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SUMMARY

The effective control of noise levels in urban areas
requires an understanding of the dynamics of sound
propagation among large built-form structures. At
‘present, no theory exists which adequately describes this
propagation, ahd thus the approach to urban noise control

has been rather piecemeal,

"In this thesis, some of the important processes
involved in urban sound progagation are studied and an
attempt is made to discover the ways in which they inter-
act. Although the theory developed is, in many respects,
not rigorous, exﬁerimental results from both model and
full-scale tests are in substantial agreement with its
predictiﬁns. This suggests that the basic approach to

the problem is sound.

In particular, the interaction between absorption
and scattering processes, which have previously been}
studied only in isolation, is investigated and found to
be important in describing long-distance propagation.
Properties of the sound field which depend on the shape
and nature of the source are also found to be important

in some situations.

It is hoped that studies such as this, which attempt
to take into account all relevant aspects of the environment
of a noise source, can lead to an approach to urban noise
control which operates on the level of urban planning,
rather than of acoustic barriers, post construction insulation,

etc., which attempt to cure small-scale problems as they arise.
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LIST OF MATHEMATICAL SYMBOLS

(These symbols may be re-defined in appendices)

L] indicates '"'the integer part of =z

r,z,y cylindrical polar co-ordinates (figure 2-1)

e : speed of sound

o} density of air

A free-space wavelength

w angular frequency

d | distance between scatterers in a street

R reflection co-efficient of scatterers

Y measure of absorption (see equation 2-4)

di,d, separation of scatterers in two directions
" (figure 2-3)

6; angle of incidence on scattering surface

(figure 2.3}

h _ height of buildings

a . width of (éource) street

b - width of receiver street

a’ width of street in the presence of a scatterer

kn,en,k%,eé see equations 2-11,2+13 and 4-5 ff.

Pn _ modal co-efficients

£ arc sin (kn/ko) (see figure 4-1)

o, phase shift (see equation 4-9)

Qn see equation 4.9 ff.

® phase of propagating wave

S see equation 4-14

[/ mean free path of sound ray

n average line density of noise sources
k perpendicular distance to a road

F vehicle flow rate

v average vehicle speed
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1. INTRODUCTTION

11 General Outline of the Work

The problem of noise control, like many other problems,
becomes, in an urban environment, both magnified in scale
and complicated in detail. Such an environment contains
large numbers of noise sources, such as automobiles,
facfories, airports, etc., in a relatively small area, and
sound from these sources is acted upon by the environment
in a complicated way béfore it reaches a listener. The
effect of this environment (which for acoustic purposes
consists of many large, irregularly-shaped built-form
structures) on sound propagation has been shown to be very
significant [1]. The possible benefits which could derive
from careful control of this environment in terms of
reduced noise exposure, have also been predicted to be
great [2]. However, due to its complexity, few workers

have attempted to describe this effect in detail.

In this thesis, some special and, in some ways, idealised
cases of the interaction of sound with an urban environment
will be studied. The work i1s descriptive rather than
prescriptive, since it is an attempt to understand the
basic factors which influence sound propagation. This
understanding must be a prerequisite for the development

of any overall noise control policy.



Three situations are studied:
(1) sound propagating directly down a well-defined
street with tall buildings on either side
(ii) propagation at an intersection of two such streets
and
(iii) propagaiion among essentially randomly-placed buildings,
with no preferred direction of propagation, such as in

a suburban area, seen on a large scale.

In each case, a number of idealisations and approximations
are made. However, the level of agreement between theoretical
and experimental studies suggests that at least some of the
important procegses operating in real situations have been
isolated. In situation (iii) in particular, the agreement
is sucﬁ that the theoretical result could be used for

prediction of sound levels in real situations.

In a number of places, applications of formulae or
concepts used in this work to other fields, such as duct

acoustics, are mentioned.

1-2 Previous Work

Much previous work on the effect of the environment
on external sound propagation has been concerned with the
solution of specific problems as they arise. For example,
much analysis has been done on the acoustic properties of

depressed roads [3] and of acoustic barriers [4,5]. This



work has as its aim the optimal attenuation of sound by
the manipulation of an "artificial” environment. In contrast,
the present study is an attempt to isolate factors in a

""given' environment which are important for sound propagation -
factors which are usually far more complex than in any

Martificial' environment.

A number of studies have been made of sound propagation
in an environment containing no large built-form structures
[6-111. These find that the major factors affecting sound
propagation are

(i) absorption by the air, ground and vegetation and

(ii) meteorological conditions.

However, Weiner, Malme and Gogos [12] find that meteor-
ological conditions have far less effect in urban than in
nén-urban areas, presumably due to the fact that large built-
form structures create their own '"micro-climate' which is
relatively stable. Absorption by the ground is, of course,
greatly reduced in the case of a street compared to open
grassland [2]. Blumenfeld and Weiss [11] comment that in
urban areas, scattering and shielding by structures would

probably be important in describing propagation.

Most research on propagation in urban areas has con-
centrated on propagation in a single well-defined street,
or around a single corner into a side-street [12-181. A

notable exception is a paper by Shaw and Olsen [19] which



considers noise propagation on a city-wide scale, assuming
attenuation is by spherical spreading of the sound wave,
atmospheric absorption, and an empirically-determined
"shielding factor'. Theoretical treatments of the single-
street case almost invariably use ray acoustics techniques
~and ignore scéttering from building surfaces. A computer
program has been developed [13] which can take account of
random scattering. However, the program demands knowledge
of precise details of the environment; which may in some
cases be extremely difficult to determine exceptﬁby
hindsight, and its use would not lead to a great deal of
enlightenment as to the general principles operating in
urban sound propagation. A paper by Davies [20] uses a
somewhat different approach to a similar problem, considering
propégating modes rather than rays. However, he does not
cbnsider scattering and his conclusions are similar to those

reached by other methods.

Unfortunately, the rates of attenuation with distance
predicted b& these methods are much lower than those found
in real streets (see below). Lyon [1] suggests that this
discrepancy may be due to the effect of scattering, but does
not suggest how this could be incorporated into a theoretical
treatment. In Chapters 2 and 3, an attempt will be made to
take account of scattering in this situation and to assess
the validity of Lyon's suggestion, while in the remainder of
the thesis, ideas derived from this work will be applied to

other urban situations.



2, PROPAGATION IN A
WELL-DEFINED STREET - THEORY

2-1 Absorption and Scattering Processes

An urban street may be taken to consist of a hard
""floor" with long rows of tall buildings on either side,
and small gaps (if any) between buildings. The simplest
ﬁhedreticél model of this situation is to consider two
parallel planes which reflect sound perfectly (figure 2-1).
The "floor' may be ignored, since a source above a perfectly-
reflecting floor may be shown [21] to be equivalent to two
sources placed s&mmetrically about the position of the floor,
with the floor removed. Thus, we may simply add the pressure
fields from these two sources. (In practice, the source-
receiver distance is much larger than the height of the
source above the ground, and in this situation the presence
of the "image'" source does not significantly affect

attenuation rates.)

It is well known [13] that if a source is placed between
two such planes, the sound intensity at a distance r from
the source is proportional to 1/r (see equation (2+12)},
i.e. the sound pressure level drops at a rate of 3 decibels
pef doubling of distance from the source (3 dB/d.d.) due to
"cylindrical spreading" of the wave. Attenuation rates in
real streets, however, are much higher than this —- ranging

from 6 to 12 dB/d.d. [1,12]. Two major processes could



account for this "excess attenuation' - absorption by the
"walls' and scattering from irregularities on them.

Absorption processes have been studied by a number of workers,
as described above, but the predictions of these methods

are not adequate to explain measured attenuations. For
example, theoretical results in reference [12] imply that

-the rate of attenuation can never exceed 6 dB/d.d. Thus,

the effec; of scattering processes on attenuation rates will

now be studied in detail.

22 Scattering from Large Protrusions

The sound field in a street will be described in this
section as series of wave fronts moving in the » direction,
rather than as rays. The basis for this approach is described

in section 2-5.

If such a wave front meets a lérge protrusion or
irregularity in the walls, it will be partially reflected
by it. If the street contains a series of such protrusions,
a distance d apart (figure 2-2), we may find the probability
per unit distance, f(r,t}, that a "quantum" of sound energy
emitted at time t¢t=0 will be found at a distance r from the
source at a time ¢. The total intensity due to a continuously-

emitting source will then be given by
* d
I = J =7 flr,t) d(ect) (2-1)
: o ' o

where the factor d/e¢t accounts for cylindrical spreading.
(This formula assumes that the intensity at a distance d from

the source is %, in the absence of scattering.)



Figure 2+«1: Simple model of a street. S represents
the sound source. ‘

——4-1-

Figure 2+2: Scatterers on a street wall, with reflection
co-efficient R.




It is shown in Appendix 3 that if # is the proportion
of incident energy reflected at any protrusion, then for

an infinitely long street, and for »/d >» 1/R, we have

_ Rr?
}li e 2(1-R)dect

f(rst) =‘{ z,ﬂ.(l_f;)dct (2'2).

~For R=}% this reduces to the usual formula for particles
undergoing a one-dimensional "random walk". If »/d < 1/R,

f(r,t) may be calculated from first principles, and the

integral in (2+1) performed numerically on a computer.

Using (2-1) and (2+2), we have

- \ ; Rr?
L - Z
o

I =1 17y

a/r (2-3),
so that the attenuation rate is still 3 dB/d.d.

However, this prediction is significantly changed
when a finite street is considered. Figure 2-3 shows
computer calculations of attenuations for this situation,
assuming that no sound is reflected back from beyond the
end of the street. Significantly higher rates of attenuation

are seen from approximately half-way to the end of the street.

The addition of small amounts of absorption also changes

the prediction significantly, so (2+1) becomes

-yet/d

® a
7 = Jo =z flr,t) e d(et) | (2-4)

(see Appendix 6), where 1-¢ Y is the proportion of energy

absorbed in travelling a distance d.



(dB)

S.P.L.

-22

-24

Number of interfaces from source

Figure 2-3: Computer calculations of relative intensities
: in a strecet, with scatterers having a reflection
co-efficient R = 0.1. — - infinite strecet;
~— -—— - finite strcet with 50 1nterfaces,
- equation (Z°3).
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From (2-2), we then have

Rrd P -% ‘2(1~§p') :ict: - yet/d d(et)
- Ot M, et e )
4]
_3[251]’/2
_ g Rriver: (2+5)

(see Appendix 2). If 2rR/(1-R) > vy, this gives a higher rate
" of attenuation than would result simply from absorption.
Once again, if the finite length of the street is taken into
éccbunt, fhe attenuation rate 1is even greater (see figures

3.7-313).

It would thus appear that rates of attenuation in streets
may be controlled by the interplay between the scattering
and absorption of sound. Experimental verification of the
above formulae is discussed in section 3-3. A similar method
may 5e used to calculate attenuations in ducts where

scattering may be important, such as corridors (see Appendix 4).

2*3 Scattering in a Real Street

Althouéh equation (2+5) makes clear the general effects
of the processes of absorption and scattering as they operate
in a street, its direct application in a real situation is
difficult for two major reasons:

(i) R will usually be small, so that the condition r/d >» 1/F
will not be satisfied except in the case of very long
streets. Although computer calculations may be used for
small values of r/d, these calculations would be réther
time-consuming, both in terms of computer-time and of

programmer-time.
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(ii) More importantly, the effective value of y is, in a
real situation, extremely difficult to determine. In
theory, y could be calculated from the impedance of
the building materials, as measured in an impedance
tube. However, the value determined in this way does
not take into account '"excess'" absorption of a wave
not meeting the surface normally, which is due to
surface roughness, and which may be quite considerable

(see note under table 3-1).

