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Abstract

Purpose of the Review This paper is devoted to the review of the most popular literature Road Traffic Noise Models (RTNMs)
frameworks, from the oldest ones to the recent machine learning techniques. A dedicated section is reserved to the review of
Noise Emission Models (NEMs), with specific focus on approaches that allow the assessment of single vehicles’ emissions.
Finally, some propagation models are also briefly presented, along with the assessment of the impact on the population of
road traffic noise, in terms of time-averaged indicators and exposure descriptors.

Recent Findings In recent years, many efforts have been devoted to developing methods and models to assess the impact
of environmental noise. Considering the primary role of road traffic as a noise source, estimating its impact is fundamental
when evaluating the acoustic environment of a specific urban area. The scope of RTNMs is to provide an assessment of the
noise emitted by the source in terms of traffic flows, propagate it at any desired point, including possible corrective factors,
assess the impact at the receiver, and use this information to provide maps and other useful outputs.

Summary This review summarizes the so-far developed approaches for road traffic noise evaluation and furthermore under-
scores the ongoing necessity for research to develop more precise tools useful for managing road traffic noise’s adverse effects
on urban environments and public well-being. Challenges and limitations of such models are discussed in the conclusions,
highlighting the need for providing high quality input data and avoiding site-dependent approaches.

Keywords Road traffic noise - Modelling - Single vehicle noise emission - Micro to macro modelling - Propagation and
assessment

Introduction

The ongoing urbanization and population growth that char-
acterize modern cities have resulted in an increased demand
for mobility, consequently contributing to the degradation
of acoustic environments in urban scenarios. As a result, a
significant amount of people, about 20% of the European
population, live in areas where noise levels are considered
harmful to human health due to long-term exposure to high
levels of noise, with road traffic consistently identified as
the most annoyance noise source [1]. The potential conse-
quences of prolonged exposure to noise, both psychological
and physical well-being, include sleep disturbances, hearing
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effort has been devoted to developing methods and models
to assess the impact of environmental noise. In particular,
considering the primary role of road traffic as a noise source
[1], the estimation of its impact is fundamental when eval-
uating the acoustic environment of a specific urban area.
This evaluation can be carried out either through extensive
in situ measurement campaigns or using appropriate model-
ling simulations. However, the use of simulations over in situ
measurements can be preferred due, for example, to the high
costs involved, the time burden related to the organization
and any follow-up studies of such measurement campaigns,
as well as the need for appropriately trained staff and so on.
Finally, a fundamental and non-trivial reason that might lead
to a preference for the use of models over actual measure-
ments is that the impact on the urban noise environment of
a road still in the design phase might want to be assessed
and, as such, it cannot yet be the subject of measurements.
A detailed review of the most popular Road Traffic Noise
Models (RTNMs) was presented by Steele in [5], in which
the author presented the early models, together with the
methods used at the time of the publication, by reporting the
equations and the adopted parameters. Mann et al. provide a
specific overview on RTNMs for developing countries [6].
Moreover, by reviewing 11 traffic noise modelling strate-
gies, Ibili et al. found that researchers, probably due to costs
and time required to develop new models, have developed
new RTNMs by starting from earlier models as a baseline,
adapting them to their specific conditions [7]. Some other
critical and interesting reviews can be find in the work of
Garg et al. and of Rajakumara et al. [8, 9], in which useful
resuming tables, reporting the main features of the RTNMs
under review, can be found. In particular, Garg et al. [8] draw
a comparison between the main traffic noise models adopted
in different countries on the basis of technical attributes,
such as source modelling and sound propagation algorithms.
On the other hand, Rajakumara et al. [9] compared eight
literature models with an “ideal” model to be developed that
could overcome several gaps of the literature ones.
Focusing on Noise Emission Models (NEMs) of single
vehicle and road traffic, some recent papers have been pub-
lished, providing critical insights and useful methods. For

instance, in [10ee], Rey-Gozalo et al. reported how recent stud-
ies’ results actually could improve the accuracy of road traf-
fic noise assessment and how appropriate action plans could
reduce the noise emitted by vehicles.

n [11], Can and Aumond studied the influence of speed
and acceleration in road traffic noise emissions estima-
tion. Using real vehicles trajectories data, taken in a dense
urban corridor, they found that commonly used noise emis-
sion models could misestimate noise levels under conges-
tion, emphasizing the need for additional enhancements in
dynamic road traffic noise models.

Another detailed description of some NEMs can be found
in [12] in which the selected models were tested to highlight
critical hotspots in the case study. In [13e], Pascale et al. also
considered how different typologies of propulsion (namely
gazoline, diesel, LPG, and hybrid) contribute to the correct
evaluation of sound power level of a vehicle, opening the
way to a detailed microscopic modelling that includes also
the motorization of the single vehicle.

Once the single vehicle noise emission has been estimated
with any microscopic NEM, it is possible to define impact
indicators. In [14], two indicators based on the second-by-
second sound power level of a single vehicle are defined,
namely the overall and the average sound power level emit-
ted during a route. They can be used for eco-routing applica-
tions, such as in [14, 15], or for signal setting design, as for
example in [16], expanding the potential applications of road
traffic noise assessment. Moreover, the problem of variabil-
ity in single vehicle sound power levels of mixed fleet can
occur. This is mainly due to variation in emissions of a fleet
of vehicles, affecting both static and dynamic modelling. In
[17e], the authors suggested that noise emission levels cal-
culated through usual static noise prediction models should
be corrected using a correcting factor that depends on the
variance of the residuals distribution.

The general idea of any Road Traffic Noise Model is to
provide an assessment of the noise emitted by the source in
terms of traffic flows, to propagate it at any desired point,
including possible corrective factors, to assess the impact
at the receiver, and to use this information to provide maps
and other useful outputs. Figure 1 illustrates the four main

Fig. 1 Flowchart of the common road traffic noise modelling chain
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components of road traffic noise modelling framework. It
is noteworthy that certain models proposed by the commu-
nity do not entirely separate the different models, but this
schematic view nonetheless allows for their comprehensive
understanding.

In this paper, the authors aim to present the most
popular modelling frameworks that have been proposed
in recent years. For the sake of brevity, the focus of the
paper will be on emission models, with special care on
models that allow the assessment of single vehicles’ emis-
sions. These models, in fact, can be used in a microscopic
modelling of a complex network, combined with a micro-
to-macro process and a propagation model, to assess the
road traffic noise impact at any receiver, as it is done in
most macroscopic models. A detailed report about how
the input of the models is obtained, i.e. the study of the
activity of the source, will be postponed to a forthcoming
paper, as well as a review of the propagation models and
the assessment at the receiver. For these reasons, after
resuming in “Evolution of Road Traffic Noise Model-
ling: from Early Statistical Models to Machine Learning
Approaches” section the evolution of road traffic noise
modelling approach, from early models to recent Al and
machine learning techniques, an overview of the most up-
to-date approaches to assess the sound power level Ly,
of road traffic, namely the NEMs is provided in “NEMs
Review” section. The propagation models of road traffic
noise are briefly presented in “Propagation and Assess-
ment at the Receiver” section, together with the assess-
ment at the receiver, in which the possible uses of RTNMs
predictions are presented. To assess the impact on the pop-
ulation of road traffic noise, in fact, collective and time-
averaged indicators must be estimated to compare pre-
diction results with regulation limits, as well as exposure
descriptors to provide insight on health effects. Finally,
in “Conclusions” section, the conclusions are given. It is
noteworthy to underline that the variables and symbols
of the models reported in this paper may sometimes be
slightly different from the original versions. This choice
was made for coherence purposes and to improve the read-
ability of the paper.

