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Abstract: This paper presents the geo-referenced acoustical results obtained throughout the close
proximity noise (CPX) technique carried out on different urban sections included within the 2017
strategic noise mapping (Directive 2002/49/CE) in Ciudad Real, a Spanish medium-sized city.
The employed methodology quantifies the tire/pavement noise generated in the contact between
the tire and the surface of the studied sections. Measurements were carried out in different research
campaigns between 2008 and 2015 (medium-term evolution). They give valuable information about
the pavement-aging effect on its surface characteristics. Throughout these years, the acoustic situation
of these sections has worsened mainly due to surface damage and higher mean profile depth (MPD)
values, although the performance does not follow the same pattern in every section. The relationships
between measured tire/pavement noise and theoretical environmental noise, just due to the geometric
spreading of sound energy, is also studied in order to elaborate a simple rolling noise mapping and
to assess the environmental noise evolution. Traffic noise plays the main role in the noise registered
within the assessed sections, therefore, CPX assessment could be used by local authorities to take
decisions regarding urban planning and traffic management, with the aim of reducing noise exposure
from traffic.
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1. Introduction

Smart cities should have not only technological applications but natural and friendly
environments to improve citizens’ lives. One of the main problems that faces western societies is the
continuous environmental degradation. The development, not always under control, has brought
a remarkable increase of the environmental noise that affects urban landscapes. As a result, noise
(especially traffic noise) has been of increasing concern to both public and governments over the years.

The acoustic comfort of the inhabitants depends considerably on the possibility of having access
to quiet areas; moreover, urban form and traffic noise are related to each other [1,2]. There is a wide
range between the high noise levels that could be tolerated in public spaces and the low levels that
are needed in order to sleep adequately. Anyway, acoustic comfort depends on noise control. In this
sense, urban design should be also based on the knowledge of the causes that generate environmental
noise. This type of noise is strongly related to traffic; however, traffic cannot be easily removed in
cities, and thus studying its causes and mechanisms is needed in order to mitigate its effects. It is
known that noise pollution causes different health issues [3–6], and, on the other hand, for passenger
cars, tire/pavement interaction plays the main role in traffic noise at speeds greater than 40 km/h [7],
i.e., the majority of main streets in urban areas. Thus, preventive and corrective measures should be
focused in noise generation mechanisms related to the tire/pavement interaction.
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The procedures to assess and control environmental noise are complex due to the many sources
presented and the temporal variability during measurements. These difficulties led the European
Parliament and Council to promulgate the environmental noise directive (END, Directive 2002/49/CE)
relating to the assessment and management of environmental noise, which is the main instrument in
order to identify noise pollution levels and to plan measures to reduce them.

In Spain, the law of noise (ley 37/2003 del ruido) is the transposition of the END. This law, besides
the R.D. 1367/2007 (Real Decreto), defines the methods and indicators (Ld, Le, Ln) of the environmental
noise assessment, by means of Strategic Noise Maps (MER—Mapas Estratégicos de Ruido), in order to
inform citizens about the noise levels and to design Action Plans against noise when needed.

The main scope of this paper is to study the medium-term evolution of tire/pavement noise in
the urban areas of a medium-size city. With this purpose, the evolution of the surface characteristics
of city pavements, such as tire/pavement noise and surface texture, have been studied in different
measurement campaigns accomplished in several streets of Ciudad Real. Simple rolling noise mapping,
due solely to the geometric spreading of sound energy, are elaborated from close proximity (CPX)
data. These maps are compared with published Strategic Noise Maps (MER 2012). Some previous
works have studied the effects of pavement aging on tire-pavement noise [8,9], however, this research
work represents the first attempt at studying the tire/pavement noise evolution and macrotexture
(mean profile depth (MPD)) as a function of surface aging and elaborating a simple rolling noise map
from CPX field data in a medium-size city.

The studied surface characteristics were the tire/pavement noise by means of the CPX method
and the macrotexture by the MPD. The monitoring technique employed is based on mobile devices,
which can be a more cost-efficient technique than the conventional noise-monitoring system. Besides,
rolling noise maps could be employed to identify the most polluted areas and define Action Plans
against noise. Acoustic assessment from CPX could provide valuable information about urban areas
with problems related to traffic noise. This information should be taken into account when rehabiliting
urban projects are going to be accomplished.

