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Abstract: Road traffic noise measurements, such as the Statistical Pass-By method (SPB) described in
ISO 11819-1, are pivotal in assessing this noise pollution problem. As temperature is a primary cause
of uncertainty in tyre/road noise measurements, the SPB method results need to be temperature
corrected. The ISO 11819-1 standard is currently being revised and will refer to ISO/DTS 13471-2:2021,
also in the drafting stage, for a temperature-correction procedure that is not present in the current
ISO 11819-1:1997 version. Compared to other methods, little research has evaluated the temperature
influence using the SPB method. In this paper, 18 SPB measurements were performed at three
locations, with dense asphalt concrete and SMA as the pavement type. In total, over 5700 vehicles were
captured, covering the complete temperature range in ISO 11819-1. For passenger cars, a temperature
coefficient of —0.103 dB/°C was obtained while no statistically significant proof was found that
temperature influences the sound-pressure levels for heavy vehicles at the speeds in this study
(45-65 km/h). In this speed range for heavy vehicles, not only the tyre/road noise is a significant
source of pass-by vehicle noise but also the power unit noise, on which the temperature influence
is more complicated. Additionally, the analysis of various temperatures (air, road and estimated
tyre temperature) revealed that the air temperature appears to be best suited for the temperature
correction procedure. In third-octave bands, no effect was observed in the low-frequency range for
passenger cars, contradicting previous research. Negative correction coefficients were found in the
middle and high-frequency range, although trends presented in other studies were not observed.

Keywords: SPB; temperature correction; passenger cars; heavy traffic; frequency spectra

1. Introduction

Noise features one of the major environmental risks to human health, with road
traffic noise being the most common source of community noise in urban areas [1]. The
systematic reviews that endorsed the update of World Health Organization’s (WHO)
Environmental Noise Guidelines in 2018 [2] point out moderate- to high-quality evidence
of correlations between exposure to environmental noise and several health complications.
Road traffic noise specifically is linked to the incidence of ischemic heart diseases [3],
cortical awakenings and self-reported sleep disturbance [4] and emotional and conduct
disorders in children [5], among others. Besides human well-being, traffic noise also affects
wildlife [6]. The continuing urbanisation and growing population, especially in densely
built-up areas, increase exposure to road traffic noise. Even though measures as a modal
shift to railway, pedestrian and bike traffic have been supported, the EU Reference Scenario
2016 predicts for the time horizon of 2050 that road transport is expected to maintain its
dominant role, especially for passenger transport [7].

In order to mitigate the impacts entailed by road-traffic-noise exposure, there must
first be a solid base for assessing road traffic noise. Various standards and regulations are
already in place for this purpose. The United Nations Economic Commission for Europe
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(UNECE) regulation R.117 [8] contains requirements for noise emissions by tyres and uses
the same coast-by measurement principle as found in ISO 13325:2019 [9]; ISO 11819-2:2017
describes the Close ProXimity method (CPX) [10]; ISO 11819-1 defines the Statistical Pass-By
method (SPB) [11]; and the On-Board Sound Intensity method is described in [12].

It is generally accepted that road traffic noise decreases with increasing temperature
in the case of asphalt pavements, with A-weighted noise levels dropping by up to 1 dB
each 10 °C increase in air temperature for dense asphalts [13]. Additionally, this effect is
larger for passenger cars compared to trucks [14]. Even though there are already standard-
ised procedures for temperature correction, the extent to which temperature affects the
measured noise levels is still unclear, especially for SPB. As road traffic noise results from
multiple noise-generating mechanisms, the effect of single parameters, such as tempera-
ture, is complex to assess. The generation mechanisms are generally categorised under
power-unit noise, aerodynamic noise, and tyre/road noise [14,15]. Power-unit noise is
the mechanical and combustion noise associated with vehicle propulsion; aerodynamic
noise results from the turbulent airflow around the body (at higher speeds). Lastly, the
tyre/road noise is generated by the interaction between the tyre and the road at the pave-
ment surface. Tyre/road noise itself is a convoluted combination of various generation and
amplification mechanisms that result in noise in different, and often overlapping, frequency
ranges [15,16].

Temperature affects the different components of tyre/road noise to various extents.
Still, this influence is mostly attributed to the softening of the tyre rubber with increasing
temperatures, increasing the damping of vibrations that would otherwise result in noise [17].
While the temperature increase decreases the stiffness of the pavement, its effect on noise
reductions is only noticeable if the tyre and pavement stiffness are in the same order of
magnitude (pavement stiffness/tyre stiffness < 10) [18]. For conventional hot asphalt
mixtures and in the typical temperature range achieved in the field, high temperatures
cannot reduce the pavement stiffness to values comparable to the stiffness of a rubber
tyre. This effect only becomes prominent if alternative materials, such as crumb rubber
substituting mineral aggregate, are used to increase the asphalt elasticity [19]. In ISO
11819-1:1997 [11], tyre/road noise is assumed to be dominant at speeds above 45 km/h
and the effect of temperature on power unit noise and aerodynamic noise is negligible. The
influence of temperature on the noise propagation towards the environment within the
scope of ISO 11819-1:1997 also appears to be insignificant.

As temperature influences emitted road-traffic noise, there is a common need for
temperature correction among regulations and standardised methods in order to achieve
accurate assessment tools. Among the road traffic noise measurement methods mentioned
before, the SPB (ISO 11819-1:1997 [11]) is the only one that does not describe a temperature
correction. However, this standard is currently under revision [20]. The new version will
refer to a separate standard for a temperature correction applicable to measurements with
pass-by methods, the ISO/DTS 13471-2:2021, which is currently also in the draft stage [21].
In this document, the sound-pressure levels, either overall sound-pressure levels (SPL) or
divided into one-third octave bands, are corrected to the reference temperature of 20 °C by
semi-generic temperature coefficients based on pavement type, vehicle class and speed.