Evolution of Road Traffic Noise Modelling:
from Early Statistical Models to Machine
Learning Approaches

Many models have been developed and used to assess road
traffic noise. The older approach consists on collecting large
sets of field data in several conditions and then performing
statistical regressions with fixed formulas. Such an approach
has been then improved including additional parameters and
adopting more advanced mathematical algorithms.

Historical Models

The earliest RTNMs date back to the 1950s and work with
traffic flow, instead of individual vehicles. Although based
on a statistical approach that simplifies the actual traffic
conditions, they are usually able to provide fairly accurate
results. These are generally the simplest type of models,
characterized by a small amount of input data required and
providing as an output the percentile Ly, or the L. They are
usually based on regressions that are typically performed
on specific dataset. Thus, they are influenced by local con-
ditions, both in terms of road and weather characteristics
and vehicle types, which leads them to a limited accuracy.
Indeed, the key inputs are usually traffic flows for the vehi-
cle categories considered (i.e. light and heavy vehicles),
characteristics of the road surface, and distance between
carriage and receivers.

An early RTNM was developed in the Handbook of
Acoustic Noise Control [18]. This model primarily relied on
two inputs: Q is the traffic volume in vehicles per hour, and
d is the distance from the observation point to the center of
the traffic lane. The percentile Ls, for vehicles with a speed
of about 55-75 km/h and a distance greater that 6 m can be
computed following the formula (1):

Ls, = 68 + 8.5L0g(Q) — 20Log(d) )

It has to be underlined that this model does not provide
any kind of specification with respect to vehicle types or
road characteristics.

Subsequently, Nickson et al. introduced an alternative
model that included a constant term, also referred to as C
essential for aligning the model with experimental data [19].
The formula used is presented in Eq. (2)

Ly, =C+ lOLog(%) )

Later, Johnson et al. presented a model that also consid-
ered the average vehicle speed v as input data, along with
some corrective factors related to ground attenuation and
gradient, as shown in formula (3) [20]:

3
Lsy = 3.50 + 10L0g<Q7v> 3)

Galloway et al. in [21] made some improvements to the
previous model, introducing the percentage of heavy vehi-
cles P as in Eq. (4).

ov?
Lsy =20+ 10Log e +0.4P 4)

With the introduction in several regulations of the equiva-
lent level Leq as a sound level indicator, one of the most used
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models that uses the same inputs to compute the equivalent
level is the Burgess model [22] presented in Eq. (5).

Leq =55.5+10.2Log(Q) + 0.3P — 19.3Log(d) (5)

Another model was proposed by Griffiths and Langdon in
1968, with the aim of computing the L,, using the percentile
levels L, Ls,, and Ly as in formula (6) [23].

2
L, =Ls+ 0.018(Lyo — Log) (6)

Each statistical percentile noise indicator can be com-
puted as in Eq. (7).

Ly, = 61 + 8.4L0g(Q) + 0.15P — 11.5Log(d)
Ly, = 44.8 + 10.8Log(Q) + 0.12P — 9.6Log(d) %)
Loy = 39.1 + 10.5Log(Q) + 0.06P — 9.3Log(d)

Later on, Fagotti et al. explored the possibility of intro-
ducing other vehicle categories into the previous models,
making them more accurate. Specifically, their RTNM con-
siders the motorcycles and buses flow (i.e. respectively Q,,
and Qpy/s), aside from the light-duty and heavy-duty vehicles
ones (i.e. Q; and Q) using appropriately calibrated coeffi-
cients to take into account their different contributions. The
formulation is reported in (8) [24].

Another model was developed by the French C.S.T.B
(Centre Scientifique et Technique du Batiment), in which
the proposed formulation for L,, 4 helps to consider differ-
ent conditions of road and vehicle flow [25]. In particular,
the L,, , is calculated using the estimation of Ls, according
to formula (9):

L, 4 = 0.65Ls,+28.8 )

The percentile level Ls, is estimated, using, either in
urban or highway scenario with traffic flow lower than 1000
vehicles/hour, Eq. (10):

Lsgs = 11.9Longq +314 (10)

or in urban configuration, where very tall buildings are
flanking the street, taking into account the width / of the
road itself, as in formula (11):

Lsy, = 15.5LogQ,, — 10Logl + 36 (11)

In both the Egs. (10) an (11), the equivalent vehicular
flow is calculated as reported in formula (12):

0., =0(1+ (=) (12)
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where 7 is a sort of homogenization coefficient, helping to
consider that heavy vehicles cause a greater noise emission
than light ones, also called “acoustical equivalent” of heavy
vehicles. This coefficient provides the number of equivalent
light vehicles that produce the same acoustic energy as a
heavy vehicle, travelling at the same speed. A formulation
of its dependence from speed is given in [26].

General Equation of the Early Models

Almost all the previously mentioned statistical RTNMs
can be traced back to a general equation of the equivalent
noise level:

L, =ALogQ[1 + %(n— 1)] +bLogd + C (13)
where Q is the traffic volume in vehicles/hour, d is the dis-
tance from the observation point to the center of the traffic
lane, P is the percentage of heavy vehicles, and n is the
acoustic equivalent coefficient above presented. The A,
b, and C parameters can be computed using a regression
approach on many L, data with different values of the input
variables (Q, P, d). As for n, similar regressive approaches
can be used or it can be even established by single vehicle
emission measurements. Obviously, several homogenization
coefficients could be defined to consider different categories
in addition to the heavy one (i.e. motorcycles, buses).

As already mentioned earlier, the calibration of these
parameters is usually performed by means of regression
on field data. A different approach is presented in [27], in
which the authors showed that a computed dataset, depict-
ing several different scenarios of traffic, both urban and
extra-urban, can replace field measurements in calibrating
a multi-linear regressive model with good results. The per-
formance of such a model depends mostly on the selected
ranges of variables and on the RTNM adopted to simulate
the equivalent levels.

The general equation of a regressive model is often modi-
fied by means of several corrective parameters that, depend-
ing on the model considered, include the role of average
speed, kind of road (gradient, asphalt, etc.), weather and
traffic conditions, the presence of disturbing elements to the
propagation of sound waves such as barriers, building, etc.

CoRTN English Model

The composition of a general formula with several correc-
tion factors is at the basis of the English standard model,
referred to as CoRTN procedure [28]. CoRTN model takes
into consideration, aside from the traffic flow and com-
position, the mean speed too. In the first step, the other
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conditions are idealized, for example assuming the hypoth-
esis of moderate wind velocity and a dried road surface. One
of the equations proposed in this model allows to assess the
hourly noise level at a distance of 10 m from the nearest
roadway as in Eq. (14). Then, the computed level can be cor-
rected through the use of different coefficients to consider
the actual conditions of the road infrastructure under study
as shown by the several coefficients.

Lo, =42.2+ 10Log(Qy) + Agyy + A + Ap

14
+Ap+Ag+ AL+ Ap a4

Thus, several corrective coefficients are considered, Aﬂow
due to traffic flow adjustment, A due to the road’s gradi-
ent, Ap due to the type of road pavement, A, is a distance
adjustment, Ag due to the presence of shielding, A, take
into consideration the angle of view adjustment, and A, the
reflection adjustment.

RLS 90 German Model

Another model is the one used as the German standard,
RLS 90 model [29]. The needed inputs for this model, aside
from the “classic” ones, collect information about the aver-
age hourly traffic flow, considering also the motorcycles
category and the average speed of each category. A peculiar
characteristic of this model is its potential to assess the noise
emission of a parking lot. As the aforementioned CoORTN
model, RLS 90 model uses ideal conditions to assess Lfﬁ"’),
an average noise level at a distance of 25 m from the centre
of the carriageway as reported in Eq. (15).

