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Abstract: Noise associated with road infrastructure is a prominent problem in environmental acous-
tics, and its implications with respect to human health are well documented. Objective and repeatable
methodologies are necessary for testing the efficacy of sustainable noise mitigation methods such as
low noise emission pavement. The Controlled Pass-By (CPB) method is used to measure the sound
generated by passing vehicles. Despite its popularity, the applicability of CPB is compromised in
urban contexts, as its results depend on test site conditions, and slight changes in the experimental
setup can compromise repeatability. Moreover, physical conditions, reduced space, and urban ele-
ments risk confine its use to only experimental road sites. In addition, vehicle speed represents a
relevant factor that further contributes to the method’s inherent instability. The present paper aims
to extend the applicable range of this method and to provide more reliable results by proposing
an adjusted CPB method. Furthermore, CPB metrics such as LAmax do not consider the travelling
speed of the vehicle under investigation. Our proposed method can yield an alternative metric that
takes into account the duration of the noise event. A hypothetical urban case is investigated, and a
signal processing pipeline is developed to properly characterize the resulting data. Speed cushions,
manhole covers, and other spurious effects not related to the pass-by sound emissions of ordinary
vehicles are pinpointed as well.

Keywords: urban noise monitoring; environmental acoustics; road traffic noise; sustainable mitigation;
Controlled Pass-By; road elements noise; low-noise surfaces; electric vehicles

1. Introduction

While not the most annoying among the sounds emitted by transport infrastruc-
tures, roads are widespread and reach a great number of people in a capillary way. In
2019, 113 million Europeans were affected by noise levels greater than 55 dB(A) of Lden
(day–evening–night level) [1]. In particular, at least 20% of the EU population was ex-
posed to Road Traffic Noise (RTN) levels sufficiently high to induce long-term effect on
health. In fact, even if it is very unlikely that long-term exposure to RTN would reach
levels associated with risk of hearing loss [2], tinnitus [3], and hyperacusis [4] (>85 dB), the
scientific literature has proven how long-term exposure to low–medium levels (45–65 dB)
is followed by a variety of non-auditory health effects [5,6]. Among the most important
and widely studied are cognitive impairment [7], behavioral and emotional disorders in
children and teenagers [8], annoyance [9], sleep disturbance [10], depression and anxi-
ety [11], hypertension [12], endocrine imbalance and cardiovascular disorders [13], and
stronger physiological stress reactions [11]. Moreover, noise has been recognized as among
the leading risk factors for cardiovascular morbidity and mortality worldwide [14].
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It is therefore understandable how, in recent decades, many studies and research
projects have been dedicated to investigating the phenomena of RTN generation for both
indoor and outdoor [15] metrics in order to mitigate citizens’ exposure [16]. The impor-
tance of research in this area is confirmed by an increasing number of studies on urban
soundscapes [17] and the well-being of exposed people. Green and quiet areas [18] are all
“traffic-free” solutions resulting from investigations into acoustic climate and mobility [19]
and regeneration plans for urban areas [20].

The way in which a vehicle emits sounds depends on its speed. Engine noise is
dominant for passenger vehicles below 30 km/h or heavy vehicles below 75 km/h [21,22].
Tyre/road interaction becomes dominant at higher speeds; its sound generation mecha-
nisms are multiple, simultaneous (stick-slip, stick-snap, tread impact, and air pumping),
and are amplified by the horn, Helmholtz resonance, and pipe resonance effects [23,24].
Different studies have been dedicated to separate these contributions and to investigate
the frequency ranges of noise emitted by a running car [25–27]. While traffic flow, average
speed, and car fleet age are non-negligible factors that influence the sound power level of a
road stretch, the most important factors where it is possible to develop mitigation are the
properties of the tires and pavement. In addition, surface features such as macro- and mega-
texture, porosity, and layer thickness all play a key role in rolling noise generation [28,29].
Their relevance is expected to increase even further with the foreseen diffusion of electric
vehicles [30,31], which have reduced engine noise in the low speed range and higher audi-
bility of tire/road contribution. In 2021, the number of Electric and Plug-in Hybrid Electric
Vehicles (EVs) in the European Union was about 4 million [32], with exponential evident
growth in the last fourteen years. While EVs show reduced sound emissions from traffic
noise at low speeds, the reduction is not evident between 30 km/h and 120 km/h, where
rolling noise [33] is dominant. In fact, different studies have shown how traffic composition
reduces overall exposure by no more than 2–4 dB(A) if not combined with silent tires and
low-noise pavement [34–36]. For this reason, low-noise pavement is being chosen more
often as a mitigation action [37,38] thanks to its positive effect on more citizens as compared
to receiver-oriented solutions. Open-graded pavement, rubber asphalt, and poroelastic
surfaces have proven to be consistent reducers of road sound emissions [39,40].

