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H I G H L I G H T S  

• Six novel microsurfacing mixture were formulated by combining basalt, crumb rubber and artificial aggregates.
• The SPERoN® model was used to analyse the vibro-dynamic and aerodynamic components of rolling noise.
• Using a lower nominal maximum aggregate size and uniformly shaped artificial aggregates enhances pavement acoustic features.
• The g-factor derived from the Abbott curve effectively assess road pavement noise.
• This study highlights how mix design choices impact rolling noise, enabling the development of improved low-noise surfaces.
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A B S T R A C T

Road traffic noise is a significant environmental issue in urban areas with major health and economic impli
cations for communities. Thus, a comprehensive understanding of tire/road noise mechanism is crucial for road 
pavement engineering. This study evaluates the noise behaviour of six innovative microsurfacing mixtures 
incorporating natural and artificial aggregates (geopolymers and crumb rubber) with varying particle size dis
tributions and binders. A 2D laser analysis aims at collecting surface texture indicators, while noise-related in
dicators were derived according to ISO 10844 standards. Noise levels were predicted using the SPERoN® model 
(statistical physical explanation of rolling noise), analysing the vibro-dynamic and the aerodynamic contribu
tions separately. Correlations between tire/road noise levels predicted by the model and surface texture in
dicators elucidate the key factors influencing noise generation mechanism. The findings indicate that lower 
nominal maximum aggregate size (NMAS) and uniformly shaped artificial aggregates substantially mitigate 
rolling noise. Moreover, profiles with negative skewness and positive kurtosis exhibit reduced noise generation. 
The study highlights the limitations of traditional indicators like the estimated noise difference due to texture 
(ENDT) and highlights the g-factor from the Abbott curve as a more reliable predictor of pavement noise 
properties. These findings provide valuable insights for designing low-noise pavements with enhanced perfor
mance, offering new perspectives on the noise behaviour and acoustic properties of microsurfacing.

1. Introduction

The rapid pace of urbanization has led to a significant rise in noise 
pollution levels, severely impacting quality of life and contributing to 
various physical and mental health disorders in humans. Notably, 

researches have established a connection between noise pollution and 
cardiovascular disease (Descornet, 2006; European Environment 
Agency, 2020; Münzel et al., 2021), hypertension (Pyko et al., 2018), 
sleep deprivation, and depression and anxiety (Beutel et al., 2020). 
Furthermore, studies suggest that noise pollution can negatively impact 
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stress levels during pregnancy and child development (Christensen 
et al., 2016; Zhang et al., 2021). In addition to health implications, noise 
pollution imposes significant economic costs, including increased 
healthcare expenses, reduced productivity, property devaluation, and 
direct expenses associated with noise mitigation strategies (e.g., build
ing noise barriers) (European Comission,; Eelco den Boer and Schroten, 
2007; Pignier, 2015). Notably, noise affects less socio-economically 
advantaged groups who are often exposed to higher levels (Dreger 
et al., 2019; European Environment Agency, 2020). The European 
Environment Agency (EEA) estimates that road traffic noise is the most 
prevalent source, exceeding exposure to rail, aircraft, and industrial 
noise, with over 113 million people subjected to noise levels exceeding 
55 dB (European Environment Agency, 2020).

Traffic noise originates from a combination of several factors, 
including aerodynamic noise generated by the vehicle's shape, propul
sion noise from the power unit, and tire/road noise (rolling noise) 
arising from the interaction between tires and the road surface (Pratic�o, 
2014; Ma et al., 2024). While aerodynamic noise is only significant at 
very high speeds, propulsion noise becomes more relevant at low speeds 
and for heavy vehicles. On the contrary, in the mid-to-high speed range 
(around 35 km/h for cars and 75 km/h for trucks), rolling noise domi
nates as the primary source (Chen et al., 2021a; Mikhailenko et al., 
2022). In response to rising traffic noise concerns, the automotive in
dustry has been studying various strategies for modern vehicles, 
including the development of quieter vehicle shapes and engines (e.g., 
electric vehicles) (Poulikakos et al., 2022). However, these solutions 
offer only partial mitigation of the overall traffic noise issue. Therefore, 
to achieve comprehensive control of road noise pollution, it becomes 
fundamental to assess the tire/road noise component, a major part of 
which is highly dependent on the pavement texture characteristics 
(Gottaut and Goubert, 2016). The tire/road noise generation arises from 
the combination of two key phenomena: the vibro-dynamic noise and 
the aerodynamic noise. Vibro-dynamic noise, dominant at frequencies 
below 1 kHz, originates from the mechanical impacts between the tire 
and the road surface irregularities. On the other hand, aerodynamic 
phenomena are dominant at frequencies higher than 1 kHz (Del Pizzo 
et al., 2020; Ling et al., 2021).

Furthermore, considering the different domains of surface texture, 
rolling noise is associated with the macrotexture and megatexture do
mains, with wavelengths, λ in the range of 0.5–50 mm and 50 mm to 0.5 
m, respectively (Pratic�o and Vaiana, 2015). Nonetheless, tire charac
teristics are closely linked to stringent safety, durability, and fuel con
sumption standards, minimizing the scope for optimizing noise 
generation characteristics. This emphasizes the importance of designing 
low-noise pavements and optimizing the surface texture to reduce 
tire/road noise (Altreuther and Maennel, 2018; Leng et al., 2023; Vaiana 
et al., 2023).

Among different solutions, it is worth to mention the low-noise stone 
mastic asphalt (SMA) obtained by using a modified grading curve with 
9%–13% of air voids and higher binder content to improve its acoustic 
performance (Zakerzadeh et al., 2024). Open-graded asphalt pavements, 
such as open graded friction course and twin layers, are associated with 
a good acoustic absorption due to the intrinsic porosity of the layer, 
whereas porous elastic road surfaces (PERS) reduce the production of 
rolling noise due to their higher presence of interconnected voids and an 
inherent low-stiffness (presence of crumb rubber) (Goubert et al., 2016; 
Li et al., 2024; V�azquez et al., 2020). However, these solutions have a 
higher cost, due to the presence of high-quality aggregates and 
polymer-modified binders, which makes them economically suitable 
only when applied in noise-sensitive areas (JRE Editorial Office et al., 
2023; Pratic�o, 2014).