2. Environmental Noise Levels from Close ProXimity (CPX) Noise Levels

There are different techniques to evaluate the noise generated by traffic; these techniques are
widely employed in different applications from real noise assessments to innovative research works.
The technique employed will depend on the characteristics of the study accomplished and the materials
on which acoustic performance will be assessed. Some of these techniques are the SPB (statistical
pass-by), the CPB (controlled pass-by) and the CPX (close proximity) [10]. The CPX method is
considered a good method to characterize the noise emission of road surfaces. On the other hand,
the SPB method (and CPB) are used to classify surfaces as a type according to their influence on traffic
noise. Due to the importance of these techniques, some authors have studied the relation between
them with the aim of predicting one index from the other.

According to Anfosso-Lédée, and the study carried out at Laboratoire Central des Ponts
et Chaussées, it is possible to get the CPB index from the CPX index following Equation (1).
The independent term of Equation (1), 22.5, could slightly vary depending on the pavement
characteristics [11,12]. A similar relationship between coast by and CPX methods was recently establish
by Cesbron and Klein at vehicle speeds ranging between 50 and 110 km/h [13].

LCPB = LCPX − 22.5 dB(A) (1)

A similar relation between noise level from SPB and CPX indexes has been also studied within
European projects such as SILVIA [14,15] and SILENCE [16] (see the Equation (2)). This relationship
also agrees with the studies presented by Sandberg and Ejsmont (see Chapter 17: Relationships
between the methods of the reference [10]). The LSPB noise levels of Equation (2) agree quite well
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with LCPB levels given by the Equation (1), when CPX noise levels are around those found in this
research work.

LSPB = 1.22·LCPX − 40.89 dB(A) (2)

Besides, Licitra et al. studied the relation between SPB and CPX noise levels within an Italian
context. Licitra studies the relationship between indexes for every single 1/3 octave band, determining
the corresponding A(f) transfer function presented in Equation (3) (from the HARMONOISE
project) [17,18]. The A(f) transfer function depends on the frequency, but also on the specific road
section studied. Finally, this work affirms that the SPB/CPX relation could be described by other
curves rather than a linear regression [17]. The studied road sites and the measurement techniques of
this research were carried out in compliance with the LEOPOLDO project [5].

LSPB = LCPX(f) − A(f) dB(A) (3)

Recently, the SPB–CPX relationship has been also deeply studied by the ROSANNE project [19,20].
In this project, the relationship was studied for both passenger cars and heavy vehicles, at the same or
different referent speeds. The average relation achieved in this project (for passenger cars, and at the
same reference speed), was similar to that found in the previously cited research works (Equations (1)
and (2)), and follows the next expression (Equation (4)):

LSPB = LCPX − 20.5 dB(A) (4)

Finally, Gardziejczyk et al. have also studied the SPB/CPX relationship in some research
works [21,22]. In these studies, the pavements are divided into 5 classes depending on their LCPX and
LSPB noise levels. Therefore, each LCPX value is related to a single LSPB noise level.

The relationship between CPX and SPB (CPB) noise levels is useful in many case studies, as it has
been shown in the previous cited works. Nevertheless, this relation has not been used in this research
work due to some reasons that are given below:

SPB and CPB methods highly depend on the section where measurements are carried out.
The microphones must be located in an acoustic free field (see for instance Tonin [23], Licitra [24] or
Sandberg [10]), however, some of the sections studied in this work cannot be considered as free field.

SPB and CPB methods characterize the road surface, taking into account the traffic type, which is
producing the noise; different vehicle type implies different wind turbulence noise and power unit
noise. The work included in this manuscript is about the street surfaces, their aging and the evolution
of the acoustic situation, thus, we consider that the CPX methodology may be the most suitable method
in order to predict environmental noise levels from tire/pavement noise (Rolling noise mapping).

SPB and CPB methods give noise levels at 7.5 m horizontal distance from the lane (1.2 m height).
Nevertheless, in this research work, we are not looking for the noise at that distance, but the noise
depending on the distance (Rolling noise mapping). The maps presented at this stage allows us to
define the theoretical acoustic situation of façades close to the noise source (traffic), since every façade
is located at a different distance from the noise source. The methodology employed in this research
work to achieve the theoretical environmental noise levels from CPX noise levels is described below.