L™ =37.3 + 10Log[Q(1 + 0.082P)] (15)

Several corrective factors are then added to such value,
to take into account speed limits, different road surfaces and
vehicle speeds, rises and falls along the route, the presence
of buildings, air absorption, ground and atmospheric con-
ditions, topography characteristics, and presence of traffic
lights.

C.N.R. Italian Model

To obtain an adaptation of the German model to the Ital-
ian framework, it has been developed the Italian National
Research Center (C.N.R.) model [30], then improved by
Cocchi et al. [31]. The model formulation is reported in
Eq. (16).

d
Leq.A =a+ 1OLog(QL + ﬁQH) - 10L08<%>

FA A+ Ag+Ap+Ag+ Ay

(16)

In addition to what has already been explained for the
German and the UK models, in the C.N.R. model, two new
parameters have been considered, @ and f, in order to evalu-
ate the characteristics of countries roads and vehicles. In
particular, « is related to the single vehicle’s noise emission
and f to the heavy vehicle’s noise emissions. Moreover, Q; and
Qy, are respectively light and heavy vehicle traffic flow, while
d, is a fixed reference distance of 25 m. Several corrective
coefficients are then considered, A, due to mean tflow veloc-
ity, A and Ay due to the presence of a reflective facade near
or in the opposite direction of the observation point, and Ay
due to the presence of traffic lights or slow traffic conditions.

ERTC Thailand Model

In 1999, the Environmental Research and Training Centre
(ERTC) of Thailand established several equations to assess
the average power level due to small and large vehicle groups
through a regression approach of measured data [32]. Once
the power level is obtained as a function of the speed, it has

been used for estimating the L, as in Eq. (17).

L,, = 67.8 +20.4Logv + 10Log((1 — P) + 5.37P)

17
— 10Log2dL + A5 + Ap an
where d is the distance from a traffic line to receiving
point, A dWis the correction value for diffraction attenuation
and L is the average gap distance estimated as follows (18):

L =1000v/Q 18)

Li et al. Chinese Model

In 2002, a road traffic noise model has been developed by Li
et al. in the Chinese area, considering local environmental con-
ditions, vehicle types, and traffic conditions. They classified
vehicles into three types, namely, light cars, medium trucks, and
heavy trucks. The model gave as output the equivalent noise
level with respect to speed, traffic flow, distance, gradient,
ground absorption, finite length of road segment, and the pres-
ence of any shielding adjustment as shown in formula (19) [33].

Lya =5574+0.12(v,, — 50) — 8.06Logv,, +9.97LogQ,,

dy dy
+ 14.38Log 7 + Ag +al,zLog "

10L ¢ A
+ ()g<K> + <

In addition to the coefficients characterized by the same
notation as those presented in previous models, v,, is the
equivalent speed of traffic flow, A, as above, is an adjustment

@ Springer
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for the road gradient, A, is the percentage of soft ground
cover within the road segment considered, and A, is the angle
subtended by road segment relative to the receiver.

Nordtest Finnish Model

In Finland, the Nordtest approach was developed under the
auspices of the Nordic Council of Ministers [34]. The Nor-
dtest model permits to assess the L,, by performing noise
measurements in a continue way for certain time interval
period. It describes how to measure the noise level in a pre-
cise point and using several microphone positions. The 24 h
equivalent noise level L, 4, formula is reported in (20), in
which it is clear also the independence of noise levels meas-
ured during the day, evening, and night periods, respectively
Ly 4> Ly 4> L, o to which correspond time intervals indicated
by the same indices.

Loyass = IOLog% [Atdlor‘o’ +A1,10% + Aznlo%] (20)

where the sum of the three considered time interval is 24 h.
They also proposed an alternative method to assess the traf-
fic conditions during night or evening period, by considering
average traffic conditions instead of taking actual measure-
ments. For the light vehicles, the used equations are reported
in (21).

s
50
Lo pjigne = 7115 for30 <v < 40km/h

Lopiign = 735+ 25Log( ); forv > 40km/h

2y

while for heavy vehicles, reference is made to (22). All three
equations refer to a distance of 10 m.

L

ey = 80.5 + 30L0g<%>; for50 < v < 90km/h

L =80.5; for30 <v <50km/h

e,Aheavy
(22)

Finally, one can compute the equivalent noise level in 1 h
span as in (23).

1 Le Ajlight Le A heavy
Leq,A,lh = IOLOg w nlighz‘lo 0+ nheavylo 10

(23)

where n,;,, and n,,,, are the mean traffic flow per hours of
the two considered categories.

Machine Learning Models

One of the latest trends in road traffic noise modelling is
the development of machine learning models. A new way
of approaching the traffic noise modelling problem is the Arti-
ficial Intelligence (AI) approach, which can be more reliable
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and robust in facing non-standard conditions, as stated in
[35, 36] and [37]. The AI techniques used nowadays for
the prediction of road traffic noise are various, including
the artificial neural network (ANN), adaptive neuro fuzzy
inference system (ANFIS), and genetic algorithm (GA). A
bibliographic overview of fifty papers concerning the appli-
cation of artificial intelligence (AI)-based models in model-
ling vehicular road traffic noise, selected via a computerized
search method, is provided in [38e]. Some examples of the
use of ANN in the domain of road traffic noise in the litera-
ture are [39] and [40], where the percentage of heavy vehi-
cles, average speed, and number of total flowing vehicles
are used as input values to implement an ANN model to
predict road traffic L,, and L, values in two Indian cities.
A similar work [37] implements a similar model but with a
higher number of input parameters (total flowing vehicles,
average speed, number of cars, vans, pickup, heavy vehicles
and motorcycles, density of building facing the observer,
and building reflection factor) in Teheran. An additional
research reported in [41] takes into consideration the same
input parameters, adding the type of pavement on the road.

A comparison between ANN and other machine learning
techniques has been provided in [42], where authors demon-
strated the best prediction results come from ANN compared to
other techniques. Similar results have been obtained in[43] and
[44], where ANN technique has been compared with regressive
approaches and other machine learning techniques, respectively.

Some noticeable works on ANFIS are the work of
Cirianni and Leonardi [45], who used ANFIS model to pre-
dict road traffic noise of two cities in Italy, where in [46] and
[47], two models involving fuzzy logic have been developed
for prediction and classification of road traffic noise.

In the work of Ruiz-Padillo [48], a multicriteria decision
methodology was used for the evaluation of traffic noise.
In another similar work, equivalent traffic flow, equivalent
vehicle speed, and honking have been used as input for the
implementation of a fuzzy logic for the prediction of road
traffic noise [46]. Regarding the usage of GA for road traffic
noise prediction, relevant works are [49, 50], and [51], in
which this type of Al approach has been successfully imple-
mented for the prediction of road traffic noise.

It is interesting to note how the implementation of
machine learning models generally relies on the same road
traffic parameters used in historical models, in order to find
a predicted noise level at the receiver. Some works intro-
duced new variables, like the presence of buildings in [37]
and the type of pavement on the road in [41], but there is still
not a comprehensive contribution on this sense. Moreover,
another aspect to consider is that, up to the authors knowl-
edge, there is not any Al model working separately on noise
emissions or sound propagation, probably because the inde-
pendent variables to take into consideration to build such
a model would not be easily retrieved. These aspects will
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surely be important in the future development of machine
learning techniques for road traffic noise prediction. Any-
way, it should be underlined that since the relationships
between emission and relevant variables are monotonic,
the most interesting contribution of Al tools will be on the
improvement of the propagation modelling, where the com-
monly used approaches can be improved.

NEMs Review

There are several models that, rather than estimating the
overall road traffic noise by regression on field data at the
receiver, focus on estimating the noise levels produced by
vehicles through the use of Noise Emission Models (i.e.
NEMs) aimed at assessing the sound power level Ly, of the
source. In the following, the single vehicle approach will be
presented together with the potential applications of such
an assessment. In addition, the possible methods to move
from single vehicle to traffic flow noise emissions will be
resumed at the end of the section. The main parameters of
the presented models are reported in Appendix.