In contrast, dense road surfaces, due to their lack in porosity, can 
provide noise reduction by means of acoustically optimized surface 
texture. Road surfaces with low nominal maximum aggregate size 
(NMAS) (Pratic�o and Briante, 2020) provide level surfaces with rela
tively low thickness. In the last decades, one of the most researched 

pavement maintenance strategy without structural functions is micro
surfacing. This technique enhances skid resistance and exhibits a pro
nounced surface texture, providing a smooth layer that adheres to the 
underlying pavement, seals cracks, and protects against water infiltra
tion (Bhargava et al., 2020a; Li et al., 2017; Tan et al., 2023; Xu et al., 
2024). Microsurfacing involves applying a mixture of polymer-modified 
bituminous emulsion, cement, water, and mineral aggregates with a 
maximum size of 8–10 mm, typically at thicknesses not exceeding 10 
mm (Bhargava et al., 2020b; Grilli et al., 2019). Knowledge of rolling 
noise generated by the interaction between tires and microsurfacing 
pavements remains limited. However, some research suggests that their 
rough macrotexture, resulting from the absence of compaction during 
the application process, induces tire vibration phenomena, which are 
responsible for noise production. In contrast, other studies demonstrate 
that noise emissions from microsurfacing layers are comparable, or in 
some cases even better, than those from conventional hot-mix asphalt 
(HMA) (Li et al., 2012) and SMA pavements (De Rose et al., 2023; 
Nowo�swiat et al., 2020). Furthermore, the manipulation of the aggre
gate gradation or the incorporation of crumb rubber in the mixture 
could also lead to a reduction in noise emissions (Canestrari et al., 2009; 
Chen et al., 2021b; Sangiorgi et al., 2012).

Besides, it is evident that studies aiming to reduce pavement noise 
require robust validation. Therefore, to deepen the understanding of 
noise generation mechanisms and optimize low-noise pavement designs, 
various predictive models have been developed to simulate tire/road 
noise behaviour under different conditions, either based on numerical, 
statistical or analytical approach. For example, Kleizien _e et al. (2019)
developed a multiple linear model to predict CPX based on mixture 
composition, including parameters such as granulometry, bitumen 
content, and void volume. However, this model is limited to a specific 
speed (80 km/h) and does not account for the frequency spectrum. 
Similarly, Teti et al. (2020) focused on developing a model for rolling 
noise based on the mixture job mix formula, achieving accurate CPX 
level predictions across different frequency ranges (low, medium, and 
high). Nevertheless, the model does not consider the absorption prop
erties of the investigated pavement type. Chen et al. (2018) proposed a 
semi-empirical model for evaluating the rolling noise of porous asphalt 
mixtures. Their approach incorporates surface texture (disaggregated 
through texture level, LTX) and accounts for noise absorption properties 
by modelling the voids within the mixture and their interconnections. 
However, these studies predict noise levels without considering the 
physical interaction at the tire-pavement contact.

The calculation model SPERoN® (statistical physical explanation of 
rolling noise) applied in the current project is a hybrid modelling 
framework to predict the pass-by level of vehicles, using road surface 
texture profiles and tire data as input. SPERoN® combines a physical and 
a statistical sub-model by considering different noise generation mech
anisms contributing to tire/road noise. The model was proposed and 
developed by M+P, Müller-BBM and the Division of Applied Acoustic of 
the Chalmers University Gothenburg (Beckenbauer and Kuijpers, 2001), 
based on measurements of pass-by noise and road surface texture on a 
multitude of different surfaces, of mechanical characteristics of different 
tires and on theoretical investigations considering aerodynamic noise. 
The SPERoN® model was validated in the P2RN-project (Beckenbauer 
et al., 2008; Klein et al., 2008) to predict pass-by levels of passenger cars 
with an accuracy of ±1 dB. The model was used in several European 
projects such as SILVIA (Descornet, 2006) and ITARI (Beckenbauer 
et al., 2008; Berge et al., 2009; Rahmani et al., 2011) for developing low 
noise road surfaces. Whether used independently (Poulikakos et al., 
2024) or in combination with auralization tools to enable realistic 
reproduction of specific acoustic conditions for evaluating psycho
acoustic perception (Forss�en et al., 2018; Hoffmann and Kropp, 2019), 
the SPERoN® model has supported the development of low-noise 
pavements since its introduction (Peeters et al., 2024).

Based on the findings of the literature review, the main objective of 
this research is confined in the investigation of the acoustic performance 
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of six innovative microsurfacing mixtures with varying natural and 
artificial aggregate compositions, binder types, and particle size distri
butions. In particular, the most widely surface texture indicators, 
together with noise-related indicators according to the ISO 10844 
standard, were calculated and compared to tire/road noise levels in a 
pass-by situation obtained through the use of the SPERoN® prediction 
model. The goal is to identify correlations between pavement texture 
properties and rolling noise generation mechanisms, thereby enhancing 
the design of low-noise pavements and providing insights for optimizing 
texture parameters to reduce traffic noise effectively.

2. Materials and methods

The research is structured into four steps. 

(1) Mixture preparation and profile readings by means of a laser 
profilometer;

(2) Surface texture analysis to derive both aggregate and spectral 
texture indicators, and noise-related indicators in accordance 
with the ISO 10844 standards;

(3) Noise modeling with SPERoN® to assess the noise produced by 
the different mixtures encompassing both tire-vibration and 
aerodynamic noise contributions;

(4) Analysis of results, including a comparative evaluation between 
the individual outcomes of the two approaches (prediction models 
and texture indicators), to identify potential correlations that 
explain the noise phenomena associated with road pavements.

