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The paper presents two theoretical models for traffic noise level distribution on curved horizontal
roads. In the case of vehicles moving on a given route, one can consider, in terms of sound field, that
the granular traffic is equivalent for short periods with a quasi-continuous noise flow. When computing
and modelling the noise level generated by traffic on roads with complex trajectory, it is common to
treat the route as a sum of small length road segments, each being assimilated with a linear noise source.
This paper started from the assumption that the route can be decomposed into a sequence of linear
and arc-shaped road segments, each of which is treated as a linear respectively curved noise source. An
arc-shaped road segment is modelled by a tubular vibrating surface, of circular or rectangular section.
In the case of rectangular section, the vibrating blade emits complex sounds on its both vertical sides
and the generated sound field can be described more clearly, qualitatively and quantitatively, through
intensity distribution. The theoretical models presented in the paper have direct application to the traffic

noise prediction and noise maps drawing.
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1. Introduction

The road traffic noise results as a combination
of multiple noise emissions generated by each vehicle
that transits a given road segment. There are differ-
ent approaches connected with the generation of the
noise field by such a complex source, consisting of
a group of vehicles in motion, developed in the context
of noise mapping and noise assessment (QUARTIERI
et al., 2009; STEELE, 2001). The granular traffic, con-
sisting of cars travelling on a given route, generates
a noise flow that can be considered quasi-continuous
for short periods. The traffic noise intensity depends
on the number of vehicles per time unit, their speed
and the emitted acoustic power. The noise field can
be assimilated to the sound emitted by stationary
incoherent extended sources, judiciously distributed
along the route (DEFRANCE, GABILLET, 1999; DE-
FRANCE et al., 2007; GUARNACCIA, 2013; JOHN-
SON, SANDERS, 1968; LAMANCUSA, 2009; LIGHTHILL,
WHITHAM, 1955). A complete acoustical study has
to take into consideration the characteristics of the
noise sources (LELONG, 1999) but also some other
factors, such as: the exact definition of the struc-
ture and limits of the sound propagation area, re-

flected and diffracted sounds, the influence of sound
waves on elastic structures, the soil influence, wind ef-
fects, etc.

The most common way to predict the traffic noise
generated on roads with a complex trajectory, also
used by different noise mapping software, treats the
road as a sum of linear road segments of different
lengths, each segment being assimilated with a linear
noise source. The idea behind the theory presented in
this paper was to decompose the road trajectory not
only by linear segments but also by curved segments.
Then, for the study of the traffic noise, each type of
road segment is associated with a corresponding noise
source: linear or curved.

The general considerations related to the noise field
generated by the granular traffic on a curved road
become more complex than in the case of the linear
sources. The authors present two theoretical models of
arc-shaped noise sources, considering that the vehicles
in traffic transmit momentum, through their walls, to
the molecular layer of ambient air by pulsed collision.
As a result, waves are generated, travelling by succes-
sive compressions and relaxations. These wave move-
ments are perceptible by the sense of hearing and are
also called sounds.
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2. Modelling the sound field generated by traffic
on arc-shaped road segments

For the calculation of the spatial intensity distri-
bution of traffic noise, one has to define the principles
which justify the connection between the stochastic
character of the real traffic flow and the acoustic char-
acteristics of the sound field generated by the equiva-
lent sources. Our models relate to the study of noise
levels produced at the receptors placed in the plane of
the traffic route.

We operate by statistic values of waves parame-
ters, considered as average values in the horizontal
direction, normal to the traffic. The calculus of the
noise intensity and noise level of the real traffic would
be consistent with that of vibrating sources having
the shapes of cylindrical-tubular or blade (CosMA,
Poprescu, 2015).

For a uniform traffic flow Q = N/t, consisting of N
vehicles, distributed evenly along the length of a linear
road | = vt, each having the acoustic emission power
Wy and the velocity v, or the corresponding mean val-
ues, the power output per unit length traffic can be
written:

=1 NWO Q
v l vt v 0 (1)
where
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The amplitude of the progressive wave is exponen-
tially attenuated with the distance, due to absorption.
So, the amplitude of waves with cylindrical symmetry
is given by the known equation:

e X" (2)

where A(0) is the amplitude of sound waves excited in
the air at the surface of the cylindrical-tubular source
and r is the distance from the source. The amplitude
attenuation coefficient x is one half of the intensity
absorption coefficient (o = 2y).

2.1. Models of toroidal-tube and curved blade
noise sources

For the noise produced by traffic on arc-shaped
road segments, the modelling may be done by a set of
oscillators placed on the segment of the toroidal-tube
surface that has the median circle arc AB of length I
and radius OO’ = R (Fig. 1).

The curvature of the toroidal-tube source induces
an alteration of the linear cylindrical symmetry. The
emission being normal to the toroid’s meridians, the

Fig. 1. Sound field of the toroidal-tube surface.

field intensities will be convergent in a small spatial
region, inside of the convex curvature, and divergent
in the rest of it. Spatially, the intensity of the sound
field will be shaped as a prismoid or “wedge” whose
edge is normal, in O, to the plane of the curved road
(the plane of the sketch). Additionally to the field lines
in Fig. 1, one can infer the spatial geometry of the wave
fronts (X).