Microscopic Approach: Single Vehicle Noise Emission
Lelong et al. NEM

In 1999, Lelong et al. developed an empirical model to esti-
mate the sound power level Ly, of the individual vehicle,
distinguishing it in two different equations for light and
heavy vehicles, and taking into account three driving con-
ditions: cruise driving, acceleration, and deceleration condi-
tions [52]. Equation (24) reports the general equation used
in Lelong’s model for the light vehicle and equation (25) the
one used for the heavy vehicle.

LW,L =a,+ ﬂLLog(V) 24)

L,y =ay+Byv (25)

One could notice the different dependence of these sound
power levels on speed, logarithmic for light vehicles and
linear for heavy vehicles.

SonRoad NEM

In 2004, a NEM calibrated in Switzerland, also known as
SonRoad, was developed to estimate the sound power level
Ly, of a single vehicle using the vehicle type, speed, grade
of the road (i.e. Aj;), and surface type (i.e. Ag;) as main
inputs [53]. In particular, two different equations are used
to assess the sound power level for light and heavy vehicles
as reported respectively in Eqgs. (26) and (27).

L, 4, =28.5+ 10Log(10%!17-3+35Les]

+100,1[60.5+10Lag(1+(v/44)3~5)+AG]) + Ay (26)

L, 4 = 28.5 + 10Log(10%116-3+35L05]

+100‘1[74.7+lOLog(l+(v/56)3'5)+AG]) + Ay 27

Harmonoise NEM

A very important NEM, from which subsequent devel-
opments led to the model canonically used in Europe, is
the Harmonoise one, in which the sound power level Ly,
is estimated for five different vehicle categories (i.e. light,
medium-heavy, heavy, special (tractors, trucks), and motor-
bikes). It is one of the first model to separate the contribu-
tion of engine noise, also called propulsion noise Ly ,.,puisions
from that of tyre rolling on the road surface Ly .,y USIng
coefficients as ap and bp and ay and by, that also lead to com-
pute such contributions for each third octave band f from
25Hz to 10kHz. Moreover, Harmonoise’s model introduces a
correction term to propulsion sound power level Ly, ,,.sion
to take into account acceleration or deceleration values
between -2 and +2 m/s? factor for (i.e. A,..) [54]. Model
equations are reported in formulas (28) and (29):

V7 Vet
Lw,[?ropulsion = aP(f) + bP(f) [ v . + Aacc] (28)
Lw,mlling = aR(f) + bR(f)L0g<VL> (29)
ref

Finally, the overall sound power level of single vehicle is
computed per each category as in formula (30):

L W propulsion

L, ror = 10Log<10 10

LW,roII[ng
+ 10710 ) (30)

REMEL NEM for US-FHWA Model

In the 90 s, a model was developed for the United States
of America by the U.S. Department of Transportation,
Research and Special Programs Administration, in support
of the Federal Highway Administration, also referred to as
the FHWA model [55]. The main objective of their work was
to update the previous technologies used and to develop a
new highway traffic noise prediction model. Over the years,
several updates to this model have been produced until the
most recent, which was issued in September 2021 [56]. The
formula to compute the maximum noise emission energy
for a single vehicle pass-by is given in the technical manual
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issued by the U.S. Department of Transportation, Research
and Special Programs Administration, as follows:

Ey(v;) = (0.6214v,)"1°108/10 4 10¢/10 31)

where v; is the vehicle speed in kilometers per hour for the
i-th vehicle and A, B, and C are variables that depend on
vehicle type, pavement type and engine throttle, and they are
defined in the manual itself. E is then converted in dB scale
as follows:

L,(v;) = 10Log,((E,(v;)) (32)

Since the FHWA RTNM computes various adjustment
factors on a one-third octave band basis, the characterization
of noise emission levels is then refined.

Lomisiisf) = La(s;) + (D) +0.6214D,v;) + (E| + 0.6214E,v,)[Logof]

+ (F) + 0.6214F,v))[Log of I* + (G, + 0.6214G,v,)[LogofI*

(33)

+ (H, +0.6214H,v,)[Log,of1* + (I, + 0.62141,v,)[Log,of ]

+ (J; +0.6214J,v)[Log,of1°

where fis the nominal frequency (in Hz) of the considered
third octave band and D, to J, are parameters that depend
on vehicle type, pavement type, and engine throttle. They
are not reported in this work for the sake of brevity, but
they are defined in the above mentioned manual [56]. A, B,
and C coefficients control the overall level, while D, to J,
control the spectral shape of the emissions.

NMPB NEM

In 1996, the first release of a Road Traffic Noise predic-
tive model in France was published. The model known as
NMPB, that stands for “Nouvelle Méthode de Prévision
du Bruit des Routes” has been updated several times, up
to the 2008 edition, as reported in the work of Dutilleux
et al. in [57]. The model is based on the estimation of the
source sound power level considering the contributions
of rolling (L,) and propulsion (L,) [58, 59]. These com-
ponents are determined through fit of experimental data
obtained with pass-by tests, in which the receiver is at a
lateral distance from the road of 7.5 m and at a height of 1.2
m above the ground. From the measurements of the maxi-
mum A-weighted pass-by levels, the model parameters are
obtained fitting the following relationship:

Lp Ly
Ly =L, +1L, = 10Log<1ow + 105) (34)
where L, and L, represent the power level for propulsion and
the sound emission level for rolling, respectively. Regarding

the rolling contribution, different formulations are proposed
for light and heavy vehicles, according to Eqgs. (35) and (36).
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v

L,y =Agy + B ylog %20 (35)
v

L, yy = Ag v + Bggyvlog 20 (36)

The same differences can be noticed for the propulsion
contribution.

v

L,y =ApLy +Bpylog 20 37
v

L,y =Appy + Bp pylog 20 (38)

The power level for an individual vehicle is thus obtained from
the level L ., using the following back-propagation formula:

L,(vV) =Ly () + 20Logdi + 10Log27 (39)
0

where

4 _ V7152 +1.22 (40)

dy

Measurements were carried out on a large number of
samples. Specifically, the measurement campaign involved
450 sites for light vehicles and 150 sites for heavy ones [57].

CNOSSOS-EU NEM

More recently, the European Union delivered the so called
“CNOSSOS model”, which stands for “Common NOise
aSSessment methOdS”. This model is inspired by the
Harmonoise model presented in “Harmonoise NEM” sec-
tion and aims at assessing the emission of the major noise
sources, both in urban and extraurban areas, including
road traffic [60]. It has as a main goal to harmonize the
procedures and enable all member countries to create noise
maps as imposed by the regulation 2002/49/CE. The model
assesses the source power level Ly, for each band of octave
i, for five categories of vehicles m: light, medium-heavy,
and heavy vehicles, powered two-wheelers, and alternative
propulsion cars. Different correction terms are considered
to take into account the effects on the noise emissions of
studded tyres, air temperature, road gradient, acceleration
and deceleration phase, type of road surface, and so on. The
relationships used to compute the sound power level due to
propulsion and rolling noise of the individual vehicle are
given in Egs. (41) and (42). They are calculated for each i-th
octave band from 125 Hz to 4 kHz.
vref

Vimn —
Lw,P,i,m = APm(l) + BPm(l) (41)
Vref
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Ly gim = Aroli) + BR’m(i)Log:—'" “2)
ref

The coefficients Ap,,, Bp,,, Ag» and By, change with
respect to each octave band and to vehicles’ category consid-
ered. v, is a reference speed that in the CNOSSOS model is
set at 70 km/h, while v,, is the average speed of the vehicle’s
category considered. The coefficients for categories from 1
to 4 have been firstly published in [60] and then amended in
[61], in order to take into account surface reflection effects.
Latest official version of the coefficients is available in [62].
In addition, several works in literature also aim to provide
such coefficients for vehicle categories not yet included in the
CNOSSOS model. For example, regarding electric vehicles in
[63] and in [64], Pallas et al. provided some correction terms to
be applied to obtain the emission of electrically powered vehi-
cles. In [65], Licitra et al. proposed the coefficients A, Bp ,»
Ag » and By, to be applied when referring to electric vehicles,
computed after fitting statistical pass-byes for a reference pave-
ment and compared with results obtained with a crumb rubber
pavement. A list of the main coefficients to be used for CNOS-
SOS application is given in Appendix. The use of mean speed
for each vehicle’s category makes the CNOSSOS’ NEM a not
fully microscopic model, as it does not consider the individual
car’s speed, even though the single vehicle sound power level is
estimated separately before merging all the vehicles emis-
sions in the traffic flow line source, as will be described in
the next subsection.

