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Abstract

It is the need of an era to develop efficient traffic noise prediction models with optimum accuracy. In this context, the present
work tries to comprehend the performance-related potential parameters based on earlier published articles worldwide that
are responsible for deviation in noise values for different traffic noise prediction models and find out critical gaps. This study
reviewed the process involved in source modeling and sound propagation algorithms, applicability, limitations, and recent
modification in 9 principal traffic noise prediction models adapted by different countries all around the globe. The result of
this review shows that many researchers had carried out comparative analysis among various traffic noise prediction models,
but no emphasis was made on the recent modifications, limitations associated with those models, and strategies involved
without ignoring the propagation and attenuation mechanism in the developing phase of these models. The findings of this
study revealed that the major challenge for any traffic noise prediction model to be efficient enough is the inclusion of all the
factors responsible for the generation and deviation of traffic noise before reaching the receiver. These responsible factors
include a factor for source emission, sound propagation and attenuation, road characteristics, and other miscellaneous fac-
tors such as absorption characteristics of building facades, honking, and dynamic behavior of traffic. This study adds to the
broader domain of research and will be used as reference material for future traffic noise modeling strategies.
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Introduction

Acoustics has played an important role in vehicle design
since the 1970s. Interior vehicle noise, in particular, has
decreased dramatically over the past few decades as a result
of user demand for quieter interiors. Exterior noise levels,
on the other hand, have not improved in the same way, owing
to the fact that everlasting noise from traffic is an environ-
mental externality that vehicle occupants are not aware of
(Guarinoni et al. 2012). Road traffic noise acts as a major
disturbance to the community residing in the vicinity of
any highway corridor. This causes more people to be dis-
turbed than any additional factor. However, such a threat
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to people’s health and standard of life has been growing
at an alarming rate in recent years for a variety of reasons
(Suksaard et al. 1999; Nirjar et al. 2003). The proportion
of humans exposed to road traffic noise greatly outnumbers
those exposed to locomotive and aircraft noise combined.
The noise produced by a vehicle’s propulsion system (engine
noise) and the noise made by the vehicle’s tires contacting
the roadways (tire/road noise or rolling noise) is referred
to as road traffic noise. The amount of noise produced by
a vehicle is mostly influenced by its speed, and the propor-
tion of each generating component is determined by speed:
Engine noise dominates at a slower velocity, while a tire/
road noise prevails at greater velocity. Previously, there were
no separate estimation approaches for the various source
mechanisms of a vehicle; rolling noise and engine noise
were measured together, and it was thought that a vehicle
could be interpreted as a simple moving point sound source
(Chevallier et al. 2009). By integrating over time, this single
moving point source could be interpreted by a line source
(Li et al. 2002). A strategy to evaluate the degree of noise
at the source (called the source model) and a procedure to
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explain how noise will transmit outward from the origin are
the two segments of most noise detection approaches (called
the propagation model) (De Coensel et al. 2005). As a result,
these models (source and propagation models) rely on cut-
ting-edge technology and competent labor to reach their end
aim. As a result, it is critical to conduct scientific analysis
and comparison of various models in order to identify their
relevance and the best approach for modeling traffic noise
among them. Steele (2001) conducted a comprehensive
analysis of some of the most important traffic noise predic-
tion approaches. Nevertheless, most of such approaches have
been updated in recent years, making it necessary to amend
assessments based on modifying scientific characteristics.
The FHWA (Federal Highway Administration) model of the
USA, MITHRA model of Belgium, ASJ 1993 (Acoustical
Society of Japan) model of Japan, CRTN (Calculation of
Road Traffic Noise) model of the United Kingdom, RLS-
90 (Richtlinien fiir den Larmschutz an Straben) model of
Germany, STL-86 model of Switzerland, ERTC (Environ-
mental Research and Training Centre) model of Thailand,
Nord 2000 (New Nordic Prediction Method for Traffic
Noise) model of Scandinavian countries, and CNOSSOS-EU
(Common Noise Assessment Methods in Europe) approach
of European countries are among the models addressed in
this article. The main objective of this review study is to sci-
entifically examine and compare the above-mentioned traffic
noise prediction models based on various technical attributes
(traffic conditions, types of vehicles, meteorological effects,
propagation types, attenuation factors, etc.) in order to find
their applicability as well as to determine the best strategy
among them for traffic noise modeling, identifying chal-
lenges faced in their development process along with all
the possible factors responsible for deviation in the value of
traffic noise and limitations associated with all these traffic
noise prediction models, recommending future considera-
tions for further modification in the models to enhance the
traffic noise prediction accuracy.

The present study will be valuable to facilitate the plan-
ning and design of roads as well as to assess current and
anticipated variations in traffic noise conditions. It helps
highway engineers to assess whether there is a requirement
for barriers or additional space between the road and adja-
cent buildings. These traffic noise prediction models will be
helpful when sometimes, in addition to the value of Leq (con-
tinuous equivalent noise level), prediction of other important
noise descriptors such as L., (peak value of the whole set
of intervals), Ls (noise level exceeding 5% of the time), and
L, (noise level exceeding 10% of the time) are required.
The present study will also be beneficial to environmental
engineers in preparation for the environmental noise pollu-
tion section under environmental impact statements of any
government project. Moreover, noise prediction models are
also helpful in noise forecasting and the development of

noise contour maps to identify the noise-prone and vulner-
able zone of any study area.

Methodology

The methodology of the present study involves various steps.
Firstly, a broad research topic was chosen as traffic noise
prediction models; then, several relevant articles were col-
lected using different keywords related to the topic such as
noise modeling, prediction models, traffic noise modeling,
traffic noise, traffic noise models, and traffic noise prediction
models. For collecting relevant articles, different scientific
databases were employed, such as Scopus, Google Scholar,
Web of Science, ScienceDirect, ProQuest, ResearchGate,
and Research Reports. Moreover, the concept of snowball
was used to collect more articles by finding citations from
various publications. Subsequently, an in-depth analysis was
done for each article, and various traffic noise prediction
models were identified and analyzed, out of which 9 glob-
ally used models were selected for this study. The basis on
which comparison among all selected models can be done
was studied. Basis of comparison includes applications, traf-
fic conditions, data needed in the modeling process, model
type, mapping type, noise descriptor, source, type of vehi-
cles, directivity, etc. Furthermore, noise propagation and
attenuation mechanism were analyzed separately. Finally,
after comprehension of the whole analysis, various limita-
tions associated with particular models and future considera-
tions were also recommended.