In the following paragraphs, the abovementioned key points of the 
research will be elaborated in greater detail. In particular, a complete 
flowchart of the paper's experimental plan is proposed in Fig. 1.

2.1. Microsurfacing samples

Cold bituminous microsurfacing mixtures were manufactured using 
various combination of aggregates and binder type. In particular, basalt 
aggregates were used as natural aggregates, whereas crumb rubber (CR), 
of mesh size 0.8/4.0 mm, and artificial engineered aggregates (AEA), of 
10 mm single size, were used as aggregates substitutes of natural ones.

Notably, the AEAs were produced using an alkali-activation 
technique (geopolymers), presented and evaluated in a parallel study 
(Copetti Callai et al., 2022). The mortar, consisting in a mixture of 

basalt powder and metakaolin with an activator (alkali solution), is set 
into 3D printed molds and cured in the oven, producing final AEA with 
10 mm diameter in a truncated octahedron shape, as shown in Fig. 2.

The type of binders used were asphalt emulsion modified with latex 
and a non-bituminous resin emulsion. Finally, following the ISSA mix 
design specification (ISSA, 2010), six different samples were produced, 
summarized in Table 1.

The compositional design of the mixtures aimed to achieve varied 
surface textures, each expected to exhibit distinct noise generation be
haviours. The samples NAS1 and NAS2 represent two reference micro
surfacing mixtures, specifically designed with tailored particle size 
distributions (0/8 mm) of basalt aggregates as part of the project of the 
TG2 working group within the RILEM technical committee 280-CBE. 
Building upon this distribution, the rubber sample was developed by 
replacing a portion of the aggregate with 60% of CR. The particle size 
distribution of mixture AA adhered to Australian guidelines (Patrick, 
2018), featuring a larger NMAS compared to the NAS samples, and 
substituting basalt aggregates with AEAs in the upper sieve size (9.5 
mm). Finally, the Yellow mixture, which also employs a RILEM-specific 
particle size distribution, features a finer gradation (0/6 mm). The fine 
fraction (0/2 mm) of this latter was blended in a 50:50 ratio with AEAs 
to produce sample AA5050. The particle size distributions of the mix
tures are shown in Fig. 3.

Other information regarding the materials used can be found in a 
previous work (Callai et al., 2022). In Fig. 4, the six produced samples 
are shown. Once the samples cured, the texture analysis was conducted 

Fig. 1. Schematic representation of the variables and workflow.

Fig. 2. Sample of artificial engineered aggregates (AEA).
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by means of a contactless laser profilometer (ISO 13473-3) (ISO, 2002). 
The laser profilometer conducted seven radial reads, summing up to 2 m 
of linear profile to ensure its representativeness. The yellow markers on 
each sample shown in Fig. 4 represent the acquired profiles.

2.2. Texture evaluation

The surface texture can be described as the sum of various elemen
tary components, each corresponding to a specific wavelength: in 
particular, the surface macrotexture falls within the range of wave
lengths between 0.5 and 50 mm. There exists a plurality of geometric 
indicators, not necessarily related to specific wavelengths, which 
effectively characterize the surface texture and can be derived through 
simple computation on the profile data (distances x and heights z) from a 
two-dimensional point of view (Callai et al., 2022; Chen et al., 2022). 
Within the broader spectrum of available indicators, this investigation 
will place particular emphasis on the mean profile depth (MPD), the 
average peak-to-valley height, Rz, the root mean square, RMS, the 
skewness, Rsk, and the kurtosis, Rku. 

(1) Mean profile depth (MPD)

The most widely used parameter to describe the pavement macro
texture is the MPD, which, according to the ISO 13473–1:2019 (ISO, 
2019), represents the average value of the profile depth within a sam
pling length of 100 mm (baseline) for a given profile curve (Puzzo et al., 
2017). Specifically, this baseline (and therefore the profile) is divided 
into two parts and the MPD is calculated as the difference between the 
average peak height of the two individual parts (h1 and h2) and the 
central line height (h), as provided in Eq. (1). 

MPD=
h1 + h2

2
− h (1) 

(2) Average peak-to-valley height (Rz)

The statistic Rz reflects the overall roughness of a surface profile and 
represents the average of the maximum peak-to valley heights measured 
over five contiguous samples of a specified length and along a defined 
sampling length of 100 mm (Boscaino and Pratico, 2001). Thus, it is 
computed as the average height of the top five peaks (Zpi) to the average 
depth of the top five valleys (Zvi) within a measured length, as shown in 
Eq. (2). 

Rz =
1
5
∑n

i=1
Zpi − Zvi (2) 

(3) Root mean square (RMS)

The RMS of the profile is basically the root mean square of the pro
file's deviation (Eq. (3)), being very sensitive to the presence of peaks 
and valleys (Boscaino and Pratico, 2001). This parameter becomes 
quantitatively more relevant as the wave amplitude increases, but it is 
not sensitive to changes in wavelength. 

RMS=

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

1
L

∫ L

0
(z − z)2dx

√

(3) 

(4) Skewness (Rsk)

The Skewness quantifies the asymmetry of a profile's height distri
bution, reflecting how peaks and valleys are positioned relative to the 
average value (Tayebi and Polycarpou, 2004; Zhan and Huang, 2019). 
When Rsk = 0, it indicates a symmetrical distribution, where peaks and 
valleys balance out around the average. A negative skewness suggests 

Table 1 
Compositional design of the studied mixtures.

