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SCALE MODELLING OF SOUND PROPAGATION
IN A CITY STREET CANYON
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Acoustic scale modelling is used to study sound propagation in a city street
canyon. The acoustic performance of several noise abatement schemes is
investigated at various receiver heights for noise ®elds produced by di�erent
categories of vehicles travelling in the two lanes. The results are discussed in
terms of the attenuation rate predicted along the canyon and the insertion loss.
It is shown that although the e�ects produced by complex noise abatement
schemes are signi®cant they cannot be predicted by simple addition of the
e�ects from the individual components of the schemes.

# 1999 Academic Press

1. INTRODUCTION

In urban areas buildings are often constructed near busy roads and expressways.
This proximity results in complex re¯ection and scattering effects leading to
increased sound levels which may exceed the recommended limits. The con®ned
space between the road and the facades poses problems in assessing the acoustic
performance of many conventional noise abatement schemes. Alternative non-
traditional noise abatement schemes can be expensive and complex to
implement, therefore a special study is required to predict their acoustical
performance and cost effectiveness.
The principal aim of these experiments has been to investigate the effect of a

canyon street when noise is emitted by traf®c in the vicinity of the impedance
ground and repeatedly re¯ected from two parallel building facades. Although
this problem has been addressed in the past, most of earlier studies [1±5] have
mainly focused on the problem of predicting the attenuation of sound
propagating from an individual vehicle along the street and contain limited
information on the effects of multiple re¯ections on the performance of
absorbing surfaces and road noise barriers.
A typical city street is therefore formed by two parallel sets of buildings with

occasional gaps where side streets occur and, sometimes, by other structural
complexities. The main effect considered in this work is of multiple re¯ections of
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traf®c noise. These re¯ections occur at the building facades and the ground and

can be a very substantial contribution to the overall sound levels. To model this

effect a 1:20 scale model of such a street has been built in the anechoic chamber

and used in this study.

Most of the typical problems related to the scale modelling technique have

been resolved before the main course of the model experiments has commenced.

Some attempts have been made to estimate the effects of air absorption on the

results. Full allowance for this effect would require a considerable effort and cost

and these resources were not available at the time.

This paper is organised in the following manner. Section 2 reports the

development of the experimental model used to study the propagation of noise
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Figure 1. Full scale diagram of the experimental model: (a) Section A±A; (b) plan view.
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in a typical city street in which the so-called ``canyon effect'' is set up. The
methods used to overcome the dif®culties related to the problem of scale
modelling are discussed here in detail. A short discussion is given to the validity
of the methods, equipment and materials used in the scale modelling. The actual
experimental results on various abatement methods are presented in section 3 in
which the ef®ciency of the individual methods and their combinations is
analysed in terms of the insertion loss and the attenuation rate along the street
canyon. Finally, recommendations are made and conclusions are drawn in
section 4.

2. EXPERIMENTAL SCALE MODEL

2.1. PHYSICAL CONFIGURATION

In order to study the multiple scattering effect and the ef®ciency of different
abatement techniques, a 1:20 model of a canyon has been set up in the anechoic
chamber (Figure 1). In its basic layout, the model has a ¯at rigid ¯oor and two
parallel rigid walls sitting upon it. All the surfaces are made of 18 mm medium
density ®breboard covered with a thin layer of Formica to ensure a good
approximation to a rigid surface over the extended frequency range. At full scale
the model represented a section of a 48 m long street with two 17 m high ¯at
vertical parallel building walls erected on either side of the road (corresponding
to approximately 5 storeys) and separated by 11 m of the road surface and two
3 m pedestrian footways. This is fairly close to the values used by several other
authors [4, 5].
Eight receiver positions (R1±R8) have been de®ned at the central cross-section

of the street, four on either side of the road at 1 m from the building facade to
investigate the vertical distribution of the noise levels radiated by the vehicles
travelling in the near and far side lanes.
Seven ultrasonic sources [6] S1±S7 have been distributed along the road to

simulate noise from the traf®c on two lanes (Figure 1). The sources have been
supplied with air from pipes beneath the ¯oor of the model. Light and heavy
vehicles have been simulated by tubes from the source chambers elevated at
hs=0�025 m (0�5 m at 1:20 scale) and hs=0�05 m (1�0 m at 1:20 scale) above
the surface, respectively. The spectrum for every whistle (2±80 kHz) has been
numerically adjusted (see Appendix A) during the postprocessing to comply with
standard light and heavy vehicle spectra (100±4000 Hz) [7]. Several arrangements
of absorbers and pedestrian restraints (low pro®le barriers) have been selected
for the study and organised as individual experimental design ``modes''. These
are listed in Table 1 and Figures 2(a±d).
The accuracy of acoustic scale modelling strongly depends on the choice of