Fundamental noise model

All the noise predictive models that were developed from
different emission sources, i.e., road, rail, air, or industrial.
(Murphy and King 2014), have applied some form of the
basic expressions (Eq. (1)).

L, =E—-Ay (1)

The sound pressure level at the receiver end is denoted
by the letter “L,,.” Different measuring approaches can uti-
lize different indicators to define this number, such as L,
18 h, Lseqs Lens and EPNL. The letter “E” represents the
source’s emission. This is a representation of the sound
power level of the source, L,,. Because the source descrip-
tion differs from one standard to the next, use E instead
of L. It can be stated as the sound power level of a single
point source, the sound power per unit length of a single
line source, or even the sound pressure level at a particu-
lar distance from the source (which could then be further
considered to derive the sound level if needed). The term
“A,” refers to the entire amount of sound attenuation that
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occurs between the source and the receiver, which includes
ground absorption, air dissipation, geometrical divergence
dissipation, and diffraction dissipation around noise barri-
ers. Here, “C” represents a collection of different correc-
tion factors that may be caused by facade reflection, dif-
ferent road surfaces or types of trains, or detailed emission
term correction (e.g., which may have been introduced
before the attenuation). The flow chart for predicting noise
levels from road schemes is illustrated in Fig. 1.

Early traffic noise models

The oldest roadway noise exposure model was published
in the literature (Bolt et al. 1952). It was designed for
speeds of 35 to 45 miles per hour and spans of more than
20 feet. The expression for the 50th percentile was as fol-
lows (Eq. (2)).

| Stage 1- Divide road scheme into segment |

!

| Calculate noise level from segment |

| Stage 2- Basic noise level |

!

Select hourly L10 or L10 (18 hrs)

Apply all corrections (flow, speed,

percentage heavies, gradient, and
road surface)

)

| Stage 3- Sound propagation |

| Distance correction |

Is view completely
unobstructed

Screening correction |

1

| Stage 4- Site layout |

1

| Reflection correction |

Any more
segment

| Combine all segments contribution |

v

| Predicted noise level |

Fig.1 Flow chart of prediction of sound pressure level caused by
roadways
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Ly, = 68 + 8.5log(V) — 20log(D) )

where the number of vehicles (in vehicles/hour) is repre-
sented by “V,” and the length from the driving lane is repre-
sented by “D” (in feet). Nickson (1965) and Lamure (1965)
separately combined and altered the models as per Eq. (3).

Ly, = 3.5 + 10log(V.S?/D) (3)

where “S” represents the mean speed of the vehicle in miles
per hour and Ls is in dB(A).

This was claimed to pertain to 20% of commercial vehi-
cles, and their data was said to be within 1 dB for com-
mercial vehicles ranging from O to 40%. There were also
remedies for excessive ground attenuation and slopes.

In the coming year, the new variable “T” of heavy-duty
trucks was introduced by Galloway et al. (1969). The expres-
sion is given in Eq. (4).

Lsy =20 + 10log(V.S/D) + 0.4(T) @)

where Ls is in dB(A)

New variables were added to the current models, as
well as adjustments from L50 to L10 and Leq. Inconsistent
units are used in prediction expressions that include veloc-
ity and commercial vehicle modifications. The tendency of
employing logarithms of physical parameters is at best, as
Giindogdu et al. (2005) pointed out. To get around this issue,
noise researchers have traditionally employed relative to a
reference value.

Global road traffic noise estimation approaches
FHWA approach

This traffic noise prediction model was developed by the
Federal Highway Administration which is one of the divi-
sions of the United States Department of Transportation by
Barry and Reagan in the year 1978. The noise level result-
ing from a single lane of a single class of traffic was calcu-
lated first in the model. (i.e., category of the vehicle) at the
receiver. This calculation is repeated for all combinations of
lanes and traffic types. Several alterations to the reference
sound level, known as the reference energy mean emission
level (REMEL) in the TNM, are used to determine the sound
pressure level at the receiving side. At a distance of 15 m,
these reference levels define the vehicle’s maximum sound
level. The flow diagram of the FHWA model is illustrated
in Fig. 2.

The REMEL database is a database of noise emission
levels derived from measurements of more than 6000 vehicle
passes made across nine states in the USA, covering both
constant traffic flow and interrupted traffic flow and includ-
ing sub-source height data (Anderson et al. 1998). Reference
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Fig.2 Flow diagram of FHWA
model

REMEL
(Reference

Adjustment
energy for traffic
mean flow
level)

emission levels are included in the TNM database for many
different types of vehicles, road surfaces, and driving condi-
tions (cruising, accelerating, and idling). Data are available
in 1/3 octave bands for five standard vehicle categories:

e automobiles (including light vehicles) — vehicles with
a gross weight of less than 4500 kg;

e moderate trucks — vehicles with a gross weight of
between 4500 and 12,000 kg;

e commercial vehicles — vehicles with a gross weight of
more than 12,000 kg;

e busses — vehicles with a capacity of more than 9 occu-
pants; and

e motorcycles — vehicles with two or three tires and an
open-air motorist cupboard.

In order to calculate the noise at the receiver, a few adjust-
ments are introduced to the reference level for each vehi-
cle class, taking into account the various acoustic effects
associated with traffic flow, distance, and shielding given by
FHWA (Barry and Reagan 1978) (Eq. (5)).

LAeq,]h = ELI + Atraffic + Ad + As (5)

where EL; is the noise emission by the vehicle of each cat-
egory I, A, s 1s an adjustment for the quantity and speed
of each vehicle type I, A; and A, are propagation model
changes that account for the distance between the road and
the receiver, as well as shielding and ground impact. Adjust-
ing the flow of traffic depends on the number of vehicles in
the flow, v, and their speed, s, and is presented in Eq. (6).
The adjustment is made separately for each vehicle type, and
it is done in third-octave bands.