In real situations, therefore, it is necessary to make

further approximations.

It is reasonable to assume that in most streets, R,
although small (usually of the order of 0.1), will be
larger than vy, since most building materials have very
low absorption co-efficients (lower, for instance, than
0.05 - the absorption co-efficient of plywood at 8 kHz,
for which this approximation appears adequate [see sections
3.2 and 3-31). It may also be assumed for most purposes
that r/d ¢ 1/R, since over longer distances, street
intersections will almost certainly be encountered. In
these circumstances, it is reasonable to make the approximation
that in calculating f(r, ¢}, only wave-fronts which have not
been reflected, or which have been reflected only once,
be considered, and that these be assumed to have propagated
without absorption. These wave-fronts will, in géneral,'

have a lower value of ¢t for a given r than others, and thus
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have suffered less absorption. They will alsoc be 1less
likely to have travelled past the end of the strecect.
For vy < R and r/d ¢ 1/R, absorption of the waves which

are taken into account in this approximation will be small.
Making this assumption, we have

N et/d
2f(r,t) = (I-R) S(p/dl,let/d]

+ r(1-p)(et/d)-1

®Lr/dl,lot/d]l (2:6),
where § = (1 for n=m
n,m
0 .for n#m
1§
and € = {1 for n<m and m-n even
n,m

¢ for n<m and m-n odd

0 for mnam

The same normalisation has been used as for equation (2-+2).

From {(2-1), approximating r/d = [r/d], etc., where

necessary, we have

I = f%(z-ﬁ)”/d + ZfﬁgﬁT Ev{-(r/d)In{1-R)} (2-7)
where E,(x) = J % e~ at
X

The accuracy of this approximation is illustrated in figures

3.7-3013.
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2.4 Scattering in Two Dimensions

In a real street, sound may be scattered not only
from points further down the street, but also from points
- higher on the '"walls" and from "image scatterers'' below
the ground level {taking into account wave-fronts which
"have been reflected from the ground). For the case of
small scatterers placed randomly on the walls, addition
of this sécond dimension to the problem requires a change
from the concept of "reflection co-efficient' to . that of
""'scattering cross-section''. The resulting formulae are

derived in Appendix 5.

However, the situation in most streets is better
approximated by considering scatterers to be long surfaces
orieﬁted either horizontally or vertically (see figure 2-4).
Wé now have d,, the average distance between scattering
surfaces when moving horizontally, and d,, the average
distance when moving vertically. In general, R will be a
function of -the angle of incidence on the scattering
surface, 8 (figure 2+4). It will be seen from figure 2-4
that the extra intensity at r resulting from scattering
from horizontal surfaces will be given by
R(6,)(1-8(8,)) 25 (1 - (T -0 ) 17/d]

Vré+(22d.)°

(2-8),

where % is the height of the buildings, and tan8£¥r/2id2,
for a source and receiver at a height less than that of the first
horizontal interface. This term may be added to equation (2:7),

with d in this equation replaced by d,, to give the total intensity.
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Figure 2+4: Scattering from a horizontal surface.
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o
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Figure 2*5: Simple representation of a scatterer on a
street wall.
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2+5 Determination of R

In order to estimate R, some assumption must be made
as to the form of the scatterers in a street. The simplest
possible assumption is to regard a scattering surface as
producing a sudden change in the width of the street from
a to a', as represented in figure 2-5. A simple picture of
the sound-field in the street which represents it in terms
of parallel rays moving down the street would then predict

R = [(a - a')/a for a>a!

(2-9)
0 for a<a’

(In this approximation, R is independent of the angle of

incidence.)

In many cases, this expression is adequate. However,
a more accurate description of the sound field leads to the
conclusion that even in the region z<a' (figure 2+5), some
sound energy is reflectéd. Since this energy is in some
cases not inconsiderable, a more exact expression for the

reflection co-efficient will be derived.

For plane, perfectly-reflecting walls, the acoustic
pressure field in the street for a spherically-symmetric

source may be written in cylindrical polar co-ordinates [23]

- (1) .
. P iy PnHO (knr) cos €3 (2+10)
. where Hglﬁ the zero-order Hankel function of the first kind,

has been chosen to represent an outgoing wave. For simplicity,

all sources will be assumed to radiate in a spherically

symmetric way.
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k> = (2n/Xx)* {1-(n)X/2a)?}, where A is the free-space

wavelength, and €,= nn/a. The values of the co-efficients
P, depend on the nature and position of the source. (For
instance, tf the source 1is symmetrical about the centre of

the street, we will have P =0 for all odd values of »n.)

At distances from the source greater than the order
of a few wavelengths, (2+10) becomes
| [2a/A] L |
p = Y P (k r) 2 ezknr cos €_z (2.11).
n=0 n n n

Thus, the pressure field is represented as a sum over
propagating modes.
The intensity is given by
_ 2 -1 2 .
I = % IPn| (pck,r) cos® € z (2.12).
If the walls are absorbing, kn becomes complex, giving

~Im(k J)r
n

an extra attenuation of e (see Appendix 6).

If a wave approaching an interface is in the nth mode
of propagation, this mode must, on passing the interface,
be represented by a sum of modes in a street of width a’.
It is shown in Appendix 7 that, in this process, a
proportion R, of the incident energy is reflected, where

for normal incidence,

2 L ]
- {kn - k’m] (2-13).
2
" kn + k -

Here, k'm2 = (2n/x)% {I-(mx/a’)?} and m is the nearest

integer to na'/a.
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If the angle of incidence is 6, the corresponding

expression is

[} 2 .2 l/i 2
cos & - ((k m/kn) - 8in®8)

Rn(e) n for sinv8<k'm/kn

cos O + ((k' /k )?- sinze)lé
m’ n

= 1 for sin 6>k’ /k (2-14)
(see Appendix 7).

’ The tbtal reflection co-efficient will then be .

- a’ 2 2
R = (a-a')/a + 7 P R P2 / y p.  for a'<a
n n
(2-15).
- 2 2
and R = E R P / ; p? for a’'> a

In cases where protrusions, etc., cause an alternation in
street width between a and a’ (as in figure 3+6), the average
reflection co-efficient for a single interface, R, must be

chosen so that

(1-R)? = (1-R(a,a’)) (1-R(a',a)) (2:16).
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5, PROPAGATION IN A

WELL-DEFINED STREET — EXPERIMENT

3.1 Description of Models Used

All model studies in this work were carried out in a
small (5m x5m x2.5m )} anechoic room. A street was modelled
by fwo plywood boards, 2000 x 1000 x 10 mm, with bases
attached so that they stood vertically and parallel, with
the longer sides horizontal. Between these boards a
microphone on a carriage could be moved by the mechanism
shown in figure 3+1. A sound source was placed at the
centre of the street near one end of the boards and sound
level readings were taken wiﬁh the microphone at various
distances from the source. In order to prevent spurious
reflections from the ends and top of the street, it was
found to be necessary to place fibreglass absorbing material

all around the model.

Two sound sources were used:

(i) a Phillips tweeter, approximately 5 cm 1in diameter,
driven by a white noise generator with an octave-band
filter, or else by a function generator when a single-
frequency source was required. (See Appendix 1 for

details of the equipment.)



19.
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Figure 3-1: Mechanism for remotely moving a microphone.

Figure 3*2: Nozzle of air-driven sound source.
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(ii) a nozzle having four impinging air-jets (figure 3-2),
driven from a compressor, whoseoutput in % -octave bands
is shown in figure 3+3. This output was omnidirectional

to within 2 dB.

A %" microphone was used, connected to a signal amplifier

and filter.

3.2 - Determination of vy

In order to estimate the value of y for the plywood
boards, readings of thé SPL were taken at 5 cm intervals
down the street, using both sources. These were then
corrected for attenuation due to cylindrical spreading,
and a linear regression was uséd to find the value and
standard error of the residual attenuation in dB's per
metre, from which y may be easily found, if 4 is known.
Other variations in SPL were probabiy caused largely by
interference between various modes which move in and out
of phase as one moves down the street. Some results are

shown in figures 3+4 and 3+5.

Both sources were tested because rates of absorption
are, in general, different for different modes and, therefore,
will depend on the particular combination of modes produced
by the source. However, in the case of the speaker,
interference effects largely masked the absorption and a
1ineaf regression gave only attenuations (in a 20 cm -wide

street) of 0.7 + 0.7 dB's/m at 8 kHz and 1.2 + 1.4 dB's/m
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Figure 3+3: Output of air-driven source in % -octave bands,
at driving pressure 50 p.s.i. ‘ :
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-1
20 40 60 80 100 120 140

Distance from source {cm)

Figure 3-4: Absorption in a 20 cm-wide plywood street at
8 kHz, using the air source. S.P.L. is corrected
for cylindrical spreading and arbitrarily normalised.

20 40 60 80 100 120 140

Distance from source (cm)

Figure 3-5: Absorption in a 20 cm-wide plywood street at
" 8 kHz, using the specaker. S.P.L. is corrected
for cylindrical sprecading and arbitrarily nermalised.
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at 16 kHz. Thus, values found for the air source were
assumed to apply also to the speaker. These values are

shown in table 3-+1.

Octave-band

Street width centre- frequency

Absorption (dB's/m)

20 cm 8 kHz 1.3 £+ 0.4
16 kHz 1.7 + 0.2

| . 31.5 kHz 2.9 + 0.2
40 cm 8 kHz 0.8 £ 0.2
16 kHz 1.1 + 0.2

31.5 kHz 2.0 + 0.2

Table 3-1: Atteﬁuations due to absorption by plywood
street walls.
Note:. Ffom measurements on plywood in an impedance tube,
the absorption at 8 kHz in a 20 cm-wide street

would have been predicted to be less than 0.01 dB/m.!

3.3 Modelling of Scattering Processes

Vertical plywood strips 1 cm thick and 3 cm wide were
attached to the boards representing the street walls, as
shown in figure 3:6. Taking R from equation (2-9) and
using equation (2+16) gives R = 0.051 if a =20cm, and
R = 0.025 if a=40 cm. R may be calculated for each n
by integrating equation (2-13) with respect to frequency,
since all the interfaces are normal to the direction of

propagation. This shows that R is negligible except in
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10 cm
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1cmzt-

Figure 3+6: Modelling scatterers in a street.
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the case of propagation in the mode of highest possible
order, in which case F ~ 0.1 for a=20 cm, and % ~ 0.05
for a=40 cm. (These values are the same, * 0.005, for

the 8 kHz, 16 kHz and 31.5 kHz octave-bands.)

Using a technique described in sections 4+3 and 5-1,
it was possible to determine the "average' mode of propagation
(defined more precisely in section 4+1) when using the
speaker as the source. (This was not possible in the case
of the air source, since this cannot produce a pure tone.)
At 8 kHz in a 20 cm street, the average mode number was
3, from a possible 4, while at 16 kHz it was less than 3
from a possible é. It was found that smaller sources
tended to emit higher-order modes, and that increasing
the stréet width for a given source decreased the average
mode number in relation to the total number of possible
modes (see section 5¢1). Thus, considering that the source
area of the air source is much smaller than that of the
speaker, it would seem reasonable to assume that propagation
was in the ﬁode of highest possible order in the case of
the air source at 8 kHz in a 20 cm street, but at no other

time.

Making this assumption, and using the above values of
Y,'predictions of the expected attenuation were made by
numerically integrating equation (2-1) on a computer, both
for the case of an infinite street and for a street the

length of the experimental street (i.e. 26 interfaces).
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These were compared with experimental results, and with

the predictions of equations (2+5) and (2+7) (figures 3+7 —
3-13). Equation (2+7) is seen to be a good approximation
if R is low, and y even lower. For R relatively high, (2+7)
still gives a fair approximation to the slope of the curve,
if not to its absolute value. (Absolute values of sets of

experimental points were arbitrarily fixed.)