porous absorbing materials with properties at the scale frequencies which
resemble those of full size absorbers. In this study the Attenborough impedance
models have been used to identify a combination of microscopic parameters
which ensures that the surface impedance is scaled correctly at the model
frequencies. On this basis a representative selection of materials for scale
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modelling has been made. The selected materials have been tested and used in

the experiments. The theory and methodology for the selection and the selection

itself are discussed in greater detail elsewhere [8].

An 8 mm layer of epoxy bond ®ne ¯int aggregate material (marketed under

the tradename Coustone) was used to simulate a full scale porous asphalt

absorbing ground surface with typical agregate and binder composition and

thickness 150 mm [8]. High quality wool felt, 6�5 mm in thickness was used to

simulate full scale continuous absorbers of average performance.

The continuous absorbers (Figure 2(a)) extended along the full length of the

street. An intermittent treatment of the walls in the form of hair±jute squares

TABLE 1

Experimental modes

Mode
No. Code Figure 2 Treatment Absorber(s)

1 RG, Reference (a) none none

2 AG (a) ground 8 mm Coustone

3 CAW (a) walls wool felt HW25

4 AG+CAW (a) ground/walls Coustone/wool felt

5 AF+CAW (a) footways/walls Coustone/wool felt

6 IAW (b) walls hear±jute felt

7 AG+IAW (b) ground/walls Coustone/hair±jute felt

8 RPR (c) curb-sides none

9 APR (c)
curb-sides/facades of

restraints hair±jute felt

10 AG+APR (c) ground/curb-sides Coustone/hair±jute felt

12 AG+CAW+APR (d) ground/walls/curb-sides Coustone/wool felt

13 AG+IAW+APR (d) ground/walls/curb-sides Coustone/hair±jute felt

14 IAW+RPR (d) walls/curb-sides hair±jute felt

15 IAW+RPR+CRB (d)
walls/curb-sides/road's

midspan hair±jute felt

In Table 1 the following coding system has been used in the experiments: RG rigid ground and rigid walls;
AG absorbing ground (8mm of Coustone); AF absorbing pedestrian footways (1506 24006 8 mm strips of
Coustone); CAW continuous absorbers on the walls (150 mm wide strip of 6�5 mm of wool felt HW25); IAW
intermittent absorbers on the walls (squares of 1506 1506 10 mm of hair±jute felt); RPR rigid pedestrian
restraints (1506 50 mm2, 10 mm of aluminium); APR restraints with the absorbing front (1506 50 mm2,
10 mm of hair±jute felt); CRB absorbing central reservation barriers (1506 50 mm2, 10 mm of hair±jute felt).
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Figure 2. (a) Continuous absorbers (,, 8/14 mm Coustone layer; &, wool felt; &, rigid sur-
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restraints; (key as for 2(b) plus &, rigid surface); (d) combined experiments; key as for 2(c).
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periodically arranged with a 150 mm interval (Figure 2(b)) has been considered

more practical than a treatment with continuous absorbers which do not allow

for features on the facades, e.g., windows, doors, signs, etc. The material of these

squares was 10 mm hair±jute felt which had substantially higher values of the

absorption coef®cient than that of the continuous absorbers. This was a

compromise between the area of the covered surfaces and the effectiveness of the

absorber.

Pedestrian restraints have been arranged along the full length of the model

street above the kerb lines and elevated at 10 mm above the surface. The

individual restraints were separated from each other by 20 mm gaps (Figures

2(c) and (d)). The use of the discrete restraints instead of a continuous barrier

has been considered to be a more practical design which allowed easy access

between the road and the pedestrian areas. Absorbing treatment has been only

allowed to the surface of the restraints facing the traf®c and in this case the

absorbers have been attached to 1 mm aluminium backing plates. The central

reservation barrier had the same dimensions of the pedestrian restraints, but was

treated with a 10 mm layer of hair±jute felt on both sides.