Vi
Apraffic; = 1010g10<§> —-13.2 (6)

1

In most cases, the FHWA TNM relies on the user’s feed-
back for vehicle speeds. TNM, on the other hand, computes
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the vehicle speed separately in two situations: (1) when traf-
fic speeds are reduced by enhancements and (2) when traffic
speeds are reduced by vehicle dynamics.

MITHRA approach

MITHRA was created by 01 dB, L' acoustique numerique, a
French company, in the year 1987, and it is extensively used
as a commercial software package. It includes a detailed ray-
tracing kit that accounts for atmospheric and ground impact,
as well as local topography, structures, and windows, as well
as reflection and diffraction caused by cuttings. The premise
is that traffic is a producer of lines. There are five main types
of roads, each with six different types of driving surfaces to
evaluate. Mithra also includes a noise estimate for railways.
The sound intensity level per unit length is stated in Eq. (7)
(Anon 1982):

flow + flow%PL.(EQ — 1)/100

LW = LWy, + 10.log -
50

30
W

where “LWy,;” stands for light vehicle acoustic power,
“Flow” stands for the number of vehicles per hour per lane,
and the % PL denotes the percentage of large trucks on the
road. The equivalency value of a light vehicle to a heavy
vehicle is represented by the letter “EQ.” The speed of the
entire vehicle stream is represented by “Vs,.” A light vehi-
cle’s acoustic power is calculated as follows (Eq. (8)).

LWy =46+ 30.1ogVs, + C 8)

Whenever V50 is lower than 30 km/h, 30 is substituted
by V50, and “C” is determined by the nature of traffic. C=0
indicates the smooth flow of traffic, 2 indicates the irregular
flow of traffic, and 3 indicates the escalating flow of traffic.
The speed and gradient are used to calculate EQ.
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CRTN approach

The CRTN approach to traffic noise prediction was devel-
oped by the Department of the Environment and Welsh
Office in the United Kingdom in 1975. This approach
assumes traffic as a line source with constant speed and is
commonly used in Ireland, Australia, New Zealand, and
Hong Kong, among some other places. The previously
developed version in 1975 was replaced and modified in
1988 by the Transport and Road Research Laboratory
and the Department of Transport in the United Kingdom.
Although separate emission and propagation models are
included in this modified version, researchers reported that
the CRTN model underestimated high observed noise lev-
els and overestimated low observed noise levels. In a study
conducted on Australian road conditions, a huge difference
was reported in predicted noise values (Samuels and Saun-
ders 1982). CRTN was noted in a 2001 analysis of some of
the most popular traffic noise prediction models for its sub-
stantial implications for curve fitting connecting empirical
results, even though it was understood that this approach did
not conform to theory (Steele 2001). The analysis concludes
that the CRTN L, index is a pseudo-L,, which significantly
simplifies calculations while also resulting in a lack of valid-
ity, with the study’s author concluding that the CRTN model
is now obsolete (Steele 2001). However, the approach is still
widely used in practice and was used for noise mapping in
the United Kingdom and Ireland (Murphy and King 2014).

The model works by dividing a road into several different
parts, each with a noise variance of less than 2 dB(A). After
that, each section is viewed as a distinct noise source, with
calculations carried out separately for each. The approach
produces a fundamental noise level that is basically a reflec-
tion of the source emission.

The accompanying equation is applied to determine the
fundamental noise exposure (Egs. (9) and (10)).

LlO,lh =42.2 + 10log,,(q) 9)
or
Lip1s, = 29.1 + 10log,,(Q) (10)

[Pl

where “q” and “Q” are hourly and 18 h flows, respectively,
of all types of vehicles (both heavy and light). This basic
noise level is then modified as Eq. (11) to account for dif-
ferent aspects of the traffic flow such as the average speed of
traffic, V, and the proportion of freight trucks, p:

5
Correction y 5, = 3310g10(V +40+ g) +10log, (1 + 7") —68.8 an

A correction for road gradient, G, expressed as a percent-
age, is calculated as follows (Eq. (12)):

@ Springer

Correctiong = 0.3G (12)

Correction for the nature of road surface is also incorpo-
rated. For impervious road surfaces, there are two equations:
one for concrete surfaces and the other for bituminous sur-
faces. The texture depth (TD) of the road surface, expressed
in millimeters, is the input variable in both cases. A sand-
patch test may be used to assess the TD. These formulas hold
valid when the speed of traffic is more than or equivalent to
75 km per hour. If the traffic speed is lower, a fixed adjust-
ment of — 1 dB(A) should be used.

Correction for concrete (Eq. (13)).

Correctionyp, = 10log;,(90TD + 30) — 20 (13)

Correction for bituminous surface (Eq. (14)).

Correctiony, = 10log;,(20TD + 60) — 20 (14)

RLS 90 approach

The RLS-90 is a German approach to noise prediction devel-
oped by the German Federal Ministry of Transport in the
year 1990 replacing its older version which was published
in 1981. The model determines the environmental noise
level L, g at a range of 25 m from a traffic lane’s centreline
(Eq. (15)). The parameter L i is a measure of the magnitude
of automobiles per hour Q and the % of large vehicles P (size
N 2.8 tonnes) estimated theoretically assuming hypothetical
situations, such as a velocity of 100 km per hour, a highway
slope of less than 5%, and a specific road quality (Quartieri
et al. 2009).

L, g =373+ 10log{Q - (1+0.082p)} (15)

where “L,” denotes the A-weighted average, Q is the stand-
ard vehicle circulation regardless of whether the highway
is a Federal, state, district, or municipal roadway, and “p”
indicates one percent (over 2.8 t). The subsequent stage is to
quantify the many variations from such hypothetical scenar-
ios in terms of real-world pace, roadway slope, and surface
type, among other variables. The mean value L is evaluated
as per the following expression (Eq. (16)).