A model that respects the conditions imposed by
the physical similarity of normal radiation can be
achieved, considering a toroidal-tube emission surface
having a rectangular section. This shape (Fig. 2) will
be more appropriate for traffic noise emitters. They
may be assimilated to vibrating tapes, which become
sources of corresponding sounds. This model presents
interest in the plane of the curved road. It will be more
adequate to consider only the emission from the both
lateral faces that vibrate in the plane of the curved
road.

Fig. 2. Toroidal-tube vibrating surface with rectangular
section.

In Fig. 2, a curved tubular source with a rectan-
gular section is considered. Its median circle arc is of
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radius R and length [. The rectangular section is of
height h and finite thickness a, negligible versus the ob-
servation distance r. Because the intention is to model
the sound field in the plane of the circular road, we
consider that the emission is from both vertical lateral
parts of vehicles, in radial direction. This can also be
generated by curved vibratory blades or strips.

Since the normal emission powers from both sides
of the curved blade are equal and opposite, the sound
field can be considered equivalent with the divergent
one generated by a wvirtual source. This is a linear
source, perpendicular to the route plane, having the
height h equal with the blade’s width. It is positioned
in the curvature center O’ of the traffic trajectory, and
only emitting radially back and forth in the dihedral
angle corresponding to the plane angle 6 = [/R.

The total sound power W, radiated through each
side of the blade’s surface Sy = hl = hOR, will cross all
areas S = hfp, seen under the same angle 6. The sound
intensity at different distances p, from the curvature
center O where the virtual source is located, will be:

w W
I(p) = —==—. 3
(p) S hép (31
For p = R, at the surface of the vibratory curved
blade, we obtained the emission intensity Ij:

w w W w
b= R =S~ (3)2

where w = W/I is the sound power emitted in the
horizontal plane, per unit length of the real source, and
Iy = W/hl is the intensity of the sound field “created”
by the virtual source in the position of the vibrating
blade.

Reporting the last two equations, we can write the
sound intensity distributions:

w R R
P :__:I_u
(p) Ry =l
R R (4)
w
I(T)_ET—R_IOT—R’

where w, Iy, and distances p and R are considered, in
the algebraic sense, related to virtual source; r = p+ R
being the distance reported to the lamellar real source.

The generality and versatility of relation (4) con-
sists in its applicability to any curvature radius of the
equivalent vibratory blade, and to any traffic, inclu-
sively to straight road segments (CosMa, POPESCU,
2015), where the radius of curvature R — co. Without
absorption and diffusion, the sound intensity remains
constant, I(p) = Iy = w/h, i.e., the sound flow does
not spread, remaining with the same section [h of the
vibrating blade.

2.2. Level of noise generated by the curvilinear traffic

The sound field generated by curved vibratory
blades can be described more clearly, qualitatively and
quantitatively, through intensity distribution. By op-
erating with this model, we can better observe the
similarities and differences as compared to the normal
emission and reflection of light rays on the concave and
convex faces of the cylindrical mirrors.

The level of sound radiated in the horizontal plane
by a curved lamellar source of W power output, on
each side of the area Sy = lh, according to (4) will be:
1(r) = 10log b B
Ircf 10-12 (T — R)

Ir — R|
R

L(r) = 101log

Iy
10-12

= 10log —10log

- R
:Llo—lOlog |TR | (5)1

If we relate the positions in the sound field to the
virtual source by p =r — R:

Lip) = L, ~ 1010z 2. (5)2

A traffic flow Q = N/t, consisting of N vehi-
cles with an individual horizontal acoustic power Wy
and speed v, or the same average values, will have
the power output per unit of length: w = NWy/l =
NWO/’Ut = W()Q/U.

The level of noise intensity generated at a curved
road related to traffic parameters according to the Eq.
(4) will be:

w R W, Q R
Mar—R 10log

hl.et vr—R

r— R
= ©

L(r) = 10log

= Lw, + 1010g9 —10log
v

where the sum of the first two terms represents the
power level per unit length of the traffic. With Egs. (6)
we can evaluate the noise intensity level, which in fact,
for normal conventional weather conditions, is not sig-
nificantly different from the noise level related to pres-
sure.

3. Special aspects for the noise assessment
of the real traffic

The noise assessment of the real traffic, considering
the models presented above, is more restrictive in geo-
metrical shapes, as compared to the case of extensive
sources: spherical with 3D symmetry or linear with 2D
cylindrical symmetry (Cosma, Popescu, 2015). For
any real shape of emitting surface, only vertical parts
of vehicles are considered in modelling the traffic.
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For a random granular traffic, instead of the general
values defined in (1), one may consider the mean values
of the power emission per unit length of the traffic:

Wy = % > wi =Y wipi, (7)
=1 =1

where w; are the n random discrete values with p;
probability or statistical weight, p(z), for continuous
variables, which is called the repartition or distribu-
tion function.