Sample name Particle size distribution Binder type

AA5050 • 50% <sieve 2 mm of 0/6 mm RILEM
• 50% 10 mm AEAs

Asphalt emulsion modified with latex

AA • 0/10 mm Australian guidelines
• Replacing sieve 9.5 mm with AEAs (10%)

Asphalt emulsion modified with latex

Rubber • 40% of 0/8 mm RILEM
• 60% of 0.8/4 mm CR

Asphalt emulsion modified with latex

NAS1 • 0/8 mm RILEM Asphalt emulsion modified with latex
NAS2 • 0/8 mm RILEM Asphalt emulsion modified with latex
Yellow • 0/6 mm RILEM Non-asphaltic resin

Fig. 3. Particle size distributions of the Microsurfacing mixtures.
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more frequent peaks above the average, with a longer tail on the left side 
of the distribution; conversely, a positive skewness indicates more 
frequent valleys below the average, with a longer tail on the right side 
(Eq. (4)). 

Rsk =

∑n
i=1

1
n (zi − z)3

(
∑n

i=1
1
n (zi − z)

)3 =

2
(4) 

(5) Kurtosis (Rku)

Kurtosis describes the “peakedness” of the probability density func
tion (Eq. (5)). It compares the distribution's shape to a normal curve 
(having a kurtosis equal to 0): if Rku is greater than 0, the distribution is 
more peaked, thus suggesting that values are concentrated around the 
mean; on the contrary, for values lower than 0, the distribution is flatter 
with more dispersed values (Vieira et al., 2021; Zhan and Huang, 2019). 

Rku =

∑n
i=1

1
n (zi − z)4

(
∑n

i=1
1
n(zi − z)2

)2 (5) 

The surface texture data described above were obtained through the 
acquisition and post-processing of longitudinal profiles identified on the 
produced microsurfacing samples. Specifically, the analysis of the pro
files was carried out using a laser profilometer based on conoscopic 
holography. To ensure good statistical representation, seven equally 
spaced diametral profiles, each 30 cm in length, were captured for each 
sample. The profiles were analysed using the U-PaveTex software 
developed by the University of Calabria, which computed the desired 

indicators (i.e., MPD, Rz, etc.), while skewness and kurtosis were 
calculated using Microsoft Excel. The software additionally calculates 
the texture level, LTX,λ, of the analysed profiles, which represents the 
logarithmic transformation of the profile's amplitude for a given wave
length, λ.

2.3. Noise related indicators

The international standard ISO 10844 (ISO, 2014, 2021) “acoustics – 
specification of test tracks for measuring sound emitted by road vehicles 
and their tyres”, which specifies the characteristics of a test track surface 
intended to be used for measuring rolling noise caused by the tire/
pavement interaction, provides in its different versions noise related 
texture indicators. According to the literature, these indicators may be 
used as descriptors of the acoustic properties related to the surface 
texture. Indeed, although the calculation of these indicators is not 
mandatory, they may be used as an analytical approach to understand 
the noise behaviour of the pavements. 

(1) Estimated pass-by noise level difference from texture level vari
ations (ENDT)

The first indicator introduced as single parameter for evaluating the 
texture effect on noise is the ENDT, which was developed within the 
SILVIA project (Descornet, 2006) and considered in the ISO 10844:2014 
(ISO, 2014). This method uses the one-third-octave band wavelength 
spectrum of a surface, with λ ranging from 5 to 100 mm, and compares it 
to a reference spectrum, provided by the standard. The spectral differ
ences are then weighted with coefficients that define the relevance of 
each spectral band for the rolling noise in the corresponding 

Fig. 4. Microsurfacing samples. (a) AA5050. (b) AA. (c) Rubber. (d) NAS1. (e) NAS2. (f) Yellow.
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one-third-octave band. These differences are further weighted based on 
an average rolling noise spectrum, producing a single value that esti
mates the difference in rolling noise level compared to the reference 
(van Blokland and Schwanen, 2012). In accordance with the standard, 
the calculation of ENDT is presented in Eq. (6). 

ENDT = 10log10

(∑
i10

Lmi+biΔLTX;i
10

∑
i10Lm

10

)

− 0:25ΔLTX;5 (6) 

where Lmi are reference noise levels, bi are fixed factors, ΔLTX,5 is the 
difference between the measured texture level of the surface under 
consideration for the texture wavelength 5 mm and a reference texture 
level for the wavelength 5 mm, equal to 39.8 dB; in particular, the terms 
Lmi and bi can be found in the standard ISO 10844:2014 (ISO, 2014), 
Annex A. 

(2) Shape-factor (g-factor)

The recently published ISO 10844:2021 (ISO, 2021) standard has 
supplanted the ENDT, introducing a new parameter, the shape factor 
(g-factor), to correlate surface texture with rolling noise generation. The 
g-factor is typically determined from the cumulative frequency distri
bution (Abbott-Firestone curve) of the surface profile depths. It repre
sents the cumulative frequency corresponding to half of the maximum 
profile depth (ISO 10844: 2021 (ISO, 2021)). This value reflects the 
percentage of material (cumulative distribution) included between the 
highest peak and the half of the maximum peak to valley height. 
Consequently, the g-factor provides valuable insight regarding the sur
face texture shape and exhibits a strong correlation with pavement 
surface acoustics: a higher shape factor corresponds to a reduction in the 
noise emission (Miljkovi�c and Radenberg, 2012). Generally, a shape 
factor higher than 70% is associated with surfaces characterized by 
negative texture, whereas positive textures typically exhibit g-factor 
values below 50% (Miljkovi�c et al., 2014). According to Eqs. (7) and (8), 
the g-factor corresponds to the cumulative distribution, Dcum, referred to 
the mid-point elevation, zmid. 

zmid =
zmax + zmin

2
(7) 

Dcum;i =(i − 1)
100%
n − 1

(8) 

2.4. Noise evaluation with SPERoN®

As stated in the introduction, the SPERoN® is a hybrid modelling 
framework for the simulation and prediction of tire/road noise that 
combines a physical and a statistical sub-model. The physical part 
aims at pre-processing the surface texture to identify the tire/road 
contact area, calculate the contact forces and the noise generated 
from tire vibrations, whereas the statistical parts are used for the 
prediction of airflow-related mechanisms such as the tire cavity noise 
and residual sound sources (mainly the aerodynamic noise around the 
car body) (Alves and Maennel, 2016). Through a series of multivariate 
linear regression models, SPERoN® is able to predict the coast-by 
noise levels in 1/3 octave band spectra emitted by a passenger car, 
given a certain tire/road combination. Given the above, the input data 
for the model are of two types: 1) road surface, this includes the 
surface texture profiles, collected by means of a laser profilometer and 
in a longitudinal direction, to build a quasi-3D surface texture, and 
the acoustical impedance of the surface; 2) tire, this includes the 
three-dimensional profile and the geometry of the tire, its radial 
stiffness, the width and the rolling speed (Kuijpers and Van Blokland, 
2001).