L, = Lm,E + Rg; + Rpg + Rrp + Rg + Rpp + Rep + Ryp
(16)
where “Rg;” represents a speed limit correction, “Ryg” rep-
resents a road surfaces correction, “Ryp” represents a modi-
fication for moving up and down across the streets, “Ry”
represents a modification for attenuation property of con-
struction interfaces, “Rp,” represents the quotient of attenu-
ation which considers the spacing from the receiver and air
permeation, “Rg;,” represents the quotient of attenuation
from the floor and ambient situations, and “Rp” represents
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the quotient of attenuation due to topography and building
size.

“Ly,,g~ for the individual lane is expressed as per the follow-
ing expression (Eq. (17)).

Ly, g = 10log[10°"*m; + 10*"“m,f] (17)

€99

where “n” and “f” denote the near lane and the farther lane,
respectively.

In the study done by Calixto et al. (2003), the RLS-90
model was validated in an urban setting and the results seem
to be satisfactory, corresponding to the actual measured value.
Later, a software system developed in accordance with the
German regulation RLS-90 made noise level calculation and
prediction easier.

STL 86 approach

The Swiss Federal Ministry for Environmental Conservation,
Switzerland, developed STL-86 Version 1.0 1987. Archi-
tects and urban administrators (Balzari and Grolimund 1988)
proposed Modele de Bruit du Traffic Routier dans les Zones
Habitees, which was also recognized by the Swiss Federal
Service for Environmental Conservation. Both traffic and an
acoustic concept are included in this design. The usual road
traffic source in the case of STL-86 and many other traffic
noise prediction models is the outcome of this road noise
model. The noise modeling, like other designs, is split into
two phases: generation and transmission.

The above approach considers traffic as a single route rather
than discrete flows. As a result, the overall slope is required to
maintain traffic to move in both ways, calculated by Eq. (18).

i1y 4 Nomont. = Naese.

I=—|14+

2 Nmont. + Ndesc

(18)
where “I” represents the overall slope in percentage, “i” rep-
resents the slope of the road, N, .. represents traffic stream
in uphill, and N,.. represents the traffic stream in downbhill.

The emissions caused from 3 distinct categories of trans-
portation are estimated using the following expressions
(Egs. (19)—(21)).

Lg; = max.{12.8 + 19.5 - logV,45+ 0.8(/ = 2)} + 10 - logN, + A

19)
Ly, = max.{34 + 13.3 - logV,,56. + 0.6.( — 1.5)} + 10logN, + A
(20)

where L, Lg,, and L, represent noise production from 3
different segments in dB(A), “V” represents the speed of the
vehicle, “N” represents the flow of traffic, and “E,” indicates
the emission from individual trams. E, can be assumed as
56 dB(A) if trams are less than or equal to 10%; otherwise,

it should be measured. “A” represents a constant which
depends on the nature of the road surface.

Modifications for reflection through buildings via high-
ways, attenuations because of houses and other barriers in
between highway and recipient, proximity impact, and the
elevation of highway viewed by the recipient are all included
in this approach.

The following expression (Eq. (22)) is used to estimate
the mathematical values for trams and motors individually:

L;=L,, +AR;+ AO,; + AD;A®, (22)

T.ei

At last, all these values are added logarithmically to get
the final result.

ASJ 1993 approach

The Acoustical Association of Japan devised an approach
to forecasting a pseudo-Ls, in open traffic in 1975. It was
first documented by Koyasu (1978); then, it was amended
by Takagi (1994), Yamamoto (2010), and Sakamoto (2018).
The change entails using a direct approach to determine L,
and then estimating the pseudo-Ls, from the finding, which
must meet the former condition. This is referred to as the
A-Approach. ASJ also provided the B-Approach, which is
an empirical approach. Only if you are a long way from the
line source is this true. For two and three classes of vehicles,
the sound power level of the traffic stream is represented as
Egs. (23) and (24).

L,, = 65.1 + 20logV + 10log(a, + 4.4a,) (23)

The magnitudes of small and large automobiles are a; and
a,, respectively, and the sum of a; and a, equals to 1.

L, = 64.7 + 20logV + 10log(b, + 1.5b, + 4.9b;) (24)

The letters b; stand for small, moderate, and large auto-
mobiles, respectively.

The A-approach and the empirical B-approach are two
types of ASJ approaches. The A-approach includes cal-
culating octave band spectra. According to the equation:
L(f) = —10log{1 + (f/2000) } + 2.5log(f/1000), these are
derived from the band center frequencies of 63 Hz to 4 kHz,
as long as v is higher or less than 80 km/h. L, can be calcu-
lated from Eq. (25).

k
Lo = 10105;[2i=1 10%/AN /T (25)
where U, is the ith subinterval of U(f), the range of the prop-

agation function at the receiver, N is the traffic volume, and
T=3600 s.
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A model comparable to this one has been proposed by
At = Ad/v (Anderson et al. 1996). For each vehicle, U(f)
is added at discrete places, which should be in a straight
line and separated at distance Ad. This method is limited to
uniform separations.

Recently, a newly developed prediction model named
ASJ RTN-Model 2018 of sound propagation is suggested
by Fukushima et al. (2019). This is the practical calcula-
tion model rely on geometrical acoustic. The equations
developed in this model are defined according to numerical
analysis or experimental data. The amount of L, in dB(A)
from the vehicle is evaluated directly by taking into account
the frequency characteristics of vehicle noise. Calculation
in this model considers different affecting factors such as
impacts of several categories of restrictions, ground surface
attenuation, atmospheric absorption, sound reflection, and
meteorological effects.

ERTC approach

This methodology of environmental impact assessment
was established by Thailand’s Environmental Research and
Training Centre (ERTC) in the year 1999. In this model,
automobiles were divided into two groups, and the mean
static sound intensity of every category was assessed over a
huge number of automobiles. The sound intensity rating of
every vehicle type was calculated using the noise intensity
of operating automobiles.

The equivalent sound intensity “L.,” is calculated from
Eq. (26).