Rigid ground + Rigid walls + Rigid restraints (M8)

Rigid ground + Rigid walls + Absorbing restraints (M9)

Absorbing ground + Rigid walls + Absorbing restraints (M10)

(c)
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The change of sound levels from individual vehicles with distance along the
street, the vertical distribution of sound levels from individual vehicles and the
vertical distribution of sound levels from a steady traf®c ¯ow have been
investigated. The levels obtained from every experiment have been compared to
the data measured in the case of sound propagation over rigid ground between
two parallel rigid walls. From this comparison the fundamental ®gures for the
insertion losses have been deduced. The latter indicated the quality of the
abatement scheme tested.

2.2. ADJUSTMENT OF THE ULTRASONIC NOISE SPECTRUM

The noise spectrum emitted by the model source does not reproduce the
standard spectra of light and heavy vehicles [7], but may be numerically adjusted

Absorbing ground + Absorbing walls + Absorbing restraints (M12)

Absorbing ground + Absorbing walls + Absorbing restraints (M13)

(d)

Rigid ground + Rigid walls + Absorbing restraints (M14)

Rigid ground + Absorbing walls + Rigid restraints + Absorbing central reservation barrier 
(M15)
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Figure 3. In¯uence of the microphone orientation on the excess attenuation for sound propa-
gation above the rigid ground. The source is at 0�025 m above the rigid ground. The receiver
is 0�237 m from the source and suspended at 0�075 m above the ground. Key: ÐÐ , theory;
experimental reference: Ð , normal; ± ± ± , averaged; � � � � � � , direct.
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Figure 4. Effect of the air absorption on the corrected spectrum emitted by the model source
S7 (0�05 m). The microphone is suspended at the receiver position R1 above the rigid ground (see
Figure 1). Key: Ð , theory no absorption; ± ± ± ± , theory RH 45% T=20�C; *, experiment
RH=45% T=20�C.
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for each individual whistle and A-weighted before the broad band SPL's are
calculated. A formal description of this approach is given in Appendix A.
In the following discussion one is mainly interested in the excess attenuation

de®ned as

EA � LA ÿ L
� f �
A �1�

and the insertion loss

IL � L
�0�
A ÿ LA: �2�

Here LA is the A-weighted SPL measured in the street for a given noise
abatement scheme, L

� f �
A is the A-weighted SPL measured in free ®eld and L

�0�
A is

the SPL in the street when all the surfaces are rigid.

2.3. MICROPHONE

The receiver is, probably the most important element in conducting accurate
model tests of complex acoustic environments. In this case errors are related to
the lack of omni-directionality and frequency dependent sensitivity of the
microphone as the frequency of the sound increases. The problem is relatively
easy to compensate for if the path of the incident sound is clearly de®ned so that
the directivity of the receiver can be included in the computations. This
compensation is not possible in the case when sounds emitted by multiple
sources are re¯ected many times in the model before they are received.
Measurements have been carried out to obtain the reference data to adjust the

model spectra and to include the effects of the directivity in the BruÈ el & Kjñr
type 4138 1/8 in microphone employed in the experiments. In the absence of the
walls two tests have been performed on each individual source used in the scale
model experiments. In the ®rst test the microphone has been placed on the
ground and oriented so that the source lay in the plane of the diaphragm
(normal position for a pressure response microphone). In the second test the
microphone position has been changed so that the normal to the plane of the
diaphragm passed through the source (direct position). The mean spectrum for
the model source in equation (19) is assumed to be given by

p̂v�o� � �1=2k��p̂�dir�v �o� � p̂�norm�v �o��, �3�
where p

�dir�
v is the sound pressure spectrum measured in the direct position and

p
�norm�
v is the sound pressure spectrum measured in the normal position at the
same distance from the source. The effect of the ground is accounted for by
dividing the mean spectrum by the factor k= 2. Figure 3 demonstrates the
effect of the microphone orientation on the excess attenuation spectrum which is
adjusted using relations (21) and (22). The spectrum is compared to that
predicted by the image source model [9] for an omni-directional receiver. The
graph suggests that the mean spectrum of the reference signal is the most
appropriate to account for directionality of the microphone and this has been
used in all further computations of the experimental spectra. Here the reference
signal p̂ref�o� is obtained when the microphone is laid on the ground and its
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orientation is altered. At any other position (R1±R8) within the experimental
model the microphone is suspended by its cable and directed strictly towards the
ground.
Another important factor in producing random errors is the accuracy of

positioning of the microphone. The most typical result of mispositioning is a
shift of the interference pattern in the pressure spectrum. Care has been taken to
ensure the accuracy in positioning to 21 mm (01/4 wavelength at 80 kHz).