Both tyre and pavement noise have finally received proper attention at the community
level for prevention of sound emissions. Today, tires have a specified noise label that
describes their acoustic properties, and pavement has a minimum environmental emission
level fixed by the EU Green Public Procurement Criteria (GPP) [41]. As the evaluation of
new pavement noise emissions has become mandatory, measurements have become more
and more relevant. The literature shows different methods of researching tyre/road inter-
action noise, with certain approaches being more source-oriented than others. The Close
Proximity Index (CPX) ISO 11819-2:2017 [42] is the method most commonly applied to eval-
uate the GPP requirements. This method uses multiple runs of a test vehicle equipped with
standard tyres measured by microphones placed close by. CPX can evaluate the pavement
noise emission along its full length, and is able to identify pavement damage [43–45].

Another similar technique for analyzing the relative influence of pavement properties
on tire–road noise is Behind-The-Tire (BTT) microphones. The BTT method provides good
performance in the data acquisition stage for further identification of the actual condition
of roads [46].

In the other hand, sound produced by real vehicle flow is measured using the Statistical
Pass-By (SPB) method according to ISO/DIS 11819-1 [42] or consequent adaptations [47–49].
This assessment is based on roadside noise and traffic measurements. SPB is used to
prove noise mitigation effects, as well as to study and refine useful parameters for noise
propagation models. Pass-by measurements analyze sound generation and propagation of
this energy for direct comparison with noise models. In the standard pass-by procedure,
a microphone is placed 1.2 m above the ground and 7.5 m away from the center of the
roadway. The time history of sound levels is acquired when individual vehicles pass by.
Each event is considered valid only if a 10 dB(A) drop from the maximum level can be
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found. The maximum level of this single event is the indicator used by the procedure, and
is proportional to the vehicle speed according to a log-linear function. This should be valid
under the assumption of a constant speed with the same vehicle and pavement. As such,
the procedure requires the careful acquisition of speed data. During data processing, linear
regression is then calculated using the best fit, and its outcome is the result estimated at
the reference speed. The SPB method applies a data acquisition and processing protocol to
freely circulating vehicles, with considerable data variability due to the variety of vehicles
and driving behaviors. The Controlled Pass-By (CPB) method using NF S31-119-2:2000 [50]
applies the same protocols to a vehicle driven in a controlled manner by trained personnel.
Although the obtained result is less representative for the real vehicle fleet, it is not affected
by the variability of the acquired data. CPB requires higher precision and robustness with
smaller data samples. Moreover, its outputs are more reproducible and comparable with
others obtained using different pavement or in dofferent periods.

Nevertheless, CPB is not problem-free, and its applicability at every site or condition
is not possible. In Section 2 of this work, we discuss the difficulties arising in the scientific
literature around the applicability of the CPB method, together with several experimental
issues resulting from our own experience. Subsequently, in Section 3, an Adjusted CPB
method is developed to solve these issues. Finally, in Sections 4 and 5, the results and their
associated uncertainties are thoroughly discussed and interpreted to provide an exhaustive
overview of the adjusted CPB methodology.

2. CPB Issues

Despite its versatility and efficiency in controlled environments, the CPB method
has shown a number of critical issues, mostly due to technical difficulties related to the
conditioning of the highly controlled environment required for road measurements. This
section reviews the issues that have been reported in the scientific literature, along with
our own direct experience. Next, we explain adjustment procedures for CPB evaluation
that can be developed in order to provide more reliable results.

While addressing the effective robustness of the results obtained through pass-by
methods, Clar-Garcia et al. [51] noted that CPB measurements can be strongly influenced
by external conditions such as the age or roughness of the pavement. For this reason, a slight
change in the experimental setup may lead to significantly altered and non-reproducible
results. They noted that CPB measures lack repeatability, even when the procedure is
conducted by the same team and test vehicle. Despite the introduction of correction
coefficients for well-known environmental variables such as temperature or humidity, other
factors that are difficult to describe through weighting coefficients, such as wind speed, tire
wear over time, and the effects of the surrounding urban soundscape, can alter the results
of CPB measurements [51,52].

