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The constantly growing, traffic noise caused, among others, by the rapid
development of motorization, is a considerable menace to the human environ-
ment. From the view point of acousties the rating scale generally used to evaluate
the environment is the equivalent level L,;. In this paper the relationships
between such parameters as the traffic flow, the speed and sound power of
individual vehicles, and parameters deseribing the paths of the moving noise
sources are derived.

1. Introduction

The equivalent sound level L,, is one of the many rating schemes of traffic
noise now used. The investigations carried out in Sweden [27], France [2],
the Federal Republic of Germany [20], Australia [11] and in Poland [23] have
shown that L,, is a valid rating scales for the evaluation of noise. It is also widely
used in the U.S.A. [3]. It serves, among others, for the determination of the
“day-night” equivalent level [5, 23]. The results of the investigations performed
in Great Britain [4, 24] indicate that the Traffic Noise Index — TNI [7] and
the Perceived Noise Level — PNL [21] are both superior to L,, as noise evalua-
tion indices, since they are a better “measure” of the fluctuation of noise level.
These fluctuations have a decisive effect on the noise exposure. Beecause of
measurement difficulties the TNI and PNL are not so widely used as the equi-
valent — L,,, which can be measured directly using meters such as those prod-
uced by Briiel-Kjaer and RFT.

The definition of L,, is

T2
1
L, =10log f 10 I(1) dt, (1)

~Tys

where L(t) denotes the sound intensity level measured in dB(A) xand T the
averaging time.
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According to the definition of sound intensity level, to each value of the
sound intensity L(f) measured in dB(A) can be assigned the corresponding
sound intensity

I(#) = I,-10"'L(s),

where I, denotes the reference intensity.
Substituting this relation into the definition of the equivalent level (1)
we obtain

|
L,, = 10log <I >, (2)
0

‘where

T2

i )
(B o fr(t)dt

-T2

is the average sound intensity.

The purpose of this paper is to find the relationship between the equivalent
level  L,, and such parameters as the traffic flow, the speed, those describing
the route of moving noise sources, and sound power of the individual source
types. ‘

2, Method for the calculation of Ly in urban areas

Among others, KUTTRUFT, LyoN, LINDQUIST, MALCHAIRE, SHAW, OLSON
and THIESSE have been engaged in the problem of caleulating some of the quan-
tities characterizing urban noise. In this paper it is assumed that the parameter
characterizing the urban noise, the rating scale of this noise, is the equi-
valent level L. The proposed method for predicting the magnitude of L,

_____ i
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lk=1 Fig. 1. Vehicle routes near the crossroad
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differs from previous methods in that it only requires the measurement of -
L,(t), the intensity level of the sound emitted by a single passing vehicle.

Let us assume that we want to calculate the equivalent level L,, at a point
A located as shown in Fig. 1 which represents a partial view of central building
development.

For further caleulations let us form several classes of vehicles that differ
by their sound intensity I(f). We take into consideration:

(a) The power of the noise emitted while travelling at a constant speed
determined by standard recommendations.

The vehicles considered: lorries, passenger cars, tramway, motorcyecles ete.
will have different values of this parameter which in the following text will
be marked by the letter j.

(b) Travelling route.

In Fig. 1 several possible routes are marked, which will be given the sym-
bol k.

(c) Speed. 3

We shall assume that there exist “discrete realizations” of the travel
V,(t), e.g. travel at a constant speed, travel at a speed V,(f), where the function
V,(t) is strictly defined, ete. This will be denoted by the subscript I. :

In this manner the class jkl contains the vehicles of type j, which are mov-
ing at speed ! (V,(f)), along route k. Each of the possible combinations j, &, 1
‘will be denoted by the letter i. In this manner the class @ (i =1,2,..., ")
comprises the vehicles that are characterized at a point A by the same sound
intensity as a function of time. The moment at which vehicle m belonging to
class i passes the point of observation is a stochastic quantity. Thus the inten-
sity of sound coming from this source is a funetion of the form

I'm,i = Im,i(t T 'V‘m,i)!

where y,, ; is the moment at which the source noise is passing the point of
observation. The maximum value of sound intensity is then recorded (Fig. 2).
We assume that y is a stochastic quantity with a probability density function p(y).
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Fig. 2. Changes of the intensity of noise caused by i-class vehicle — I;(t)
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The vehicle, travelling at a speed V (f) in open space, is a source of sound
intensity
Im,i o Wm,i[v(t Vn:,f)l’ (3)
[r(t' = Pm,s)]
where r denote the distance of the vehicle from the point in relation to which
the computations are made. Movement of the source implies that this is
& quantity which changes with time, while the sound power depends on the
speed V.