2.4. THE AIR ABSORPTION

To investigate the effect of air absorption the results from the experimental
model have been compared with the predicted using a three-dimensional image
source model. In this model the ANSI S1.26-1978 standard procedure for
computing the values of the air absorption in gases has been adopted [10]. The
absorption has been included in the model as the complex part of the
wavenumber k 0= k+ia, where a is calculated according to the standard and
has dimension of metreÿ1.
This modi®cation has been tested by conducting an experiment in the presence

of walls above the acoustically rigid ground. The most remote source S7 has
been selected for this test and the microphone has been set up in position R1 (see
Figure 1). The temperature and the relative humidity have been monitored and
recorded in the course of the experiments so that the absorption could be
accurately calculated. The comparison between the experimentally measured 1/3
octave SPL's with those predicted from the image source model using spherical
wave Green's function for 80 images for a=0 and for ®nite values of the
absorption is shown in Figure 4. It can be seen from the graph that the
maximum discrepancy between the theory and the experiment occurs at the
upper end of the spectrum and can reach up to 5±6 dB. These ®gures are
substantial for the direct comparison between the model SPL spectrum and the
spectrum predicted, for example, from a full scale test. Nevertheless, it is
suggested that there is likely to be some compensation if the insertion losses are
deduced from scale model tests performed in similar atmospheric conditions.
Also, in a real city street the building facades will have a re¯ection coef®cient
V< 1 so that sound energy would be irretrievably lost on every re¯ection. This
may produce an analogous effect to that of air absorption which will be
neglected in the following discussion.

2.5. BOUNDARY LAYER EFFECT

Another potential source of error in scale model experiments is from the
boundary layer effect which results in an apparent non-zero admittance of the
rigid boundary to an incoming plane wave. The in¯uence of the boundary layer
on the sound ®eld re¯ected by a rigid plane in scale modelling experiments has
been discussed by Almgren [11]. The expression for the normalised surface
admittance presented is given by [11]

bs � �1=
���
2
p
��1ÿ i��om=r0c2�1=2�sin2 y0 � �gÿ 1�Nÿ1=2pr �: �4�

This can be used to estimate the value of the effective ¯ow resistivity in the two-
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parameter Attenborough model [12]. In (4) y0 is the angle of incidence, m is the
dynamic viscosity of air, Npr is the Prandtl number, g is the ratio of speci®c heats
and the other parameters are given in the list of notation.
Assuming that f /Re< 1 and equating expressions [12]

bs � �gr0p�1=2� f =Re�1=2�1ÿ i� � 2�30� f =Re�1=2�1ÿ i�, �5�
and (4) one obtains for the effective ¯ow resistivity

Re � r0c�g=m�1=2�sin2 y0 � �gÿ 1�Nÿ1=2pr �ÿ1: �6�
If the angle of incidence y0� p/2, then the effective ¯ow resistivity required to
account for the boundary layer effect is of order 1010 N smÿ4. This value will
increase for angles of incidence y0< p/2.

2.6. ANALOG±DIGITAL CONVERSION AND FFT PROCESSING

Computer software has been developed to implement the fast Fourier
transform algorithm and the 1/3-octave ®lter analysis. The program has been
checked for some de®nitive signals against spectral estimations obtained from a
BruÈ el & Kjr 2033 FFT analyser within its operational frequency range. The
results for the comparison have agreed extremely well.
The signal/noise ratio within the actual electronic channel has been better than

60 dB. A Hanning window has been used in the signal processing algorithm. The
distortion of the spectrum has been estimated as less than 0�1% because 32 time
data sets have been used to generate the average spectrum [13].

2.7. REPEATABILITY AND REPRODUCIBILITY

Repeatability and reproducibility tests have also been conducted to quantify
the extent of the random errors in the ®nal results. The repeatability of the
experiments has been tested with the street layout corresponding to the mode 11
(see Figure 2(a)). The data acquisition has been triggered twice for the same
microphone position (R8) and for the same ultrasonic whistle (S5), but with a
twenty four hour interval. No alteration has been introduced to the model itself
and all the instrumental settings in the second test have been identical to those in
the ®rst test. The difference in the measured 1/3 octave SPL's is between
21 dB(A) for frequencies above 2000 Hz at which a 2 dB signal-to-noise ratio
has been maintained in the experiments. This produced an error in the broad
band level within 0�1 dB(A).
A reproducibility test has been also carried out by a second investigator. The

walls in the model have been removed, then erected and adjusted again.
Experiments have been repeated for the mode 1 (see Figure 2(a)). The broad
band SPL's emitted by various sources have been compared to those obtained in
the original experiment in Table 2. The experimental conditions (air pressure,
microphone, ampli®cations, length of the realisations, number of the
realisations) have been the same for the two sets of results.
The maximum discrepancy between the results from these broad band SPL is