Rolling noise mapping is based on the geometric spreading of sound energy due to the expansion
of the noise wave fronts [25,26]. Considering that the traffic of the studied lanes behaves as a line source,
the tire/pavement interaction is radiating sound equally in all directions (see Figure 1). According to
these assumptions, cylindrical spreading of sound energy is produced.
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In this case, the sound intensity is related to power by:

I = P2(r)/(ρ·c) = Power/Area = W/(2·π·r·H) (5)

where I is the sound intensity (W/m2); P(r) is the sound pressure (N/m2) at radial distance r (m); ρ is
the density of the medium (air) (kg/m3); c is the speed of sound in the medium (air); W is the power
of the sound source (W); and H is the considering length (m) of the line source.

Besides, the sound pressure level (Lp(r)) in decibels (dB) is a logarithmic scale given by:

Lp(r) = 10·log (P2(r)/(P0)2) (6)

where P0 is the sound pressure at the threshold of hearing (20 × 10−6 Pa).
From Equations (5) and (6), the sound pressure level Lp(r) could be written as:

Lp(r) = 10·log ((W·ρ·c)/(2·π·r·H·(P0)2)) (7)

Then, the relation between the sound pressure level Lp(d), registered at a distance d (distance
between the CPX microphones and tire/pavement interaction) and the sound pressure level at a given
distance r (Lp(r)), could be written as:

Lp(d) − Lp(r) = 10·log ((W·ρ·c)/(2·π·d·H·(P0)2)) − 10·log ((W·ρ·c)/(2·π·r·H·(P0)2))
Lp(d) − Lp(r) = 10·log (r/d)

(8)

According to Equation (8), the distance ri of every noise-contour, from the line source
(Lp(r1) = 75 dB; Lp(r2) = 70 dB; Lp(r3) = 65 dB), can be now calculated using Equation (9):

ri = 10ˆ(( Lp(d) − Lp(ri) + 10·log (d))/10) (9)

Finally, the rolling noise map with the different noise-contours is calculated at 4 m high (the high
where Strategic Noise Maps are depicted) according to Figure 2 and Equation (10):

r4m height = (ri
2 - 42)ˆ(1/2), (10)

This method allows us to define the theoretical environmental noise levels (rolling noise mapping)
based on a straightforward calculation procedure. However, it should be noted that this method does
not consider the noise reflections produced by the ground under the line source; the model considers
that every noise energy in these directions is absorbed by the ground. On the other hand, according to
these assumptions, a busy lane (line source with continuous traffic noise), instead of a point source
(lone vehicle travelling) is considered in the rolling noise mapping. These considerations will be
discussed below.
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In any case, this methodology is a worthy tool in order to assess the evolution of the environmental
noise (evolution of the noise contours), especially at short distances from the street (line source) where
the acoustic pollution generates the main problems for citizens.

3. Project Selection

Measurements included in this work were taken during a period of seven years, between 2008
and 2015, within three different measurement campaigns. The sections studied were chosen because
of their inclusion in the Strategic Noise Maps produced by the Spanish Ministry of Development
(DGC—Dirección General de Carreteras) in 2012. These areas have their noise maps because of the
fact that they are crossed by a major road, i.e., a national road designated by the member state (Spain),
which has more than three million vehicle passages a year. On the other hand, although Ciudad Real
is an agglomeration with less than 100,000 inhabitants, the population of the closer towns usually
develops its activity in Ciudad Real. Since these towns offer cheaper dwelling, their citizens use them
as dormitory towns. These areas are connected with Ciudad Real by means of three highways (A-42,
A-43 and CM-45). Considering these assumptions, the population of the area of influence of Ciudad
Real is about 100,000 inhabitants, thus, a Strategic Noise Map could completely assess the acoustic
situation of Ciudad Real. Figure 3 shows the urban areas and the highways that connect them.
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The Strategic Noise Maps (MER 2012) of major roads within Ciudad Real include the Action Plan
in order to avoid or reduce noise pollution; however, this Action Plan only includes punctual action in
the studied area presented in this paper, that is, the speed reduction in Section 1 [27]. Other actions are
considered as complex actions by the DGC. These actions could be traffic management or the use of
noise-reducing surfaces [21,28,29].