The propulsion and rolling overall sound power levels are
computed as follows:

4000Hz .
Lyp,=10Log ) 1071 (43)
i=125Hz
4000Hz
w.R.i,m
Lyg,=10Log » 107w (44)
i=125Hz

Finally, one can compute the overall source sound power
level Ly, for each single vehicle’s category m as

Ly pm Ly rm
L, = 10L0g<10T +107% ) 45)

ASJ-RTN NEM

In 1975, the Acoustic Society of Japan delivered the first
release of a road traffic noise predictive model for free-flow-
ing conditions, also referred to as ASJ-RTN [66, 67]. The
ASJ-RTN has been updated several times up to 2018, follow-
ing research’s results, the promulgation of different regula-
tions and to consider wave-based computational methods for
sound propagation. In [68], the history of the development

of this model is reported, up to the 2018 version. This model
estimates Ly, 4 for three categories of vehicles, i.e. motorcy-
cles, light vehicles, and heavy vehicles, using their average
speed as input variable. Moreover, some correction terms to
consider the type of road surface, the slope, and the direc-
tivity factor can be applied [69]. The general equation of
ASJ-RTN is reported in (46):

Ly =a+blogv+C (46)

where a and b are regression coefficient and C is a cor-
rective factor that includes terms for road gradient, sound
radiation directivity, and other factors. Parameters a, b, and
C are given as a function of flow condition (steady, non-
steady, deceleration), speed range, category of vehicle, and
pavement typology.

Vehicle Noise Specific Power

Recently, a Vehicle Noise Specific Power (VNSP) model has
been developed by Pascale et al. with the aim of assessing
the sound power level Ly, considering vehicle motorization.
VNSP establishes a fundamental relationship between Ly,
and speed, with respect to three types of motorization of cars
(diesel, petrol, and hybrid), by a non-linear regression on
power levels measured through the statistical pass-by stand-
ard procedure. As in CNOSSOS and Harmonoise models,
the engine contribution is assumed to have a linear depend-
ence by the speed, while the rolling noise is modelled with a
logarithmic function of the speed. More details are reported
in [12]. The equation used is reported below (47):

L= 10L08<10<A+B%/‘f/')/10 N 10<C+DLog$>/1o> N

The speed used as a reference is the same as CNOSSOS’
one (i.e 70 km/h). The main difference between VNSP and
the previous models is that VNSP adopts the overall sound
power level Ly, instead of fitting the function per each
octave band or third octave band. A practical application of
this model and the comparison with results obtained with
other NEMs are presented in [13e].

Micro to Macro Transition: from Single Vehicle
to Traffic Flow Emission

To achieve an overall assessment of the road traffic noise
levels, the single vehicle emission needs to be extended at
the road segment level. The sound power level Ly, of all the
vehicles must be merged together, to provide assessment of
the traffic flow emission.

The CNOSSOS model provides an approach to move
from the single point source to a linear source by considering
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multiple passing-by vehicles on the road [60]. The sound
power level of traffic in the m-th category per meter per
frequency band of the linear source is given in (48):

L =L, +10Log—=—

w,i,m IOOOVm (48)

'w,line,i,m
where L,,; , is the instantaneous directional sound power
level in a semi-free field of a single vehicle, calculated for
each i octave band from 125 Hz to 4 kHz and for each vehi-
cle’s category m. Hourly traffic flow data Q,, and average
speed v,, are considered for each vehicle category, even if
in some cases the maximum legal speed for the vehicle cat-
egory is used.

Another way to move from single vehicle to traffic flow is
to consider the acoustic energy immitted at the receiver by the
single pass-by by means of SEL calculation and then to sum up
the SELSs of all the vehicles. In several models and applications
(for example in [68, 70, 71, 72e, 73]), such a procedure is used
to calculate the SELs of the vehicles travelling on a given road
segment, to assess the overall traffic flow emission.

Propagation and Assessment at the Receiver
Propagation Models

Once the sound source is characterized by its emission, the
vast majority of noise propagation models for noise mapping
begin by discretizing it into point sources. In the CNOSSOS-
EU model, for instance, a car may be represented as a point
source at a height of 0.05 m. Subsequently, a road is discre-
tized into an array of point sources, situated along its central
axis, at 0.05 m height and at regular intervals dependent on
the distance between the source and the receiver. The greater
this distance, the larger the interval between point sources
can be while maintaining the same level of prediction accu-
racy. Then, if multiple point sources represent the same
source, each of these points bears only a fraction of their
energy. Once the source is discretized, the next step involves
modelling the propagation between the point sources and the
receivers within the domain.

Similar to the discretization process, there is a homogeni-
zation of models for noise mapping due to a well-balanced
trade-off between precision and computational cost in path-
finding methods. Pathfinding methods involve finding the
set of shortest paths between a source and a receiver. In the
case of a direct field, it is straightforward—a straight-line
segment between these two points. If a building is present
between them, it involves three segments passing over and
around the sides of the building. In these models, there is an
inability to represent buildings as arches; the building must
be solid, a concept sometimes referred to as 2.5D. When
considering reflections, the simulation needs to account
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for the interaction of sound waves with building surfaces,
leading to multiple paths and interactions that contribute to
the overall sound field at a receiver. Once these paths are
identified, the next step is to apply a model of sound wave
attenuation to each of these paths. The literature contains
numerous comparisons between the most commonly used
models [74-78].

Most noise propagation models account for the following
effects on attenuation:

e Geometric divergence: This refers to the attenuation
resulting from the loss of energy as the distance increases
(-6 dB/doubling of distance for a point source).

e Atmospheric absorption: This is influenced by the
humidity and temperature of the atmosphere.

e Absorption and/or reflection of the wave by the ground:
This depends on the type of soil.

e Terrain shape and topography: The overall form of the
terrain and its topographical features can affect sound
propagation.

e Meteorological effects: Wind and temperature influence
the speed of the sound wave, and so their gradients have
a significant impact on the sound level at the receiver.
These are sometimes simplified, as in CNOSSOS-EU or
ISO 9613-2, to two distinct conditions, either no effects
on propagation or conditions favourable to propagation.

¢ Diffraction effects: These occur at the edges of buildings,
acoustic walls, or the ground and can influence the path
of sound waves.

It is crucial to emphasize that, in the context of most large-
scale studies, uncertainties in the results are predominantly
influenced by factors such as input data and exposure calcu-
lations rather than the intricacies of the models themselves
[79]. Despite the inherent complexities, numerous studies
with detailed input data have shown acceptable agreement
between measurements and simulations in the context of city
scale long-term averaged noise levels.