‘It should be noted that attenuation rates within
approximately one street width of the source may be‘expected
to be higher than those predicted by the above theory, since
near this point all modes begin to come into phase. This
explains the drift of experimental points away from the
predicted line at less than approximately 6 interfaces from
the source in the results for the 40 cm-wide street. The
attenuation rate at 8kHz in the 40 cm street appears to
be.greater than was predicted, possibly indicating that a
considerable proportion of the sound energy is still in

the highest-order mode.

Model tests of scattering from horizontal interfaces
were not performed due to the limited size of the anechoic

room available at Sydney University.

3.4 Full-Scale Tests

James Lane in Sydney was chosen for the site of a
full-scale experiment. This is a lane 6.3 m wide, with
buildings approximately 7 m high lining each side, and
having no gaps between them. At one end of the lane is
James Street, which is approximately 20 m wide, and at

approximately 75 m from this corner, the lane is partially
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Figures 3+7 - 3+13: Attenuation in a model street with

scatterers.

~rrmp—— -

—— e -

0 -

predictions derived numerically from equation (2+1},
for an infinite street.

predictions derived numerically from equation (2-°1),
for a street of 26 interfaces.

predictions of equation (2+5).
predictions of equation (2-+7)}.
experimental results.

Octave-band centre-frequency, street width and source are
given under each figure.
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Figure 3+14: James Lane, Sydney, seen from James Street.
The car was not present while experiments
were being carried out.
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blocked by buildings (figure 3+14). On one side,
scattering surfaces consisted of the edges of entrances
and windows, with the following parameters:

2.3

d1 0.1 m

I+

d = 1.5+ 0.1 m
la-a’| = 60 * Scu
On the other side, the surfaces consisted of the edges of
windows, and these surfaces had the following parameters:
dy = 1.2 + 0.1 m
d = 1.5 %+ 0.1 m
|la-a’] = 15 £ 3cm
Errors in the above figures are estimated, and result from
difficulties in determining parameters for the '"average"
scatterer. Ambient noise was low (always at least 10 dB
below the signal) since the test was conducted in the early
mdrning. (This also ensured that entrances, windows, etc.,

were closed.)

The sound source used was an omnidirectional speaker
placed near’James Street through which pre-recorded white
sound was played. The sound field at points down the
street was recorded via a sound level meter and subsequently

analysed using an octave-band filter and signal amplifier.

The results are shown in figures 3+15 and 3-16 and
and compared with the predictions of ecuations 2-7 and 2-8.

Since the speaker is 35 cm wide, it was assumed that low-
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Figure 3+15: Attenuation in James Lane in the octave-band

centred on 500 Hz. ——— - predictions of
equation (2-7); x - experimental results.
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Figure 3+:16: Attenuation in James Lane in the octave-band
centred on 1 kHz. ———— - predictions of
equation (2+7); x - experimental results.
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order modes were propagated. However, in this case, even
the assumption that the highest-order mode was propagated
changed the predictions by less than 1 dB. Similar
uncertainty arose from errors in d,, d. and |a-a'|. Despite
'this uncertainty, it would appear from figures 3+15 and 3-16
that equations.2-7 and 28 give a useful prediction of the
rate of attenuation in some urban streets - those whose
walls are high, have few gaps, and have low absorption.

For high absorption, equation (2-1) must be integréted
numerically, or for large distances, equation (2-5) used

(if vy is known).

It has been.seen that rates of attenuation in the kind
of streets studied are governed by the interaction of
absorption and scattering proéesses. In Chapters 6 and
7, this will be seen to be true for a much more general

class of sound propagation problems.
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b, PROPAGATION AT AN
INTERSECTION - THEORY

41 The Sound Field Near an Intersection

In this section of the work a study was made of a
situation in which two or more of the kind of streets
&eséribed'in the previous section, meet. In particular,

a description was sought of the sound field generated in

one street by a source in another street. This knowledge

is, of course, necessary in order to formulate a description
of propagation in a network of such streets, and, together
with results in the previous section, it gives, in principle,
a complete description of this propagation. (In practice,
the results derived here appear to be useful only cn a

small scale — i.e. within approximately a block of the

source — for reasons explained in following chapters.)

For the sake of simplicity, only four-way intersections
where all streets meet at right angles, as in figure 4-1,
will be considered. It is believed that the work described
here could be extended to other types of intersections with
few major changes. Attention was concentrated on the
prbblem'of predicting the drop in intensity arising from
moving around a corner at such an intersection (from the
"source street' to the 'receiver street"). liowever, other
properties of the resulting sound field were also found to

be important.
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A four-way intersection, showing modal
propagation at an angle of incidence E.

S x a
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Figure 4-1:
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Figure 4-+2:
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Distance from Intersection {cm)

¢ vs r in a 40 cm-wide receiver street, with

a 40 cm-wide source
that variations 1in

étreet, at 4 kHz, showing
dr are small.
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The sound fields in streets near an intersection
(regions I, III, IV and V of figure 4+1) may be described
by equation 2-11, with suitable choices of P ; r and z 1in
equation 2-11 become x and y in figure 4-1, with r becoming
z in region I, r becoming -y in region III, etc. For

region I, equation 2¢11 may be written

-1 ; ; -
p =171 P, (k x) z{et(knx tenyl), tlkyx eny)} (4-1).
n
Thus, each propagating mode in the source street may

be considered to consist of two cylindrical waves, with
intensities proportional to }|Pn{2/x, travelling such as to
make an angle of incidence § with the street walls, where

sin & = kn/ko (see figure 4-1).

It will be assumed that the behaviour of the sound
fiel@ may be described by the behaviour of a single "average"
mode, which may be defined as the mode for which J/kn is
nearest to (ZIPnfz/kn)/(Zanlz). This assumption will be
valid only if most sound energy is concentrated in a single
mode. That this was the case in the experimental

situations studied is demonstrated in section 4-3.

A detailed description of the sound pressure field in
an intersection would be extremely difficult to find.
However, in order to determine the resulting attenuation,
it is only necessary to find the intensity of sound
propagated into the receiver street. An approximate

‘expression for this will now be found.

4.2 Attenuation Across an Intersection

When the plane waves described above encounter an

intersection, their path will be as shown in figure 4-1.
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Since the street width is assumed to be large compared to
A, diffraction effects will be ignored [}1]. Figure 4-1
assumes that tan & > b/a, which 1s generally true in a real
situation. In this case, the average intensity at the edge

of the intersection in region III of figure 4-1 will be

b cot E
T 1 |Pn|? dy
11T ~ b 4(r + y tan &)
0
= (1/4b)|P,|? cot & in(1 + b/r) (4-2)

where r is the distance from the source to the intersection

and n is the average mode number.

Since the average intensity at the edge of the intersection

in region I is
Ip= %P, |%/r | (4-3),

the ;esﬁlting attenuation will be

IIII/II = (r/2b) cot E In(1 + b/r) (4-4),

+~ % cot £ as b/r->0

When tan & < b/a, we have

IPR N a0
I111 =5 | 2(r # y tan &)
o
= {1/4b)1Pn12 cot £ In(1 + (a/r) tan &) (4+5)
and I /I = (r/2b) cot & In(1 + (a/r) tan E) (46).
IIT 1

+ a/2b as b/r > 0

In region III, the angle of incidence, g', will be
given'by sin £' = cos £, i.e. if m is the mode number in

this region and ¢' = mn/b, then
e! =k
m n

or k' =€, | (4-7).
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Of course, there will not, in general, be a mode of
propagation in region III for which equation (4-7) will
be satisfied exactly. However, where there is a large
number of modes, some will have e'm 3y kn, and in this
case it will be assumed that the sound energy will be
-concentrated in the mode with e'mnearest to kn, and that

attenuation due to this '"mismatch" will be negligible.

4.3 Determination of the Average Mode

In confirming the above theory, it was necessary
that some means be devised of determining the average
mode of propagation in a simple street. The method used
was to measure the rate of change of phase of the wave

with distance along the street.

The average value of the acoustic pressure across

the street may be written
P = ; Qn sin (knr toa - wt) (4-9)

where Qn = 7%%%L {the factor r-% being ignored for distances
which are small compared with the source-receiver distance),
and o, is a phase shift between modes. Then, the phase

¢(r) may be defined as the value of wt/2n when p(r) = 0.
Alfhough this gives a multi-valued function, one value may

be specified by the requirement that &(») is continuous,

and ®(0) = 0.
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Thus,
} Q, sin (knr ta - 2m%) =0 (4+10)
n

leading to

I Q@n sin (kyr + ap)

tan 21d = (4-11).
") Qn cos (kyr + ap)
This gives
j%(ZHQJ - ERZQ% + ménanan cos ((ky - kp) r + an - ay)
an + mEnQan eos ((k, - k Jr + a - o) (4.12).

For large r, the values of cos ((k, - kp) r + oy - ap)
will be approximately randomly distributed between -1 and 1,
so that the second terms of the numerator and denominator
will ‘generally be much smaller than the first. To first

order in these quantities, we have

qa Lkn@% . m;nanan ecos ((kn - kpm) r + o, - oyl
r 2
197 CK

- {anQ%}{m; Qnepm cos ({ky - kp) r + ay - ayy) }
n
{}en}?

(4+13).

By averaging over a range of values of r, the sinusocidally
vafying terms may be removed, leaving

£(2ne) ~ Jk,e3/102

(212nl?}
{31 Pnl?/kn}

5 (4:14) .
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Thus, the "average'" mode, as defined above, will be

the mode having 1/k, nearest to I/é%(ZHQ).

If we assume that for large r the phases of the
sinusoidally varying terms in (4+13) are incoherent, then
the mean-square variation of é%(2w®) from its average

value S will, from (4+13), be

YO YQh) Q5(S - ky)?

n m#EnN

D =
(YQ%)? (4-15).

If for some n it is not true that J@2 ~ §@Z%, then the
m#n m
energy of the sound field must be concentrated in that mode.

If this is true for all »n, then we may say

YQE(S - kyl?
D~ Z ; o (4-16),
Qn

which is the mean-square deviation of k, from its '"average"

value, S.

Figure 4+2 shows a typical graph of & vs r. In this
case, as in'all other cases tested, the mean-square variation
in ﬁ%(Zn@) was small compared to its mean value, indicating
concentration of energy in a small range of values of kj,

as assumed above.

The most convenient measure of the modal properties
of the sound field was found to be the "modal ratio' -- the
ratio of the average mode number to the highest possible

mode number.
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5, PROPAGATION AT AN

INTERSECTION ~ EXPERIMENT

51 Studies of Average Mode Numbers

Plywood was used to model street walls, as described
in section 3°1. For this section of the work, all walls
used were flat. It was decided to investigate the average
modé numbers of the sound fields produced by various sources in
an 80 cm-wide street. The source was placed in the middle
of the street, emitting a pure tone, and a %" microphone moved
along the street by the mechanism shown in figure 3+<1. The
output of the microphone was connected via a signal amplifier
to an oscilloscope, which was triggered by the output of the
signal generator that fed the source. In this way, the
relative phase of the wave could be measured at various points
down the street. The results gave‘graphs similar to figure

4-3, and a linear regression on these points gave a value of

%%, from which the average mode number was determined as
described in section 4+3. It was found that average values

of %% did not change significantly when measurements were

made at different points across the street, so that averaging

in this dimension was unnecessary.

The sources used were
(i) a Magnavox 17 cm-diameter speaker
(i1) a Phillips 5 cm-diameter tweeter
(iii) a PEAK 5 cm-diameter horn tweeter
and {(iv) source (ii) at the end of two parallel boards,

80 ¢m long and 2 cm apart. In this case, the
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end of the street was blocked by plywood

boards, except for the 2 cm "source' region.
The results of these tests are shown in figure 5-1.