L., =PWL — 10log2ld + L4 + L, (26)

PWL is the vehicle’s A-weighted energy mean power
output in dB(A), 1 is the separation from the traffic line to
the receiver antenna in meters, Lg and L are the diffrac-
tion and distance attenuation adjustments in dB(A), and d
is the mean spacing between the fronts of two automobiles
in meters (Eq. (27)).

d=100.V/Q 27)

where “V” represents the mean velocity in kilometers per
hour and “Q” denotes the volume of traffic in vehicles per
hour. The following formula is used to calculate the energy
power rating of vehicles:

In the case of heavy vehicles (Eq. (28)),

PWL = 75.1 + 20.4logV (28)

For light vehicles (Eq. (29)),
PWL = 67.8 + 20.4logV (29)

@ Springer

The mean noise intensity of heavy automobiles is approx-
imately 7.3 dB(A) which is larger than light automobiles,
and for a group of mixed-type automobiles is expressed as
Eq. (30).

PWL = 67.8 + 20.4logV + 10log[(1 — a) + 5.37a] — 10log2/d + Ly + L, (30)

The proportion of large automobiles to total automobiles
is denoted by the letter “a.” According to the report, the
results’ performance is adequate for practical application,
and they will be employed in Thailand for environmental
impact assessment. The model has been shown to work for
2,4, 6,8, and 10 lane roads with speeds ranging from 30
to 140 km per hour. The model’s accuracy has been dem-
onstrated to be 92.3% of the time within a 3 dB(A) range,
and it can estimate highway traffic noise levels at lengths
of 1-80 m and elevations of 1-12 m above ground level
(Ohrstrom et al. 2006).

NORD 2000 approach

NORD 2000 approach for traffic noise prediction was intro-
duced by a joint Nordic project group by revising the exist-
ing older version of the model developed in 1996. The group
consists of a collaboration of several organizations including
the Swedish Environmental Protection Agency, Danish Road
Directorate, Finnish Road Administration, Norwegian State
Pollution Authority, and The Swedish Road Administration.
The noise pressure intensity at the receiver is calculated by
the following expressions (Kragh; Jonasson and Storeheier
2001) (Eq. (31)).

L, =L, +ALy+ AL, + AL + AL, + AL, G1)

where “L,,” represents the noise power rating under the
regarded frequency range, “AL,” represents the impact of
propagation of divergence of noise in a spherical way, “AL,”
is the transmission impact of absorption of air, “AL,” repre-
sents the impact of the flow of the terrain, “AL,” represent
the propagation effect of zones of scattering, and “ALr” rep-
resents the transmission effect of barrier size and surface
characteristics while evaluating an involvement from noise
reflected by a barrier.

Vehicles are grouped into five categories in the road
traffic noise model, light vehicles such as cars, double-
axle large automobiles, multi-axle large automobiles,
motorcycles, and mopeds. Types of highway textures are
categorized into eight major types, the majority of which
have further subtypes, and the situation of driving is
divided into six ways. L, is used to convey the source
data at a length of 10 m away from the highway (Kragh
2001). From 25 Hz to 10 kHz, the approach produces 1/3rd
octave frequency band results. The model can be used to
calculate weather conditions such as rapid atmospheric
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turbulent motions. The vertical noise velocity graph is
developed with the help of meteorological data like wind
and temperature gradient. The refraction is expressed by
curved sound rays, whose curvature is calculated using a
semi-analytical approach and is based on the vertical noise
velocity graph.

The noise transmission system uses a geographical ray
concept and includes techniques for evaluating 1/3rd octave
spectrum noise attenuation along the way from origin to the
recipient while considering topography structure and floor
form.

CNOSSOS-EU approach

The European Commission in the year 2009 initiated to
establish CNOSSOS-EU approach (Common Noise Assess-
ment Methods in Europe) for noise contour mapping of
roadways, railways, aircraft, and occupational noise, with
the goal of creating a standardized conceptual approach for
noise measurement (JRC Report 2010). The model of emis-
sion for road traffic was released in preliminary form in 2012
(Kephalopoulos et al. 2012). It is unlikely to change substan-
tially in upcoming model revisions. It divides vehicles into
five groups (m):

light vehicles with m=1,

medium-heavy vehicle with m=2,

heavy vehicles with m=3,

powered two-wheelers (e.g., motorcycles) [m=4a for 2
wheelers <50 cc and m =4b for 2-wheelers > 50 cc], and
e an open category to be defined accounting for future
needs (e.g., electric vehicles) [m=>5].

In terms of its noise intensity, the CNOSSOS-EU system
describes the sound generation of an EU road car. A single
point source representing each vehicle type is located at an
elevation of 0.05 m above the road surface. A source line
representing traffic noise emission is defined by its direc-
tional intensity of noise per meter per cycle. CNOSSOS-
EU divides noise and engine (propulsion) calculations for
rolling sound.

For rolling sound, the noise intensity range is defined in
Eq. (32) for each vehicle category, m, and frequency band, i:

V"’l
> + ALygim(Vi)  (32)

ref

Lygim =Agim+ BR,i,mlOg10<

where “v_” represents the mean velocity of the stream of
traffic and values for “Ap” and “BR” is the standard across
octave ranges for every type of vehicle and a predefined
velocity of 70 km/h. For propulsion noise, the noise intensity
range is defined by Eq. (33).

Vin — vref
Lypim =Apim+Bpim <—

> + ALyp (33)
Vref

Now, the overall noise intensity for that vehicle, Ly o is
the energetic average of the rolling and propulsion noise as
indicated in Eq. (34).

LwR,im

Luyin = 10l0gyy (1075

Lwpp.m
+1075°) (34)

Comparison of models

It is clear that all the newly introduced major traffic noise
prediction models in developed countries serve entirely all
the purposes of road traffic noise modeling, starting with
source identification in terms of sound power level to sound
propagation through various meteorological conditions,
including reflections, diffraction, and absorption occur-
rence. Simpler engineering models, such as RLS-90, gen-
erate an empirical formulation based on increasing level
with reflecting floor surface or dissipation with attenuating
nature of ground relying on sound wave height, whereas lat-
est approaches, such as ERTC and Nord 2000, design the
coherent superposition of direct wave and ground reflection,
as well as phase connections depending on various wave-
bands (Probst and Huber 2010; Probst 2010). To account for
the extent of the reflecting surface characteristic, the Fresnel
zone definition is applied. (Hothersall and Harriott 1995).
There are several intrinsic differences between CNOSSOS
and Nord 2000. In general, both of these models consider
diffraction and refraction distinctly including effects of
attenuation due to meteorological conditions (Khan et al.
2021). Discussion of the source model has already been
done, and Table 1 shows a systematic comparison of all of
the major models produced in past years based on a thorough
literature review.