In order to explain more closely the physical meaning of the exponent o
let us notice that, under the assumption of a loss-free medium, a sound intensity
at the distance r from a spherical sound source is (in an open space) given by
the formula

W

Jigis e

Because of the absorption of the energy in air, and also the absorp-
tion observed at the reflection from the earth’s surface, the level decrease of
sound intensity, when doubling the distance, is higher than 6 dB (o = 2).
This means that the intensity changes with distance can be described by formula
(3) assuming p > 2. LIUNGGREN has shown that in flat terrain o = 3 (for ter-
rains covered with thick wood o = 4).

In a semi-open space, such as a street, the intensity of the sound I depends
not only on the distance r(f) between the moving sound source and the obser- .
vation point, but also on the mutual location of reflecting surfaces, on the dis-
tance of the source and the observation point from these surface, etc.

We assume that all these parameters are included in the function & (t)
which replaces 1/ in formula (3):

Im,i i35 m,i[V(t_}’m,i)]h(t_ym,i)‘ (33)

The resulting intensity of sound arriving at the point 4 (Fig. 1) is the sum
of these forms,

= ' 3 W b(t—=yn,) +1°00), (4)
i=1 m=1

where 1) denotes the intensity of the background noise from other streets,
while N, is the number of vehicles of class i pa,ssmg close to the point A in
a time interval T.

The sound power W, ;, like the y,, ., is a random quantity. Writing the
probability density for the travel of the noise source of power W, as p(W,),
Orson states that p(W,) is a long normal distribution for a certain type of
vehicle travelling at a constant speed.
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Since I(t), according to (4), is dependent upon the random variables y;
and W,, the mean intensity

o, wW T2
AWy = [ [ It Wy 2)p(Wa)p (v AWy + 17,
—o0 —T/2

where T denotes the average intensity of the background noise.
Consequently, from (4), we have
n Ni TI2 0
awy =3 3 [ | [ WampIWav1aw|h(t—y)p v dy +10
i=1 m=1 -T2 -
and
n Ni T2
AWy =3 3 [ WIVe—ralat=riprody+ 19,
i=1 m=1 —T/2
where W, denotes the mean sound power of a vehicle belonging to the class
which is moving at a speed V.
1f we assume that the passing of any vehicle is random in a time T, then
ply;) = 1/T, and we obtain

n T2
AWy = Y [ WiV -yl —yddy+ 17, (5)
i=1 -T2

where n; = N,/T denotes the number of vehicles, belonging to class i, passing
near the point 4 in unit time.

It may be noticed further that I, — W;h(t—y,), the intensity changes
of & sound caused by the passage of a single vehicle, is a function which de-
creases very rapidly to zero (Fig. 2). Thus the following equalities oceur:

T/2 o0 oo
[ Wihiye = [ WV @—ydlh(t—yidye = | WiV OIhBdt.
-T2 —00 —00
Inserting this into (5) we have
Aawy = Mug [ Wlvlh(nat+1°. | (6)

i=1 — 00

In this manner the equivalent level L,, is a function of the form

n
ik ® J
Leq e 1010gI—[_4\_J n,-a,-+1(°)], (7)
o L s . :

where

w— | Liydt = [ WLV @Oty (®)
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in which 7,(t) denotes the intensity change of a sound (with time) during the
passage of a single vehicle belonging to class i (Fig. 2), ) is the average intensity
of the background, while n, is the number of vehicles of class i passing near the
point A in unit time (e.g. in hours). In other words, this is the traffic flow
of vehicles of class 4.

The average intensity of the background can be measured or ealeulated
with the aid of the so-called homogeneous model for an ideal city [26, 28].

In many cases in the proximity of motorways or in high traffic flow,
the magnitude I can be neglected. Formula (7) then permits prediction
of the value of L, at any point of observation, since we know:

(a) the signal L,(f) at this point, caused by the movement of a single
source of class ¢ (Fig. 2) and

(b) the number of sources n,; of class i passing the observation point in
unit time.

The already existing urban situations causes that the measurement of
L;(t) can only be done at night when the sum amount of traffic permits the
recording of a signal eoming (without doubt) from a single source of a determined
class. Model investigations are thus much more convenient.

If the point A4 (Fig. 1) is located in a one-way street and there are three
possible travel routes along which lorries or passenger cars can move at equal
speeds, then we can record six various signals coming from six different sources,
as shown in Fig. 2. According to the previous definition of the source class,
we have in this case & = 1, 2, 3 — three different travelling times, j = 1, 2 —
two types of vehicles, I =1 — the travelling speed — is the same for all ve-
hicles, and it can be seen that the number of sources n — 6.