A number of trends are obvious from this figure. The
-intuitively reasonable idea that a smaller source will
tend to produce higher-order modes at a given frequency is
born out. - However, the results from sources (ii) and (iii),
which are of the same size, but with different geometries,
indicate that more complex factors are also involved. Tt
would appear that the pressure distribution in the source
region must be known in some detail before confident
predictions of the average mode number of the sound field

may be made.

Another clear trend is that modal ratios for the same
source are lower at higher frequencies. Measurements are
also made using source (ii) in a 40 cm-wide street. This
gave modal ratios of 0.56 at 4 kHz and 0.44 at 8 kHz,

suggesting that modal ratios are lower in a wider street.

These considerations may be relevant to work in
duct acoustics, as well as to propagation in streets (see

Appendix 8).

5*2 Model Studies of Intersections

An intersection was modelled as shown in figure 5-2.

(Figure 53 shows a photograph of the model.) Only
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propagation around a corner was studied, since the total
length of source and receiver streets required to study
direct propagation was greater than the dimensions of the
anechoic room. Source (ii) was used in a 40 cm-wide source
street, and modal ratios in the receiver street measured

at 4 kHz and 8 kHz.

White sound, filtered in octave-bands centred on these
frequencies, was then played through the speaker. The
intenéity of this sound in the source street was determined
by averaging 20 readings across the end of the street. In
the receiver street, a series of intensity readings was
taken along the street. It was assumed that all attenuation,
other than cylindrical spreading, was linear with distance
along the street. Thus, after correcting for cylindrical
spreading, a linear regression gave the value of the intensity
at the intersection. The results of this study are shown

in table 5-1.

Modal ratios produced by source (ii} in 40 cm- and
80 cm-wide streets without intersections are given in
table 5+¢1 as M. However, these were probably altered by
the presence of the intersection. Thus, measured values

of k%, rather than kn, were used in predictions of attenuation.

Although the standard errors of measured attenuations
are large, they show trends similar to the predicted values,
and are consistent with them, with the exception of one

point. Here, there are only four propagating modes in the
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receiver street, and it is probable that the averaging
processes described above begin to break down for this small
number of modes. These attenuations are significantly
smaller than those found by other workers [12,1]1, whose
results indicate attenuations of 10 dB or more. However,

_ this may be eXplained by an effect to bé described in the

following section.

5«3 Large-Scale Study

A group of large (80 m x 40 m) weatherboard wool-sheds
was used to test the above theory on a larger scale (figure
5¢4). The buildings were approximately 5 m high, and source

and receiver streets were both 9.2 m wide.

'Pre—recorded white sound was fed via an amplifier to the
omnidirectional source. This was recorded through a sound
level meter at various distances from the source in both
the source and receiver streets and later analysed using
an octave-band filter. Extraneous noise was always at least
10 dB below the signal. However, when an attempt was made
to turn a second corner and record levels in a third street,
this criterion was not satisfied. These results were

therefore discarded.

A pure tone of 300 Hz was also played and recorded
simultaneously on the two tracks of the recorder through two

sound level meters. One SLM was kept stationary, while the
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Figure 5-4: Site of large-scale tests, showing
- omnidirectional source and two sound level
meters.
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other was moved in 50 cm intervals. The recording on one
track was later played into an oscilloscope, which was
triggered by the recording on the other track. In this
way, the average mode number in the source and receiver
streets was determined at 300 Hz. (This average mode
-number was used in predicting attenuations for the 250 Hz

octave-band.)

Resuits of intensity measurements at 250 Hz are shown
in figure 5-5. The modal ratio in the source street was
0.67 (=10/15) and in the receiver street 0.87 (=13/15).
The predicted va}ue in the receiver street was 0.80 (=12/15).
Since there were few important scattering interfaces on the
walls, it was assumed that attenuation was due entirely to
absorption, after correction for cylindrical spreading.
This is born out by the linearity of the observed attenuation
with distance (figure 5-5). Linear regressions in the
source and receiver streets gave a drop of 6 + 2 dB's across
the interse;tion. The predicted value was 4.1 dB's using

kn, or 5.2 dB's using k).

Figure 5+6 shows the results of intensity measurements
at 4 kHz. The fast initial rate of attenuation in the
receiver street may be explained as follows. Since high-
fréquency sound has, in general, a low modal ratio (see
section 5-1), we may assume that the modal ratio in the

source street was very low at 4 kHz, which, in turn, implies
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a high modal ratio in the receiver street. Now, high-order
modes are absorbed much more quickly than low-order modes
[21], and thus the fast initial attenuation rate in the
receiver street could represent the absorption of these

high-order modes.

A quantitative prediction of this effect would be very
difficult indeed, requiring detailed knowledge of the modal
étrdcture of the sound field in the source street. However,
it may explain the large attenuations reported by other
workers. (Weiner, Malme and Gogos [12] comment on the fact
that the initial rate of attenuation in the receiver street
is faster than that in the source street.) A similar effect
occurs in lined ducts, where the modal structure of the
propagating sound, though rafely taken into account,
appears to have a large effect on the absorption properties

of the lining (see Appendix 8).
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6. PROPAGATION AMONG
RANDOMLY-PLACED BUILDINGS

— THEORY

6-1 Propagation as a '"Random Walk"

. While the discussion above appears to be adequate for
sound propagation in a well-defined street on a relatively
small scale (i.e. within approximately a block of the
source) the situation is more complex in other cases.

If the receiver is a number of blocks from the source,

sound may reach it by many different routes. Also, streets
are rarely arranged in a regular pattern, complicating the
probiem of predicting attenuations at intersections. More
sériously, buildings often have significant spaces between
them and may not be oriented parallel to the road. (They
may, in fact, have curved facades, making any discussion

of propagating modes impossibly complex.)}) In a suburban,
rather than an urban, area the presence of large open spaces

makes the above analysis totally inapplicable.

In situations such as this, where building surfaces
are not closely enough aligned to form coherent modes, the
use of geometrical acoustics suggests itself. The path of

a "ray' of sound may be followed as it is reflected from
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various surfaces, its intensity being taken to be inversely
proportional to the distance travelled from the source,
due to spreading in the vertical direction. The sound
intensity would then be proportional to the sum of the

intensities of all rays passing though a unit of area.

A computer program to trace rays in this way has
been developed by Lyon, Holmes, Donovan and Kursmark [13].
ﬁowéver, fhe use of this program would demand relatively
detailed knowledge of the positions of building facades,
scattering surfaces, etc., in the area, which may not
always be available. For propagation over a large distance
(defined more precisely below), it would seem reasonable to
assume ;hat the orientation of building facades was random
with respect to the directioﬂ of propagation of the ray,
and that the distances travelled between reflections were

randomly distributed about a "mean free path™ (m.f.p.), 2.

Thus, the ray will undergo a two-dimensional ''random
walk", and the probability per unit area, g(r,t), that it
will be at a distance r from the source at a time t is, from
well-known theory t22],

1 e-rz/lct (6+1)

glr,t) = TioE

for »r » 1 .

Thus, the total intensity due to a continuously-

emitting source (for unit intensity of the wave at a distance
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from the source, in the absence of scattering) will be

_ 2ni?
I = J i g(r,t) d(et)
]

2(1/r)? (6-2).

That is, the rate of attenuation will be exactly as

it would have been in the absence of any buildings.

6-2 Effects of Absorption

As in the situation discussed in Chapter 2, the presence
of small amounts of absorption changes the above prediction
substantially. If the proportion of the energy absorbed

per m.f.p. is 1 - e~Y, then equation (6+2) becomes

* 2
I = J %;g gl(r,t) e'YOt/Z diect)
0

i

(4Y%Z/r) KI(2Y%P/Z) ' (6-3)

(see Appendix 2}, where X, is the first-order modified

3
Bessel function of the second kind. The absorption parameter,
Y, must take into account absorption resulting from a single
reflection from a facade, absorption by grass, trees, etc.,

and air absorption resulting from propagation over a distance I.

Expression (6+3), multiplied by (r/1)2?, is shown in

figure 6-1 and compared to the simple expression

(r/1)2I = ¢ YO/t (6+4)

which ignores scattering. (This is the expression used by

Blumenfeld and Weiss [11] and others.) It would appear that
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in this situation, as well as in that discussed in Chapters
2 and 3, attenuation rates are controlled by the interaction

of scattering and absorption processes.

6+3 Results for Distributed Sources

Since the‘most common noise source in urban and suburban
areas is traffic noise which involves a number of spatially-
distributed sources, equation (6°*3) must be spatially
integrated over this distribution. The most important
application of this approach would appear to be the case of
a line source, such as a major road, at some distance

from the receiver (figure 6-2).

A number of workers [24,11} have shown that the movement
of traffic along such a road may be regarded as a generalised
shot noise process, where the gap between cars is taken to
be a random variable with probability density ne”"*. Here,

x represents distance along the road and n is the average line
density of the sources. If the perpendicular distance to the

road is k, it can be shown [11] that in this case the mean

intensity will be

2 * 2 2, %
nIP(Rr/Z) I I((k* + t*)*) dt

- o0

T

]

It

1
3
ZNIPR;(n/k) e EY k/L (6+5)

(see Appendix 2), where I, is the intensity of a source at
the reference distance Rr (under free-field conditions).'
Where the sound field varies with time, the decibel equivalent

T will give L ..
eq

of
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It is clear that equation (6+3) will be valid only
for values of r significantly larger than I, since
otherwise small-scale environmental factors (eg. local
shielding, elevation or depression of roads, geométry of
individual facades, etc.) will have an overpowering effect
on the sound level. Thus, equation (6+5) is valid only
when k& is significantly larger than 2. The equation
represents the '"diffusion'" of sound from a line source
through houses, etc., over distances of the order of the

length of a block, or more.

Appendix 9 gives the result of integrating equation
(6°3) for sources evenly distributed over a plane, thus
representing the effect of sources distributed over (for
instancé) an entire city, if'thé receiver is not placed
near any important line source. Although this result may
be compared in form to that of Shaw and Olsen [191, who
attempt to represent the same situation by a simpler theory,
no attempt was made to estimate Z or Y over an area of this

extent, and thus no quantitative evaluation can be given.

This analysis, of course, is valid only when the height
of buildings is significantly greater than the wave length,
in order to prevent diffraction over the top of the
building. For a typical suburban house, say 3to4 m high,
this condition excludes frequencies below about 150 Hz.
However, since most sound-level measurements of interes;_
are A-weighted, these frequencies are usually not signifi-
cant. The analysis will also break down for large distances,
of the order of 1 km or more due to atmospheric refraction

caused by wind and temperature gradients.
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/. PROPAGATION AMONG
RANDOMLY-PLACED BUILDINGS

—EXPERIMENT

71 Measurements in Copenhagen

Data was available for testing the theory set out in
Chaptér 6 from studies conducted in a number of locations.
One such study was a traffic noise survey conducfed in
Copenhagen by Kragh and Astrup [30]. Noise levels were
recorded at several sites (figure 7-1) over half-hourly
intervals throughout the day and average traffic counts

on major roads are given for -each period.

Only two sites, sites 21 and 23, gave results which
were appropriate for analysis using the above theory, the
other sites being situated on major roads or near industrial
works, or other noise sources. It was assumed that all
noise at the chosen sites was due to traffic from the two

nearest major roads.

In order to estimate I, an area was marked off on a
large-scale map and cross-sections of all buildings within
thé area were measured in two pre-determined perpendicular
directions. If the average value of these cross-sections is
¢, then I may be estimated by |

1 = A/Ne (7-1)
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Figure 7°1: Measurement sites in Copenhagen.
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where 4 is the area marked off and ¥, the number of buildings
it contains. This technique gave a value for 7 of 62 m at

site 21 and 68 m at site 23.