0�6 dB(A) and it is felt that the reproducibility is adequate. On the basis of this
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comparison the decision has been made to con®ne the number of samples for
each signal realisation to 1024 while the actual number of the realisations in each
independent experiment (``source-receiver'') has been kept at 32.

2.8. COMPARISON WITH OTHER PUBLISHED RESULTS

Results for excess attenuation for sound propagation between two parallel
rigid walls and above rigid and absorbing ground have been compared with
other published results [4, 5] for the reduction in sound pressure level as the
vehicle travels away from the receiver plane (Section A±A in Figure 1). These are
graphically illustrated in Figure 5. The comparison is only valid for for the

TABLE 2

Discrepancy in the broad band SPL levels

Mode Source
Receiver
position

Level difference,
dB(A)

1 1 R1 0�60
1 3 R1 0�25
1 5 R1 0�04
1 7 R1 0�26
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Figure 5. Comparison of the relative attenuation for noise generated by two light vehicles
travelling simultaneously in the opposite lanes of the canyon. Key: Ð*Ð, scale model;
± �&± �, ISM; ± ��&�� ±, Hewtschi; ± ±}± ± , Radway and Oldham.
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con®guration with rigid ground and wall surfaces, but results for staggered
facades are also available [4]. Similar trends are observed from the comparison.

3. EXPERIMENTAL RESULTS

3.1. DOWNSTREET ATTENUATION

The information about the attenuation of sound propagating along a street
from an individual vehicle has two potential applications. The ®rst application is
related to the values of the equivalent continuous noise level, Leq, measured
under interrupted ¯ow conditions. The equivalent continuous noise level is
largely in¯uenced by the sound energy which propagates from distant traf®c if
the attenuation of sound along the street is small. This is likely to result in
higher values of Leq compared to the case when the level is measured for the
same traf®c conditions, but in the absence of the walls.
The second application is related to the problem of noise emitted into streets

adjacent to the main road. In this situation, the measured levels of Leq will
depend upon the attenuation rate down the side street and can be relatively
easily predicted if this effect is quanti®ed.
In order to characterise the attenuation by a single coef®cient we assume that

sound energy decays according to the power law yÿb, where y is the distance
measured between the receiver plane and the vehicle(s). So that the expression
for the sound pressure level is written as

SPL � 10 log10�hp2�y�i=p20� � 10 log10fhp2refi=p20yÿbg

� 10 log10hp2refi=p20 ÿ 10b log10 y, �7�
where hprefi is the free ®eld reference pressure which is measured at 1 m from the
source and p0=26 10ÿ5 N/m2.
The coef®cient b can be evaluated by the least mean squares method [13] if N

SPL's measured along the street are known for N values of y. In this method
one has to minimise the difference

D �
XNÿ1
i�1
�DSPLi ÿ 10b log10 yi�2, �8�

where

DSPLi � SPLi ÿ SPLref, SPLi � 10 log10�hp2�yi�i=p20� �9�
and

SPLref � 10 log10hp2refi=p20: �10�
Figures 6(a) and (b) show the effect of rigid (Mode 1) and absorbing (Mode 2)
ground on the sound levels produced by the two types of vehicle in the near- and
farside lanes. The absorbing surface results in the decreased values of SPL
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throughout the range of y. The levels from nearside and farside vehicles passing

the receiver plane differ by about 4±6 dB(A) and their behaviour is

asymptotically similar as the distance y increases. For the light vehicles the effect

of the absorbing surface results in a more uniform slope of the graph (Figure

6(a)) throughout the range of y compared to the case of rigid ground.

A second way of assessing the variation of SPL with distance along the street

is to combine the data for near- and farside vehicles at the same cross-section of

road. This can be expected to provide a more stable trend. The attenuation

parameter b as de®ned in equation (8) was determined for each case and is given

in Table 3.