Assessment at the Receiver

All the models presented in the foregoing sections and sub-
sections can be effectively used in order to investigate sev-
eral types of road traffic noise’s impacts on the surround-
ings. Depending on which specific feature has to be analyzed
or highlighted through the analysis itself, or in general what
is the aim of the study, model outputs could be used to pro-
duce different kinds of impacts’ indicators. These impacts
affect those who can be identified as “receivers” of road
traffic noise, and they can be assessed either in a direct way,
estimating the energetic indicators defined by national and
international regulation, or indirect, evaluating secondary
effects, such as health consequences, external costs, and
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influence on property prices. In this subsection, three dif-
ferent macro-categories of assessments at the receiver will
be introduced and explored, namely the usual regulation
indicators, the health effects, and the external costs.

Common Regulation Indicators

A first and most obvious desired derivable from the applica-
tion of RTNM:s could be the computation of noise indicators
usually used by regulations. Concerning European countries,
for instance, the standard indicators to be used for strate-
gic noise mapping and for national regulation issues have
been defined in the “Environmental Noise Directive” [80].
The most relevant noise level indicator is called “acoustic
descriptor day-evening-night”, computed as in the follow-
ing formula:

Leyening 5 Lyjghi+10

Lday eveni
Lden = 10L0g21_4 12 - 10(11_0 +4.107 1 +8-10" 10
(49)

This formulation computes the different times regard-
ing the amount of hours for each period (12 h for the day,
4 h for the evening, and 8 h for the night) and adds some
penalties for the noise emitted at evening and night times.
European countries must use this indicators for strategic
map duties, for which all the main sources in urban areas
must be assessed, with special care to road traffic noise.
This mapping is usually performed by using algorithms for
emission and propagation of noise coming from roads, rail-
ways, airports, and industrial sources, commonly included
in commercial software. As for road traffic noise modelling,
it is evident that a usable and reliable model—that could be
largely used and accepted—has to produce results compa-
rable with the acoustic descriptor used by the regulations.
There are two ways to get such type of results: the model
can supply an aggregated output of noise level comparable
with the time periods of regulations (like in [81]) or give as
output a time dependent sound pressure level L,,, which has
to be subsequently aggregated according to the time period
required. As reported in the previous sections, some RTNMs
do not offer as output the noise indicators as identified in the
regulations, but rather some of them allow the calculation of
pressure levels as a function of time, later to be aggregated
into summary indicators, or percentile sound pressure levels

(-e. Lyjgni> La 10> Las0s Laoo)-

Exposure and Effects on Human Health (DALYs)

Originally launched by the World Bank and backed by the
World Health Organization as a measure of the global bur-
den of disease, DALY (disability adjusted life years) have
been extensively used in literature to assess the influence
of several pollutants on the life of citizens all through the

World [82, 83]. Noise has been one of these pollutants, espe-
cially in the recent past, due to its pervasiveness and to the
constant increasing number of people exposed to high levels
of noise. DALY's quantify the amount of impact by suggest-
ing how many years of life people lose due to the exposure
to the analyzed pollutant. In [84], it is reported an estimation
of DALY due to noise in Netherland, but it is incorporated
to the estimation of DALYS due to the more generic air
pollution. In detail, it is reported how particulate air pollu-
tion accounts for 60% of DALYSs, and noise for 24%, with
an amount of 17,700 DALY (only for noise) annoyance,
10,990 to sleep disturbance, 50 for ischaemic heart disease
(IHD), and 10 DALY for mortality related to noise. In 2011,
WHO Europe published a work where the impact of noise
in terms of DALY's was evident [85]: more than 1,700,000
DALYs were lost in EU member states and other Western
European countries for heart and blood diseases, sleep dis-
turbances, tinnitus, and annoyance. In [86], a comprehensive
study of effects on health of noise is reported. A correlation
between these estimated DALY's and a more punctual noise
evaluation on urban context could result in useful indicators
to highlight the profound impact noise has nowadays on our
lives. The DALY's approach also reveals how dramatic is the
impact of noise on populations in terms of economic impact
on the population.

External Costs of Transportation

A proper characterization of environmental noise—especially
on urban areas—also takes into account the externalities of
the noise itself. Whether the negative externalities of road
transportation are easier to identify (environmental and road
damage, accidents, congestion, and oil dependence) and their
relative costs are subject of policy attention [87], the economic
costs of noise are not directly addressed and not commonly
investigated. Some papers consider a single-agent exposure
by proposing an activity-based assessment [88ee] and possible
indicators for construction sites noise exposure impact [89].
As for airport noise, examples of noise cost assessment can
be found in [90-92].

Regarding the road traffic noise, the costs are mainly
investigated in terms of health cost. Many works show the
direct correlation between noise and health problems like
annoyance, depression and anxiety [93-96], sleep distur-
bance [93, 97-100], and cardiovascular diseases [101-103].
Out of these correlations is immediate to retrieve externali-
ties in terms of costs on national health systems. A different
group of studies relates the noise level to the variation of the
prices of the estates, identifying how properties on quieter
places are more expensive than properties on noisy ones.
In [104], a linear regression technique is used to evaluate
and characterize the influence of surface street traffic on
both single-family houses and multi-unit rental residential
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property, obtaining different results for the two types of
properties. In [105], a theoretical model of evaluation of
environmental externalities based on the analysis of real
estate prices is provided. This work, in particular, presents
a comprehensive literature review of works evaluating the
reduction of real estate values for increasing of noise pollu-
tion in many American and EU cities. The percentage value
spans from a minimum of 0.22% to a maximum of 1.45%.
The work of Wilhemssons [106] also shows a theoretical
model to extract a precise correlation between the average
noise level (dBA) and the prices of estates in Stockholm.
Such approaches evaluate the noise level as final entities
influencing the externalities’ severity and request a noise
measurements or a theoretical inference of the noise level
itself. The described actions all take in consideration, to
assess noise levels, the indicators commonly used in scien-
tific literature (Lyuys Lovenings Luighes Laen)» Which report the
average noise level exposure during day specific sections.

A different approach is the possibility to infer the drop or
raising of selling or renting estate pricing per dB. In [107],
it is reported an interim EU-wide economic value of 23.5
euros/dBA/household/year. Two different approaches are
then possible: the computation of the overall noise level on
a certain area as the contribution of the noise coming from
each single vehicle transiting, and then the corresponding
externalities on population living in the area, in terms of
health issues and economic evaluation of estates (bottom-
top approach). On the other hand, it would be possible to
get an indicator correlating the noise level to an economic
value to easily infer how it could impact on the externali-
ties on populations. It is interesting to note how the precise
evaluation of externalities of the noise in a certain area can
help policy makers in making choice between the possible
measures to mitigate noise.

Conclusions

The development of effective road traffic noise modelling
tools has been a central point in the agenda of the acous-
tic scientific community in the last decades. The evolution
of the adopted techniques has been presented in this paper,
starting from the historical formulas, obtained by regres-
sion on large datasets collected in different sites. These early
models exploited the dependence of traffic noise level from
vehicle flows and vehicle category, sometimes including
additional parameters and corrections to take into account
mean speed of the flow, road grade and pavement, presence
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of shielding and reflecting vertical surfaces, etc. The lat-
est trend of Artificial Intelligence and machine learning
techniques for road traffic noise modelling has been also
reported, resuming the most popular approaches that are
mainly artificial neural network, random forest, support
vector regression, among others. The usage of these tech-
niques is obviously strongly dependent on availability of
reliable training data that must be used for the calibration
and validation of the models. Despite the popularity of these
techniques, in the acoustic scientific community, they are
considered niche models and they are not included yet in
any regulation or standard document, probably because of
the strong site-dependence feature of these models that leads
to difficulties in developing a tool that can be easily used
anywhere. A review of single vehicle noise emissions mod-
elling has been extensively reported in the central part of
the paper. The engine and rolling contributions assessment
has been reviewed, considering the most popular NEMs. In
particular, the strong relation between emission and vehi-
cle speed has been highlighted, together with the recurrent
correction coefficients, usually related to road pavement,
grade, and acceleration. The ways the single vehicle emis-
sion can be merged in a linear source mimicking the road
traffic have been briefly reported to describe the transition
from a microscopic simulation to a macroscopic description
of the phenomenon. Finally, the propagation and the assess-
ment at the receivers have been summarized to complete
the road traffic noise modelling and assessment standard
scheme, citing the most popular uses of these predictions,
such as regulation descriptors calculation, noise mapping,
exposure analysis, and health risk assessments. The problem
of providing quality input data for any road traffic model
presented in this review is crucial. Activity models can be
developed and used for this purpose, also including dynamic
approaches, able to provide the temporal variation of the
input data and, consequently, of the simulated noise levels.