Emission levels of individual cars at Rr = 15.2 m
were taken to be those used in the NCHRP 3 - 7/3 Revised
.Design Guide for Highway Noise Prediction and Control, as

given in reference [29]. This may be approximated by

pemiss = 12 + 30 log v : (7-2)
where v is the speed of the car in km/h. A number of sources

[2,19,25] are in substantial agreement with these figures.

For heavy vehicles, the Revised Desing Guide requires
a breakdown into "heavy" and '"medium" trucks. As this was
not available, the figure given by Alfredson [25]of 79 dB(A)
for’ﬂeavy vehicles on Melbourne freeways was assumed to be
the average over all heavy vehicles. As in most predictive
methods, this value was assumed to apply independently of
vehicle speed [29]1. The value of n was taken to be F/v,
where F is the vehicle flow rate and v, the estimated

average speed.

In calculating vy, it was necessary to know the frequency
distribution of the noise from an individual vehicle.
Measurements of this distribution made in Ottowa [19] were
assumed to apply. Reflecting surfaces were taken to be 90%
brick or concrete and 10% glass, since the areas around the

sites are residential. (In studies in industrial areas,
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surfaces were taken to be composed only of brick or
concrete.) Absorption co-efficients for these materials

at various frequencies are given in reference [261. Values
of air absorption at various frequencies were taken from
reference [19]. From photographs of the areas near the
'sites, it appeared that each wall was surrounded by an
average of 2.5 m of garden and shrubbery, giving 5 m of
such ground covering per m.f.p. The absorption resulting
from ﬁropagation through shrubbery or thick grass is given
by Beranek [6] as (0.18 Zog f - 0.31) dB's per meter, where

f is the frequency.

In order to calculate y, the noise levels at each frequency
were first corrected for A-wgighting and then added to give
a "base'" value. The original levels were then corrected
for absorption over one m.f.p., corrected for A-weighting
and added again. The new value was compared to the "base"
value to give y. This process gave Y% = 0.46 for cars and

Y% = 0.58 for heavy vehicles.

The sound intensities resulting from cars and from
heavy vehicles in the two major roads nearest to each site
were calculated and added to give a total sound level.

The results are shown in figures 7+2 and 7+3 and given in
detail in Appendix 10. It should be remembered that the
traffic counts used in these calculations are averages and

may not be exactly the same as those on the day on which
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the sound level measurements were taken. Kragh and Astrup
estimate that uncertainties of this kind could give rise

to errors of 5 dB(A) in Leq'

7«2 Measurements in Sydney

Data from a noise survey conducted by the Sydney
City Council in Newtown, Sydney, was also used in testing
fhe~theorf given in Chapter 6. Traffic counté and noise
levels were recorded at several sites (figure 7-+4) at various
times in the week (see Appendix 11). Only sites 4 and 9
were suitable for the application of the above theory, but
results from site 3, with k/7 = 1.4, were also analysed
to gain some idea of the effect of a small value of k/1.
It was assumed that all noise.at these sites was due to
traffic on King Street and Missenden Road, as measured
at sites 2 and 1 respectively. (Traffic counts at sites

3, 4 and 9 were always lower than 40 veh./h.)

Parameters were determined as described in the previous
section and the values found were I = 42 m, Y% = 0.33 for
cars and Yli = 0.45 for heavy vehicles. (There was no shrubbery
in the area.) Details of predicted and measured sound
levels are given in Appendix 11. These values, for sites 4
ana 9, are shown in figure 7+5, while figure 7+6 shows these
results for site 3. Once again, traffic counts were not

taken on the same day as sound level readings. Also,
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traffic on Missenden Road at site 1 is not necessarily the
same as traffic on this road at points nearer to the

measurement sites.

An attempt was made to compare these predictions with
predictions made on the basis of methods developed by other
‘workers. The method which appeared most applicéble to this
situation (and which gave most accurate results) was that of
Alffedsonlfzsl, developed for estimation of noise levels
arising from freeways in Melbourne. In his calculations,
he allows for an "excess attenuation'" over spherical spreading
of 4 dB(A) per 100 m - i.e. his distance correction has
the form of equafion 6+4, with absorption set at 60% per
160 m. (The values of y above are equivalent to approximately

25-30% per 100 m.)

Alfredson's predictive equatiqn is
L50 = 5.2 + 16.4 log F - 14.3 log kK + 17.4 log v + 0.16p (7+3),
where p is the percentage of heavy vehicles. This value was
increased by an amount equal to the measured difference
between Leqand Lso. The resulting predictions are given in
Appendix 11 and graphed in figure 7-7. It should be
noted that the values of 7, k and v used here are well
beyond the constraints on these parameters given by Alfredson
and these results do not invalidate his method. However,
these values give the closest fit to the observed data of all

predictive methods tested. (The others are given in

references [27-291].)
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7+3 Measurements in Brisbane

Data from a noise survey in Brisbane [31] was also
analysed in the above way. The survey was intended to
assess the impact of a new freeway on noise in the area but
the dataused here are the results of traffic counts on
major roads and sound level readings at various sites before
the freeway was opened (figure 7+8). Measurements were made

during the morning peak hour, 0730 — 0830.

Since average traffic speeds are not given, an average
speed of 50 km/h was assumed in all cases. An average
of 5 m of shrubbery per m.f.p. was also assumed. Since
Leq is not given, the equation

L = L + 0.07(L1

2 »
cq 50 ) (7+4)

0'th0
was used [21. Once again, traffic counts are average

figures which may show daily variation.

Making the above assumptions, the values of the
necessary parameters were found to be I = 56 m, Y% = 0.44
for cars and y% = 0.56 for heavy vehicles. Details of
results at each site are given in Appendix 11, and these
results are shown in figure 7-9, with predictions based on

Alfredson's equation in figure 7-10.

At all sites, there was at least one major road at a
distance of less than 27, so that local factors grobably
had a large influence on sound levels, explaining the inaccuracy
of both sets of predictions. In particular, almost every site

was shielded from the nearest major road by a row of houses.



76,

site 27

Figure 7-+8: Measurements sites in Brisbane.
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7*4 General Remarks

Differences between predicted and measured sound levels

from all three studies are summarised in table 7-1.

Measurements Mean Standard Mean Standard
A Deviation AA Deviation

A AA

Copenhageéen -0.2 4.0 - -

Sydney -1.4 4.9 -3.7 2.6

(sites 4 § 9)

Sydney 3.8 3.4 -4.0 3.0

(site 3)

Brisbane 9.5 1.8 6.3 2.2

Table 7+1: Accuracy of sound level predictions.
A is the predicted value of Leq minus
its measured value, in dB(A). AA 1is
the equivalent differeﬁce using equation

(7+3).

Predictions on the basis of equation (7+3) were not made in
the case of the Copenhagen results, since here the values
of k were far beyond the limits set by Alfredson on the

validity of his equation.

The theory of Chapter 6 appears to give good estimates
of sound levels at sites where the distance to the nearest

major road is greater than about 21.
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It is interesting to note that equation (6+5), becuase
it contains Y% and not y in the exponent, implies that
relatively small changes in y can produce large changes in
sound level. As an example of this effect, absorption
co-efficients for ivy-covered walls were taken from
reference [32] and used instead of those for plain brick
walls in the calculation of y for cars, assuming anm.f.p.
of approximately 65 m. The results indicated that the
.ivj-cpvefed walls would give an extra attenuation of
approximately 1.5 dB(A) per 100 m away from the line source --
an attenuation which in some cases would not be insignificant.
Attenuation due'to large amounts of vegetation would, of
course, be much greater. This result is contrary to the
predic?ions of other workers, who, considering absorption
alone, predict that changes in absorption co-efficients of
street walls will have an insignificant effect on sound

levels [15].

It is also worthy of note that the different frequency
distributidns of the sound produced by cars and by trucks
gives rise to markedly different attenuation rates. For
anm.f.p. of approximately 65 m, the figures given above
indicate that noise from heavy vehicles is attenuated at
approximately 1.5 dB(A) per 100 m faster than that from
cérs. This means that although heavy vehicle noise is
known to be important in roadside noise measurements [2,291],
this may not be the case for measurements at some distance

from the road.
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8. CONCLUSIONS

A number of firm general conclusions may be derived

from the work described above:

(i)

(ii)

In order to adequately explain the structuré of the
urban sound field, account must be taken of the effect
of séattering processes. It was seen both in the case
of a well-defined street and in that of 'random"
buildings that theories which take only absorption
into account fail to predict attenuation rates in
these situations to an acceptable degree of accuracy,

unless unrealistic and non-predictable values of

,absorption are used. Predictions based on such theories

must therefore be regarded as extremely tentative,

at best.

Scattering processes, considered alone, give rise to an
even less realistic picture of the urban sound field
than absorption processes. It is the interaction of
these two processes which determines attenuation

rates and thereby determines the distribution of sound
in an urban area. It follows from this that changes to
one of these parameters may have effects which are
impossible to predict without knowledge of the other

parameters of the system. An analogy may be made with
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an ecological system, where small changes to one
component may produce dramatic changes in the
working of the system as a whole.

Although adequate experimental work has not been
performed in this area, it would appear likely that
similar comments would apply in the case of sound
propagation in ducts where scattering is important

(such as corridors).

(iii) In considering propagation in a well-defined street,
account must be taken of the mode of propagation of
the sound, which is determined largely by the street
width and the nature of the source. This is
particularly true in the case of propagation at an
intersection where effécts due to modal propagation

may be quite pronounced.

A number of other more specific conclusions may also be
drawn from this work. These must be regarded as tentative,
since experimental confirmation has, of necessity, been
obtained in only a limited number of model and full-scale
studies. More research is required in order to ascertain

more exactly the range of validity of these conclusions.

(iv) Equation (2-4), with y(r,t) calculated and integrated
numerically, leads to a good approximation to the rate
~of attenuation of sound in a well-defined street with
one-dimensional scattering if y, R and 4 are knoﬁn

to sufficient accuracy. If r is small, y even smaller,
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and r/d < 1/R, equations (2+7) and (2-+8) give a
good approximation to this rate for the case of two-

dimensional scattering.

The reflection co-efficient of an interface in a

street is approximately that given by equation (2+15).

Techniques described in sections 4-3 and 5+1 enable

the average mode of a sound field in a street (model

or real} to be determined.

(vii)

(viii)

to be

Equation {4+4) or (4°6), together with equation (4-7),
gives a good approximation to the attenuation

occuring when moving around a corner at an intersection.

Equation (6°5) gives the sound level arising from
a line source at some distance from it, in the
presence of "random" buildings, in most cases to

within * 5 dB(A).

In continuing this work, the next step would appear

the building of a large-scale model of an environment

consisting of '"random" buildings, in order to test more

fully

the predictions of equation (6+5) with regard to changes

in 7 and y. Unfortunately, facilities for such modelling

are not available at this University.
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APPENDIX 1

EQuIPMENT USED IN EXPERIMENTAL WORK

Microphones: B. § K. type 4135 4" microphones were used

in model studies. Although these are not
omnidirectional at high frequencies, they
were used only in situations wherelangles of
incidence were coﬁstant, and where relative

sound levels only were required.

In large-scale tests, sound level meters

with 1'" B. § K. type 4144 microphones were

used.

Sound Sources: (a) Air-driven source. See section 3-1.

(b) Magnavox speaker, approx. 17 cm diameter.
(c) Phillips tweeter, approx. 5 cm diameter.
(d) PEAK horn tweeter, approx. 5 cm diameter.
(e) For large-scale tests, an omnidirectional
source consisting of a sphere 35 cm in
diameter, containing 12 Phillips tweeters,

each 8 cm in diameter.