Fig. 5 shows a schematic workflow of the SPERoN® model. Specif
ically, the model reproduces the absolute third-octave levels of coast-by 
spectra, with an accuracy of ±1 dB(A), achieved as a sum of four distinct 
contributions that can be calculated separately (Eq. (9)). 

p2
coast-by = p2

vib + p2
air + p2

cav + p2
residual (9) 

where pvib represents the mechanically sound source component caused 
by the interaction of contact forces between the tire and the pavement 

Fig. 5. Schematic workflow of SPERoN model adapted from Beckenbauer et al. (2008).
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(Eq. (10)), pair is related to the aerodynamic contribution arising within 
the tire-road contact (Eq. (11)), pcav is the component arising from the 
resonance within the tire cavities (Eq. (12)), presidual is the aerodynamic 
noise due to the shape of the vehicle used for the analysis (Eq. (13)). 
Further details can be found in Beckenbauer et al. (2008). 

p2
vib = aF2

c Γα1Bα2Sα3 (10) 

p2
air = b

(
F2

c Γ− 1:5S− 2)β1Bα2V4 (11) 

p2
cav = cGγ1

pattern (12) 

p2
residual = dVδ1 (13) 

where a, b, c, d are regression coefficients per third-octave band, α1, α2, 
α3, β1, γ1 and δ1 are real-valued exponents, Fc is the contact force in N, Γ 
is the tire/road contact air flow resistance in Pa ⋅ s/m, B is the tire width 
in m, S is the tire tread stiffness in N/m, Gpattern is the spectral power of 
the tire's tread pattern variation; V is the speed in m/s.

In regard of road surface input, it should be noted that the devel
opment of SPERoN® was originally not aimed at the calculation with 
texture profiles shorter than the circumference of a standard tire. In the 
case of texture measurements on laboratory samples, where the texture 
profile length is shorter, the calculation with SPERoN® can only cover a 
limited frequency range, which means that it is impossible to predict 
realistic pass-by levels from laboratory sample profiles with SPERoN®. 
Therefore, in this research the SPERoN® model was only used to predict 
the two main components of tire/road noise, namely the tire/vibration 
noise level (Lvib (see pvib)) and the aerodynamic noise level (Lair (see 
pair)) for a direct comparison of the different mixes under investigation; 
moreover, the components pcav and presidual are system invariants, as 
they are not influenced by the surface texture of the analysed samples. 
Given the above, the calculations were restricted to the frequency range 
of 400–2000 Hz. The airflow resistance in two different calculation runs 
was set to 500 and 1000 Pa ⋅ s/m2, giving the lower and upper limit of 
realistic values. Regarding the tire, three types of tires were evaluated, 
summarised in Table 2, whose characteristics (Fig. 5) are included in the 
SPERoN® database. As the tires are commercially available, specific 
characteristics cannot be disclosed to safeguard proprietary informa
tion. For the sake of brevity, tire types will henceforth be identified 
solely by the manufacturer's name.

The Michelin tire was chosen as low noise tire, as the model calcu
lations with this tire have been validated in the German-French P2RN 
project (German-French Cooperation P2RN, 2009). In addition, this tire 
has been investigated in several subsequent research projects yielding a 
considerable set of reference data. The Uniroyal tire is the standard 
reference test tire SRTT according to the UN ECE R117, an international 
standard regulating the technical and performance characteristics of 

tires for road vehicles, and widely used within the automotive industry. 
This latter is marked as louder than the Michelin tire. Finally, the AVON 
tire was considered because the production of noise associated with this 
type of tire is between the first two (Berge et al., 2009). The SPERoN® 

calculations were performed at three different rolling speeds (40, 50, 
and 60 km/h).

3. Results and discussions

3.1. Texture parameters and noise related indicators

The texture parameters and noise related indicators of each sample 
are presented in Table 3, respectively; note that each indicator is 
intended as the average of seven different profiles. Firstly, it is possible 
to notice that the smoother surfaces are the Yellow and the AA5050, 
showing the lowest MPD, Rz and RMS, with the minimal peak-to-valley 
heights. This could be attributable to the Yellow's lower particle size 
distribution and, on the other hand, to the AA5050 mixture's uniformity, 
with the presence of 50% of identically shaped AEAs. On the contrary, 
the highest values belong to the mixture AA, followed by the natural 
samples.

Secondly, it is worth noting that all the samples exhibit a slightly 
negative skewness, suggesting a tendency towards lower values compared 
to the average value of the profiles. Furthermore, kurtosis values mirror 
the trends observed for the previous indicators, where positive values 
indicate surfaces with profile heights (zi) more evenly distributed around 
the mean, resembling a smoother surface. The Yellow mixture exhibited 
the highest kurtosis value, followed by AA5050. In contrast, NAS1, NAS2, 
and AA mixtures display negative kurtosis, while the Rubber mixture 
closely approximates a normal distribution of heights.