Inside Ciudad Real, six sections are studied (Figure 4a). In this figure the location of two gauging
stations (A and B), where data of the daily traffic are available, are also shown. Figure 4b shows
the Strategic Noise Maps (2nd phase) [27] of the studied area, since the comparison between CPX
measurements and the environmental noise (MER) is a scope of this research work. The characteristics
of the studied sections are shown in Table 1.
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Table 1. Studied sections: characteristics and adjacent land uses (age referred to 2015). Maximum
aggregate size (MAS).

Section Street Mixture Type
(MAS, mm) Age (Years) Vehicles/Day Use (Left/Right)

1 N-401 Toledo
road Slurry Seal (10) >3 6200 Dwellings/Business

park

2 N-430C Ronda
Toledo Slurry Seal (10) >10 – Dwellings/Schools,

Univ.

3 N-430C Ronda
Calatrava Slurry Seal (10) >10 – Dwellings/Schools,

Univ.

4 N-430 Crossing Asphalt
Concrete (22) >8 11,157 Schools,

Univ./Dwellings

5 N-430 Carrion
road

Asphalt
Concrete (22) >8 – Business

park/Business park

6 N-430 Ronda
La Mata Slurry Seal (10) >10 – Schools/Dwellings

The studied sections are the main roads that connect Ciudad Real to highways and other cities.
Moreover, due to the lack of a ring road between N-401 and A-43, heavy traffic between these major
roads must go across the urban areas of Ciudad Real, causing high noise levels and pollution. In 2002,
a new ring road (A-41 and A-43) was built from the east to the south-west of the city (see Figure 3);
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nevertheless, nowadays there is not a solution for the large amount of traffic between the east and the
north of the city which goes across the urban landscape of Ciudad Real.

Every section studied is a two-lane section with a high traffic density. Sections were highly
deteriorated in 2015, however; Section 1 is the only one that has been rehabilitated between 2008 and
2015 (2012). Every section had been constructed with low air void content mixes (well-graded).

4. Experimental Study

The surface assessment has been carried out by means of the following measurement techniques:
a semi-anechoic chamber and a laser profiler. The former allows us to measure the tire/pavement noise
(LCPtr), and the latter provides the surface profile of the pavement. With this equipment, geo-referenced
data are achieved on the same path of the studied street sections. The configuration of the equipment
during urban tests is shown in Figure 5.
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surface profile.

4.1. Tire/Pavement Sound Measurements

The equipment is composed by a semi-anechoic chamber where a reference tire (Pirelli P6000) [30,31]
and two microphones are mounted at a specific distance (CPX method). The configuration allows
us to measure exclusively the noise level produced at the tire/pavement interaction (LCPtr).
During measurements, the speed of the vehicle was kept close to the reference speed (50 km/h).
Besides, the noise levels (LCPtr, 50 km/h) have been corrected by speed (reference speed: 50 km/h) and
temperature (reference temperature: 20 ◦C), considering a relation of 0.05 dB(A)/◦C, similar to that
employed in other research papers [31]. The semi-anechoic chamber isolates the tire/pavement sound
from the external noise sources, such as engine noise or wind noise, between 300 Hz and 5 kHz.
Besides, the reference tire was kept in the laboratory between measurement campaigns (controlled
humidity and temperature conditions), in order to avoid its deterioration. Figure 6 shows the elements
inside the semi-anechoic chamber.

Acoustical measurements were carried out by using microphones, BSWA MP201, meeting the
requirements of IEC 61672 Class 1, and a portable NI CompactRIO Control and Acquisition System
(four-channel dynamic signal acquisition module). A CRIO Mobile Module (global positioning system
(GPS)) allowed global position determination and was used to store the location of georeferenced
noise levels at regular intervals. The frequency analyses in third-octave bands and the sound pressure
level measurements were carried out with frequency weighting A, in the range from 200 Hz to 5000
kHz. The sensitivity of the whole acoustic measurement setup was checked with an acoustic calibrator
4231 B&K, meeting the requirements of IEC 60942 Class 1, before and after the measurement over the
tested road surfaces. In addition, a digital tachometer was used to continuously measure the vehicle
speed. This system was equipped with an infrared ray optical detector situated near the rolling tire.
More details of the equipment and the measurement technique are given elsewhere [30–33].
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4.2. Surface Profile Measurements