The existing research on temperature influence on road-traffic noise levels focuses
mostly on CPX [13,22,23], and literature is hardly available for the SPB method. Moreover,
considering the limited transferability from one method to another, this study aims to fill
this gap. We constructed temperature corrections based on a large dataset collected by the
authors and compared them to the coefficients proposed in ISO/DTS 13471-2:2021 and
literature. This dataset was particularly composed of large numbers of heavy vehicles,
shedding light into the temperature—SPL relation for this vehicle category. Additionally,
even though the ISO/DTS 13471-2:2021 proposes a single correction coefficient for all fre-
quency bands in the spectrum, we investigated the frequency dependence of this parameter,
as already suggested in previous studies [13,17,24]. Lastly, these analyses have all been
performed for three different temperatures (air, road and estimated tyre temperature), as
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the literature points out the importance of the physical media in assessing temperature
coefficients [23,24].

The structure of this paper is organised as follows: in Section 2, the overall research
goals, research methodology, methods and selected test locations are described in more
detail. The results are presented and discussed in Section 3. The paper ends with a summary
of the main conclusions, limitations and suggestions for further research.

2. Materials and Methods
2.1. Research Methodology

The main goal of this study is to construct a temperature correction for the different
vehicles categories based on the SPB method and compare the results with the suggested
temperature coefficients from the draft standard [21]. Secondly, the use of different temper-
atures (air, road and estimated tyre temperature) for temperature correction was compared.
For this purpose, we did not perform one-day SPB measurements at many locations. In-
stead, we repeated the SPB measurements on multiple days over the entire temperature
range of ISO/DIS 11819 at three different locations, limited to dense asphalt pavement
types. Furthermore, for the passenger car vehicles, the use of different temperatures (air,
road and estimated tyre temperature) for temperature correction was compared and an
analysis was made of the temperature coefficients in one-third octave bands. Due to the
limited available data for one-third octave bands, this last analysis was only performed for
the P category at a single location. This study applied two different measurement methods
to the three test locations, as shown in Figure 1.

Methods ]

Statistical Pass-by

Selection of locations

Close ProXimity Method
(CPX)
Validation of locations

method
(SPB)

Main method

Data and statistical analysis using Matlab )

Air temperature

coefficients per
vehicle category coefficients for

Air, road and
(estimated) tyre
temperature

Air temperature
coefficients in third-
octave bands for

passenger cars
passenger cars

Conclusions )

Figure 1. Graphical overview of this study.

2.2. Test Locations

The test locations were selected based on some pre-defined requirements: for safety
reasons, the streets should have a maximum speed limit of 70 km/h; pavement surface
must be in a moderate to good condition; dense asphalt pavement as asphalt type; and
compliance with the ISO 11819-1 standard. Additionally, as literature on temperature
influence on sound pressure levels of heavy vehicles is limited, locations with a large share
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of heavy traffic were selected. Potential sites were firstly selected using Google Streetview.
After on-site checks, three locations were chosen in the Antwerp region (Belgium). A
detailed description of the locations is presented in Table 1. The complete acoustic free
field around the microphone as described in the ISO 11819-1 standard proved very difficult
to achieve and perfect compliance of all locations was impossible; remarks on minor

deviations from the free-field condition are also included in Table 1.

Table 1. Overview of measurement locations.

Location 1

Location 2

Location 3

Address

Asphalt type
Max. aggregate size
Mean Profile Depth

Surface between lane
and mic.

Remarks regarding
acoustically free field

Keetberglaan, Zwijndrecht,
Belgium

Scale: 1 square = 1 cm
Stone Mastic Asphalt (SMA-10)
10 mm
1.2 mm

Asphalt parking lane

e  Very thin bushes on the
opposite side of the road

. Small ditch behind the
microphone, banking was
covered by grass

Krijgsbaan, Zwijndrecht,
Belgium

Scale: 1 square = 1 cm
Stone Mastic Asphalt (SMA-10)
10 mm
1.0 mm
Cobblestone parking
laneConcrete bike lane

e Vegetation and houses
across the street at
approximately 20 and 30 m
from the microphone

Stuivenbergvaart, Mechelen,
Belgium

Scale: 1 square = 1 cm
Asphalt Concrete (AC)
40 mm
1.8 mm
Concrete block pave bike lane
and sidewalk

o  Highway near, background

noise levels were checked
Canal behind the

microphone position

e  Highway near, background position
noise levels were checked
Speed limit 70 km/h 70 km/h 70 km/h
Vehicle category P HD HM P HD HM P HD HM
Avg. speed 63km/h 55km/h 53km/h 51km/h 46km/h 45km/h 51km/h 47km/h 46km/h
NP° pass-bys 773 101 1855 898 137 384 1225 57 286
Measurement time 7 days 5 days 6 days