Ji et al. [53] pointed out excessive length of the measurement cycle and experimental
costs as issues for the CPB method, and additionally reported that it may not be pos-
sible to obtain accurate and stable noise spectra through the CPB method in all certain
circumstances due to the unavoidable influence of the surrounding acoustic environment.

In 2016, using measurements from the Leopoldo Project, Licitra et al. [54] highlighted
the limitations of the procedure’s SEL10dB metric for noise assessment. According to the
definition in [42], the distance needed to observe a 10 dB decrease in signal intensity
depends on the vehicle’s speed according to a power law. Due to the susceptibility of
the CPB method to external condition, this might lead to unreliable results. Furthermore,
the evaluated road length is dependent on the overall condition of the pavement. These
observations suggest that SEL10dB measurements should then be carried out on variable
distances according to the vehicle speed.

Thus, the presence of unevenness can compromise the stability of measurements
carried out with the CPB method and characterized through the SEL10dB metric. Real
measurement sites that present road distress or unevenness are common. Unfortunately,
SEL10dB-based CPB analysis can only yield rigorous and reproducible results in a selected
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and restricted number of cases, for example, on smooth road pavement with constant
monitoring of tire and vehicle conditions. The pavement may present several kinds of
unevenness, including road deterioration such as severe road cracking, potholes, presence
of stripping or raveling of the surface, and raised asphalt patches, as well as the presence
of structures usually found in urban areas, such as manhole covers or speed bumps, which
cannot be fixed through road maintenance operations.

Other studies [43,54] have compared the pros and cons of the CPB method related to
other frequently employed noise assessment methods, such as the CPX method. Another
method, the near field technique, allows for labeling, controlling, and validating the wear
course using a mobile laboratory. It is not suited to evaluating pavement distress, however,
due to the chance of damaging the instrumentation. The acoustic contributions of pavement
distress are not very well identified, as impulse components destroy the rest of the frequency
response contributions. This measuring technique can provide invaluable information for
source-specific noise pertaining to rolling. However, it is not sufficient to yield a faithful
description of road traffic noise in an urban environment, as it does not take into account
the contribution of engine noise. Meanwhile, CPB/SPB methodologies provide information
on the overall vehicle noise as well as its propagation. These studies stress the importance
of a rigorous definition for both the CPX and the CPB indexes, and when used jointly they
can provide a truthful description of the environment under investigation.

In the context of the present work, special attention was devoted to a particular
application of the CPB method to road pavement performance assessment. In fact, the
CPB method is widely used to evaluate the effective acoustical behavior and efficiency of
low-noise surfaces for speeds higher than 60 km/h.

Hence, providing information about the acoustic properties of a certain pavement
implies measurements that must be conducted on-site, where it might not be possible to
obtain the controlled conditions required for application of the standard CPB protocol. The
problems inherent to the method cannot be solved through on-site intervention to grant
favorable conditions. Therefore, it is necessary to develop a more stable approach to CPB
measurements in order to apply this method to investigation of the acoustic performance
of low-noise road pavement.

For CPB measurements, the National French Standard (NF S 31-119-2) specifies a
method using a microphone at the position detailed above [50]. Nevertheless, this proce-
dure is structured in such a way as to measure the acoustic emissions of tire-road interaction
during passage at speeds faster than 60 km/h, which requires a longer free field and a more
controlled environment. Measurement conditions require a very long segment of road of
at least 40 m, plus the distance for the vehicle to reach the desired speed, and another 10
m to 50 m radius area around the microphone must be free of obstacles. In this context,
measurement in urban situations means more restrictions and less controlled conditions.