The combined results for the SPL at pedestrian height from near- and farside

vehicles at the same cross-section on the road are plotted in Figures 7±10 for
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Figure 6. Effects of the absorbing ground on the sound pressure levels generated by a light (a)
and by a heavy (b) vehicle in the nearside and the farside lanes. Key: Ð&Ð, RG(n); Ð&Ð,
RG(f ); ± ±~± , AG(n); ± ±~± ± , AG(f ).
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light and heavy vehicles as a function of distance along the street. The effects of
the absorbing road surface, absorbing walls, pedestrian restraints and their
combinations can be seen.
Figures 7(a) and (b) show the effect of the absorbing ground, and also

continuous and intermittent absorbers on the walls. In the case of the light
vehicles the effectiveness of the proposed treatments is comparable for different
values of y. In the case of the heavy vehicles the performance of the walls'
treatment becomes superior to that of the absorbing ground as y increases.
Figures 8(a) and (b) show the effect of the pedestrian restraints with a rigid

and an absorbing face. It can be seen from the graphs that the difference in the
performance between these two types of restraints is only noticeable for the light
vehicles and greater values of y. The largest effect is achieved when the vehicles
are close to the receiver plane.
The most pronounced effect of combinations of absorbing surfaces in Figures

9 and 10 is not merely the absolute reduction in the SPL, but the faster
attenuation rate resulting in greater values of the coef®cient b (see Table 3). In
every scheme which involves the use of pedestrian restraints in the presence of
rigid ground one can identify a substantial reduction in noise levels only if the
vehicles are close to the receiver plane, while the absorbing ground in
combination with these and other simple schemes positively affects the
attenuation rate.
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Figure 7. Sound pressure levels emitted by light (a) and heavy (b) vehicles in the near- and far-
side lanes at the same cross-section in the presence of absorbing ground (AG); continuous absor-
bers on the walls (CAW); intermittent absorbers on the walls (IAW). Key: Ð^Ð, RG; ± ±&± ,
AG; � � �~ � � � , CAW; � ±6� ±, IAW.
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Table 3 shows the values of the coef®cient b deduced from the results
presented in Figures 7±10. It can be seen from this table that even for the same
mode the rate at which sound attenuates largely depends upon the height of the
source (light or heavy vehicle). In mode 1 this rate is close to that attributed to
cylindrical spreading for noise for the heavy vehicles and is less for the light
vehicles.
The absorbing ground alone enhances the attenuation only if the source is

relatively low while continuous absorbers on the wall show better effect for the
higher position of the source. According to the results, the downstreet
attenuation at this receiver height is enhanced from 2.6 dB (mode 1) to 4�1 dB
per doubling in the distance, but only in the case of the light vehicles (low source
height). The same scheme has the opposite effect when the noise is emitted by a
heavy vehicle, although the change in attenuation is insigni®cant (3�2 dB
compared to 3�0 dB per doubling of distance).
Continuous absorbers on the walls have a different in¯uence on the

downstreet attenuation to the intermittent. In this experiment the attenuation
rate per doubling of distance increases to 3�9 dB and 4�9 dB in the case of a light
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Figure 8. Sound pressure levels emitted by light (a) and heavy (b) vehicles in the near- and far-
side lanes at the same cross-section in the presence of rigid restraints (RPR) and absorbing ped-
estrian restraints (APR). Key: Ð�Ð, RG; ± ±&± , RPR; � � �~ � � � , APR.
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and a heavy vehicle, respectively. The same effect is less pronounced if the
absorbers are intermittent (3�0 dB and 4�1 dB, respectively).
Pedestrian restraints do not change signi®cantly the attenuation rate for noise

from either the light or the heavy vehicles from that experienced for the rigid
conditions. The absorbing face on the pedestrian restraints results in a noticeable
increase of the attenuation only for the low source height. In this case the
attenuation rate is predicted as 4�0 dB per doubling of distance.
Apparently, the attenuation rate can be enhanced by these combinations of

abatement schemes. This enhancement is substantial mainly for the light vehicles
and is generally proportional to the amount of absorber introduced into the
street. It is dif®cult to derive any consistent trend which would indicate how the
combinations of the simple schemes affects the attenuation rate for noise emitted
by light and heavy vehicles.
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Figure 9. Comparison of the effects of several noise abatement schemes, including central reser-
vation barrier (CRB), in the presence of rigid ground. Sound pressure levels are emitted by light
(a) and heavy (b) vehicles in the near- and farside lanes at the same cross-section. Key: Ð^Ð,
RG; ± ±&± ± , IAW; � � �~ � � � , RPR; � ±6± �, RPR+IAW; �� ±+± � RPR+CRB+IAW.
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3.2. INSERTION LOSS