2.3. Measurement Methods
2.3.1. Statistical Pass-By

The ISO 11819-1 standard describes the SPB method and is currently under revi-
sion. Although it is still subject to changes, the updated version is described in ISO/DIS
11819-1 [20]. The purpose of this document is to provide a standardised method for evaluat-
ing the influence of different road surfaces with regard to road traffic noise. Other methods
such as CPX and OBSI focus on the tyre/road noise close to the source, while the SPB
method is based on the overall vehicle noise in free-flow traffic conditions and is measured
at the roadside, and thus is more representative of the impact of the pavement on road
traffic noise in the environment. In more detail, the maximum A-weighted sound pressure
level (LA max) and speed (v) of a statistically significant number of vehicles are measured
together with some relevant environmental parameters (wind speed and temperatures),
see Figure 1. Each passing vehicle (pass-by) is assigned to one of the vehicle categories: pas-
senger cars (P), dual-axle heavy vehicles (HD) and multiple-axle heavy vehicles (HM). The
vehicle category allocation is based on vehicle weight, tyre type and number of axles. This
study used the updated requirements for the vehicle categories in ISO/DIS 11819-1 [21]. If
the pass-by does not fit the description of any of the vehicle categories, or any of the other
requirements as described in the standard, it is discarded. The relation between LA max and
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v is determined and used to calculate the Statistical Pass-By Index, a parameter suitable for
comparing the acoustic performance of different road surfaces.

In this study, 18 days of SPB measurements were performed according to ISO/DIS
11819-1 [20] using a single microphone set up at 1.2 m height. To create a robust dataset,
the measurements were repeated several times at the three locations. The study ranged
over a 7-month period, from February to August 2021, resulting in a large temperature
range while also improving the sample size for the statistical analysis. One concern related
to the relatively long timeframe of this measurement campaign would be some extent of
acoustic ageing. Even though we could not perform repeated CPX measurements due
to budget constraints, we concluded by visual inspections of the road surface that no
noticeable ravelling or other distresses developed over this period. Additionally, based on
an ageing coefficient of 0.4 dB/year obtained by [25] with methods and pavement types
comparable to the ones in this study, a 0.23 dB increase in noise levels is estimated from the
beginning to the end of the measurement campaign. This increase would have little impact
the temperature coefficients.

The Belgian Road Research Centre (BRRC) provided the used SPB equipment that
consisted of a sonometer type 2260 by Briiel and Kjaer and a speed radar KR-10 SP. The
sonometer and radar were connected to a laptop with dedicated software to capture pass-
bys’ LA,max and speed. However, this software could only register the overall L max. For
this reason, a second sonometer, NTi XL2, was set up in parallel to capture the Lg max in
one-third octave bands. Round robin tests were performed to assure the conformity of
overall LA max of both sonometers. A schematic overview of the equipment and a photo
taken during one of the measurements is presented in Figure 2.

(a) |  (b)

Figure 2. SPB method set up. (a) scheme; (b) during a measurement.

2.3.2. Close ProXimity Method (CPX)

In addition to the SPB method, CPX measurements were performed by the Belgian
Road Research Centre (BRRC) at the three sites to check if the pavement section in front
of the microphone was representative of the road. In this method, a trailer containing a
reference tyre and a microphone setup is towed by a vehicle. The enclosure on the trailer
shields noises from the surroundings to ensure that only tyre/road noise is captured. The
measurements were performed in accordance with ISO 11819-2 [10]. The inner microphone
setup was used in a trailer by M + P, with the Standard Reference Test Tyre (SRTT), to mea-
sure a section of 200 m centered around the microphone position of the SPB measurements.
The air temperature during the measurements was ideal, at 20 = 2 °C.

2.4. Temperature

To correct La max for temperature, the ISO/DTS 13471-2 [21] standard proposes the cor-
rection of the individual pass-bys to the reference temperature of 20 °C, using Equation (1):

LA,max(ZO °C) — LA,max(T) - r)/U(T -20 OC) (1)
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where Lp max(20 °c) is the maximum A-weighted sound pressure level corrected to the
reference temperature of 20 °C, L max () is the uncorrected maximum A-weighted sound
pressure level, T is the air temperature at the moment of the pass-by in °C, and -y is the
temperature coefficient for overall vehicle noise, further calculated by Equation (2):

yu= Wumn ()

where 7 is the temperature coefficient for tyre/road noise based on vehicle class and speed,
and Wy is a reducing factor to account for the diluting effect of power unit noise. The
standard requires the use of the air temperature, yet it is argued that the road surface and
tyre temperature could also be appropriate for this correction [23,24]. Tyre temperature
appears to be best suited as it is most closely related to the temperature mechanisms. Due
to the nature of the SPB measurements, it is impossible to gather tyre temperature data for
the passing vehicles. Both air and road temperature directly affect the tyre temperature by
convection and conduction, respectively, therefore, affecting noise-generation mechanisms
indirectly. Air temperature is most prevalent in standardised measurement methods
because of practicality and safety [26]. Additionally, the air temperature is more stable.
In this study, both road-surface temperature and ambient air temperature were captured
every 15 min to an accuracy of 0.1 °C. In addition, Equation (3) by Erik Bithmann et al. [23]
for estimating the tyre temperature was used to check if this could improve the statistical
significance of the obtained temperature corrections.