According to our own direct observations, the CPB protocol performed in the vicinity
of a site with a hypothetical morphology similar to that presented on the left side of
Figure 1 would be compromised by the presence of citified elements. In this scenario, a
speed cushion and a pedestrian crossing, which are commonly installed in crossroads and
T-intersections, are depicted after the region of interest in front of the measurement station.
These elements are indicated in blue and red, respectively. Other kinds of road unevenness,
such as manhole covers, which can further disturb the data, are represented in yellow. The
right side of Figure 1 reports the correspondent signal acquired at the measurement station
during a pass-by. Driving over a manhole cover contributes additional sound energy that is
not directly related to the tire-road interaction noise. This additional contribution depends
on the quality of the finishing between the pavement and the iron lid. In general terms,
the presence of these urban elements represents a major issue for signal acquisition and
post-processing of the data. This noise contribution, which is proportional to the vehicle
speed, causes deviation of the noise estimation, reducing the dynamic range and creating
other peaks not related to the passing-by. As a result, effects other than those caused by the
passage are clearly evident in the recorded signal.
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Figure 1. Example of a speed cushion and a manhole cover effects in the proximity of the pave-
ment under investigation. The red region corresponds to the road segment of interest. Blue and
yellow portions are related to the noise produced by the vehicle driving over a speed cushion and a
manhole cover.

The primary red peak, around the 3 s and 15 m length, is associated with the passage
of the vehicle under examination. In the vicinity of 5 s mark, a peak highlighted in blue
corresponds to the vehicle driving over a speed cushion. Lastly, a third peak associated
with the interaction between the vehicle and the manhole cover is visible around 400 ms.
In addition, two peaks can be noticed, which respectively correspond to the front and rear
wheels falling into the manhole-cover.

Projects such as HARMONOISE have developed and validated methods to assess
traffic noise emission [47]. The IMAGINE project studied the discrimination of rolling
noise subsources and their emissions [48]. The maximum A-weighted Noise Level (LAmax)
and Sound Exposure Level (SEL) were the metrics used to determine and model the noise
emissions of tire-road interaction. Additionally, as explained in [24,50], LAmax can describe
acoustic emissions for speeds higher than 60 km/h.

In a free field and under controlled conditions, the closest point between the source
and the receiver during a passage can coincide with the LAmax sample position. However,
in urban environments, obstacles may be present that can lead to the vehicle generating
other peaks not related to the source while approaching the microphone. These other
contributions can be occasionally louder than the passage itself, leading to the automatic
recognition of the maximum level to be altered. These other noise contributions belong to
the response of vehicle systems other than the rolling parts, i.e., when wheel compression
is stressed by the bumper, it produces other kind of reactions in the damping system and
a variation of the aerodynamic flow, which in turn means that measured energy contains
information from the operation of other vehicle systems even if other noise events are not
louder than the passage itself. At low speeds, the duration of the passage is a significant
issue for assessing sound energy, and describing vehicle pass-by using this parameter
is not sufficient. After the correct peak of the signal is identified, the sound energy can
be evaluated by means of the exposure level, either LAE or SEL. One of the reasons for
calculating this parameter is to estimate the noise emission of the vehicle passage in one
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second; the reference time is To = 1(s), where T corresponds to the time of evaluation, as
in Equation (1).

Leq = SEL − 10 log
(

T
To

)
(1)

Moreover, Leq is used to estimate these events in terms of the number of vehicles (n)
that pass in a given street, as expressed in Equation (2).

Leq = 10 log(n) + SEL − 10 log
(

T
To

)
(2)

Then, the SEL value can be calculated by determining a region of the signal. For this, a
10 dB threshold below LAmax is employed to find two signal interceptions. Energy between
the cutting points is integrated as shown in Figure 2.

Figure 2. Example of a signal passage. The integration value of the red region corresponds to the
Sound Exposure Level SEL10dB. The duration of this region is determined by the threshold at 10 dB
below LAmax, indicated with a black circle.

This parameter is affordable when the background noise is quite stable and other noise
contributions do not affect the fade-in and fade-out of the signal. Indeed, SEL10dB can be
calculated whenever the sound emission of the vehicle passing by is clearly producing
more than 10 dB and driving is not affected by other road conditions that might force a
maneuver. In short, a threshold of 10 dB means that energy events are not being affected
by other noise contributions for at least 20 m before and after the center axis where the
microphone is aligned.