Regarding the noise-related indicators, significant differences are 
evident between the ENDT and the g-factor of the various mixtures. 
While the g-factor appears to be consistent with the previously presented 
texture indicators, the same cannot be said for the ENDT. It is important 
to recall that the ENDT is derived from the difference between the 
texture spectra of the individual mixtures and the spectrum of an 
optimal surface. It is possible to state that the ENDT indicator reflects 
their granulometric distribution, with Yellow exhibiting the lowest 
value due to its distribution with a lower NMAS. This is followed by the 
other mixtures, which show more or less comparable values, with the 
exception of the AA5050 mixture. Indeed, the higher presence of AEAs 
(10 mm aggregate size) in this mixture is not captured by this indicator. 
As for the g-factor, the highest value is associated with the Yellow 
mixture (82.1%), which consequently exhibits a negative texture, fol
lowed by the AA5050 and rubber mixtures (71.1% and 70.0%, respec
tively). The remaining mixtures show a g-factor close to 50%, indicating 
a positive texture.

3.2. Tire-vibration noise levels

The noise generated caused by the vibro-dynamic phenomena in the 
tire/road contact was evaluated for each sample at given airflow resis
tance and different speed. In particular, Fig. 6 shows the results for the 
Michelin tire (low noise), Fig. 7 resumes the results achieved by the 
AVON tire (medium noise) and Fig. 8 the Uniroyal tire (high noise).

Table 2 
Summary of the tires considered for the SPERoN application.

Manufacturer Type Dimension Noise

Michelin Energy 3A 195/60 R15 Low-noise
AVON AV1 185/65 R15 Mid-level
UniRoyal TigerPaw SRTT 225/60 R16 Loud

Table 3 
Texture and noise-related indicators for each sample.

Sample MPD (mm) Rz (mm) RMS (mm) Rsk (mm) Rku (mm) ENDT (dB(A)) g-factor (%)

AA5050 2.255 3.427 1.383 − 0.657 1.079 5.357 71.1
AA 3.587 5.696 1.850 − 0.007 − 0.151 4.094 52.9
Rubber 2.631 4.463 1.896 − 0.549 0.065 4.557 70.0
NAS1 3.054 4.617 1.776 − 0.106 − 0.446 3.966 55.7
NAS2 2.930 5.414 1.797 − 0.133 − 0.630 4.118 55.0
Yellow 1.971 3.082 1.108 − 0.736 1.778 3.014 82.1
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As expected, the Uniroyal tire exhibits higher sound pressure levels 
compared to the other two tire types. Notably, the sound levels for the 
UniRoyal tire are consistently higher at 40 km/h than at 50 km/h, 
before rising again at 60 km/h. Indeed, the vibro-dynamic phenome
non is affected by multiple factors and, depending on the mechanical 
properties of the tire, sound levels can be higher when there is a 
resonance excitation or torus eigenmodes (Pinay et al., 2018); this 
behaviour does not necessarily occur at the highest speed investigated. 
Moreover, while the differences between low- and medium-noise tires 
are approximately 1–2 dB(A), the differences are significantly larger 
with respect to the Uniroyal tire, with variations reaching around 4–6 
dB(A). No significant differences are observed between the various 
airflow resistances. However, for an airflow of 1000 Pa ⋅ s/m2, sound 
levels are on average 0.3 dB(A) lower. For the same tire type and speed, 

it is worth noting that the Yellow mixture exhibits lower Lvib values 
compared to all other mixtures. In particular, the mixtures with Nat
ural Aggregates and the AA mixture show largely comparable values, 
whereas Rubber performs slightly better. For this latter, it is worth to 
mention that the presence of crumb rubber could potentially 
contribute to reduce the noise levels due to its inherent stiffness and 
sound-absorption properties. In previous research, it has been 
demonstrated that such high amount of crumb rubber reduced the 
stiffness of the pavement (Makoundou et al., 2021a, 2021b); however, 
the model does not account the moduli of the analysed mixtures. 
Interestingly, the AA5050 mixture follows the Yellow mixture, but not 
at the lowest speed (40 km/h), where it becomes comparable to the 
other mixtures. As for the mixture AA, the presence of 10% of AEAs 
does not contributes in the reduction of noise levels.

Fig. 6. Lvib noise levels for Michelin tire. (a) Air flow of 500 Pa ⋅ s/m2. (b) Air flow of 1000 Pa ⋅ s/m2.

Fig. 7. Lvib noise levels for AVON tire. (a) Air flow of 500 Pa ⋅ s/m2. (b) Air flow of 1000 Pa ⋅ s/m2.

Fig. 8. Lvib noise levels for Uniroyal tire. (a) Air flow of 500 Pa ⋅ s/m2. (b) Air flow of 1000 Pa ⋅ s/m2.

S. Copetti Callai et al. Journal of Road Engineering 5 (2025) 452–466

459 



3.3. Aerodynamic noise levels

The noise generated attributable to the air displacement in the tire/ 
road noise, Lair, was evaluated for each tire, airflow pressure and ac
cording to the speed and sample. Fig. 9 shows the results of Lair noise for 
the Michelin tire (low noise), Fig. 10 for the AVON tire (medium noise) 
and Fig. 11 for the Uniroyal tire (high noise).

As expected, Lair values are generally lower than those attributed to 
vibro-dynamic noise, since aerodynamic phenomena are prevalent at 
speeds typically exceeding 60 km/h. In general, Lair values for the AVON 
tire are lower than those for the Michelin tire, while Uniroyal emerges as 
the noisiest tire. Airflow resistance plays a more significant role in the 
aerodynamic phenomena, with Lair values for an airflow resistance of 
1000 Pa ⋅ s/m2 being approximately 1 dB(A) lower than those for an 
airflow resistance of 500 Pa ⋅ s/m2. Regarding the individual mixtures, 
surface texture appears to have a greater influence on the tire-vibration 

noise rather than aerodynamic phenomena, within the limitations of the 
analysis conducted in this study. Nevertheless, it is evident that the 
Yellow mixture exhibits lower sound pressure levels, followed by the 
AA5050 and rubber mixtures, and this holds true for all tire types, 
airflow resistances, and rolling speeds.