Tiyre= 0.50- Tyoaq + 0.4 Toiy + 6.7 ©)

In order to establish the influence of temperature, a simple linear regression between
recorded La max and temperature would not suffice, as the spread of data inherent to the
SPB method results in significant uncertainties. Thus, a procedure for the data analysis was
applied using Matlab, described as follows:

1. For each vehicle category, the pass-bys were grouped based on the temperature during
their passage: the temperature range obtained in the measurements for each location
was divided into 14 different ways (starting from steps of 1 °C, increasing the step
size by 0.5 °C up to 10 °C steps), and the pass-bys were assigned to these temperature
groups. The smaller the step, the more consistent the La max—temperature relation,
but the smaller the group size. Thus, the optimum temperature step was chosen as
the smallest as possible that resulted in the maximum number of groups containing
30 or more pass-bys, for statistical relevance;

2. The L max of the pass-bys within the temperature groups was still affected by speed.
To normalise for speed, the average L max per temperature group was corrected to a
reference speed, which was the average speed of all pass-bys of that vehicle category.
This correction uses the speed coefficient, which is the slope b of the regression line
of La max Versus the logarithm of speed for all pass-bys of that vehicle category,
independent of temperature. See Equation (4);

Group speed average

Overall speed average

GTO”P LA,max,speed corrected — GTOUP LA,max,average -b lOg 10( ) (4)

3. Lastly, a linear regression was applied to the speed corrected average L max of the
temperature groups versus the temperature of the groups. The slope of this regression
line represents the temperature coefficient, equivalent to the temperature coefficient
for overall vehicle noise vy, in [ISO/DTS 13471-2 [21].

Steps 1 and 2 were introduced to reduce the spread of data inherent to the SPB method
and increase the accuracy of the linear regression. As part of this procedure, the data within
each temperature group were reduced to a single value, the Group La max,speed corrected
as presented in Equation (4); these values are assumed to represent the average vehicle
within the temperature category. To ensure that this is statistically sound, a number of
30 pass-bys was chosen as the minimum sample size to calculate Group La max,speed corrected-
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Figure 3 shows a diagram of Ls max Versus temperature to illustrate the procedure above
described, with the data for passenger cars at location 2. The black dots represent each
individual pass-by; a large spread is clearly visible. The green vertical lines are the borders
of the temperature groups. The speed-corrected average La max for the temperature groups
with 30 or more pass-bys is given by the red markers, while the slope of the regression
line, in red, corresponds to yy. The temperature coefficient yy, as well as the p-value and
R? were calculated for the different vehicle categories and temperature types at all three
locations individually.
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Figure 3. Procedure to calculate the temperature coefficient yy; visualised using data of vehicle
category P at location 2.

3. Results and Discussion

An overview of the temperature coefficients for overall Ls max Obtained for the three
different vehicles categories is presented in Table 2 at all locations and for the three different
temperature types. The coefficients of determination (R?) and Standard Error (SE) are
included as well. First, these results will be discussed for the vehicle category “passenger
cars” (P) and “heavy vehicles” (HD and HM). Next, based on the R?, the optimal tempera-
ture for correction will be evaluated. In addition to the temperature coefficients for overall
LA max, the temperature influence has also been studied in third-octave bands, covered in
the fourth subsection of this section. A brief discussion of the CPX measurement results
concludes this section.

3.1. Temperature Correction Based on SPB Results
3.1.1. Passenger Cars

In the case of passenger cars, the calculated temperature coefficient for overall L max
ranges from —0.099 to —0.108 dB/°C with an R? of 0.84 to 0.90. Figure 4 presents the
air-temperature-based correction coefficients for the different vehicle categories graphically.
The results are similar for the SMA and asphalt concrete types, leading to an average value
of —0.103 dB/°C. An overview of correction procedures in other standards is found in
Table 3, based on [23].

The result for passenger cars is close to the corrections proposed in the ISO stan-
dards, where —0.09 dB/°C is proposed for the SPB method in ISO/DTS 13471-2 [21], and
—0.110 dB/°C for the CPX method [27]. The temperature coefficient is slightly larger com-
pared to ISO/DTS 13471-2, but the differences between the findings in this study are small
as they are limited to 0.013 dB/°C. Over a temperature range of 30 °C (e.g., the 5-35 °C
range proposed in the standard), this would lead to only a 0.39 dB difference in corrected
LA max- Therefore, the coefficients obtained in this study are in line with the procedure in
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ISO/DTS 13471-2. The temperature coefficients for the UNECE R.117 and OBSI (AASHTO
T 360: 2016) are notably smaller than those found in this study and the ISO standards.
UNECE R.117 contains the only procedure that relies on road temperature. It applies a
segmented-linear correction procedure with a temperature coefficient of —0.06 dB/°C from
51020 °C and —0.03 dB/°C from 20 to 50 °C road temperature [8]. The road temperature
coefficients for passenger cars in this study ranged from —0.071 to —0.093 dB/°C, with an
average of —0.079 dB/°C, and no indication of a segmented linear temperature influence.
There are major differences in these temperature coefficients compared to UNECE R.117,
especially at road temperatures above 20 °C: the findings from this study are more than
twice as large. Even though the Coast-By method described in UNECE R.117 is comparable
to that used in this study, the tested pavement types differ. While in UNECE R.117 an
ISO test track is prescribed, we investigated asphalt concrete and SMA pavements. The
discrepant temperature coefficients may therefore be attributed to the different acoustic
properties of the evaluated pavements.

Table 2. Temperature coefficients for all vehicle categories at all three locations.

