, i.e. three times a tyre circumference, instead of using the
standard section length of 20 m, in order to increase the spatial resolution of the analysis.
Despite temperature and hardness corrections are strictly valid only for broadband levels, in
this work the same correction has been applied to the one-third band levels, due to the current
lack of studies on this topic.

Road texture measurements
Road texture measurements and CPX measurements were carried out simultaneously. For these
measurements, a triangulations point proﬁle sensor compliant with the requirements reported in
ISO 13473-2 was used. The set-up is based on a measurement system mounted on a self-powered
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vehicle, where the CPX equipment and the proﬁlometer for texture measurements are deployed
at once, thus ensuring perfect alignment of signals and same measuring conditions.
Using the same terminology adopted in ISO, 13473-2:2002, the proﬁlometer used during measurements is a contactless proﬁlometer, and is based on the setup described by Del Pizzo et al.
(2018). The output of the laser triangulation sensor, ﬁxed to the rear of the vehicle, is combined
with the information provided by a rotary encoder ﬁxed to a wheel that yields the horizontal distance travelled. A piezoelectric accelerometer measures vertical oscillations of the laser sensor,
providing a passive cleaning of measurements. The indenter algorithm is then used to simulate
the tyre envelopment resulting from the 2D road proﬁle sampled at 0.5 mm, following the same
procedure used by Del Pizzo et al. (2019). This algorithm is based on the method proposed by
Sandberg and Goubert, derived from experimental measures performed by driving the SRTT on
a known proﬁle (Goubert & Sandberg, 2018). It has been shown (Del Pizzo et al., 2019) that
the resulting tyre envelopments correlate better with noise emission than the original proﬁle, and
therefore the use of this method results crucial in the evaluation of texture inﬂuence on tyre/road
noise.
The proﬁle obtained after the tyre envelopment is divided into segments and ﬁtted with an
autoregressive model based on the Yule-Walker method, reducing signal noise. Then, the onethird octave spectra are derived following the prescriptions of the fourth method reported in
ISO/TS, 13473-4:2008.
Measurement uncertainties
Mean CPX levels, named LCPX hereafter, have three main sources of uncertainty:
• Fitting process in each segment, due to data dispersion around the ﬁt. This source is
assumed to be the measurement uncertainty of sound pressure level within each segment;
• Data dispersion around the mean value, represented by the standard deviation of the
segment LCPX for each road surface. The standard deviation of data describes the spatial homogeneity of an installation and cannot be neglected when two road surfaces are
compared;
• 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 (ISO, 11819-2:2017).
Since the conditions of measurements do not vary greatly within the diﬀerent sessions, this
source was neglected in the analysis.
As far as road texture is concerned, an estimate of measurement uncertainties for texture
spectra within a segment Ltx,seg is derived using Equation (1) (Del Pizzo et al., 2019):

Ltx,seg (k) = 10 1 + √

1
kL


(1)

where k is the width of the band centred in k, L is the length of each segment.
Data dispersion around the mean value was also taken into account by evaluating the standard deviation of each band for each site. The uncertainty of each band Ltx (k) is given by the
quadratic sum of standard deviation s2 (k) of the texture levels along the installation and the term
provided by Equation (1):

(2)
Ltx (k) = s2 (k) + L2tx,seg (k)
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Noise and texture correlation
At ﬁrst, the correlation coeﬃcient was evaluated separately for each couple of enveloped texture
and noise bands for the reference and the rubberised surfaces. The results were used to evaluate
diﬀerences between the two kinds of road surfaces.
A deeper investigation was brought about by performing weighted linear regressions for each
couple of CPX and enveloped texture band of each kind of surfaces, i.e. the reference ones and the
rubberised ones. Using the adjusted coeﬃcient of determination, slopes where both regressions
showed a high goodness-of-ﬁt were compared using a parallelism test based on a bilateral t-test.
The statistics were calculated from Equation (3):
tscore =

b1 − b2
SE(b1 −b2 )

(3)

where b1 is the slope of the regression for the rubberised surfaces and b2 is the slope of the
regression for the reference surfaces and SE(b1 −b2 ) is the standard error of the diﬀerence of the two
angular coeﬃcients. The values provided by Equation (3) were then used to test the hypothesis:
H0 : b1 = b2
H1 : b1 = b2

(4)

comparing each tscore with the critical value tcrit (0.975) = 2.16 for (n1−2 + n2−2 ) degrees of freedom, where n1 = 10 is the number of rubberised surfaces and n2 = 7 is the reference surface
sample size.
Analysis and results
Correlation curves are shown in Figures 2 and 3 are in accordance with previous studies, with
low frequency noise positively correlated with road texture and a high frequency zone negatively
correlated with road texture.
As it can be inferred by observing the ﬁgures, the inﬂuence of crumb rubber in the mix of the
bitumen modiﬁes the correlation curves, extending the frequencies negatively correlated with
texture and reducing the positively correlated frequency bands. This widening of the negatively
correlated zone could represent a signiﬁcant acoustical beneﬁt of the usage of rubberised surfaces
against the reference dense asphalt concrete surfaces.
In order to understand which regressions were suitable for testing, goodness-of-ﬁt was taken
into account separately for the two kinds of surfaces. The adjusted coeﬃcient of determination
r2 adj of the regressions is shown in Figures 4 and 5.
Only the regressions showing coeﬃcient of determination higher than 0.7 for both kind of
pavements were used in the statistical test described by Equation (3). The resulting tscore is shown
in Figure 6.
From Figure 6, two distinct zones were identiﬁed:
• For the 500 Hz one-third octave band, slopes characterised by high values of the coeﬃcient
of determination are not statistically diﬀerent at 95% conﬁdence level;
• For the 2500 Hz one-third octave band, slopes with high values of the coeﬃcient of
determination are statistically diﬀerent at 95% conﬁdence level;
The 500 Hz one-third octave band is related to structure-borne noise, due to tyre vibrations,
and therefore, it is reasonable to assume that adding crumb rubber to the mix design does not
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Figure 2.