3.4. Noise spectra analysis

This paragraph provides a detailed characterization of the rolling 
noise components through the analysis of frequency spectra within the 
400–2000 Hz range, a region of significant interest due to its alignment 
with human hearing sensitivity. Specifically, Fig. 12 illustrates the 
spectra of the vibro-dynamical noise, Lvib, whereas Fig. 13 presents the 
spectra of the aerodynamic noise, Lair, respectively for each sample and 
categorized for tire type and vehicle speed. Due to the minimal spectral 
differences between the two air flow values analysed with SPERoN®, the 

Fig. 9. Lair noise levels for Michelin tire. (a) Air Flow of 500 Pa ⋅ s/m2. (b) Air Flow of 1000 Pa ⋅ s/m2.

Fig. 10. Lair noise levels for AVON tire. (a) Air Flow of 500 Pa ⋅ s/m2. (b) Air Flow of 1000 Pa ⋅ s/m2.

Fig. 11. Lair noise levels for Uniroyal tire. (a) Air Flow of 500 Pa ⋅ s/m2. (b) Air Flow of 1000 Pa ⋅ s/m2.
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Fig. 12. Lvib noise spectrum (air flow 500 Pa ⋅ s/m2) for each sample categorized by tire types and speeds. (a) Sample AA5050. (b) Sample AA. (c) Sample rubber. (d) 
Sample NAS1. (e) Sample NAS2. (f) Sample Yellow.
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Fig. 13. Lair noise spectrum (air flow 500 Pa ⋅ s/m2) for each sample categorized by tire types and speeds. (a) Sample AA5050. (b) Sample AA. (c) Sample rubber. (d) 
Sample NAS1. (e) Sample NAS2. (f) Sample Yellow.
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figures are presented for an air flow resistance of 500 Pa ⋅ s/m2 for the 
sake of simplicity. In these two figures, it is possible to note that the 
noise levels are higher in the range between 800 and 1250 Hz and that 
the speed plays a major role, especially for Lair noise.

Fig. 12 clearly demonstrates that the vibro-dynamic component of 
rolling noise exhibits higher spectral values at frequencies below 1 kHz, 
showing a peak at 1000 Hz, and this aligns with the expected frequency 
range for this phenomenon. Moreover, as the MPD of the mixtures in
creases, there is a corresponding amplification of the vibratory phe
nomenon, similar to that observed in open graded friction course. 
Interestingly, at high speeds (i.e., 60 km/h), all mixtures, regardless the 
tire type, exhibit two distinct peaks in the spectrum at 630 and 1000 Hz, 
respectively. Notably, UniRoyal tires present a third peak at frequencies 
significantly higher than the typical range of vibro-dynamic phenomena 
(i.e., at 1630 Hz), despite its lower amplitude compared to the previous 
peaks.

Fig. 12 indicates that the Yellow and AA5050 mixes exhibit lower 
Lvib levels across all frequencies compared to the other samples, for fixed 
speeds and tire types. In contrast, NAS2 and AA samples again have 
higher levels in most frequencies and they show an almost identical 
pattern, consistently with the previous data examined, followed by 
NAS1. The rubber mixture exhibits an interesting behaviour, with its 
spectral profile falling approximately halfway between the previous 
ones.

Regardless the aerodynamic noise, the results are presented in 
Fig. 13. In this case, the spectra exhibit a vertical mirroring effect 
compared to the vibro-dynamic phenomenon, with higher values cor
responding to frequencies above 1 kHz (aerodynamic domain) and 
lower values to frequencies below. Moreover, Lair spectra demonstrates a 
linear increase in sound pressure with increasing speed from 40 to 60 
km/h, which is approximately constant for all the frequencies and 
attributable to the shift into the speed range dominated by the aero
dynamic phenomena. Finally, no peaks are detected for all the samples 
and tires type.

With respect to the samples, at medium and low frequencies, the 
NAS2, NAS1 and AA, appear to have overall higher noise levels. The 
rubber has mid-range noise level at all frequencies independently of the 
speed. In contrast, the Yellow and AA5050 have lower levels of noise.

3.5. Noise levels by modelling per texture indicators: comparative 
analysis

Tables 4 and 5 present the correlation matrixes (Pearson correlation 
coefficient) identified between the texture indicators and the tire- 

vibration noise (Lvib) and aerodynamic noise (Lair), respectively. To 
facilitate data presentation, a coding system denoted by X_a_b is 
employed, where ‘X’ represents the tire type (M: Michelin; A: AVON; UR: 
UniRoyal), a represents the vehicle speed (40, 50, and 60 km/h), and b 
indicates the air flow resistance (500 and 1000 Pa ⋅ s/m2).

In the case of tire-vibration noise (Lvib), it is possible to note that the 
texture indicators MPD, Rz, and RMS reveal a positive correlation with 
the Lvib values. Furthermore, these correlations are strong at higher 
speeds (i.e., 50 and 60 km/h), and this is particularly evident for AVON 
and UniRoyal tires, which, on the contrary, show low correlation values 
at 40 km/h. In general, this trend is also observed for all other texture 
indicators and noise-related indicators. The observed correlation sug
gests that the generated noise might be more attributable to the tire type 
(stiffness of the rubber) for a given speed rather than the surface texture 
conformation.

The shape of the heights’ distribution of the profile, zi, has a certain 
impact on rolling noise. Road surfaces with a distribution that tends 
towards lower values compared to the average profile value and is more 
concentrated around the profile mean exhibit lower rolling noise. This 
observation is supported by the positive correlation between vibro- 
dynamic noise and skewness, Rsk, and the negative correlation with 
kurtosis, Rku. On the other hand, the ENDT indicator does not show a 
significant correlation with Lvib values, except at lower speeds (i.e., 40 
km/h) and with AVON tire only. This justifies the transition to the g- 
factor in the new ISO 10844 standard. The g-factor exhibits a negative 
correlation with tire-vibration noise, typically exceeding 0.85 (except 
for AVON and UniRoyal tires at low speeds). As mentioned previously, 
an increase in the g-factor corresponds to a road surface with a less 
tendency in producing rolling noise.