YU, air R2 SE Va’;u e YU, road R? SE V:{u e YU tyre R? SE V:;u e
P
Locationl —0.108 0.895 0.012 <0.001 —0.073 0.830 0.011 <0.001 —0.078 0.708 0.016  <0.001
Location2 —0.101 0873  0.013 <0.001 —0.071 0740 0.011 <0.001 —0.090 0.827 0.012 <0.001
Location3 —0.099 0836  0.012 <0.001 —0.093 0.838 0.011 <0.001 —0.093 0822 0.012 <0.001
Average  —0.103 0.868  0.012 - —0.079 0.802  0.011 - —-0.087 0.786  0.013
HM
Location1 0.0071  0.039 0.009 n.s. 0.0071  0.046 0.007 n.s. 0.0051 0.043 0.006 n.s.
Location2 —0.004 0.015  0.018 ns. —0.007 0.095  0.008 ns. —0.008 0.095  0.011 n.s.
Location3 —0.034 0500  0.015 n.s. —0.020 0.347 0.014 n.s. —0.013 0.121  0.018 n.s.
Average  —0.010 0.184  0.014 - —0.006 0.163  0.010 - —0.005 0.08  0.011 -
HD?
Location1l —0.026 0228  0.034 n.s. —0.022 0.302  0.019 n.s. —0.023 025  0.022 n.s.
Location2 —0.022 0.114  0.030 ns. 0.0101  0.031  0.028 n.s. <0.0011 <0.001 0.024 n.s.
Average  —0.024 0.171  0.032 - —0.006 0.167  0.024 - —0.011 0128  0.023 -

n.s. = not significant at a 5% significance level. ! A few results among the heavy vehicles presented positive
temperature coefficients. These results are not realistic. 2 Vehicle category HD did not have sufficient data for the
analysis at location 3.

Yy [dB/°C] Vehicle category
P HM HD

_ T T _
Re=0.03 039 |;|

R2—0 015 R%0.1

RZ—O 184 B

0.02 r
0.01 F
0.00
-0.01
-0.02
-0.03
-0.04
-0.05
-0.06
-0.07
-0.08
-0.09

-0.10 - _I_

-0.11
-0.12 1 Recggry R=0.868 BLocation3 @ Average

013 - Re0g95 R=0.836

R?=0.500 R?=0.114
R2=0.228

M Location 1 Location 2

Figure 4. Temperature coefficients 7y for different vehicle categories and locations.
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Table 3. Temperature coefficients in different standards and regulations, based on [23] and adapted
to the situation of this study.

Standard/Regulation Method Temp. Used Tyre/Vehicle Pavement Type Temp. Coefficient
C1 (=P) 5-20 °C: —0.06
UNECE R. 117 [8] Coast-by Road - ISO 10844 20-50 °C: —0.03
C3 (=HD and HM) -
1SO/TS 13471-1 [27] CPX Air SRIT EXI\C; 4AVON Dense asphalt —0.14 + 0.0006v
) C1 (=P) and C2 —0.101
ISO/DTS13471-2[21]  SPBand others Air C3(<HDand Hvy ~ Denseasphalt 0061
AASHTO T 360-2016 [12] OBSI Air SRTT All -0.072

v = vehicle speed in km/h; P, HD and HM are the vehicle classes from ISO 11819-1; C1, C2 and C3 are the tyre
classes defined in UNECE R.117 [8]. ! At the speed range of 45-64 km/h a reduction factor of 0.9, 0.8 and 0.6
needs to be applied to the temperature coefficients of C1, C2 and C3, respectively.

While there is extensive research on the temperature influence on road traffic noise
for passenger cars using the CPX method, only a few studies have used pass-by methods.
Table 4 summarises the temperature coefficients from these publications, retrieved from the
most similar conditions to this study. Information on pavement type and measurement
speed as presented in Table 4 is important as the effect of temperature on tyre/road noise
depends on air-void content, texture and tyre type [22], and with an increase in speed the
temperature influence decreases [28].

Table 4. Summary of temperature coefficients for passenger cars, calculated based on pass-by
methods as found in the literature.

Temp. Pavement Speed
Publication YU,air R2,;, Method Range p Comment(s)
(dB/-C) AifRoad  TYPe  [hamihl
e  Different procedures were
Sanchez- Conti used to correct for traffic
Fernandez —0.161 0.66 Or;tlmuous 22-32/27-53  DAC 100 composition and flow,
et al. [24] ow which may increase
uncertainty in the results
Jabben Performed during the night
et al. [29] —005 / SPB —6-19 DAC 60 Questionable methodology
Landsberger ISO e  Average of 6 tyres that
etal. [30] —0.027 poor Coast-by 5-35 10844 53-80 showed poor correlation
Anfosso-
Ledée —0.10 0.86 CPB 0-30/0-50 DAC 90 e Two tyres tested
etal. [17]
o  Greater distance between
Continuous test lane and microphone
flow and e  Calculated as the average of
US.DoT [31] —005 / SPB, both / DAC different temperature
at15m coefficients of which some
showed a low R?
v D e  Tyres used in the study
uan —0.079 / CPB 1-33/5-55 ense 60 show a very aggressive
etal. [32] asphalt tread.

DAC = dense asphalt concrete.



Sustainability 2022, 14, 2099

10 0of 18

The coefficients in Table 4 vary greatly (—0.027 to —0.161 dB/°C), with an average
equal to —0.078 dB/°C. The temperature coefficients reported in this study are in the same
range as those from the literature but are approximately 24% larger. This difference may
be due to differences in methodology. Additionally, a lot of essential information relevant
for the comparison is missing, such as the R?, or another concerning comment can be
made. Among the publications presented in Table 4, only the study of Ref. [29] used the
SPB method and reported a temperature coefficient of —0.05 dB/°C, which is significantly
smaller. However, the data from Ref. [29] were gathered during the night. As the pavement
is not heated by solar irradiation, the relation between L max and temperature may not be
the same as during the day.