The main conclusion of this review is that road traffic
noise modelling is a wide field of study that may include
several approaches based on different techniques. The single
vehicle noise emission assessment is mandatory for pursu-
ing a microscopic approach that can be easily used for noise
pollution modelling and control, for instance in eco-routing
applications and traffic signal setting design. On the con-
trary, collective models that can be based on large dataset
statistical regressions or machine learning tools are depend-
ent on the databases used for the calibration and validation,
introducing a potential limitation on the extension of these
models to any site under study.
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Appendix: Main Coefficients
of the Reviewed Models

Table A Lelong’s coefficient for light vehicles

Vehicle’s conditions

Parameters

a, [dBA]

B [dBA]

53.6+0.3
53.6+0.3
L, [dBA]
L, =82
L, =905

Cruising or decelerating (v > 11.5km/h)
Accelerating (v > 25km/h)

Vehicle’s conditions

Cruising or decelerating (v < 11.5km/h)
Accelerating (v < 25km/h)

26.8+0.2
26.8+0.2

Table B Lelong’s coefficient for heavy vehicles

Vehicle’s conditions

Parameters

ay, [dBA]

Py [dBA]

Cruising (v > 21km/h) 100.6
Decelerating (v > 18km/h) 91.0
Vehicle’s conditions L, [dBA]
Cruising (v < 21km/h)
Decelerating (v < 18km/h)

Accelerating (v > 20.5km/h)

L, =945

L, =1025

L, =1045

0.089
0.20

Table C SonRoad’s parameters

Surface type

ApgldBA]

Dense asphalt concrete, type AB 10,11,16
Cement concrete

Drainasphalt, type DRA 10,11 for v > 70km/h
Gussaphalt (mastic asphalt), type GA
Rauhasphalt (Macro-Rugeux) MR6,11
Stone mastic asphalt, type SMA 6

Stone mastic asphalt, type SMA 8,11
Splittasphalt, type SPA 6,8,11
Teerasphaltbeton, type TA 10
Teerasphaltbeton, type TA 16

Road gradient

Only for uphill road

0
+2
4
0
-1
-1
0

0

0
+1
Ag
0.8g

Table D Harmonoise’s rolling noise coefficients

Octave frequency Category 1
bands

Category 2

Category 3 (4 axles)

[Hz] ay [dBA] Br [dBA]

ap [dBA]

Br [dBA]

ap [dBA]

Br [dBA]

25 69.9 33
31.5 69.9 33
40 69.9 33
50 74.9 30

76.5
76.5
76.5
78.5

33
33
33
30

79.5
79.5
79.5
81.5

33
33
33
30

@ Springer



Current Pollution Reports

Octave frequency Category 1 Category 2 Category 3 (4 axles)
bands

[Hz] ag [dBA] Br [dBA] ag [dBA] fr [dBA] ag [dBA] fr [dBA]
63 74.9 30 79.5 30 82.5 30
80 74.9 30 79.5 30 82.5 30
100 79.3 41 82.5 41 85.5 41
125 82.5 41.2 84.3 41.2 87.3 41.2
160 81.3 423 84.7 42.3 87.7 42.3
200 80.9 41.8 84.3 41.8 87.3 41.8
250 78.9 38.6 87.4 38.6 90.4 38.6
315 78.8 355 88.2 355 91.2 355
400 80.5 317 92 31.7 95.0 31.7
500 85.7 21.5 94.1 21.5 97.1 21.5
630 87.7 21.2 93.8 21.2 96.8 21.2
800 89.2 235 94.4 235 97.4 235
1000 90.6 29.1 922 29.1 95.2 29.1
1250 89.9 335 89.6 335 92.6 335
1600 89.4 34.1 88.9 34.1 91.9 34.1
2000 87.6 35.1 86.5 35.1 89.5 35.1
2500 85.6 36.4 83.1 36.4 86.1 36.4
3150 82.5 37.4 81.1 374 84.1 374
4000 79.6 389 79.2 389 82.2 389
5000 76.8 39.7 77.3 39.7 80.3 39.7
6300 74.5 39.7 77.3 39.7 80.3 39.7
8000 71.9 39.7 77.3 39.7 80.3 39.7
10000 69.0 39.7 77.3 39.7 80.3 39.7

Table E Harmonoise’s propulsion noise coefficients

Octave frequency Category 1 Category 2 Category 3 (4 axles)
bands

[Hz] ap [dBA] fp [dBA] ap [dBA] fp [dBA] ap [dBA] fp [dBA]
25 85.8 0 97 0 97.7 0
31.5 87.6 0 97.7 0 97.3 0
40 87.5 0 98.5 0 98.2 0
50 87.5 0 98.5 0 103.3 0
63 96.6 0 101.5 0 109.5 0
80 97.2 0 101.4 0 105.3 0
100 91.5 0 97 0 100.8 0
125 86.7 0 96.5 0 101.2 0
160 86.8 0 95.2 0 99.9 0
200 84.9 0 99.6 0 102.3 0
250 86 8.2 100.7 8.5 103.5 8.5
315 86 8.2 101 8.5 104.0 8.5
400 85.9 8.2 98.3 8.5 101.6 8.5
500 80.6 8.2 94.2 8.5 99.2 8.5
630 80.2 8.2 92.4 8.5 99.4 8.5
800 77.8 8.2 92.1 8.5 95.1 8.5
1000 78 8.2 93.8 8.5 95.8 8.5
1250 81.4 8.2 94.3 8.5 95.3 8.5
1600 82.3 8.2 95.2 8.5 93.8 8.5
2000 82.6 8.2 94.9 8.5 93.9 8.5
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Octave frequency Category 1 Category 2 Category 3 (4 axles)
bands
[Hz] ap [dBA] pp [dBA] ap [dBA] pp [dBA] ap [dBA] fp [dBA]
2500 81.5 8.2 93.3 8.5 92.7 8.5
3150 80.7 8.2 91.2 8.5 91.6 8.5
4000 78.8 8.2 89.3 8.5 90.9 8.5
5000 77 8.2 87.3 8.5 87.9 8.5
6300 76 8.2 85.3 8.5 87.9 8.5
8000 74 8.2 84.3 8.5 81.8 8.5
10000 72 8.2 83.3 8.5 80.2 8.5
Table F Harmonoise’s corrective term due to acceleration
Vehicle’s category C[dBA]
Category 1 4.4
Category 2 5.6
Category 3 5.6
Table G NMPB’s rolling noise coefficient—light vehicles
Rolling noise component ALy By
R, 73.3 31.0
R, 77.3 30.1
R, 79.8 314
TableH NMPB’s rolling noise coefficient—heavy vehicles
Rolling noise component Apny Bp v
R, 82.5 30.0
R, 85.6 30.0
R4 86.6 30.0
Tablel NMPB’s propulsion noise coefficient—light vehicles
Vehicle’s conditions Coefficient
Ap v [dBA] Bp;y [dBA]
Steady and v = 20 — 30 km/h 60.6 0
Steady and v =30 — 110 km/h 66.3 12.0
Steady and v = 110 — 130 km/h 64.6 31.3
Accelerating and v =5 — 20 km/h 85.7 24.1
Accelerating and v = 20 — 100 km/h 70 0
Accelerating and v = 100 — 130 km/h 68.2 38.6
Decelerating and v =5 — 10 km/h 55.5 0
Decelerating and v = 10 — 25 km/h 73.3 18.7
Decelerating and v = 25 — 80 km/h 66.0 5.5
Decelerating and v = 80 — 110 km/h 66.3 12.0
Decelerating and v = 110 — 130 km/h 64.6 31.3
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TableJ NMPB’s propulsion noise coefficient—heavy vehicles