The psychophysical restraints state that temporal
and locative analysis of noise levels, such as measure
of pollution, make sense only by statistical mean val-
ues. As the harmful physiological effects of noise expo-
sure are cumulative, they can be evaluated by the en-
ergy dose of noise D = It (J- m~2 or Pa?s) (COSMA,
PopPEscu, 2010). The practical unit used in sound ex-
posure meters is Pa? h. The noise exposure level, nu-
merically equivalent to the total noise energy level, is
also used.

The noise exposure level may be relevant only in
terms of mean equivalent values. For the punctual
scalar effective observables of local traffic noise sources,
one should work with statistical mean value (arith-
metic average). So, for continuous monitoring of traffic
noise, the level is:

ty

L=+ _1t0 /L(t)dt, (8)

to

where the defined integral represents the area bounded
by the time axis and the graph of the recorded quan-
tities at the moments ty and t;.

Optimisation of the traffic speed may be taken into
account to avoid bottlenecks. An asymmetric Poisson
distribution is considered for speed limited traffic, and
a normal Gaussian distribution will fit for the free
traffic speeds. Usually in such cases, the assessment
of traffic noise is analysed statistically (BERG et al.,
2000; BERG, WoODs, 2001; STEFANO et al., 2001;
Tona Li, 2007).

4. Numerical applications

The variation with distance of the noise level emit-
ted by the traffic on a curved road, given by rela-
tions (5) and (6), can be better understood by pre-
senting a numerical case study and graphical represen-
tation. For this purpose, we will deem a 200 m long
convoy, consisting of 10 lorries with laterals of 10m
long and 2.5 m height, going with 72 km/h on a road
with curvature radius R = 500 m. If the sound power
output of each lateral side is 1 watt, the noise level de-
pending on the distance in the air, without and with
absorption (o = 0.1-1072 m™1!), will be expressed by
relations:

500 —
log 1220~

Lo(r) = 100 — 10 =00

and

1500 — 7|

Lq(r) =100 —0.01|r| — 10log 200

dB.

The calculated power level per unit length of the
traffic for the considered noise source is 100 (dB).

The curves in Fig. 3 show the influence of divergent
propagation by comparison, without and with absorp-
tion, on the noise levels Lo(r) and L,(r). We notice
that in the centre of the curvature, for r = 500 m, an
indefinite maximum is reached though it is affected by
absorption. For r = 0, when the absorption is not con-
sidered, the value is 100 dB, that is the same with the
emission from the concave side of the road.
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Fig. 3. Divergent propagation, influence of absorption.

The noise level is affected to a little extent by the
road width. Thus, for a road width of 6 m and radius
of curvature R = 500 m, if we add for the convex and
respectively subtract a/2 = 3 m, for the concave edge,
there is a negligible difference between the noise levels
at the two margins of the road:

R+a/2
AL = Ly, — Loy = 101og =%/~
¢ OgR—a/2
500 + 3
— 101 — 0.05 dB.
85003

The use of these models for predicting noise levels be-
comes more credible through experimental proofs and
adjustments to the traffic characteristics. Thus, for
a given road having a certain curvature radius, the
noise level is recorded under standard conditions and
the most probable value for the considered period is
chosen.
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Knowing the absorption coeflicient, corresponding
to the average frequency and air humidity, one can get
the noise variance L(r) for » < 0 and for r > 0 in the
convex, respectively concave region of the road. Equa-
tions (5) will be supplemented by the term «a|r|, due
to the atmospheric absorption, and the dependence of
noise level on distance will be:

L(r) = L;, — 10 |r] — 101og %
For the experimental values of level Lj,, recorded with
a sound level meter in two different traffic situations,
and considering the absorption coefficients o1 # s
suitable to weather conditions, the graphs of noise lev-
els in adjacent zone of the same curved road of radius
R =400 m are drawn as shown in Fig. 4.
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Fig. 4. Traffic noise levels in two different conditions.

The advantage of adding the values of original, ex-
perimentally obtained Ly, to the analytical formula (5)
consists in removing the difficulties and errors in choos-
ing the parameters for evaluation of the noise power
per unit length of traffic flow and average traffic speed
on the considered road.

By correlating the traffic composition with the cor-
responding graphs, one can establish the influence of
different factors on the traffic noise levels and their
distribution.

5. Conclusions

Our study on modelling the level of noise generated
by traffic sources highlights the complexity of acous-
tical and mathematical correlations between the ob-
servables that characterise sound fields. Starting from
an analysis of emission and propagation of noises pro-
duced by a real discontinuous traffic on curved roads,

we have developed two theoretical models for equiv-
alent sources consisting of toroidal-tube surfaces or
curved vibrating blades. Having a high degree of gener-
ality and versatility, the curved vibrating blade model
enables the study of spatial noise intensity distribu-
tion, considering a certain virtual source, generating in
the trajectory plane an equivalent field with the real
source.

The calculus of traffic noise level through a stated
formula, starting from the considered acoustical and
geometrical parameters, allows the prediction of sound
level and drawing of noise maps (CZYZEWSKI et al.,
2011; POPESCU et al., 2011). This also gives the possi-
bility to find the noise level distribution using a single
sonometric recording. Correlated with the stochastic
mean values, the study above allows the prediction of
noise exposure dose, an essential physiologic descriptor
of noise effects.
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