3.1.2. Heavy Vehicles

As presented in Table 2, the findings for heavy vehicles are notably different from
those of passenger cars. Neither the HD nor HM categories presented p-values over 0.05,
showing no statistically significant proof of a temperature influence. Although the result
from location 3 for HM gives a remarkably higher R? and temperature coefficient closer to
that proposed in the standard, this result may be attributed to the smaller sample size, as
it contained considerably fewer HM pass-bys than the other locations (286 compared to
1855 for location 1). As a test, the analysis was repeated with random samples of the same
size taken from location 1, which had the most HM pass-bys. This smaller size resulted in a
wide range of R? values, some larger than the R? reported for location 3, indicating that the
R? of location 3 does not imply a more accurate result. As a final attempt at achieving a
temperature correction for the heavy vehicle categories, the data from all locations were
speed corrected and then combined. A linear regression on La max and temperature of the
combined data also presented no statistical significance.

As already represented in the standards, the same correction for temperature cannot
be applied for heavy vehicles as for passenger cars. In ISO/DTS 13471-2 [21], a value
of —0.06 dB/°C is proposed for correction based on air temperature, which is further re-
duced by 40% to —0.036 dB/°C for the 45-64 km/h speed range to take into account the
diluting effect of power-unit noise over tyre/road noise. This value is less than half of
that of passenger cars. Even though the CPX method includes a tyre to represent heavy
traffic, namely the AVON AV4, ISO/TS 13471-1:2017 [27] prescribes the same temperature
correction as for the SRRT, representative of passenger car tyres. This indicates that the
temperature influence of the Avon AV4 tyre may not be representative of the heavy vehicles
measured during a SPB campaign. Additionally, there are concerns about whether the
AVON AV4 is a suitable representative for the HM class of SPB [33]. In terms of literature,
only one paper has reported a temperature correction for heavy traffic based on the SPB
method specifically [29]. The authors of Ref. [29] also found no evidence for a temperature
influence, although, as mentioned in the previous section, the data were collected during
the night, which may not be comparable to the daytime measurements performed in this
study. Other works have addressed the topic of temperature influence on road traffic noise
levels for heavy vehicles using other methods such as CPX or CPB and air temperature.
While these methods are valid tools for establishing a temperature correction for a spe-
cific tyre/road combination, their findings do not necessarily represent the temperature
influence affecting SPB measurements. Nonetheless, as almost no literature is available
on temperature influence within the SPB method, comparing the findings to this study is
still relevant. A compilation of literature for heavy vehicles, based on CPX and pass-by
methods is presented in Table 5.

Firstly, it is noted that the coefficients reported for the CPX method using the Avon AV4
tyre and the lab test are remarkably higher compared to the papers using pass-by methods.
In more detail, the average of the reported temperature coefficients is —0.091 dB/°C for CPX
and lab tests and —0.023 dB/°C for pass-by methods, which corresponds to a 75% difference.
This confirms the earlier comment that the temperature influence on the Avon AV4 tyre
is not representative for SPB measurements. However, another possible explanation for
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this discrepancy may be the diluting effect of power-unit noise only present in pass-by
measurements. This may also be the reason for this study’s lack of temperature influence for
the HM category. Furthermore, even though the speed limit at all locations was 70 km/h,
the mean speeds were substantially lower. For HM, the average speed was 53, 45 and
46 km/h for locations 1, 2 and 3, respectively. The difference between the imposed speed
limit and the mean speed is remarkable. Based on experience, it is expected that drivers
decelerated upon noticing the SPB setup, believing that it might be a speed trap. While
performing the measurement, the crew paid close attention to the vehicle speed; those that
did not travel at a constant speed were discarded to ensure that the noise measurement was
not affected by decelerating or accelerating. Regardless of these remarkable measurement
speeds, the lower limit for the speed range in the standard is 45 km/h, so this study was
within the requirements set. However, at these lower speeds, the overall vehicle noise
of heavy vehicles is still dominated by power unit noise, as reported in [36] and as can
be seen in Figure 5. The effect of temperature on power unit noise is more complex and
vehicle dependent; as a result, the temperature-power-unit noise relation shows no clear
trend within the scope of SPB measurements. It is expected that this dilution resulted in no
apparent temperature influence on the total pass-by noise. In the standard, the diluting
effect of power-unit noise over tyre/road noise reduces the temperature coefficient by
40%. This reduction is only required at the speed range of 45-64 km/h, while no reduction
should be applied at higher speeds. The results from this study indicate that the diluting
effect of power-unit noise may be more significant than currently accounted for.

Table 5. Summary of temperature coefficients for heavy vehicles, calculated based on various methods
as observed in the literature.

Temp. Pavement Speed
Publication YU,air R2 Method Range veme pee Comment(s)
[dB/°C] Air/Road Type  [km/h]
Test on
Sandberg . 2 tyres tested
etal. [34] —0.070 / druln;)s in 6-36/8-40 DAC 50 No radiation from the sun
al
Biihlmann CPX: Avon 50 and
etal. [13] -0 / AV4 7-35/- DAC 80
Jabben 7 ) Duri oht
etal. [29] 0 / SPB 6-19/ DAC 70-100 ° uring nig;
) The authors cite the
Mioduszewski CPX: Avon Sperenberg Project, but the
etal. [35] —0.093 0.93 AVA 3-28/10-36 SMA 50 original source was
not found.
Bentsen ~0.048 / CPB 0-35 Dense 70
etal. [19] ’

. Greater distance (15 m)
between road and
microphone

U.S.DoT [31] —0.02 / Paiss-by at DAC / e  Calculated as the average of
m

different temperature
coefficients of which some
were showed low R?

DAC = dense asphalt concrete.
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Figure 5. Share of tyre/road and power unit noise (based on data from [36]).