The longitudinal profile measurements of the tested surfaces were performed by means of a
laser profiler. This equipment is composed of a high-speed laser device, a GPS sensor and an encoder
assembled on the left rear wheel (odometer) to achieved synchronized measurements of pavement
profile, GPS coordinates and run distance (Figure 5) [30]. Fast fourier transform (FFT) and filtering
techniques were used in order to obtain the MPD (ISO 13473-1) from the profile measurements.
The commercial software Profilograph for windows (Greenwood Engineering) was used to compute
the MPD as a function of the longitudinal distance. MPD is a parameter that characterizes the
macrotexture amplitude of the surface pavement.

The laser profiler was located in the front part (Figure 5) of the powered vehicle, whereas the
semi-anechoic chamber was located in its rear part. This measurement configuration allows us to
measure tire/pavement noise and surface profile following the same path.

5. Analysis of Measurements and Discussion

Field measurements have been carried out in urban sections and on real conditions. Thus,
measurements are subjected to some disadvantages such as those due to traffic lights and crosswalks.
Nevertheless, tire/pavement noise and profile measurements have been conducted at an average
speed of 50 km/h. This paper analyzes some pavement surface characteristics (tire/pavement noise,
MPD) measured in recent tests, and compares them with those achieved in previous works [34].

5.1. Surface Assessment: Evolution of Tire/Pavement Noise Levels (CPX)

During the last measurement campaigns (2013 and 2015) the CPX noise levels (LCPtr, 50 km/h)
and the MPD of the studied wearing courses were obtained. LCPtr, 50 km/h levels were evaluated in a
representative length of each section. Detailed analysis of noise levels of the studied segments within
test sections was accomplished in order to assess their homogeneity.

Figure 7 shows the noise level distribution over the length of Sections 2, 3, 4 and 5 (2013 and
2015). As shown in these figures, LCPtr, 50 km/h levels have increased in almost the entire length studied,
with variations depending on the punctual deteriorations of their surface. Section 4 stands out for
the irregular evolution of its surface. While part of the section has been considerably deteriorated,
there are parts with similar LCPtr, 50 km/h values throughout the time; higher deterioration of some
segments may be due to higher traffic tangential loads: i.e., braking and acceleration forces due to a
traffic light within this section. In any case, the effect of pavement aging on tire/pavement noise is not
in doubt.

On the other hand, from continuous CPX measurements (Figure 7), the spatial standard deviation
has been evaluated in every section and measurement campaign. Figure 8 shows the mean values
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of LCPtr, 50 km/h noise levels (dB(A)) and MPD (mm), together with the spatial standard deviation
of LCPtr, 50 km/h noise levels. The results depicted in this figure include those of the measurement
campaigns accomplished in 2008, 2013 and 2015 [34,35].
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MPD measurements could not be carried out in the first measurement campaign (2008), since by
then the authors had not the experimental equipment needed in order to conduct these measurements.
Moreover, other values in Figure 8 are omitted since the authors were not able to carry out the tests
due to operational problems.

As shown in Figure 8, a noteworthy increment of tire/pavement noise levels has occurred over
the years. Nowadays these levels exceed 90.0 dB(A) (except Section 1, where LCPtr, 50 km/h = 89.8 dB(A)).
These values are higher than others achieved from conventional mixtures (at 50 km/h) such as AC16
surf S (asphalt concrete) [34] or BBTM 8 mixture (very thin asphalt concrete) and PAC8 (porous asphalt
course) [36]. According to the authors, these conventional mixtures were laid, 10 (AC16) and 24 (BBTM
and PAC) months before their measurement by means of the close proximity method.