Correlation coeﬃcient for the reference surfaces.

Figure 3.

Correlation coeﬃcient for the rubberised surfaces.

7

improve the acoustical performances of the road surface. In fact, slopes in this region do not
show diﬀerences at a 95% conﬁdence level. However, when high frequency noise is taken into
account, rubberised surfaces are diﬀerent from standard surfaces. Noise in this region is related
to airborne phenomena rather than to tyre vibrations, and, therefore, diﬀerences in the mixes
used are expected to induce changes from an acoustical point of view. Coherently with other
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Figure 4. Adjusted coeﬃcient of determination for reference surfaces for each couple of CPX band and
enveloped texture band.

Figure 5. Adjusted coeﬃcient of determination for rubberised surfaces for each couple of CPX band and
enveloped texture band.

previous studies, the inclusion of crumb rubber in the mix appears to have a positive eﬀect on
noise reduction, since it leads to a greater negative correlation between road texture and noise at
2500 Hz. For example, Figure 7 shows experimental data and regressions for the two diﬀerent
frequency bands.
The eﬀect of rubber is evident when comparing the slopes of the regressions between high
frequency noise and enveloped road texture at 10 mm wavelength: the higher negative slope
for rubberised pavements points out a greater noise reduction potential compared to traditional
surfaces. This eﬀect is also of uttermost importance when comparing the overall acoustic performances of road surfaces: while it is true that CPX measurements are usually peaked around
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Figure 6. Reduced matrix of the t-values for the regression slopes. Blue cells highlight regions where the
regressions are statistically diﬀerent, while red cells identify zone where no statistical diﬀerence is found.

Figure 7. Examples of linear regression of data. The left ﬁgure shows a case where the parallelism test
was successful. On the right, two statistically diﬀerent regressions are plotted.

1 kHz, the maximum of the A-weighting curve is at 2.5 kHz, which makes noise reduction in this
band even more signiﬁcant.

Conclusions
To date, low noise emission surfaces represent the best solution to mitigate noise for roads with
high and continuous traﬃc ﬂows, both in urban and extra-urban contexts. Rubberised asphalts
probably are the best choice in the modern concept of green and circular economy, since they
use end-of-life tyres to improve the properties of road surfaces, which have been studied since
their birth. However, despite their application is globally growing, the basic mechanisms of its
noise reduction properties are still not fully explained. The present work studied the variation
of the interaction between road texture and tyre/road noise due to the insertion of rubber in a
pavement mix. The study was carried out from an experimental point of view, by comparing
measurements on ten rubberised and 7 standard road surfaces. Tyre/road noise measurements
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were performed using the CPX method, while road texture was measured using a triangulation
sensor. Tyre envelopment was also calculated, in order to provide the tyre deformation due to the
contact with the road surface.
Analysis of the correlation coeﬃcient in one-third octave bands between CPX and enveloped
texture showed that tyre/road noise results more inﬂuenced by the presence of rubber at high
frequencies, which are related to airborne phenomena, while lower frequencies, related to tyre
vibrations, do not show signiﬁcant diﬀerences in the correlation curves.
In order to bring about a comparison from a statistical point of view, a parallelism test was used
on the linear regressions performed between enveloped road texture and CPX noise levels for the
rubberised and standard surfaces. The two regions where both ﬁts show an adjusted coeﬃcient of
determination higher than 0.7 were the 500 Hz band, which does not show statistical diﬀerence
between the two kinds of surfaces, and the 2.5 kHz band, where, on the contrary, evidence of
statistical diﬀerence was found at a 95% conﬁdence level. The higher negative slope for the 2.5
kHz band highlights the greater noise reduction potential of rubberised pavements compared to
the conventional road surfaces.
Three main factors contribute to the research signiﬁcance of this study. Firstly, external conditions of the road surfaces that were analysed are pretty unique and diﬃcult to ﬁnd elsewhere.
Indeed, the experimental sites are within a 20 km radius and thus are exposed to the same weather
and traﬃc conditions, reducing the inﬂuence of other factors involved in acoustic degradation of
roads. Secondly, the tyre envelopment algorithm based on experimental measures used in this
work still has not yet been extensively tested. Its use is fundamental for the calculation of a
realistic tyre deformation due to the contact with the road surface. Lastly, despite the statistical approach adopted for the comparison is a known tool especially for medicine studies, it has
proved to be exceptionally powerful for ﬁnding evidence of diﬀerent behaviour between the rubberised and reference surfaces. Further developments of this study could include the use of more
sensors at once in order to reduce measurement uncertainties. A laser with smaller spot size could
also expand the range of wavelengths studied, since it is known that tyre/road noise is aﬀected
by shorter wavelengths. Increasing the sample size would represent a further improvement to the
present study.
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