Signal Generator:

Exact, Model 128 LOG/LIN Sweep Generator.

White Noise Generator:

B. § K. type 1402.



Filters:

Al-2

(a) B. § K. types 1612 and 1615 octave-band

filters.
(b) B. & K. type 2107 narrow-band analyser. This
was used when single-frequency propagation

was studied, to remove extraneous noise.

Signal Amplifier: B. & K. type 2606

Sound Level Meters: B. § K. type 2205

Oscilloscope: Telequipment, Model DM 63

Tape Recorders: UHER 4200
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APPENDIX 2

MATHEMATICAL FORMULAE

Some of the more important formulae used in mathematical

derivations are listed below. These are found in reference [33].

[oe]

(i) . £V e-B/x-Ym dx = 2(g/y)v/2 Kv(2(BY)%)
20

(8 > 0,y > 0), where k, is a modified Bessel function
of the second kind.
(ii) K“v(z) = Ku(z)

(1ii) K (z2) = (n/22)% & 7

(iv) H;LQz) no(2/mz)t ot(E - W/4 - vn/2)
for large [z|, where HLI) is a Hankel function of the
first kind.
v (2 + z2)v/2
o
= &%r(u + 1)
ﬁ+1 uv u-1 v-u—l(az) (o > 0, Re(u) > -1)
o zZV-u-
li v <o _ L
(vi) k(=) = Ty J eT*ter - 1)V e
‘ o

(vii) Jkl(m)dx = —Ko(x)
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APPENDIX 3

PROPAGATION OF A WAVE THROUGH A SERIES OF
PARTIALLY-REFLECTING INTERFACES

We shall consider the problem of a particle moving on
a line, its distance from the origin being x. At =z = W,
where ¥ is an integer, the particle either reverses
direction, with probability Py, OT proceeds stréight ahead,
with probability p; = 1 - py. Initially, the particle is
assumed to have been at x = 0 , moving in the positive
or negative direction with equal probability. We then wish
to find f(x,n), the probability that the particle is between
the points & = N, where ¥ = x] and «* =N+ 1, after having
moved a total distance n. This may be related to the problem
of sound propagation described in section 2°+2 by writing
@ =r/d, n = et/d, Py = R and p, = 1 - R, and dividing f

by d, to give the probability per unit distance.

Let fl(x,n) be the probability that the particle is
moving in the positive direction, and fg(m,n) be the
probability that it is moving in the negative direction.

Then

fl(m,n+2) = plfz(w~1,n) + pzfg(x,n) (A3-1)

and ~f2(x,n+1) = p1f2(x+1,n) + pzfl(x,n) ‘ (A3-2).
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Substituting in (A3+1) from (A3-2) for f, gives

p
1 fy(e-1,n%2) - 1
Pa 2

fzfx,n+1)
2

Py 2

or fz(x,n+1)

Similarly,

P p
= 1 fo(z=2,n+1) - Ei Folm=1,m) + p,f (a-1,n)

pz{fz(x+1,n) + fg(x~1,n)} + (pg—pz)fz(x,n—l)

(A3-3).

filx,n+l) = pz{fl(x+1,n)+,f2(x-1,n)}+ (po-p,)f,(x,n-1)

and thus, since f(x,n) = fz(x,n) + fgfx,n),

(A3-4)

flx,n+l1) = pz{f(x+1,n) + flx-1,n)} + (py-p,) flx,n-1)

(A3-5),

We may take a continuous approximation to f, which satisfies

(A3+5). (This will be equal to f at the points

Then, af

ox z

= flxz+1) - flz),

where the variable n is omitted,

ice. flx+l) = flx) + %ﬁl .
Tlx

Also, 3%f = 8ff _ af
3o 2 o1 8x | AL | o1

- %£ L~ fl=) + fle-1)

i.e. flz-1) = f(z) - %fi s f
Ll

32
ox?

x-1

and similarly for the variable n.

N+k.)
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Thus, from (A3-5),

2p2

and usin

we obtai

In order

flz

so that

2 2
%ﬁ} = Py &L + (pyopy) L
n dx? | p_y an?
af af a2f
£ n B o oan? 2
n "ln-1 noin-1
n
afp _ 3y af
P1 352 = 3.2 * %P2 3n

to solve this differential equation, we'put

»n) o= { g{q,n)eth dq
2 o ;
§;§ - -J q2g(q,n)e* " aq

ThuS, (A3*6) becomes

-P;

2, - 3’g 3g
79 = Tt 2Py 3y,

The characteristic equation of (A3+9) is

DZ

and its
Ry
and
Eg

+ 2p2D + p1q2 =0

roots are

It

P 1
2%
-p {1 + (1 - ~ q%)7}

p ,
= -pyll - (1 - L %)%

Nn-l

(A3+6) .

(A3-7)

(A3-8) .

(A3+9) .

(A3+10)

(A3-11)

(A3-12).
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Thus, g = cleRIn + cgeRzn (A3-13)
where ey and c, are constant with respect to n.
Since o )

glgq,n) = ?%‘J flx,n)e cI" dq,

the condition f(x,0) = 6(x)

gives gl(g,0) = 1/27

For 'n = A, where A is small enough (i.e. less than the

shortest distance from the origin to an interface), we have
flx,A) = %{8(x ~ A) + 6(x + B},

giving gf(gqg,4) =.§% cos qgb

Thus, frpm (A3-13),

e, + cy = /27
' 1 Rgb _ 1
and c,e + cge 5w 298 qb
giving o, = L 208 qb - ezt
1 2m  Rih _ _RphA (A3-14)
and o = L cos gh - R
2 7 2n _Rgh _ _Rib (A3-15) .

Now, for x large, g will be small, except in the area
about the origin. If z? >» pl/p;, we may put
(p,/P3)q® « 1, giving
Ry NV -2p, (A3-16)

2 -
and R, v -(p1/2p2)q (A3-17).
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By the same approximation, we have IR2| « le|. Thus,
for large n, (A3-13) becomes
g ~ c,ee” - (A3-18).

‘From (A3-15), by a suitably small choice of A, we can put -

ey, v 1/2q and‘thus, by (A3+7), we have

2 .
Flz,n) = E%‘J e-(P1/2P2)q n _iqz dq

( pp (o=2) &° -
3 2 )* T'2p; 9 m .
- [2ﬂp1n] e | (A3-19).

Replacing = r/d, n = ct/d, Py = R and,pz = 1-R, and

dividing by d, gives
- Rr?
R )% e 2(1-R)dect
2n(1-R)etd '

flr,t) =( (A3-20).
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APPENDIX 4

SCATTERING AND ABSORPTION IN DucTs

The theory of scattering in ducts is very similar
to that in streets, with the exception that in a duct, there
is no cylindrical spreading. Thus, in finding the total
~intensity due to all scattered components, equation (2-1)

must be replaced by
I = I f(r,t) diet) (A4-1),
o

If f is taken as in equation (2+2), this integral
does not converge, emphasising the unphysical nature of
the‘aésumptions that the duct is infinitely long and has

no absorption.

If absorption is included, the integral becomes

I = J Fir,t) e Y qioe)
0
1
2RY ,%p
5 - (2BY)%r
R -7 3 )
”(ZY(J-H)) (A4-2)

where y has the same meaning as in Chapter 2.

This formula implies that in situations dominated by
scattering, i.e., where y < 2R/1-R, attenuation rates
may be most easily increased by increasing y (as is the_
case for streets). However, in situations dominated by
absorption, attenuation rates will be changed more easily

by increasing R.
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SCATTERING FROM SMALL FROTRUSIONS

AS5+«1 The Effect of a Large Number of Scatterers

If a protrusion from a street wall is small compared
to the wavelength of the propagating sound, the incoming
wave may be regarded as a plane wave travelling in the

x-direction, with its pressure field given by

_ tkx .
P =pP;,° (A5-1).

In cylindrical polar co-ordinates centred on the scatterer
(figure A5-:1), the pressure field of the outgoing wave

will consist of a scattered and an unscattered component [21] -

_ 1kx . Tkr 4 )
Pout = Pin {e + e /r*} , (A5-2)

where f is a parameter representing the degree of scattering

and will in general be a function of 6. The intensity of

the scattered wave will be

—-— 2 L d
I_,(0) = Iinifl /r (A5+3)

~ where Iin is the incident intensity.

‘The energy scattered through a line segment diI = »rdb

‘will thus be

— 2
Tgpdl = I;,1f%de (A5-4).
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scatterer
] 7
3]
g

-~
o~
.A/X *

source

Figure AS5-1: Scattering from a small protrusion on a street wall.

r/z ————%4

Figure A5+2: Distances used in calculations of
scattering intensity.

f
A
e
.7® X
_—w-“rﬂﬂ ul \\\\25
ke——pd
\\ )
a-a

Figufe A5-3: Assumed geometry of a small scatterer.
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The total energy scattered will be

2% on
J I »rdo = I, J | f|2de
o s8¢ n

=171.0 (AS5+5)

where o, the scattering cross-section, is defined to be

2m
J | £|2de.
0

‘The'total energy scattered by all scatterers in an
element of area dxdy will be noIindxdy, where n is the
number of scatterers per unit area on the street walls.

It is assumed here that secondary scattering may be
neglected and this assumption limits the range of validity

of the final expression (see below).

We now change to cylindrical polar co-ordinates centred
on the source. The total energy lost from a previously

unscattered wave in moving a distance dr outward will be

27
J nofl. rdrd8 = 2nri. nodr
o in in

Thus, the energy in this wave front at r + dr will be

E(r + dr) = E(r)(1 - nodr) (A5-6),

from which it follows that

E(r) = Eoe—ncr (A5+7),

where E, is a constant and the intensity at r will be

Ipk .
I(r) = 2= 777 (A5-8),
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where IO is the intensity at a distance R, in the absence

of scattering.

Now consider an element dx dy of the street wall, at

a distance dl from the source. For this element we will
have
I R -
7. = ot nodp
in a

1

Changing again to cylindrical polar co-ordinates centred on
this>e1ement of area, we see that the energy scattered from
the element through a line segment dil = dZde (see figure AS5-2)
will be

IoR _nody
e

—2; |f|?de ndxdy ,

neglecting attenuation of the scattered wave due to further
scattering. If this effect is included, the energy passing

through di7 after being scattered from dx dy is

OR -n0d1

I -
a; ° |£1%2d6 ndx dy e nody

The intensity at R (figure 5+2) due to scattering from

de dy will be

IR

dI; = == |f|* e

-no(dy+dg) : A5.9
1 d1d7 ndx dy ( )

and the total intensity due to scattered waves is

2 -
I, = IoRn I 2%5% e nG(d1+d2)ch:dy (AS5-10).

fads ]



A5+5

If f is assumed to be independent of 6, then

o = 2n|f|?, and we have

IoRnO' 1

II = 2% JJ djdz

-0

Including the intensity of the unscattered wave

e noldy+dy)

dx dy

(A5-11).

reaching the point R in figure A5¢2, the total intensity

at this point will be

.%R

T -nar
I = € + 1
- Lrld e

where d = 1/no.’

1

1

1

a2nd

|

[

dqdg

- (d1+dy) /d

dx dy }

(A5-12),

This expression, of course, neglects the possibility

of multiple scattering

Taking absorption into account

will simply have the effect of altering the effective value

of 4.

A5-2 Evaluation of the Integral Appearing Above

Co-ordinates may be set up as in figure A5-2.

we put
u o= dl + d2
£ =d; - dy

then d,d, = Liu® - £2)

(A5-13)

(A5-14).
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Also,
u€ and

2

2
y =t3 {(d - 101 - f )}

giving d(x,y) 1 p? - g2
s = 4 4 2 2 1
8(u,¢J s na - &)

Thus,

JJ 1 -(dy+dp)/d 40 g,

didg
@® r
-u/d
=2 —f—y dn | S
r(u2_r2)2 _ (P2_£2)/2

Then, from (A5-:12), we have

r/d

o B e Ky (r/d)}

I = J%— e-r/d {1 +

Qs

(A5-15)

(A5-16),

(A5+17).