Vehicle’s conditions Coeflicient

Ap,y [dBA] B,y [dBA]
Steady and v = 5 — 70km /h) 73 0
Steady and v = 70 — 100km /h) 0 13.0
Table K CNOSSOS’ coefficients for category m=1 (passenger cars), 2012
Octave band centre A, By Ap Bp a b
frequency
[Hz] [dBA] [dBA] [dBA] [dBA] [dBA] [dBA]
63 79.7 30.0 94.5 -1.3 0 0
125 85.7 415 89.2 7.2 0 0
250 84.5 389 88.0 7.7 0 0
500 90.2 25.7 85.9 8.0 2.6 -3.1
1000 97.3 325 84.2 8 29 -6.4
2000 93.9 37.2 86.9 8 1.5 -14
4000 84.1 39.0 83.3 8 2.3 -22.4
8000 74.3 40.0 76.1 8 9.2 -11.4
TableL CNOSSOS’ coefficients for category m=2 (medium-heavy vehicles), 2012
Octave band centre Ag By Ap Bp
frequency
[Hz] [dBA] [dBA] [dBA] [dBA]
63 84.0 30.0 101.0 -1.9
125 88.7 35.8 96.5 4.7
250 91.5 32.6 98.8 6.4
500 96.7 23.8 96.8 6.5
1000 97.4 30.1 98.6 6.5
2000 90.9 36.2 95.2 6.5
4000 83.8 383 88.8 6.5
8000 80.5 40.1 82.7 6.5
Table M CNOSSOS’ coefficients for category m=3 (heavy-duty vehicles), 2012
Octave band centre Ag By Ap By
frequency
[Hz] [dBA] [dBA] [dBA] [dBA]
63 87.0 30.0 104.4 0.0
125 91.7 335 100.6 3.0
250 94.1 31.3 101.7 4.6
500 100.7 25.4 101.0 5.0
1000 100.8 31.8 100.1 5.0
2000 94.3 37.1 95.9 5.0
4000 87.1 38.6 91.3 5.0
8000 82.5 40.6 85.3 5.0
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Table N CNOSSOS’ coefficients for category m=4a (powered two-wheelers < 50cc), 2012

Octave band centre Ag By Ap By
frequency

[Hz] [dBA] [dBA] [dBA] [dBA]
63 0 0 88.0 4.2
125 0 0 87.5 7.4
250 0 0 89.5 9.8
500 0 0 93.7 11.6
1000 0 0 96.6 15.7
2000 0 0 98.8 18.9
4000 0 0 93.9 20.3
8000 0 0 88.7 20.6
Table 0 CNOSSOS’ coefficients for category m=4b (powered two-wheelers > 50cc), 2012

Octave band centre Ap By Ap B,
frequency

[Hz] [dBA] [dBA] [dBA] [dBA]
63 0 0 95.0 32
125 0 0 97.2 59
250 0 0 92.7 11.9
500 0 0 92.9 11.6
1000 0 0 94.7 11.5
2000 0 0 932 12.6
4000 0 0 90.1 11.1
8000 0 0 86.5 12.0
Table P CNOSSOS’ latest coefficients for category m=1 (passenger cars), 2020

Octave band centre Ap Bg Ap By
frequency

[Hz] [dBA] [dBA] [dBA] [dBA]
63 83.1 30.0 97.9 -1.3
125 89.2 41.5 92.5 7.2
250 87.7 38.9 90.7 7.7
500 93.1 25.7 87.2 8.0
1000 100.1 325 84.7 8.0
2000 96.7 37.2 88.0 8.0
4000 86.8 39.0 84.4 8.0
8000 76.2 40.0 77.1 8.0
TableQ CNOSSOS’ latest coefficients for category m=2 (medium-heavy vehicles), 2020

Octave band centre Ag By Ap By
frequency

[Hz] [dBA] [dBA] [dBA] [dBA]
63 88.7 30.0 105.5 -1.9
125 93.2 35.8 100.2 4.7
250 95.7 32.6 100.5 6.4
500 100.9 23.8 98.7 6.5
1000 101.7 30.1 101.0 6.5
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Octave band centre Ag By Ap Bp
frequency

[Hz] [dBA] [dBA] [dBA] [dBA]
2000 95.1 36.2 97.8 6.5
4000 87.7 38.3 91.2 6.5
8000 83.6 40.1 85.0 6.5

TableR CNOSSOS’ latest coefficients for category m=3 (heavy-duty vehicles), 2020

Octave band centre Ag Bg Ap Bp
frequency

[Hz] [dBA] [dBA] [dBA] [dBA]
63 91.7 30.0 108.8 0.0
125 96.2 335 104.2 3.0
250 98.2 313 103.5 4.6
500 104.9 25.4 102.9 5.0
1000 105.1 31.8 102.6 5.0
2000 98.5 37.1 98.5 5.0
4000 91.1 38.6 93.8 5.0
8000 85.6 40.6 875 5.0

TableS CNOSSOS’ latest coefficients for category m=4a (powered two-wheelers < 50cc), 2020

Octave band centre Ag By Ap Bp
frequency

[Hz] [dBA] [dBA] [dBA] [dBA]
63 0 0 93.0 42
125 0 0 93.0 7.4
250 0 0 93.5 9.8
500 0 0 95.3 11.6
1000 0 0 97.2 15.7
2000 0 0 100.4 18.9
4000 0 0 95.8 20.3
8000 0 0 90.9 20.6

TableT CNOSSOS’ latest coefficients for category m=4b (powered two-wheelers > 50cc), 2020

Octave band centre Ag By Ap By
frequency

[Hz] [dBA] [dBA] [dBA] [dBA]
63 0 0 99.9 32
125 0 0 101.9 5.9
250 0 0 96.7 11.9
500 0 0 94.4 11.6
1000 0 0 95.2 11.5
2000 0 0 94.7 12.6
4000 0 0 92.1 11.1
8000 0 0 88.6 12.0
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Table U ASJ-RTN coefficients a and b for dense asphalt pavement (steady and non-steady traffic flow sections), for Three-category and Two-

category vehicles classifications

Classification Steady traffic flow section Non-steady traffic flow section
a b a b
Three-category
Light vehicles 45.8 30 82.3 10
Medium-sized vehicles 51.4 30 87.1 10
Large-sized vehicles 54.4 30 90.0 10
Two-category
Light vehicles 45.8 30 82.3 10
Heavy vehicles 532 30 88.8 10
Motorcycles 49.6 30 85.2 10

For Ly, 5 in deceleration running condition on expressways (10 km/h < V), the coefficients a and b are given by those of the steady traffic flow

section

TableV VNSP’s coefficients for three different motorization

Car’s motorization A B C D

Diesel 98.77 15.28 102.76 35.74
Gasoline 98.02 17.61 105.06 31.08
Hybrid 22.06 -65.81 104.44 34.25
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