3.1.3. Choice of Temperature

The temperature coefficients were calculated in previous sections based on air temper-
ature as it is most commonly used in standardisation methods and literature. Nevertheless,
the choice of temperature (air, road, or tyre) remains a relevant discussion for multiple
reasons, as mentioned in Section 2.4. Firstly, tyre temperature is most closely related to how
temperature influences tyre/road noise [23]; yet it is impossible to measure in the context
of SPB measurements. Alternatively, air and road temperature indirectly affect road traffic
noise levels, but it is unclear if one is better suited for correction procedures.

In this study, air and road temperatures show a strong correlation, with an R? of
0.856 considering all data from all locations. The correlations improve slightly when con-
sidering individual locations (0.86-0.91). This is in line with previous studies [17,24,31].
This strong correlation indicates that no major differences in correction accuracy between
the temperatures are to be expected. To further investigate this, the correlation strength
between L max and temperature, indicated by the R?, is compared for air and road tem-
perature. Since vehicle category P presented good correlations for all locations, we chose
to further analyse the different temperature types by using the results from this category
(Figure 6). Moreover, the R? values of passenger cars are better or similar to other stud-
ies [17,24]. Due to methodological differences, a direct comparison between studies is
difficult, but the similarities in values indicate that the data and method used in this study
are adequate. From Figure 6, it is concluded that the air temperature appears to be better
suited for use in a temperature correction than road temperature as it showed a higher
average R? value. Aside from the correlation strength, a comparison of the results for
air and road temperature shows that the magnitude of temperature coefficients is larger
for air temperature than road temperature. This is simply because the road temperature
varies much more than the air temperature. The ratio of temperature coefficient for air to
road is, on average, 1.30 for vehicle category P, which matches the slope of the regression
line between air and road temperature (=1.28). Lastly, in their study, Bithlmann et al. [23]
proposed an equation, see Equation (3), to estimate the tyre temperature when it is not
possible to measure it directly, as is the case with the SPB method. The estimated tyre
temperature was added to the analysis but did not show an improvement in R? values.
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Figure 6. Comparison of different temperature coefficients g at the different locations and averaged.
! Estimated tyre temperature calculated per Equation (3) [23] using the air and road temperatures.

3.1.4. Temperature Coefficient in Third-Octave Bands

Concerning a temperature correction on the noise levels of individual (third-) octave
bands, all of the major standards apply the same correction for the individual (third-) octave
bands as for the overall La max- Yet, as the noise generation mechanisms work in different
(third-)octave bands and are likely to be affected differently, a homogeneous correction
may therefore be unrealistic. In this study, an attempt was made to determine the influence
on La max in third-octave bands. As described in Section 2.3.1, two sonometers were used
due to limitations in the main set-up to register the Lo max in 1/3-octave bands. Some
data were lost during the correlation between sonometers, resulting in only category P at
location 1 consisting of sufficient data for the analysis in third-octave bands. Based on the
average spectrum of the pass-bys, a range of 50-10,000 Hz was selected to be relevant for
traffic noise. The p-values for temperature influence in the 50-10,000 Hz range are plotted
in Figure 7.

’IIIIIII¥
o M O O I O O O O OO0 O 0O 0 0O O 00O OO 9O
I O 0 O N O O L = O O MmO O W O O O 1 o O O O 9O
N = = AN AN FHIO O 0O N0 O —H O O MmO Q9
HﬂHNNmﬁ*m\DOOS
Frequency [Hz]

Figure 7. p-values from the analysis on the temperature coefficients on third-octave bands across the
50-10,000 Hz range.
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The p-values at the low-frequency bands (<315 Hz) show no statistical significance
at a significance level of 5%, indicating that temperature may not influence the La max in
these bands. These findings differ from Ref. [17] and Ref. [24], where contradicting, but
significant temperature coefficients were found in this region of the spectrum. Where
Anfosso-Lédée et al. [17] found large negative temperature coefficients, Sanchez-Fernandez
et al. [24] reported moderate positive values. The methods used in these studies are similar
to that of this study: CPB and continuous flow measurement, respectively. Additionally,
all studies considered dense asphalt surfaces. The difference in findings is possibly due
to variation in traffic, especially in the study of Ref. [17], which only considered two tyres.
Another explanation may be that power-unit noise is dominant in these specific frequency
bands. In the middle and high-frequency bands (315-8000 Hz), the p-values in Figure 7 are
below the 5% significance level for all octave bands, except for 400 and 6300 Hz.

Figure 8 shows, in the left-hand side y-axis, the temperature coefficients in the
50-10,000 Hz range; the octave bands presenting R? values larger than 0.70 received a
green marker while the others are coloured in red. All frequency bands in the 315-8000 Hz
reported R? values larger than 0.70, except for the 400, 1000, 1600 and 6300 Hz bands.
The calculated temperature coefficients vary from —0.099 to —0.144 dB/°C, but no clear
spectral dependence is observed. These negative values are consistent with Refs. [17,24],
although the first study did not present significant p-values in this range. At 1600-2000 Hz,
both these authors reported a reduction in the temperature correction, reaching the lowest
values; this trend is not apparent in Figure 8. Temperature influence in these frequency
bands was also investigated by Bithlmann et al. [28] using the CPX method, but limited to
the SRTT tyre. These authors observed a smaller influence of temperature on SPL at the
middle frequencies (315-2000 Hz), while from 2500-5000 Hz, the temperature coefficient
presented increasingly negative values.
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Figure 8. Temperature coefficients for passenger cars in third-octave bands (50-10,000 Hz) and
averaged spectrum of all passenger car pass-bys at location 1.