(A5-18) .

This expression will be valid only when multiple scattering

is not important. A rough guide to its range of validity

is given by the point where the intensity due to first-

order scattering is equal to that due to direct radiation,

i.e. r/d ~ 0.8. Beyond that point, second and higher order

scattering will clearly be important.
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A5+3 Determination of the Scattering Cross-Section

Since, in determining the scattering cross-section
of a protrusion, some assumption must be made about its
shape, protrusions were assumed to be cylinders jutting
abruptly from the street wall, having a radius &6, and
changing the street width from a to a’(figure A5-:3).

As in section 2+5, one component of the scattered wave
will result from direct scattering from the surface,
givihg rise to a cross-section G while another component
will result from scattering of the portion of the wave
between the scatterer and the other wall of the street,
giving a cross-section O - The total cross-section may
then be written

o= (1 - a'/a}or + (a’/a)d8 (A5-19),

In calculating », reference [21] gives (in cylindrical
co-ordinates centred on the scatterer, with 8 = 0 along

the direction of the incoming wave)

1£12 = % n8 (k8)%(1 - 2 cos 0)de (A5-20)

for small k8§, where k¥ is the wavenumber of the incident

radiation.

Thus , o, = %/45ﬂ2 (ks)° (A5-21),

Equation (A5-20), of course, violates the assumption made
in section A5+1 that f is independent of 6. However, it is

assumed that real scatterers will not act as perfect cylinders,
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but will have angular dependances significantly different
from equation (A5¢20) and that these dependances will be
"averaged out' over a large number of scatterers, with
equation (A5-21) giving an approximation to the resulting

average value.

In order to calculate O,, W€ may express the acoustic
pressure and velocity of the incoming wave (assumed to be

. a plane wave) in terms of Bessel functions.

!
I

.m
p, {Jo(kr) + 2 i cos{(mB) Jm(kr)}

in
(A522)

.m
7 (Jm+1(kr) - Jm-l(kr}) cos mB}

It

u ikpo {Jl(kr) +

in

k] § a1 8

(see reference [21].

The wave which is scattered away from the protrusion
may be represented as a series of Hankel functions of the

first kind -

_ 5 )
Poys = g A, cos mb y;(kr)

(A5-23)

{kr) - H (kr)) cos mbB}.
2 m-1

+

PP ) S
Uoue = zk{AOHg(kP) + %; Am(Hm

The wave which will be present in the area of the
protrusion will have a different wavenumber, k'’ (see section

2+5). This wave may be represented by --

cos m6 J (k'r)
m m

S

i
o~ 8

s¢}

. (A5+24)
! = 4! ! 3 3 t - !
ui = ik' {B_J (k'r) + 4§z%5Jm+1(k r) g, (k'r)) cos mB},
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Applying the boundary conditions

pin(rzé) + pout(r=6) = p%n(r=5)
and uin(r=6) + uout(rzﬁ) = u%n(rxd)
gives
) ' (@
AO {k'HO(kG)JI(k’S) - kH1 (ké)JO(k'G)}
= —po{k'Jo(ké)JI(k'S) - le(kd)JO(k’G)} (A5+25)
and :
(1) Y] ’ 1)
A, (0 ERKS) (7 (K 8) - g (K 8)) - ka (K 6)(HY (k&) - HY (x8)))
1M 1 4 " 1.
= -2¢ po{kugn(ka)(Jm+1(w6) -d (K8)) - kd (K&)(J (k&) -d (k&)}
(A5+26) .
for m > 0.
If k6 <« 1 (and k' 8<< 1),
A~ Gimp ((K'68)% - (k8)?) (A5-27)
and A, << AO for m > 0.
Thus, we may write
Py ™ HLTP((K8)2 - (k80%) HY(kr) (A5-28)
which for kr >> 1 becomes
i
. 2 %t di(kr - w/4 A5-29
P, ™ WM ((K8)% - (k8)?)(—E" gHORr - /) ( )
giving
o, v WOWE(RS)P((K /R -1)° (A5-30).

Thus, the total cross-section, from (A5-18), (A5-21)
and (A5-30), is

o = %6m2(ké8)3*{3(1-a/a’) + (a/a’ )((k' /k)? -1)2} (A5-31)
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APPENDIX 6

PROPAGATION IN A STREET WITH ABSORBING WALLS

The wave-equation for the acoustic pressure p,
Vip + k;p =0 (A6+1)
where.ko is the free-space wavenumber, becomes in

cylindrical polar co-ordinates,

420, 13p , 3%P g2, - | :
A2 + 7 n + . +k0p 0 “ (A6-2),

if propagation is assumed to be radially symmetric.

Writing p = R(r)Z(z) leads, on separation of variables,
to
32R 1 3R 2 _ L2yp o
em2 * poar * (ko - ePIR =0 (A6+3)
; . v
and 372 4 o253 = . (AG-4)
3z?

where ¢ is a constant.

If a co-ordinate system is set up as in figure (A6-1)
and if the street walls have specific acoustic admittance

B, the resulting boundary condition will be

a2

2z

I
i+

szBZ
-at a2 = * a/2

The linearly independent solutions of (A6-4) are
(i) Z2 = cos ez

(ii) Z2 = sin caz,
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-
¥ '
2 g\ —
\\4 A -
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.———"”‘

Figure A6°1: Co-ordinates in a street.
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APPENDIX 7

TrANSMISSION AND REFLECTION OF A WAVE
AT AN INTERFACE

A7*1 Normal Incidence

Let the incident wave in region I of figure 2°<4 be
represented by

1 .
p =P (kr) " R oo oz - (A7-1).

The reflected wave may be written

o
L ik il

p = z PnR (k.v) 2 g ’qu,f‘ co8 eiz + léPnRoe ’L7x02° (A7'2)
=1

and .the transmitted wave

| S -5 iklr ' ik,r

p = § P T.(kr) e v cos e.r + P T e C (A7+3)
jeynt e 7 : n o

in region 1I, where e% = ni/a', ete.

From conservation of energy at the interface (r=R),

integrating the intensity from z=0 to «', we have

b 4 - .
1 - sine (e a') =% ] (k./k.)® (R.R% + RAR.) e *(Ki~kj/E
n . 7 J 1 1 g
1y, Js NOT
both 0

; 1 ' : 1 - ’ 2 2
x {s¢nc(4(si+sj)a) + sinc(%(e, ej)a )}+|Rol + ;[Til

(A7-4)

where sine(z) = sin(z)/x.
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Since |sine(x)| < 1/z, and the arguments of the function

here are generally relatively large, we shall approximate

gaine({x) =| 1 x =0
0 otherwise
'Thus, we have 1= 73 [Riiz + ZITiIZ (A7+5).
% i

From (A7-+1), (A7+2) and (A7-3), by continuity of acoustic
pressure at r=g,

cos eiz + %Roe

* 1
cos € 2 + ) R.k> e
n n 2, 1

-4 iKk4R

1

tkoR (A7-6).

4
cos €3 + %Toe

Multiplying by coe €% z and integrating from z=0 to a' gives

"Lé' . 1 r ' 3 1 ¢! ’ iknR
kn {sznc(q(en+ej)a )+ sznc(z{en ej)a )} e

T 1 P, . ;‘ ) ' “ikiR
+ % Rk {8znc(4(€i+€j)a ) + sine(4(e, e’ )a )}
- ik.:R
= T,k J A7+7).
its ¢ ( )
We put sinc(%{ei-eJ)a') = Iwhenei and €; are as close

as possible, i.e. j = [Za’/a + %]. Otherwise, it is taken

to be zero.

Then, putting j = m = [na' /a + %] ,

. _ e _1 > Tt
k;% etknk Rnkn% e~ ThknR  _ ka%'ﬁekaR (A7-8).
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Similarly, from continuity of particle velocity (i.e.

of%;i) at r = R,

L  1k,R L -tkyR s ikl R : .
k> e nto k. R e = ka; e "m (A7-9),
(A7+8) and (A7-9) lead to
|R_|2 = (5ﬁ~1——@)2 (A7.10)
n kyy + ki
dkpkm
ivalz = {kn + km)z - (A7~11).

Since |r _|? + |7, 1% = 1, by (A7-5), R, = 0 for 7 # n, and

Ti = 0 for i # m.

A7-2 Reflection at an Angle to an Interface

If the incident wave is in the =nth mode, we may assume,
as above, that the reflected wave is in the nth mode, and

the transmitted wave in the mth mode, where m = [na' /a + %].

From the continuity of acoustic pressure at y = ¢

(figure A7-1), we have

k-%eikna:sine + R k~3 Jtkpxsin o’
non

-4 ikl x sin
. T k!t gttm ¢

m.m (A7+12).

Since this is true for all x, the exponents must be equal,

i.e. 6 = 6' and k_sin® = k' sin ¢.
n m

From continuity of particle velocity in the y-direction,

Y i1ky x sin
k? cos petin*sind

1 y N
_ L ik, sin @
n Rnkn cos B e

= 7 kK%cos getkmzsin® (A7-13).
m m



AT 4

Figure A7°1: Reflection and transmission of a wave
approaching at an angle & to an interface.
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(A7+12) and (A7-13) lead to

klpcos ¢ - kycos 6 |2

k%cos ¢ + kncos ©

2 =
7 |2 =

((Kky/k,)? - sin?e )%

2 .2 5
cos 0 + {(k%/kn) - 8in®6 )

cogs O

= { }2

For sin 8 > k%/kn,we have '"total internal

and |R_|2%? = 1.
: ) n .

(A7-14).

reflection”,
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APPENDBIX 8

ATTENUATION IN LINED DucTs

The rate of sound attenuation in a lined duct will
‘depend on the size and shape of the duct, and on the
absorption co-efficient of the lining material at the
relevant frequency. It will also depend on the modal
strﬁcture of the sound field, since higher-order modes are
attenuated faster than lower-order modes. If the duct is
rectangular with sides of length Zl and 12, and Zﬂ[BIZiA<<1,
where B = £ - Z0. is the specific acoustic admittance of
the lining, the attenuation per metre of the (m,n) mode will
be

Ty = 8.686 £dk /k (A8-1),

where d = 1/11 + 1/22 is the ''characteristic distance' of
2 - p? _ 2 2

the duct, and kmn = ko (Zﬂm/lll (2wn/22) . The effect

of the presence of higher-order modes is shown in figure

A8-1%, where the same lining is used in rectangular ducts

of different sizes.

If high-order modes are present, these are quickly
absorbed, after which the overall rate of attenuation is
that of the remaining low-order modes. This effect is shown

in figure A8.2.

*All values of insertion loss used here were supplied by

ACI Fibreglass.



Insertion loss (dB)

AB+2

20 30 4
Lined length/d

Figure A8-1: Insertion losses in ducts lined with
25 mm-thick, 50 kg/m?®, fibreglass, at 500 Hz.

—— - 300 x 250 mm duct (1 propagating mode);

--- - 800 x 400 mm duct (6 propagating modes);
—+— - 900 x 600 mm duct (6 propagating modes).



Insertion loss (dB)

A8+3

20

Figyre AB-2:

40 60 80
Lined length/d

Insertion losses in a 300 x 250 mm duct,
lined with 25 mm-thick, 50 kg/m?®, fibregiass.