3. Adjusted CPB Procedure

The present work defines a clear methodology that extends the range of applicability
of the standard CPB procedure. An adjusted SEL index based on the road segment under
evaluation and the vehicle speed is explained in this section. The new metric is obtained
by means of CPB configuration under certain modifications. The same principle, that is,
simultaneously acquiring the sound pressure level and speed while the vehicle passes
in front of the measurement station, is contemplated in the adjusted procedure. The
following subsections detail the required technical equipment, measurement conditions,
signal processing, and expression of results of the new metric.
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3.1. Equipment

The sound energy of passages is recorded in .wav files using a free field class 1 mi-
crophone. To avoid airflow produced by the vehicle run, windscreens are needed. If site
conditions allow it, an optional second point on the opposite side of the street can be set up
as well. For digital signal conversion, a module connected to a portable PC is considered
for recording data. Signals must be acquired with a frequency sample high enough to
analyze data in the third octave band without aliasing.

Equipment for measuring the speed of vehicles has to be verified by the manufacturer
and calibrated. Calibration of pressure must be performed at the beginning and the end
of the measurement. Calibration signals are recorded and used as a reference for pressure
during post-processing.

The information about vehicle speed is of the utmost importance for correct application
of the adjusted CPB procedure. Hence, traffic counters should be employed for providing
reliable and accurate speed measurements on the test site. However, field measures for
vehicle speed might not always be feasible. In these cases, speed models can represent a
solution [55–57].

3.2. Measurement Conditions

The test vehicle is driven around the range of the speed limit in urban areas, i.e.,
50 km/h. Repetitions can be considered at 45 km/h, 50 km/h, and 55 km/h. Passages
speeds are distributed over the range of 20 km/h to 70 km/h in order to estimate a model
of the noise emission, as detailed in Section 3.4. The trajectory of the vehicle must be
delineated on the ground, as shown highlighted in pale blue in Figure 3. In this way, the
driver can hopefully avoid any manhole covers or potholes. In addition, not conserving
the center of the lane might modify the distance between the source and the receiver.
Preferably, the evaluation segment should be entirely free of potholes, manhole covers,
and/or speed cushions.

Figure 3. Delineated vehicle path for measuring session.

It is suggested that measurement stations be placed at crossroads (Figure 3) or T-
intersections (Figure 1). The microphone position is 7.5 m from the center of the lane
and at a height of 1.2 m from the ground. Because the proposed modification of the CPB
method is meant to be applied in densely populated places, any façade reflections or
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acoustic shadows of buildings must be outside a quarter-sphere with the radius being the
microphone distance, as illustrated in Figure 4.

For security reasons and to ensure the quality of results, highly controlled traffic flow
conditions and case-specific vehicle fleets have to be assured in order to comply with the
CPB specifications. As general advice, the investigated road sections should be closed to
vehicular traffic during the acquisition process.

Figure 4. Microphone position and measuring conditions.

In addition, a segment of the road prior to the measurement region has to be considered
to ensure that the vehicle reaches the desired speed. This distance is determined by the
acceleration capacity of the vehicle. For instance, diesel internal combustion vehicles have
an average of acceleration capacity (a) of 2.23 m/s2 [58], while EVs can reach 6.1 m/s2. The
minimum length needed of this segment of road (∆x) is determined by the speed of each
passage (V) 20–70 km/h, and corresponds to the acceleration capacity of the vehicle under
examination, as described in Equation (3) and Table 1.

∆x =
V2

2a
(3)

Table 1. Minimum road segment for acceleration.

Vehicle Speed (km/h) Acceleration
Capacity (m/s2)

Acceleration
Segment ∆x (m)

Internal Combustion 70 2.6 72.7
Electric 70 6.1 31.0

3.3. Signal Processing

Signals obtained through this pass-by methodology follow the flow diagram depicted
in Figure 5. Data analysis is designed for processing data by session. In this way, the
performance of different combinations of vehicle, tire, and asphalt can be registered for
later performance comparisons or fleet evaluation.

As previously mentioned in Section 2, the presence of manhole covers and speed
cushions can induce difficulties in the signal processing stage. Signals might have an
irregular fade in and/or out, and this energy does not allow for more than 10 dB of
dynamic range.
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Figure 5. Flow chart of signal processing.