Between 2008 and 2015, the LCPtr, 50 km/h levels increased between 0.7 and 3.0 dB(A), depending
on the section studied. The highest increments were registered in Sections 4 and 5 (overall noise
increase rates of 0.8 and 0.4 dB(A) per year, respectively). These rates were higher than the average rate
measured on concrete pavements with the onboard sound intensity (OBSI) method (0.1 dB per year) [8].
Besides, Sections 4 and 5 stand out for their high tire/pavement noise levels. In fact, they were the
noisiest sections in 2015, with LCPtr, 50 km/h levels of 94.2 and 92.9 dB(A) respectively. These sections
were characterized by the highest MPD values measured (2015).

Lower increments in LCPtr, 50 km/h levels, between 2008 and 2013, were achieved in Sections 1,
2, 3 and 6 (below 1.8 dB(A)), with a maximum value of 90.7 dB(A) (Section 6). On the other hand,
within Section 1, a reduction in tire/pavement noise levels took place between 2008 and 2013 (Figure 8),
nevertheless, this attenuation was not due to the self-improvement of the mix over the time, but a
superficial rehabilitation of its wearing course between both measurement campaigns. However,
the maintenance operations were not enough to avoid the fast increase of its noise levels after the
maintenance operations: 1.4 dB(A) between 2013 and 2015.

According to Figure 8, there is a relation between the evolution of LCPtr, 50 km/h noise levels and
MPD values. Pavement aging may result in higher MPD values, which generate higher tire/pavement
noise levels due to impact noise-generation mechanisms. In fact, higher noise increments were achieved
in Section 5, where the higher MPD increase took place (18.5% between 2013 and 2015). This section
was fabricated with asphalt concrete, and its aging has produced a progressive loss of aggregate
from its surface (raveling) (see Figure 9); the surface evolution of Section 5 reflects its MPD evolution.
Raveling is a pavement failure that is more likely to occur in asphalt concrete sections with higher
aggregate sizes. Slurry seal surfaces (Sections 1 and 2) are homogenous mixtures with fine aggregates.
Due to their characteristics, the MPD values of these sections are lower than those of asphalt concrete
sections. The pavement aging of these Sections (Sections 1 and 2) has produced numerous cracks
(longitudinal, transverse and diagonal depending on the point); however, these pavement failures are
not reflected in their averaged MPD values. Figure 9 shows a surface comparison between Sections 2,
4 and 5 during the second measurement campaign (2013).
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On the other hand, despite of the results of Section 5, measured data show that there is not a
linear relationship between MPD and noise-level increases. This behavior is related to the fact that
macrotexture is just one of the pavement characteristics that influence noise generation. For instance,
the LCPtr, 50 km/h noise levels of Sections 1 and 2 (slurry seal sections) increased at a rate of 1.6% and
0.9% respectively, between 2013 and 2015, whereas theirs MPD increase rates were 11.1% and 14.0%
respectively. Macrotexture variations (amplitude and wavelength) may affect noise differently. A
texture spectrum would be useful to define the relationship between tire/pavement noise levels and
macrotexture evolution; however, the authors were not able to carry out a texture spectrum study due
to technical limitations.

Figure 10 shows the time evolution of the averaged tire/pavement noise levels in the studied
streets of Ciudad Real (tire/pavement noise maps), where the MER had been done according to
the Spanish law of noise. This figure illustrates the noisy situation of some of the studied streets,
specifically Sections 4 and 5. As seen, every section has increased its noise levels over the time.

Besides the evolution of the overall tire/pavement noise levels (averaged over every section at
50 km/h), the average noise spectra, between 300 and 5 kHz, were studied for every urban tested
section. These results are shown in Figure 11. As seen in this figure, there are relevant differences
among the studied surfaces within the last measurement campaign (2015). The studied sections could
be divided into two different groups. Whereas Sections 1, 2, 3 and 6 show relative lower tire/pavement
noise at low/medium frequencies, the rest of the Sections (Sections 4 and 5) show higher noise values
that could reflect the deteriorated state of their wearing course and indeed, the necessary maintenance
operations. Otherwise, at higher frequencies, the spectra of Sections 1, 2, 3, 5 and 6 are rather similar.
However, at these frequencies (above 2.5 kHz), Section 4 is again the noisiest section. According to our
results, Section 4 should be rehabilitated as soon as possible, in order to improve the service quality
related to comfort, safety and noise emissions.