——— - 250 Hz (1 propagating mode);
---- - 8 kHz (42 propagating modes).
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APPENDIX 9

Sounp LeEveL For Sources DisTRIBUTED ON
A PLANE

A large city may be approximately represented by an
infinite plane containing » sound sources per unit area,
the sound intensity resulting from each source being

given by equation (6-4).
The total intensity at one point could be wfitten as
I = 1»1_[1,'(2?1”/?,)2 j 2rrI(r) dr (A9-1).
‘ o

However, if the expression in equation (6+4) is used for
I(r), this integral diverges. Shaw and Olsen [19] explain
simiiar behaviour of their expression for I(r) by pointing
oﬁt that sources close to the receiver have intensities which
vary greatly with time. Thus, they integrate their
expression down to a radius RO = (l/nﬂ)%, which includes

all sources except the one closest to r=0, and then they add
I(R,/2%), which is the intensity which will be exceeded

by the '"local' source for 50% of the time. (The expression

should thus predict Lg and not Le .)

0’ q

Using the expression in equation (6°+4), the integral
becomes
oo lﬁ 1
nI (R /1)2 J 8y 2LlK, (2ry2/1) dr
Sror Ro 1

= 4mnI,R*Kk (2R y%/Z) | (A9-2),
r o o
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and thus we have

I = 4ﬂnIPR; {K0(2%s) + sKI(s)} . (A9 -3)

where g = (Zy/wnlz)%
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APPENDIX 10

TRAFFIC NoISE MEASUREMENTS —  COPENHAGEN

Site 21

The two major roads nearest to this site are Vejlands
Allé and Englandsvej. Although detailed traffic counts
for'Englahdsvej are not given, the total daily traffic,
percentage of heavy vehicles and mean speed (60 km/h) are
the same as for Vejlands Al1é. It was assumed that half-
hourly variatioqs would also be similar. For both roads,

k = 180 m, giving k/7 = 2.9.

n is shown for Vejlands .A11é, in units of vehicles/km.

n{e) is the density of cars, and n(h)that of heavy vehicles.

Beginning of Legs dB(A)'s Leg, dB(A)'s
time period | (¢’ n(h) (predicted) (measured)
0000 6.40 0.27 47 45
0030 3.20 0.17 44 44
0100 1.60 0.12 42 45
0130 0.98 0.02 37 44
0200 0.94 0.06 39 41
0230 0.65 0.02 36 41
0300 0.97 | 0.03 38 40
0330 0.94 0.06 39 48
0400 0.63 0.37 45 53
0430 2.50 0.80 49 50




Al0+2

Beginning of

Leq, dB(A) 's

Leq, dB(A)'s

time period nie) n(h) (predicted) (measured)
0500 5.4} 1.3 51 52
0530 12 1.3 52 54
0600 23 2.3 54 59
0630 36 1.9 55 55
0700 29 3.2 56 57
0730 40 3.5 56 58
0800 29 4.3 57 56
0830 23 3.2 55 58
0900 22 5.1 57 57
0930 21 4.3 56 58
1000 20 4.1 56 55
1030 18 4.6 56 56
1100 19 4.2 56 54
1130 19 4.0 56 57
1200 18 4.3 56 56
1230 21 4.3 56 55
1300 20 4.4 56 55
1330 24 4.3 56 53
1400 23 3.7 56 56
1430 24 4.5 57 55
1500 26 4.6 57 54
1530 35 2.6 55 55
1600 43 2.3 56 57
1630 46 1.9 55 55
1700 35 1.4 54 56
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Beginning of

Legs dB(A)'s

Leq’ dB(A)'s

time period n(e) n(h) (predicted) (measured)
1730 32 1.30 54 52
1800 25 1.30 53 53
1830 27 0.85 52 54
1900 24 0.75 52 54
1930 24 0.49 51 56
2000 16 0.51 50 49
2030 16 0.50 50 50
2100 16 0.50 50 45
2130 15 0.30 49 49
2200 15 0.31 49 46
. 2230 15 0.31 49 45
2300 16 0.48 50 53
2330 10 0.31 48 45




Site 23

The two nearest major roads are Lyngbyvej (k

k/1 = 3.5) and Vangedvej (k = 210 m,

AlC-4

= 240m,
k/1 = 3.1). Mean

speeds are 70 km/h, on Lyngbyvej and 60 km/h on Vangedvej.

The units of n are vehicles/km.

of cars, and n(h)that of heavy vehicles.

n(e) is the density

Begipning of | Lyngbyvej | Vangedve] Lpg»4B@'s 1Leq.dB@A's
time period niec) n(h) |n(c) n(h) |(predicted)|{(measured)
0000 7 0.2 3.2 0.1 41 39
0030 ¢ 0.3} 1.7 - 40 38
0100 4 0.1} 0.6 - 37 54
0130 1.4 | 0.1} 0.6 - 34 39
0200 2 0.2 0.6 - 35 36
0230 1.4 0.2 0.6 - 35 37
0300 1.4 0.3 0.6 - 35 36
0330 1.1 | o.! 0.6 . 33 47
0400 1.3 0.1] 0.5 0.1 35 38
0430 2 0.3} 0.5 0.1 36 39
0500 2.5 0.5 0.5 0.1 38 38
0530 6 0.7 4 0.4 42 41
0600 16 1.4} 11 1.0 46 43
0630 21 3 14 1.1 48 45
6700 35 2 13 0.9 48 52
0730 53 3| 27 0.8 50 50
0800 42 4 21 1.7 50 53
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Beginning of Lyngbyvej Vangedvej Lyg» dB@)'s Leq,dB@A's
time period niel n{h) |nle) n(h)| (predicted)| (measured)
0830 40 3 17 1.2 49 48
0900 30 3 11 0.9 48 47
0930 27 3 10 1.5 48 45
1000 25 3 9 1.7 48 45
1030 25 3 7 i.5 47 45
1100 23 3 10 1.8 48 46
1130 21 | 2 9 1.2 47 43
1200 21 3 9 1.8 48 38
1230 23 2 10 1.4 47 55
1300 23 2 11 1.7 48 46
1330 24 3 11 2.0 49 40
1400 28 3 14 1.6 49 46
1430 29 4 13 1.4 49 41
1500 31 3 15 1.4 49 47
1530 38 2 20 1.5 49 48
1600 51 1.6y 27 1.7 49 49
1630 53 1.6 22 0.9 48 46
1700 40 1.2 21 0.6 48 45
1730 39 0.8 20 0.4 48 47
1800 32 1.0} 15 0.3 47 51
1830 29 0.9 14 0.3 47 46
1900 27 0.8) 12 0.2 46 44
1930 21 0.6] 12 0.3 46 47
2000 18 0.6/ 9 0.3 A5 42
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Beginning of | Lyngbyvej Vangedvej Legs dB@)'s Leg.dB@'s

time period nie) n(hit n(c) n{h) | (predicted) | (measured)
2030 15 0.5 8 0.2 44 40
2100 15 0.5 5 0.1 43 46
2130 14 0.4 5 0.1 43 37
2200 13 0.3 7 0.1 43 40
2230 12 0.4 8 0.2 44 43
2300 15 0.3 6 0.1 43 46
2330 12 0.4 5 0.1 43 39
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APPENDIX 11

TRAFFIC No1SE MEASUREMENTS — SYDNEY

Measurements were taken over 6 minutes at some time

. during one of the periods below.

1. 1 a.m. - 5 a.m. Monday through Sunday

é. 7 a.m. - 9 a.m. Monday through Friday

3. 10 a.m. - 12 noon Monday through Friday

4. 9 a.m. - 12noon Saturday

5. 7.30 p.m. - 10.30 p.m. Monday through Wednesday
6. 7 p.m. - 9 p.m. Thursday

7. 7.30 p.m. - 10.30 p.m. Friday and Saturday

8. 7 p.m, - 10 p.m. Sunday
9. 1 p.m. - 5 p.m. Saturday
10. 9 a.m. - 11 a.m. Sunday

11. 1 p.m. - S p.m. Sunday.

When measurements were taken in period 9 on King Street,
the measurers described the situation as a traffic jam,
with cars having an average speed of 3 km/h. In this
situation, densities and emission levels are not easily

predictable, and thus these measurements were discarded.

Measurements at sites 3 and 4 during period 4 were also

discarded, since it was noted that overhead planes caused

significant noise.



Figures were not available for periods 1 and 2 at site

In period 5, no average speed is given for vehicles
on either King Street or Missenden Road.

km/h was assumed.

In period 1, predictions based on equation (7+3) were

not calculated, since the vehicle flow rate is far lower

All-2

A speed of 30

than the limit which is set on the validity of this

expression.

Vehicle densities and speeds in King Street and

Missenden Road are shown below.

km. nfe) is the density of cars, and n(h) that of heavy

vehicles. Average speeds are in km/h.

' Period King Street Missenden Road
nic) n(h) speed nie) n(h) speed
1 4.9 0.69 55 0.21 - 50
2 35 4,90 40 23 2.90 40
3 67 9.50 25 36 6.60 30
4 34 1.90 30 17 0.98 40
5 29 1.40 30 12 0.49 30
6 30 1.60 30 50 0.50 20
7 35 0.75 40 54 1.50 20
8 27 0.20 50 17 0.31 30
10 31 1.30 30 14 - 30
11 25 0.95 30 15 - 30

The units of n are vehicles/
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Values of k and %k/. are shown below for each site.

King Street Missenden Road
Site k{m) k/1 k{m) k/1

3 60 1.4 160 3.8
4 96 2.3 160 3.8
9 220 5.3 130 3.1

Predicted and measured values of Leq, in dB(A), are shown
below. "A" refers to predictions made on the basis of

equation (7+3).

. Site 3 Site 4 Site 9

Feriod éregd.) @feeé"s.) Ifﬁ? (;reé’d._) ) %ﬁ? (ereeqd.) sl %fﬁ
1 | s7 46 | - 52 | 43 | - | c-oq---e-- |-
2 64 s9 | 57 | s7 | s4 | 52 | ---f------ |
3 61 60 | s2 | s6 | so | s4 | so | so |48
4 PN R — .- R N —--- | 47| 51 |48
5 57 | 52 | so | s2 | s2 | 49 | 45| 42 |44
6 57 53 | 50 | 53 | 60 | 57 | 49| 51 |46
7 58 54 | 52| s5 | s6 | s1| s52] 56 |51
8 58 55 | 54 | 54 | sa | s1 | 49 | so0 |49
10 57 s8 | 49 | 52 | 57 | 49 | 44| a2 |40
11 56 54 | 49 51 | 54 47 | 44 54 | 47
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APPENDIX 12

TRAFFIC NoISE MEASUREMENTS — BRISBANE

Results for all suitable measurement sites not on a major
road were analysed, with the exception of one where the
experimenters comment that there was very significant
‘shielding due to depression of the site below road level.
Defails of the major roads nearest to each site are given

below.

The units of n are vehicles/km. =n(e) is the density of

cars, and n(h) that of heavy vehicles.

Site no.| Road k(m) k/1 niec) n(h)
9 O'Keefe 120 2.2 24 1.3
Carl 50 0.9 6.2 -
Ipswitch | 175 3.1 60 2.5
18 Cornwall 42 0.75 18 0.7
20 Juliette | 107 1.9 i3 0.7
Cornwall | 150 2.6 18 0.7
27 Juliette | 100 1.8 13 0.7
57 0'Keefe S0 0.88 24 1.3
Junction 42 0.75 10 1.1
70 Victoria 63 1.1 3.0 0.15
Juliette | 230 4.1 13 0.7
Earl 43 0.75 9.2 -
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Predicted and measured values of Leq, together with

those predicted by equation (7-3), are shown below.

L , dB(A)'s L , dB(A)'s L , dB(A}'s
Site no. ggedicted egﬁation(7-3) ;Zasured

9 56 56 50

18 60 57 50
20 53 53 45
27 51 48 43

57 60 57 55

70 55 51 47
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