In this section the average insertion loss will be discussed, de®ned as

IL � SPLr ÿ SPLt, �11�
where SPLr is the sound pressure level at a given receiver position resulting from
two simulated traf®c streams on the roadway in the absence of any noise abatement
schemes and SPLt is the sound pressure level at the same receiver position with a
given noise abatement treatment. In this scenario the individual vehicle results
have been combined to represent the noise ®eld produced by 14 vehicles
equidistantly distributed along the street.
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Figure 10. Comparison of the effects of several noise abatement schemes in the presence of
absorbing ground. Sound pressure levels are emitted by light (a) and heavy (b) vehicles in the
near- and farside lanes at the same cross-section. Key: Ð^Ð, RG; ± ±&± ± , AG+IAW;
� � �~� � � , AG+APR; ± �6± � , AG+IAW+APR.
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Figure 11 shows the insertion loss at pedestrian height obtained for the twelve
experimental modes. It can be seen from the ®gure that the schemes cause the
maximum effect if the traf®c is composed entirely of light vehicles, although the
difference in the insertion loss between this case and the case of heavy vehicles is
not substantial for the majority of modes.
It is convenient to list the proposed schemes according to their effectiveness at

pedestrian height in terms of the computed average insertion loss (equation (11)).
The results for the light and heavy vehicles are separated and can be used later
in predictions of the insertion loss for noise from traf®c with an arbitrary
percentage of heavy vehicles.
In Figure 11 a consistent trend can be observed in the effectiveness of the

noise abatement schemes for each category of vehicle. It is also possible to
conclude that the maximum effect is observed when greater quantities of
absorptive materials (or characteristic absorption A �PSiai, where Si is the area
treated with material having the absorption coef®cient ai) are introduced.
Alternative schemes when rigid screens are used in combination with an
absorbing central reservation barrier can also marginally reduce the levels of
noise at the pedestrian heights. The presence of an absorber on the face of
pedestrian restraints does not appear to be critical if the restraints are used
independently from any other noise abatement scheme. Individual treatments
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such as absorbing ground or absorbers on the walls produce reduction of 3±
5 dB(A). The effect of combined treatments may not be described by addition of
the results for the individual treatments either in terms of acoustic pressure or in
terms of the reduction in acoustic energy.
The insertion loss observed for the absorbing ground is close to the maximum

possible value of 3 dB(A) for non-coherent sources.
Considering the values of the insertion loss obtained at greater receiver heights

(see Figures 12(a±c)), it is clear that the effectiveness of the proposed noise
abatement schemes is greatly reduced and that the effects vary as the height
changes. This can be explained by the fact that the acoustic treatment is con®ned
to the vicinity of the ground and does not extend beyond the height of 3 m
(absorbers on the walls). For this reason the following discussion will mainly
focus on the effects observed at a height important for pedestrians and it will be
assumed that the levels of sound at greater heights can be reduced by other
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means, for example by those suggested in reference [14]. The use of pedestrian
restraints can even cause negative values of insertion loss as a result of scattering
of sound from the upper edge of the barrier towards the receiver position. This
may provide an explanation to the fact that the effect of the majority of the
proposed schemes has been negligible if the restraints have been included in the
experiment. The maximum values of the insertion loss, of order 2±3 dB(A), have
been achieved through the combination of the absorbing treatment of the road
surface and the surface of the walls (modes 4 and 7) which resulted in the
reduced contribution from the ground re¯ections to the overall level noise.

4. CONCLUSIONS

In this paper various aspects of the experimental scale modelling of sound
propagation in a city street canyon have been discussed. For this purpose a new
model facility has been developed. The acoustic performance of several noise