Reading Table 5, no significant trends or differences are observed 
between the various tires and different speeds, further supporting the 
previous hypothesis: different tire types influence aerodynamic and vi
bration phenomena in distinct ways (Beckenbauer et al., 2008). In this 
case, the considerations made previously regarding the most common 
texture indicators and the shape of the profiles’ distribution also apply, 
revealing quite higher positive correlations. With respect to 
noise-related indicators, the correlation between Lair values and the 
ENDT indicator is completely absent, but remains very strong in the case 
of the g-factor. Therefore, given the boundary condition of the present 
research and the soundness of the modelling with SPERoN® proven in 
several research, in the absence of further tools for noise assessment, 
analysis using a laser profilometer and calculation of the g-factor by 
using a bearing area curve (Abbott curve) can provide good information 
regarding the possible rolling noise generated at the tire/road contact. 

Table 4 
Correlation matrix between Lvib and surface texture indicators.

Lvib MPD Rz RMS Rsk Rku ENDT g-factor

M_40_500 0.802 0.805 0.840 0.778 − 0.874 0.562 − 0.901
M_40_1000 0.808 0.812 0.849 0.784 − 0.882 0.551 − 0.905
M_50_500 0.927 0.984 0.862 0.940 − 0.933 0.130 − 0.964
M_50_1000 0.923 0.990 0.860 0.933 − 0.926 0.107 − 0.952
M_60_500 0.877 0.985 0.794 0.881 − 0.845 − 0.042 − 0.866
M_60_1000 0.870 0.981 0.785 0.874 − 0.835 − 0.061 − 0.854
A_40_500 0.492 0.415 0.524 0.480 − 0.573 0.788 − 0.657
A_40_1000 0.494 0.415 0.538 0.480 − 0.584 0.787 − 0.657
A_50_500 0.857 0.850 0.940 0.854 − 0.974 0.275 − 0.911
A_50_1000 0.867 0.867 0.945 0.862 − 0.978 0.275 − 0.919
A_60_500 0.914 0.989 0.811 0.940 − 0.893 − 0.026 − 0.928
A_60_1000 0.913 0.990 0.813 0.936 − 0.892 − 0.024 − 0.925
UR_40_500 0.639 0.694 0.897 0.518 − 0.785 0.679 − 0.668
UR_40_1000 0.439 0.592 0.798 0.261 − 0.576 0.349 − 0.336
UR_50_500 0.916 0.941 0.744 0.985 − 0.887 − 0.034 − 0.973
UR_50_1000 0.919 0.949 0.753 0.983 − 0.890 − 0.031 − 0.971
UR_60_500 0.884 0.989 0.808 0.884 − 0.858 − 0.012 − 0.876
UR_60_1000 0.882 0.989 0.814 0.881 − 0.859 − 0.018 − 0.871
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Nevertheless, it is crucial to emphasize that these approaches fail to 
consider the potential sound absorption characteristics of the materials 
(porosity, presence of sound-absorbing materials), thereby diminishing 
the representativeness of the analysis for such types of mixtures.

4. Conclusions

This study focused on evaluating the rolling noise performance of 
various microsurfacing mixtures, incorporating both natural and artifi
cial aggregates, as well as different binders and particle size distribu
tions. Using a combination of 2D texture analysis and the SPERoN® noise 
prediction model, the research explored the relationships between tire/ 
road noise levels and surface texture indicators. These findings enhance 
the understanding of noise generation mechanisms in pavement engi
neering, offering insights applicable beyond microsurfacing to other 
pavement types.

Given the boundaries of this research, the results demonstrate that the 
use of different aggregates and particle size distribution can contribute and 
influence the noise performance. Specifically, the use of lower NMAS (i.e., 
Yellow) and high percentages of uniformly shaped AEAs (i.e., AA5050) 
were found to reduce rolling noise levels effectively. Thus, discontinuous 
particle size distributions could also play a crucial role in this sense. On the 
other hand, the presence of AEAs in substitution of natural aggregates but 
in low percentages, probably contributes to increment the heterogeneity of 
the mixture and the resulting texture: in fact, mixture AA exhibited the 
worst behaviour among all mixtures, looking at both approaches. The 
Rubber mixture has a midlevel noise behavior and the results could be also 
better due to the sound–absorption properties of crumb rubber.

Additionally, the distribution of profile height (zi) significantly in
fluences rolling noise. In fact, surface profiles characterized by negative 
skewness and positive kurtosis exhibited lower tendencies for noise 
generation. These findings also underscore the limitations of traditional 
indicators like ENDT, emphasizing the g-factor derived from the Abbott 
curve as a more reliable and strongly correlated predictor of pavement 
noise levels (i.e., Lvib and Lair from SPERoN®), with ease of calculation.

The limitations of this study are primarily attributed to practical 
constraints related to the use of the software and other factors generally 
associated with noise generation and absorption mechanisms. These 
include the use of 2D profiling tools, which, while effective, may not 
fully capture the complexity of three-dimensional surface textures, as 
well as the exclusion of acoustic impedance and material porosity, 
which are integral to noise absorption.

Future research should build on these findings by employing 3D 
surface texture analyses for a deeper understanding of texture-noise 
relationships and incorporating acoustic impedance measurements of 
the materials. Moreover, field validations of the laboratory findings 

would strengthen the applicability of these results to real-world pave
ment design and performance optimization. These findings offer valu
able insights for road engineering, supporting the design of low-noise 
pavements and emphasizing the potential of artificial aggregates as 
sustainable and effective alternatives to natural materials.
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