A vehicle passage is considered as an event with a duration that depends on its speed
of travel. Low-speed passages allow the closest position to be estimated by means of the
proximity effect of the sound pressure level. In fact, whenever the shape of the signal
resembles a Gaussian function, this kind of model can be fitted in order to estimate the
position at which the vehicle reaches the closest point to the microphone, as depicted in
Figure 6. In addition, for open space without any obstacles, signals recorded at a test site
with ideal conditions can be fitted with a single Gaussian function, allowing the direct
sound to be registered and its approaching effect to be clearly defined. However, real
test site noise contributions cannot be estimated with a high level of confidence interval.
Therefore, a second Gaussian function should be applied to approximate the function to
the noise energy, such as street canyon reflections and background noise, that is not related
to the passage. Moreover, as the fitted model must be restricted to already-known signal
characteristics, speed and region length values are used as bounds on it. For instance, both
peak widths have to be proportionally adjusted to the rate between time integration, length
of the road section, and speed of each passage. The amplitudes of both functions are useful
for identifying direct sound and other contributions. As a result, the centroid position of
the first Gaussian function establishes the closest point of the vehicle to the microphone,
and the portion of the signal according to each speed passage determines the region of the
signal to be integrated.

Figure 6. Cutting points for SEL parameters and LAmax position.
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The blue line in the figure corresponds to the time-integrated A-weighted signal, while
the black dashed line indicates the double Gaussian fitted model estimated for a single
passage and the centered vertical black line indicates the maximum point of the double
Gaussian function.

Thus, SELspeed can be calculated by integrating the energy within a temporal window
adjusted by the time the vehicle takes to travel along a given segment of the road. As the
distance between the microphone and the center of the lane is 7.5 m, the same distance after
and before the closest point of the station is 15 m. Thus, an angle of 45 degrees exists at the
beginning and end of the 15 m region. To integrate the noise energy of each passage, the
size of the temporal window is calculated; the number of samples depends on the speed,
segment length, and integration time of the signal. Table 2 shows the size of the window
when the signal is acquired with “fast” integration (125 ms) and over a 15 m segment.

Table 2. Window size of SELspeed.

Speed (km/h) Duration (s) Samples (n)

20 2.7 22
30 1.8 16
40 1.4 12
50 1.1 10
60 0.9 8 1

70 0.8 8 1

1 Due to rounding, the fastest run speeds are not less than 1 s in duration.

Furthermore, the estimation of the temporal window integrates the energy symmetri-
cally, and only even numbers are used. In addition, the number of samples (n) is rounded
to the immediate superior and centered to the midpoint of the Gaussian fit.

3.4. Expression of Results

A logarithmic regression of the wideband values and speeds is performed to build
a model which predicts the behavior of the noise emission. The reference speed applied
to the regression is in accordance with the speed limit of the test site, e.g., 50 km/h. A
linear logarithmic plot is used to represent the regression with SELspeed and LAmax values.
Figure 7 shows the regression of the measured values and the predicted curve of the model.
The global result, presented inside the box, contains the predicted value at 50 km/h with an
expanded uncertainty with 95% confidence. In addition, one of the combined uncertainties
is related to the standard error of the intersection of the curve and the reference speed, and
Type B instrumentation uncertainties were considered.
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Figure 7. SELspeed logarithmic linear regression of an EV measurement session. The regression red
curve is also represented by the formula inside the legend box, and the two dashed lines describe the
confidence interval of the fit model.
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The text box over the plot indicates the value of the black diamond symbol, i.e., SELspeed
at 50 km/h, including its uncertainty. The red curve represents the prediction of the loga-
rithmic regression, and the dashed lines correspond to the confidence interval of the model.

In accordance with the practical measurement correction applied in the French norm [50],
for the variability of weather conditions we refer to θre f = 20 ◦C as a reference temperature,
SEL@Re f Speed corresponds to the value of the curve at the reference speed, and we use
a factor of κ = 0.1 dB/◦C. Thus, the weather correction calculation is determined by
Equation (4).

SELspeed = SEL@Re f Speed + κ(θ − θre f ) (4)

4. Discussion

The double Gaussian fitted model was subjected to analysis in order to compare the
portion of energy considered by SELspeed and the traditional SEL10dB. The evaluation of the
exposure level is tightly related to the duration of the pass-by, even though both parameters
estimate their periods in two different modes. For instance, Figure 8 displays a complete
session of passages which corresponds to the linear regression plot depicted previously in
Figure 7.