From the tire/pavement noise data, the evolution of noise spectra was studied for every section.
Figure 12 shows the average spectra from Sections 2 and 4, which present a characteristic behavior of
the two groups of sections described before (Sections 1–6). The highest increase of tire/pavement noise
levels can be observed, in both groups, at medium frequencies (1 to 2 kHz). At these frequencies the
tire/pavement noise values are conducted by a mixture of several noise generation mechanisms related
to impacts and vibration (tire/pavement), and the aerodynamical effects and the mechanical impedance
of the pavement. However, the highest increments of tire/pavement noise at medium frequencies
are achieved in the second group (Sections 4 and 5). At these sections the tire/pavement noise levels
increase considerably at high, medium and low frequencies (approximately +2.5 dB(A) at every plotted
frequency band). Low frequencies increase with texture amplitude (MPD); thus, these frequencies could
be related to deformation and damage of the wearing courses [7,37]. On the other hand, the increase
at medium frequencies could be also due to the deterioration of the wearing courses, but also to the
increase of the dynamic stiffness (mechanical impedance) of the aged bituminous mixtures [38,39].
Finally, at high frequencies (above 2 kHz), the higher LCPtr, 50 km/h values of Sections 4 and 5 could be
due to a higher “horn effect”, as well as to the increase of other noise generation mechanisms (stick-slip
and stick-snap mechanisms) [30].

To sum up, the best acoustic performance was achieved in the sections of the first group (Sections
1, 2, 3 and 6), which were built with a wearing course-type slurry seal. These mixtures also show lower
MPD values (from 0.49 to 0.60 mm in 2015) than the sections of the second group, i.e., Sections 4 and 5
(0.79 and 1.41 mm in 2015). Section 1 was rehabilitated in 2012 with the same type of bituminous
mixture as Sections 2, 3 and 6, and thus its results agree with those of the similar sections. Sections
4 and 5 were built with a conventional bituminous mixture-type asphalt concrete with a maximum
aggregate size of 22 mm. Their worse tire/pavement noise evolution may be due to the deterioration
of their surface (raveling, cracks and scattered potholes).
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5.2. Rolling Noise Mapping at 50 km/h and Environmental Noise Levels (Environmental Noise Directive (END))

The acoustic situation of the National Roads N-401 and N-430, within the urban area of Ciudad
Real, was studied according to the environmental noise directive (END), and the Strategic Noise Maps
(MER) published in 2012 [27] (Figure 4b). This figure shows that every zone adjacent to the studied
sections presents environmental noise levels Lden between 65 and 69 dB(A). According to the Strategic
Noise Map (2012), the population affected in these areas by noise levels (higher than 65 dB) is about
33% of their total population [27].

To assess the evolution over time of the environmental noise levels, the authors have estimated the
theoretical environmental noise levels at 4 m height (Lenv-CPtr) from CPX tire/pavement noise levels
(LCPtr, 50 km/h). The values of Lenv-CPtr are estimated from the measurement campaigns accomplished
in 2013 and 2015, and these values are compared to the noise levels (Lden) of the Environmental Noise
Maps (MER 2012) in Figure 13. Lenv-CPtr values are the theoretical environmental noise produced by
the tire/pavement interaction (linear source); since this source of noise could be considered as the
main noise within the studied sections (see Section 2). It must be said that Lenv-CPtr is not the real
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environmental noise, since there are different factors that could affect the real levels; nevertheless,
its estimation from LCPtr, 50 km/h could be a useful procedure to estimate the evolution of environmental
noise of urban areas throughout easy measurements.
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To sum up, the Lenv-CPtr noise level is a simple theoretical estimation of environmental noise at
4 m height (produced by traffic noise), where just the noise attenuation by distance has been taken
into account. As seen in Figure 13, the buildings have been also considered. The grey-dots line defines
the line of the façades, from which the equal-loudness contour is unknown due to the attenuation
effect of the buildings. The influence of other factors such as ground absorption and attenuation due
to vegetation have not been considered in this estimation.

Although Figure 13a (2012, MER) and Figure 13b (2013, from CPX) should be rather similar,
there are some factors that must justify the maladjustment of equal-loudness contours. Some of them
have been previously cited:

(a) The attenuation due to the ground absorption or green walls: this effect could have some
importance at great distance, such as at the right side of the studied section, where there are no
buildings that block the noise propagation.