3.2. CPX Results

In addition to the SPB results, a CPX measurement was performed at the three sites.
The goal was to evaluate the acoustic properties of the pavements at the locations by a
different method and validate the selected SPB measurement locations. During the CPX
measurement, the air temperature was very close to the reference temperature at 20 + 1 °C,
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while the road surface temperature ranged from 28 to 31 °C, and was performed at the
reference speed of 50 km/h. A section of 200 m was measured at each location while
reporting the Lcpx.p values for 20 m segments. The CPX results were similar across the
locations: location 1 and 3 shared the same Lcpx.p result, while location 2 had an average
of only 0.2 dB lower than the other two, as shown in Table 6. The standard deviation on the
Lcpx.p values of the individual 20 m segments is very low (<0.3 dB), indicating that the
acoustic properties of the road section were homogeneous over the entire length and that
the selected SPB measurement locations are representative of the whole section.

Table 6. Overview of Lcpx.p, Lspp:p,50 and predicted Lgpp.p 50 for the three locations.

Location LCPX:P [dB] LSPB:P,SO [dB] Predicted LSPB:P,SO [dB]
Location 1 928 +0.1 74.3 72.6
Location 2 926 +0.1 73.8 724
Location 3 92.8+0.3 74.4 72.6

Figure 9 depicts the Lcpx.p values and the average spectrum for vehicle category P in
one-third octave bands for location 1, clearly following the same trend. In the ROSANNE
project [37], the relation between Lcpx.p and SPB measurements was analysed, leading to
Equation (5):

LSPB:P = 0-95LCPX:P —15.6 dB (5)

315

400 500 630 800 1000 1250 1600 2000 2500 3150 4000 5000
Frequency [Hz]

Figure 9. Lcpx.p and averaged spectrum of pass-by passenger cars for the 315-5000Hz.

Equation (5) was applied to the Lcpx.p values from this study, leading to predicted
Lspg.p 50 values included in Table 6. The predicted Lspp.p 50 deviate from the actual Lspg.p 50
results by 1.4 to 1.8 dB. In the referenced study 90% of the predicted Lspg.p 50 were within
+/—1 dB of the actual Lgpp.ps0, therefore the difference of 1.4 — 1.8 is notable but not
alarming, especially considering the empirical nature of the Equation (5).

4. Conclusions

This study investigated the influence of temperature on road-traffic noise by means
of the statistical pass-by method according to ISO/DIS 11819-1 [20]. In total, 5716 pass-by
vehicles captured (2896 of P, 295 of HD and 2525 of HM) at three locations with either an
asphalt concrete or SMA pavement. The measurements were performed over a 7-month
period, covering the complete temperature range described in ISO/DIS 11819-1. The data
from different measurements at the same location were combined and a new statistics-based



Sustainability 2022, 14, 2099

16 of 18

procedure was applied to deal with the large spread of data inherent to the SPB method.
Additionally, CPX measurements were performed at the three locations to evaluate the
acoustic properties and validate that the pavement sections at the microphone location
during the SPB measurements were representative of the whole road. The key findings are:

e  Theair-temperature coefficients for passenger cars on AC and SMA pavements are sim-
ilar. The result from this study, an average air temperature coefficient of —0.103 dB/°C
for passenger cars, supports the procedure in ISO/DTS 13471-2.

e No statistical evidence was found for temperature influence on road traffic noise con-
cerning heavy vehicles. This is expected because of the low speed (45-53 km/h) during
the measurements. At these speeds, the power unit noise dilutes the tyre/road noise.
The effect of temperature on power unit noise is very complex and vehicle-dependent;
as a result, there is no clear trend for this effect in terms of SPB measurements. There-
fore, the temperature influence on the overall noise level is not (statistically) noticeable.
While the diluting effect is accounted for in the standard by a reduction in the temper-
ature coefficient of 40% in the speed range of 45-64 km/h, in this study the diluting
effect appears to be higher, which may indicate that the diluting effect is underesti-
mated and the reduction should be increased further.

e In this study, both air and road temperatures were considered. The R? values of the
linear regression obtained from the L m,c—temperature correlation were consistently
the highest for air temperature, although the differences from the R? of road tempera-
ture were small. This indicates that air temperature holds a marginal benefit over road
temperature for correction procedures. Tyre temperature, estimated using a formula
by Biihlmann et al. [23], did not show an improvement over the other temperatures.

e  An analysis of temperature coefficients in one-third-octave bands for passenger cars
showed no temperature influence at the low-frequency range (<315 Hz), contradict-
ing previous research. A temperature influence at the middle and high frequencies
(315-10,000 Hz) was statistically proven. Unexpectedly, the temperature coefficients
in this range are considerably unvarying, and thus are not spectral dependent, ranging
between —0.10 and —0.15 dB/°C.

This study succeeded in achieving its original goal of verifying the temperature
correction for road-traffic noise of passenger cars. Although the measurements were
performed using the SPB method according to ISO/DIS 11819-1 [20], the findings from
this study are also relevant for other methods such as continuous flow measurements and
noise mapping. More research is needed for heavy vehicles, however. More specifically,
the temperature influence on road-traffic noise should be investigated at higher speeds
for this vehicle category. Additionally, the analysis of the temperature influence on the
noise levels in third-octave bands, here limited to passenger cars, can be applied to heavy
vehicles in future research. Even though this study assessed AC and SMA pavements, the
literature still lacks research on temperature influence using the SPB method for porous
pavements and cement concrete pavements. In future research, the authors intend to use
this extensive SPB dataset to analyse changes made in ISO/DIS 11819-1 [20] compared to
the old version [11] especially concerning the L max difference between vehicle categories
HD and HM, the proposed speed coefficients for the heavy category and the relation
between the number of axles and La max in the heavy category.
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