Each subplot graphic shows the passages, with the speed value in the header. This
demonstrates the effective relationship of reducing the portion of the signal in time and
space. Furthermore, LAmax is printed over the signal with a diamond symbol. Even though
signals are shorter while the passage speed increases, the signal shape continues to be
correctly fitted by the double Gaussian function.

Cutting points SEL
10dB

SEL
speed

L
Amax

3 4 5 6 7 8 9 10

22 km/h

54.9

0 1 2 3 4 5 6 7 8 9

28 km/h

57.7
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Figure 8. Signals of a complete measurement session. Red and blue vertical lines indicate the cutting
points of the integration temporal window for SEL10dB and SELspeed, respectively.

In detail, the ordinate corresponds to the time domain in seconds and abscissa for the
sound pressure level in dB(A); the red and blue vertical lines are the cutting points of the
signal for SEL10dB and SELspeed, respectively; LAmax is marked with a black diamond, and
its value is written over each plot; and the black vertical dotted line corresponds to the
maximum point of the double Gaussian fit.
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The SELspeed temporal window is moved and centered symmetrically with respect to
the SEL10dB region, and its size is adjusted with increasing speed. While SEL10dB could be
calculated by simply integrating the recorded sound levels within the period in which a
decrease of 10 dB is observed, this procedure can only be performed for measurements
carried out in large test sites where the region of evaluation and the hemisphere exceeds
approximately three times that proposed for the SELspeed. This new parameter brings up
the reduction of the road segment. This shorter portion of road allows the direct sound
to be collected in far field conditions, and avoids the need to consider possible shadow
attenuation and/or reflection contributions caused by nearby surfaces.

The third sample, at 28 km/h, depicts a longer SEL10dB temporal window compared
to the rest of the samples. In consequence, this difference in window size allows for confir-
mation of outliers, as can be observed in Figures 7 and 9. Other examples of repeatability
of the method are at 47 km/h and 51 km/h, where the greatest difference is less than
0.7 dB(A). Note that the confidence interval of the regression, on which the global result is
based, depends on the correct selection and discarding of the signals.

A spectral analysis was performed in order to identify the energy contribution to LAmax
of every frequency band. By means of spectrograms, it was observed that the SELspeed
temporal window takes into account the maximum noise level of the majority of frequency
bands. For instance, Figure 9 illustrates the energy distribution and its noise generation
according to the speed increase; the X axis corresponds to the time domain in seconds,
and 24 third-octave bands are distributed along the Y axis. The frequency domain ranges
from 50 Hz to 10 kHz, from the bottom up, while the subplots correspond to the same
measurement session detailed in Figures 7 and 8.

Max points SEL
10dB

SEL
speed

L
Amax

22 km/h 28 km/h

1 2 3 4 5 6 7 8 90 1 2  3  4  5  6  7  8  9 10 1112 13

28 km/h

1 2 3 4 5 6 7 8

32 km/h

1 2 3 4 5 6 7

38 km/h

1 2 3 4 5 6

43 km/h

1 2 3 4 5 6

46 km/h

1 2 3 4 5 6

47 km/h

1 2 3 4 5 6

47 km/h

1 2 3 4 5 6

51 km/h

1 2 3 4 5 6

51 km/h

1 2 3 4 5

55 km/h

1 2 3 4 5

57 km/h

1 2 3 4

63 km/h

1 2 3

61 km/h

1 2 3 4

Figure 9. Spectrograms of a measurement session. Red and blue vertical lines indicate the cutting
points of the integration temporal window for SEL10dB and SELspeed, respectively.

Again, the red and blue vertical lines are the cutting points of the signal for SEL10dB
and SELspeed, respectively, the black triangles illustrate the LAmax position of every third
octave band, and the black vertical line indicates the sample position of LAmax in wideband.
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Remarkably, the LAmax wideband instants do not correspond to the same sample
positions of every third octave band, nor do they correspond to the closest source/receiver
moment. Nevertheless, these peaks of energy are considered within the length of the
proposed fifteen-meter region, where most of the energy of the passage is concentrated.

In wideband, identification of outliers cannot be easily accomplished, as no notable
particularity can be observed. Outlier recognition is achieved by spotting the time delay
along the third octave bands, especially for mid–high frequencies. For instance, the third
sample in Figures 7–9 at 28 km/h shows a clear scattered distribution of black triangles,
and a clear unbalanced shift in the time delay is visible from 800 Hz to 6.3 kHz. Thus, it
can be assumed that the vehicle’s pass-by emission is being masked by other noise sources.