Noise propagation and attenuation mechanism

Sound propagation and the random nature of traffic flow
in a dynamic environment is a crucial research subject for
enhancing traffic noise model accuracy. Numerical propaga-
tion methodologies such as the boundary element approach
(BEM), parabolic equation (PE), and straight-ray approach
are used to calculate the effects of the atmosphere, ground
surface, and barriers on sound waves (RAY). The set of
numerical codes enables practical roadway and railway
designs with range-based sound speed profiles to be handled,
with a “reference” L., value as the end result (Defrance
et al. 2007). Among the candidate models in harmonize are
the parabolic equation (PE) model, fast field program (FFP),
boundary element approach (BEM), Meteo-BEM, RAY

@ Springer
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N = o model with straight rays (neutral weather), and RAY model
2 s _i 9 S with curved rays (refractive atmosphere). BEM can handle
2 = g3 3 complex terrain shapes; however, weather impacts are not
el = . .
g S o B E 2 taken into account. PE may involve weather factors as well
== = S . .. ..
7 E ) :“)v% ER- as the impact of uneven ground conditions, and FFP is ideal
for flat land. In Meteo-BEM, BEM and PE/FFP are merged.
- g NMPB-Routes-2008 is a collection of routes created by the
Q . . .
S g FE National Park Service (Dutilleux et al. 2008). The French
N <o = O .. .
fa) % = 5= model distinguishes between homogeneous and downward
- S . . .
§ E Z %’ 5 refraction meteorological circumstances. The sound level
in a homogeneous atmosphere is merely a simple approxi-
¥, . % mation of the sound level in upward-refraction conditions
8 § £ j_:é ‘fb because homogeneous environments are just a transient state
) = 52 5 § of the atmosphere on the scale of the day-night cycle. Under
E § =% é% = downward refraction conditions, NMPB-Routes-2008 exhib-
its a relatively modest pattern of noise level overestimation.
= & The likelihood of occurrence (p;) of downward refraction
H 8 .. . . .
- E 85wy conditions based on location and orientation can be used
N B o = Mo
N SR S5E=3 to calculate long-term sound levels, as demonstrated by
= o = o 5
2 |35 L 2 Eq. (35).
0.1L 0.1L
23 % o Lyirr = IOIOg{PiIO Ap+ (1 _pi)loAi,H} (35)
e EEE
S G PREE g (ISO 9613-2: 1996) also defines an engineering frame-
I - 'z = g T . .
= o 2 558 work to measure the attenuation of sound while propagat-
i ~ = ing outdoors in order to calculate the levels of ambient
“é noise at a distance from various types of sources. The
o =2 é " method calculates the attenuation of sound output by a
= % 3 g 2 E E single point source or a group of moving or stationary
| == == . . . . .
| o= 9 858 point sources using octave band algorithms (with nominal
~ “ - mid-band frequencies ranging from 63 Hz to 8 kHz). The
<2 & g continuous downwind octave band sound pressure level
3 f'\ F= 3 at a receiver position Ly (DW) can be measured as (ISO
. ® ;i' gg :E 8 _ ¢ 9613-2: 1996) (Eq. (36)).
= T LRPESE S
> :%e@wﬁ% £ Ly(DOW)=Ly +D-—A (36)
LE 2% L,, denotes the octave band sound power level in dB(A)
= . . .
P = g ;D = . radiated by a sound source in comparison to a sound power
of % = =5 é é of 1 pW, D, denotes the directivity correction in dB(A)
E g g E g § 2 in the direction from the source’s center to the receiver,
= Z P and A denotes the sum of attenuation due to geometrical
% ® % divergence (Ay;,), ambient absorption (A, ), ground effect
% ol »o =23 (A,p), diffraction (Aggracrion), and miscellaneous effects
: = | g E = E : (A,s)- The attenuation word A is written in Eq. (37).
=S| 2% §8 &
= ks) T ) —
E g ZO " .JO—‘ - A= Adiv + Aazm + Agr + Adiﬁ"raction + Amisc (37)
=1
~ S
=l =1
5] %] ‘B . .
g |8 § & Geometric divergence
= = = =
=} Q =]
§/ E % g b b T M
- & = < Sound’s energy is conserved as it moves away from its
2|2 source, but it should be spread over a greater region. The
2w = = energy of a simple point source that propagates noise
@ Springer
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uniformly in every direction is spread over a sphere having
a surface area of 4nr®. This geometric divergence’s attenua-
tion, Ag;,, is estimated from Eq. (38).

Ag, = 10log,(4zr*)[dB] (38)

where ‘r’ denotes the distance from the source to a receiver.

Atmospheric absorption

When sound travels all the way through the atmosphere,
its energy is eventually converted to heat by a variety of
molecular processes, causing a reduction in sound level at
a receiving point located far away from the source. Attenu-
ation due to atmospheric absorption is negligible at near
distances from the source and only becomes significant at
great distances. Atmospheric absorption is influenced by
four factors: sound frequency, ambient temperature, humid-
ity, and air pressure. ISO 9613—1: 1993 contains a collection
of tables for calculating the attenuation coefficient based on
humidity, air pressure, temperature, and sound frequency
(ISO 9613-2: 1996). Higher frequencies are usually attenu-
ated at a faster rate due to atmospheric absorption.

The attenuation can be calculated from Eq. (39).

= oo [dB] (39)

“ t3)

where “o” represents the quotient of attenuation and d is the
span length from the source to a recipient.