(b) The time gap between Lden and Lenv-CPtr measurements. Surface aging during this time interval
was possible, especially if the road surface was considerably degraded in 2012. Nevertheless,
the gap is not sufficiently large to say that this was a key factor.

(c) Different noise source related to vehicle density. Figure 13b was elaborated from CPX
measurement, which consider a vehicle producing noise at every point of Section 4 and at
every second (linear noise source: busy lane). Nevertheless, there is not a vehicle producing noise
at every point and every second in Section 4. As shown in Table 1, the annual average daily traffic
is 11,157 vehicles/day (from gauging station B, Figure 4a). Considering the worst case (every
vehicle during the 12 h of a day and none at evening and afternoon), there would be one vehicle
producing noise every 3.9 s. Thus, the real noise source from traffic is not a linear noise source
indeed, and therefore, noise at Figure 13b,c has been over estimated.

Despite the differences between Figure 13a,b, the theoretical environmental noise estimation from
CPX measurements is a useful method in order to assess the acoustic situation of urban landscapes.
Moreover, Figure 13c shows how this situation is getting worse over the time. The use of CPX data to
estimate the environmental noise (Lenv-CPtr) can be a suitable procedure to assess the acoustic evolution
of urban areas in a straightforward way.

On the other hand, as seen in Figure 13b,c, the urban areas assessed in 2013 are affected by acoustic
pollution. The environmental noise levels exceed the maximum noise levels allowed in these areas
(Lday = 65 dB(A), residential use). On the other hand, environmental noise will have considerably
increased between 2013 and 2015. According to Figure 13c, the Lden levels would have increased
(regarding 2012), affecting new areas where dwellings and buildings with educational use are sited.
Thus, corrective actions would be needed in order to improve the acoustic performance of every
studied section (especially Section 4).

6. Conclusions

This work focuses on pavement surface aging and its effect on tire/pavement noise (and
environmental noise) in a medium-sized city. The main scope of this paper is to assess the medium-term
evolution of urban pavements’ surface characteristics, such as the tire/pavement noise and the MPD,
and the relationship between them. A theoretical estimation of environmental noise levels due to
tire/pavement interaction (Lenv-CPtr), and its comparison with the Strategic Noise Maps (MER; Lden),
was also accomplished.

The CPX results presented in this research work show better behavior in those pavements
fabricated with slurry seal layers with regard to conventional mixture-type asphalt concrete.
The quieter behavior must be linked to smoother surfaces (lower macrotexture amplitudes, lower noise
generation related to impact and vibrations). However, measured LCPtr, 50 km/h levels were higher than
those achieved with other paving solutions such as BBTM or PAC pavements.
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According to the results, the MPD could be related to the pavement aging, and therefore,
the evolution of the tire/pavement noise. However, the MPD–LCPtr, 50 km/h relationship does not
follow the same pattern for every studied section. This relation depends on the pavement’s original
characteristics and its degree of deterioration. Each studied pavement surface (slurry seal, asphalt
concrete) was affected by different pavement failures, and therefore their MPD evolution was different.
Nevertheless, tire/pavement noise is not just related to macrotexture amplitude (MPD), there are other
pavement characteristics involved in its generation. Due to this, sections with higher MPD values are
not the noisiest sections. In any case, the acoustic situation of the studied areas must be improved to
meet the European END.

Rolling noise mapping (theoretical environmental noise levels Lenv-CPtr) from LCPtr, 50 km/h has
been depicted. These maps are based on the geometrical spreading of sound energy. The employed
methodology does not take into account ground absorption, and considers a continuous traffic noise
(linear sound source). Nevertheless, this methodology represents a valuable technique to assess the
evolution of environmental noise, especially at short distances from the noise sources (closest façades).
This methodology is based on real CPX measurements; thus, it shows the real state of the pavement.

Rolling noise mapping could be a useful tool for local and regional authorities when maintenance
actions must be carried out on roads to improve their service performance: this assessment allows us
to recognize when and where these maintenance actions should be accomplished. Besides, the acoustic
assessment by CPX could be integrated into standards such as EN-12271 (surface dressing) or EN-12273
(slurry surfacing), in order to characterize surface treatments.
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