An advantage of the method proposed, which is expressed by relation i
is the possibility of determining the equivalent level L,, (for an acoustic field
generated by any number of moving sources) on the basis of the sound
intensity level L;(t) (Fig. 2) of a single source and traffic flows — ;.

3. Method for the calculating L., close to the moterway

The problem of propagation of the noise, generated by vehicles moving
along a motorway, is much simpler than that connected with the noise propaga-
tion in urban situation, for the simple reason that the only reflecting plane is
the earth’s surface. This permits of a theoretical determination of the sound
intensity I,(¢), and thus the magnitude o, in formula (7). In this case it is neces-
sary to determine experimentally the average sound powers of vehicles of
various types W, and also the magnitude of ¢ (formula (3)), which describes
the sound attenuation in open spaces. For many types of vehicles the
magnitude W; and values of the exponent ¢ can be found in the literature.

The problem of caleulation of L, and of the mean sound intensity (I
in the proximity of motorways has engaged many authors, including, ANDERSON,
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GorDON, JoHNSON and SAUNDERS, KURZE, LIUNGGREN, MARCUS, RATHE,
SCHREIBER. The results of this paper are in some cases more general than the
results of these authors.

Let the point A, at which L,, is calculated, be located as shown in Fig. 3.
The presence of woods or of compact building developments, lining an area,
determines the fact that during the passage of a vehicle belonging to class i,
the noise reaches the point 4 only in a time 9,. Formally, it means that W; = 0
outside this time interval. If the point A is in entirely free space, then one
should acecept ¥, = co.

The motorway is a road on which the traffic moves at constant speeds,
except for such cases as, for instance, a change of traffic lane. This permits
of the rewriting of expression (8) in the form

1/26;
a=W,V] [ ke,
f1f249,‘-
since the sound power W,[V], being a function of speed, is thus independent
of time.

If we also assume that we have n, traffic lanes and n, types of vehicles:
lorries, passenger cars etc., then the number of vehicle classes is given by
i = My X My, 8ince a vehicle of any type can move along any traffic lane, main-
taining only the speed and travelling direction. Taking this all into considera-
tion we obtain from (6)

4 Lt 1/26;
AWy = YW (vl [ hy(r)dr+ IO, :
i=1 —1/29;

If we also denote by n;, the traffic flow of vehicles of type j on traffic
lane k, and by W,(V,) the sound power of the vehicle of type j moving at a speed
Vi (thus moving along the traffic lane k), then

ol BEAS 1 TT i
AWy =Y [ m(de Y ng Wy (V) + IO, (9)
k=1 =1/20y j=1
120y,
The integral [ h,(r)dr will be caleulated for two cases:
—1/28y,

(a) the smallest distance of the point A from the axis of the motorway
i considerably higher than the width of the motorway: D < d (Fig. 3). It is
then possible to assume that the travel routes of all vehicles are the same
(k = 1) and are described by the curve y(x);

(b) the smallest distance of the point 4 from the motorway is comparable
with its width (d ~ D), for example when the point A is located on the shoulder
of the motorway. In this case it can be assumed that the length of the motorway
on which the vehicles, that contribute essentially to the resultant noise intensity,
are moving is a straight line.
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Fig. 3. The highway course — y () for the out-
lying point A

In this case, in contradistinction to case (a), it: is necessary to {distinguish
the traffic lanes. ;

By comparing relations (3) and (3a) we get
AR
e’

If the vehicle is moving at a speed V,, then by virtue of formula

By (1) 0> 2.

ds = V1+[y' ()] do = V,dt

and on the basis of Fig. 3, we obtain for case (a)
1/28y, £ P RS,

- 1 ds 1. Vi+ly'@7r
hp(t)dt = —f—{g' i '—z—z(WE x (10)
Vi [r(z, 91 Vi) [@+y(@)]

—1/20

By substituting in (9), we obtain the formula for average sound intensity
at point A located far from the motorway,

TR G T | g
<I(t)> = W;)Tl]ﬁg dﬂ'/‘ Z Zﬂgk.w‘f(v—k)‘ +I‘ )’ (11)
= k=1 j=1 k

and

i A

L,, = 10log— <{I(t)),

I,
where y(x) denotes a curve describing the course of the motorway, x,, ¥, are
the abscissae of points (Fig. 3) that limit the length of the motorway from
which the noise reaches the point A, my is the traffic flow of vehicles of
type j moving along traffic lane , W;(Vy) — the sound power of a type j vehicle
moving at a speed V., I — the average background intensity, n, — the number
of traffic lanes, and n, — the number of vehicle types.
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For case (b) it can be seen from Fig. 4 that equation (10) takes the following
form:

1/28p, 1 ds 1 L] B
hk(t di = f '[?(—‘_'")_]Q‘ 0 TT W'.
—1]20;, k2 *
by
— Mgy ) — — A b e
Pt R ge et Sl (B
4| d
A X

Fig. 4. Two-sided way with the given traffic intensity — ny

Since we assumed that the point A is located very near to the motorway
we can accept that z,,—4-co. For o > 2 (this condition is always satisfied)
we obtain

1/20,

a ot D= }
t)ﬂ”l Era™ =T g apt

—l,'ZGk

where [I'(x) denotes the Euler function.
Substituting the expression obtained into formula (9), we obtain for the
average sound intensity at a point 4 near to the motorway the expressions

if I'(}0—1%) S W; (Vi) 7(0)
<T@ = Vr s Z dg,z wort IV T

and

AP lﬂlog (I),

where d; denotes the distance of the traffic lane % from the point 4, and n;,
the traffic flow of vehicles of type j moving along traffic lane k.

The other quantities are the same as in formula (11) describing (I (f)>
at a point located far from the motorway. The magnitude g, which determines
the magnitude of sound attenuation (3), occurs in formulae (11) and (12).

As an example, let us consider a two-lane motorway (n, = 2) along which
two types of vehicles —orries and passenger cars (n, = 2) — are moving at
@ constant speed V, in both directions. We wish to determine the equivalent
level near to the motorway in case (b) (Fig. 4).
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If atmospheric and terrain conditions are such that we can take ¢ = 3, then
I'(30—1%) 2
TGe Vx
Substituting into formula (12), we obtain the following expression for the
equivalent level near to this road:

2 - n n e " n
Ly = 10l0g—7—- [Wl(m (7;?‘+CT‘;)+W2(VO) (7* Z )]

We assume that the traffie is so intensive that it is possible to neglect
the value of the average background intensity 1.

In this formula V, is the speed of the vehicles, n,, and n,, denote the in-
tensity of a stream of lorries on the first and second traffic lanes, respectively,
nyy and my, are the same magnitudes which refer to passenger cars, d, and d,
are the distances of the traffic lanes from point 4, W, and W, are the sound
powers of a typical lorry and passenger car, respectively, and I, is a reference
intensity.

4. Conclusions

The method presented permits of the caleulation of the equivalent level L,,
of noise generated by means transportation systems in urban situations
(formula (7) and Fig. 1), and in open space: near to (formula (12) and Fig. 4)
and far from the motorway (formula (11) and Fig. 3).

The method of caleulating L,, for the first case is given by formula (7)
~which requires the knowledge of the traffic flow of vehicles of each class n;
(the notion of the elass has been previously given), the intensity level of sound
generated by passing typical vehicles of each class L(t), and of the
average background intensity I, which can be neglected in the case
of intensive traffic. :

The measurement of L, (f) can be done only at night when traffic is small
and it is possible to record the noise generated by a single vehicle. In order
to describe the proposed method more precisely let us return to the example
previously discussed (Fig. 1).

Neglecting the acoustic background and having available six records of
the intensity level of sound L, (f) dB(A) related to the passage of single vehicles
of particular classes (remembering that lorries and passenger cars may move
on any lane (Fig. 1)), and taking relation (8) we obtain constants a, ..., a.
Formula (7) then takes the form
1

Ly = l(llogI (Ryoy+Ngas+ ... +Ngag).
0
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By this relation we can predict the equivalent level L, at a point 4 (Fig. 1)
for any values n, m,, ..., ns describing the traffic flow, e.g. for various
times of day, various cases of traffic restriction, etc. To this extent formula (7)
is of universal application.

In any case, we have to obtain only a few records of the intensity level
of sound I,(t) dB(A) for particular classes of vehicles in order to determine
the values of a; from formula (8).

In calculating the equivalent level near to motorways it can be seen from
formulae (11) and (12) that it is necessary to know the parameters describing
the location of the point for which we calculate d,., y(x), the traffic parameters
Ny, and the values of sound power W,(V) for different types of vehicles depending
on their speed. The relationship also contain the parameter g, whose significance
‘has previously been discussed. :

The derived formulae apply only to flat areas. It seems advisable to extend
theoretical works to give consideration to a great many parameters of the en-
vironment which are essential from the viewpoint of acoustics, such as e.g.
the configuration of the terrain. :
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