Ground effect

Ground effect attenuation is primarily estimated using char-
acteristics of the ground on which propagation occurs (i.e.,
whether the ground surface is acoustically absorbent or not)
and the current atmospheric situation, as certain conditions
may develop a curvature in the propagating sound waves.

The porosity of a ground surface has a direct relation-
ship with its acoustic absorbent properties. Compact ground
types are reflective in nature, whereas porous ground is
absorptive. The acoustic properties of various ground sur-
faces are given using a ground factor G, which has a value
between 0 and 1 and is used to describe two types of ground
surfaces. A reflective ground surface, or hard surface, has
a value of 0, whereas an absorbent ground surface, or soft
surface, has a value of 1.

Diffraction

The effect of diffraction is calculated as (ISO 9613-2: 1996)
(Eq. (40))

C
D, = 10log [3 + 72C3zkmel] Db (40)

where the value of C, is 20 which consists of the impact of
ground reflection, the value of C; is 1 for single diffraction,
1+ < 54 )
() [
the wavelength of sound corresponding to nominal mid-band
frequency, “z” represents variation in the path lengths of
direct and diffracted sound, “k, ., represents meteorological
correction factor, and “e” shows the span of two diffraction
edges in double diffraction. The variation in path length “z”
for single diffraction is expressed as (Eq. (41))

and for double diffraction C; is

; here, A represent

(d +d,) +a*—d (41)

where “d " represents the distance from the first diffrac-
tion edge to the source in meters, “dg,” is the span length
from the diffraction edge in meters, and “a” is the part span
length parallel to the barrier edge between the source and
the receiver in meters. The path length difference z is deter-
mined for double diffraction using Eq. (42).

Z—\/d +d,, +e ‘ra2—d (42)

The expression for correction factor “k,..” for the mete-
orological condition is (ISO 9613-2: 1996) (Eq. (43))

- dgdd
Kiner = €X P<2050\/ S o1 )elsekmet= Iforz <0 (43)

Other miscellaneous effects
Temperature inversion

As the temperature of air increases, the speed of sound also
increases. Generally, with an increase in altitude, the tem-
perature of air decreases and this affects the way in which
noise propagates through the air due to which sound waves
are liable to be refracted away from the ground surface. In
some special cases, such as during a storm, temperature
inversion may take place due to which temperature of the
air rises with the elevation and sound waves tends to refract
toward the earth’s surface (Fig. 3).

Effect of wind
Wind also has the property to bend the sound waves. The
speed of the wind near the earth’s surface is liable to

be slower than the speed of wind at height. The wind
will bend the sound waves back toward the ground if the

@ Springer
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Fig.3 Sound wave propagation systems in case of thermal inversion
(Long 2006)

Wind
direction
B ———

Source

Fig.4 Sound wave propagation systems in case of wind gradient
(Long 2006)

recipient is facing downwind. Whereas when a receiver
is situated upwind from the source, the condition reverses
and the sound waves get refracted upward (Fig. 4).

Foliage effect

The plantation of trees and bushes act as very poor noise
barriers. Sound waves can easily move through this plan-
tation with very low attenuation. But when the foliage is
quite denser, it blocks the line of sight totally; in that case,
a little bit of attenuation occurs when sound waves propa-
gate through the foliage. However, several years are needed
for the foliage to become dense and effective enough to

encounter an attenuation effect. ISO 9613-2 suggested dif-
ferent values of noise attenuation due to sound propagation
through foliage (Table 2).

Discussion

According to the findings of this review article, traffic noise
models are designed to analyze and estimate traffic noise
in order to reduce the environmental impacts it has on resi-
dents. It is crucial to investigate the causes and implica-
tions of noise in terms of its indicators (L., L;(, and so on)
by assessing the determinants that affect traffic noise levels
(Ibili et al. 2021). For categorizing any traffic noise predic-
tion models to be an ideal model based on their prediction
accuracy, it needs to deliberate all the factors responsible for
traffic noise emission including their propagation path. In
addition to this actual traffic, flow conditions should also be
considered in the developing phase of any traffic noise pre-
diction models. In terms of traffic conditions considered, all
discussed models except CNOSSOS-EU have not included
factors for intersection and varying driving conditions. In
the absence of additional traffic and traffic dynamics caused
by vehicle interactions and queue length expansion, single-
vehicle dynamics significantly affect vehicle kinematics at
intersections (Chevallier et al. 2009). Among all the models
included in the present study, FHWA, MITHRA, CRTN, and
STL-86 approaches do not deliberate for atmospheric effects
such as variation in wind speed, direction, and temperature.
Models like MITHRA, CRTN, and ERTC lack the inclusion
of absorption and refraction criteria. Free-flowing traffic is a
major assumption in most of the approaches such as FHWA,
CRTN, ASJ 1993, and ERTC. Since actual traffic flow can
never always be free-flowing, so this needs to be addressed
and rectified in upcoming newer versions of all these mod-
els. Various corrections related to the nature of road surface
are also varied among different prediction models (Descor-
net and Goubert, 2006). Because most of these modeling
approaches have been validated in their originating coun-
tries, it is extremely difficult to assess the advantages and
disadvantages of all of them. Furthermore, an ideal model,
as presented by Steele in 2001, is compensated by newer
models that focus entirely on technical improvements. None

Table 2 Sound attenuation

Nominal mid-band frequency [Hz]

values suggested in ISO 9613-2
Propagation distance, 125
d

250 500 1000 2000 4000

10<d<20
0
20<d <200
0.03

Attenuation in dB

1 1 1 1 2

Attenuation in dB/m

0.04 0.05 0.06 0.08 0.09
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of the discussed models consider interrupted traffic flow sit-
uations; each of them assumes a vehicle is always moving
with constant speed though few of the models account for
ground attenuation. For improving the efficiency of all these
models, the potential is especially needed for interrupted,
complex flow including temporal and spatial evaluation of
vehicle speeds. It is obvious that these models developed
globally account for traffic noise situations from the point of
sound propagation to the receiver in accordance with traffic
conditions, weather factors, diffraction, and adsorption. The
propagation of indoor-outdoor sound in a dynamic context
has been a key research issue for boosting the performance
of traffic noise prediction approaches.