As the sound generation mechanisms that occur during vehicle’s pass-by involve
more than just the tire-road interaction, they contribute to both the energy level and
the frequency response. Among these sources, the most accountable are the turbine for
propulsion, friction produced by front/rear wheels being driven, airflow interaction with
the bodywork, etc. In EVs, thermal engine noise is absent; however, there are several
systems that may operate situationally, as well as the Acoustic Vehicle Alerting System
(AVAS) speaker, which is active at low speeds as required by international regulations.

5. Conclusions

Controlled Pass-By (CPB) is a widely used measurement method for evaluating noise
emitted by road infrastructure, and particularly to assess the overall acoustic performance
of sustainable road pavement through clear and repeatable measurements. The standard
CPB procedure evaluates the A-weighted maximum level (LAmax) of a vehicle’s pass-by
acquired in an environment without obstacles and undesired sound sources other than
the vehicle itself. While this allows very precise evaluation of the noise generated by
a particular vehicle due to its tire set interacting with the pavement, the standard CPB
method is not very well suited for application in urban environments. Moreover, the LAmax
metric does not provide all relevant information about a vehicle passage, making it not
directly suitable for evaluating the total emission energy. This last aspect is evident when
trying to use CPB results as input for noise maps.

An adjusted CPB has been proposed in the present work with the aim to overcome
the limitations of the standard approach. This adjusted method represents a useful urban
planning instrument from both the project and validation points of view. The proposed
method was tested in actual urban conditions and applied to speeds ranging from 20 km/h
to 70 km/h, which are typical speeds for such environments. This extends the typical
range allowed by the standard CPB, which is restricted to speeds above 60 km/h. The
measurement protocol is similar to the standard technique, with at least one microphone
placed 7.5 m from the center of the evaluated lane. A number of technical adjustments are
summarized; markings are delineated directly on the surface to guide the driver in order to
support the repeatability of the trajectory during each passage and to avoid of unwanted
road elements such as manhole covers and speed bumps. An acceleration segment of
road before the measuring zone is set to allow the maximum target speed to be reached.
The point on the travelling path nearest to the microphone is placed at the center of a
hemisphere with 15 m radius, inside which no significant obstacles must be present. The
passage speed is measured using suitable equipment.

Most of our proposed improvements concern the analysis phase, where we move
beyond the standard technique through the (SELspeed) metric. The pass-by pressure level is
integrated over a constant road section or for a duration that is inversely proportional to the
passage speed. In this way, unavoidable road elements such as speed cushions or manhole
covers can be excluded from the analysis in most cases. Semi-automatic recognition of
a passage is possible thanks to a double Gaussian fitted model, allowing the acoustic
center of the passage to be evaluated, around which the cut is performed to integrate the
(SELspeed) calculation. Moreover, this approach allows for confirmation that there is not
excessive background noise disturbing a specific passage. The (SELspeed) metric shows a
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linear dependence on the logarithm of the speed, confirming the validity, scalability, and
most importantly, the comparability of results obtained at different test sites with respect to
the technique conditions.

Finally, we proposed and validated a tool to find outliers in the log-linear fit by
analyzing the time of arrival of the maximum levels in each third-octave frequency band
with respect to the position of the passage’s (LAmax) metric. This is clearly observable
thanks to a spectrographic representation of the passages defined in the present work.

Future developments include the use of the adjusted CPB procedure to characterize
sound emissions in an ideal and optimistic situation comprising a fleet of EVs, silent tires,
and optimized pavement. Extensive measurement campaigns have already been carried
out on selected test sites as part of the Life E-VIA Project, with an analysis performed
following our new proposed methodology. Comparing these measurements can provide
support for the definition of standardized reference values for the SELspeed index. The
proposed measurement protocol can be used in two of the most prominent open problems
in environmental acoustics, namely, the assessment of low noise emission road pavement
types and the description of the sound emissions associated with EVs. These aspects inter-
sect with other open problems pertaining to the preservation of the urban environment, and
might lead to the development of effective and sustainable solutions. Finally, the proposed
methodology can act as the basis for acquiring the data needed to calculate CNOSSOS-EU
coefficients for the fifth open category, which is the aim of our upcoming work.
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