Limitations and future considerations

Current noise prediction techniques for road traffic are out
of date and are being used in cases where they were never
intended. In this respect, CNOSSOS-EU is a big move for-
ward. Many elements of today’s best practices in noise emis-
sion and sound propagation modeling will be included. In
terms of frequency analyses, CNOSSOS-EU is expected to
run calculations across octave bands. This is compatible with
the recommended interim approach for road traffic (although
CNOSSOS-EU considers two extra octave bands beyond the
reach of the recommended interim approach, at central fre-
quencies of 63 Hz and 8000 Hz) and is unquestionably better
than approaches that only estimate an overall A-weighted noise
intensity level. The way highway traffic sound is divided into
vehicle groups is one feature that CNOSSOS-EU will boost.
CNOSSOS-EU divides vehicles into five groups in compli-
ance with Directive 2007/46/EC definitions, while the exist-
ing default estimation assumes only two categories (light and
heavy). The treatment of low-noise road surfaces is a region
needed for further investigations. There is a lot of variance in
the acoustic properties of road surfaces, and there is no specific
approach for measuring those (Kephalopoulos et al., 2012).
Since emission amounts were originally obtained from single
microphone pass-by measurements, most current road traffic
noise prediction approaches combine engine noise and rolling
noise. Separating rolling noise and propulsion noise using the
CNOSSOS-EU approach is a welcome advancement that is
now considered a standard solution worldwide. Corrections
for vehicle acceleration and deceleration are also included
in CNOSSOS-EU (Gilani and Mir 2021). Since the acoustic
characteristics of irregular traffic flow vary significantly from
free-flowing traffic in free-field environments, these correc-
tions are critical. However, the impacts of acceleration and
deceleration can be a disregard for noise maps development
(Kephalopoulos et al. 2012) because, in general, the average
sound pressure level for accelerating and decelerating traf-
fic does not differ substantially from the intensity supposed
for a steady pace through a joining point (Dittrich and Zhang

2006). Some expectations go beyond what would usually be
considered a prediction model’s reach. For example, the Ger-
man RLS-90 approach provides an approach for measuring the
noise level of parking areas that are not included in most of
the estimation approaches (Steele 2001). As further research
is done in the field, it may be necessary for future versions of
CNOSSOS-EU to consider aspects beyond the reach of the
current.

Singh et al. (2016) recently introduced the concept of soft
computing for the development of new approaches for vehicu-
lar traffic noise prediction models, in which four soft com-
puting approaches, namely, random forest, generalized linear
model, decision tree, and neural network, are used for calcu-
lation of equivalent sound pressure level. In addition, a few
studies used the concepts of machine learning, evolutionary
algorithms, and graph-theoretical approaches to construct traf-
fic noise prediction models. A new theoretical approach based
on probability models has also been proposed to estimate traf-
fic noise with great accuracy on free flow and controlled flow
roadways (Li et al. 2016; Thakre et al. 2020). This method
also eliminates the difficulties seen in the dynamic traffic noise
simulation method (Cai et al. 2011). The study reveals that
many advanced tools for noise modeling may be used other
than the statistical approach, particularly focusing on com-
plex road conditions, such as intersections, jamming condi-
tions, and interrupted traffic flow. The major idea is to consider
dynamic perspectives in traffic noise prediction like the speed
of vehicles, position, and acceleration. For both indoor and
outdoor environments, a dynamic traffic noise model has been
proposed using the ray-tracing approach. Figure 5 illustrates an
overall idea of the dynamic traffic noise model for both indoor
and outdoor surroundings both.

Moreover, for the development of any kind of traffic noise
model across the world, all the factors illustrated in Fig. 6
should always be considered since these are responsible
for the deviation and fluctuation in values of noise levels
induced due to traffic.

Conclusion

In this paper, we have investigated and rigorously reviewed
9 principal traffic noise prediction models used all around
the globe. The main conclusions derived from this study are
summarized as follows.

e The source model for all the discussed models might
be different, but in general, there must be a consistent
approach for sound propagation modeling. While using
numerical approaches to solve wave equations for defin-
ing meteorological factors improves prediction accuracy,
it also introduces a slew of computational complexities
and solutions that may necessitate specialized skills that
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Fig.5 Outline of a dynamic traffic noise model for indoor and out-
door environments ( modified from Hou et al. 2017)

are not always practical for town planners and urban
development governing bodies.
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Unfortunately, traffic noise prediction models sometimes
fail because all of the factors responsible for the gen-
eration of noise are not taken into account. Researchers
should always try to consider all the influencing factors
of traffic noise such as speed, traffic volume, average
noise level, type of pavement, road gradient, acceleration
and deceleration, the effect of the noise barrier, vehicle
and tire age, and traffic congestion when there is need to
develop an efficient traffic noise prediction model.

All other road vehicles, in addition to trucks and cars,
are permitted in some models, and one of the models
even includes car parks. In all of the models discussed
here, the acoustic energy representations are commonly
specified as L, and, in two cases, as pseudo-L .
Among all the models included in the present study, some
of the approaches do not account for atmospheric effects
such as variation in wind speed, direction, and tempera-
ture. Few of them also lack the inclusion of absorption
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Fig.6 Factors affecting deviation of predicted traffic noise level ( modified from Garg and Maji 2014)

@ Springer



Environmental Science and Pollution Research (2022) 29:48168-48184

48183

and refraction criteria. Free-flowing traffic is a major
assumption in most of the approaches since actual traffic
flow can never always be free-flowing, so this needs to be
addressed and rectified in upcoming newer versions of all
these models. Various corrections related to the nature of
road surface are also varied among different prediction
models

e Most of the current road traffic noise prediction
approaches combine engine noise and rolling noise.
Separating rolling noise and propulsion noise using the
CNOSSOS-EU approach is a welcome advancement that
is now considered a standard solution worldwide. This
approach is an example of the trends toward more accu-
rate physics in models and toward more realistic repre-
sentations of the actual traffic flows.
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