TABLE 3

Values of b for some noise abatement schemes

Mode No. Code Light vehicles Heavy vehicles

Simple noise abatement schemes

1 RG 0�85 1�05
2 AG 1�36 0�99
3 CAW 1�28 1�6
6 IAW 0�98 1�37
8 RPR 1�09 1�05
9 APR 1�35 0�97

Complex noise abatement schemes

4 AG+CAW 1�88 1�33
7 AG+IAW 1�54 1�03
10 AG+APR 1�53 1�39
12 AG+CAW+APR 1�70 1�6
13 AG+IAW+APR 1�35 1�39
14 IAW+RPR 1�20 1�27
15 IAW+RPR+CRB 1�56 1�16
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abatement schemes has been investigated at various receiver heights for noise
produced by different categories of vehicles. Monopole sound sources have been
used to represent the vehicles. The vehicle bodies were not simulated in the
experiments reported here. It is possible that the scattering of sound from vehicle
bodies would modify the results. Modelling of a few cases which included simple
models of vehicles showed that they had an insigni®cant effect on the results.
This is due to the average effect incorporated in the experimental method.
Two criteria of ef®ciency have been used in this investigation: attenuation rate

along the street canyon and the insertion loss relative to the case when all the
surfaces are rigid. The maximum reduction in the SPL's has been achieved at
pedestrian height for the combination of the following simple noise abatement
schemes: absorbing ground, intermittent absorbers on the walls and absorbing
pedestrian restraints (9�7 dB(A) for the light vehicles and 8�4 dB(A) for the
heavy vehicles). The maximum attenuation rate for sound emitted by a light
vehicle has been observed for a combination of absorbing ground and
continuous absorbers on the walls. The maximum attenuation rate for sound
emitted by a heavy vehicle has been observed for a combination of absorbing
ground, continuous absorbers on the walls and absorbing pedestrian restraints.
Substantial effects have been observed only at the pedestrian height and the

performance of the schemes at other receiver heights has been limited. Small
negative values of the insertion loss have been obtained at these receiver heights
if pedestrian restraints have been used independently from any other proposed
schemes incorporating absorbing treatment.
The effect of combinations of the basic noise abatement schemes is complex

and cannot be predicted by simple addition of the individual effects. The effects
of these combinations are not additive either in terms of the acoustic energies or
in terms of the acoustic pressures.
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APPENDIX A: ADJUSTMENT OF MODEL SOURCE SPECTRUM

If p̂m�o� and p̂v�o� are the broad band pressure spectra of the model source
and the vehicle source then the A-weighted SPL's of the model and vehicle
sources can be written as

L
�m�
A � 10 log10

4p2

p20

�1
0

jA�o�p̂m�no�j2 do
� �

�12�

and

L
�v�
A � 10 log10

4p2

p20

�1
0

jA�o�p̂v�no�j2 do
� �

�13�

A(o) is the A-weighting correction, n is the scaling factor and the angular
frequency o takes the full scale values. One also assumes that the position of the
receiver in the scale model is relevant to that at full scale.
What can be done if p̂m�no� 6� p̂v�o�? First, one can relate all the experimental

results to what is called the compensated spectrum. This relation is established by
the following transformation (index c stands for ``compensated'')

p̂2mc�no� � p̂2m�o�hmv�o�, �14�
so that the estimated A-weighted SPL level can be found according to the
following expression

L
�v�
A � 10 log10

4p2

p20

�1
0

jA�o�p̂mc�no�j2 do
� �

: �15�

In these expressions the resemblance function hmv is de®ned as

hmv�o� � p̂2v�o�=p̂2m�no�: �16�
A similar expression can be derived if the sound pressure in the scale model pmi

is measured in N, 1/m octave bands (m is an arbitrary integer). In this case the
A-weighted broad band sound pressure level in the scale model is calculated as
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L
�v�
A � 10 log10

XN
i�1

A2
i p

2
mihi=p

2
0

" #
, �17�

where the resemblance coef®cients are found as

hi � p2vi=p
2
mi: �18�

Here pvi is the sound pressure measured in 1/m octaves at the full scale.
The resemblance function is easily evaluated from a test in which the spectrum

of the model source is measured in the general vicinity of the ground, i.e., in the
absence of ground re¯ection. Any obstacles should be removed before the test is
carried out, so that

hmv � �p̂2v�o, rv�=p̂2m�no, rm��D: �19�
Here D � �rv=�nrm��2 and rv and rm are the distances between the source and the
receiver measured at full scale situation and in the model, respectively.
Once the resemblance function is found, the A-weighted sound pressure level

can be calculated by expression (17) at any arbitrary point �r using the actual
pressure spectrum obtained in the model experiment. This statement is supported
by the superposition principle from which the spectrum of the total acoustic ®eld
p̂2t in a complex full scale environment can be evaluated as a combination of M
multiple re¯ections and diffraction components g

�v�
j , i.e.,

p̂2t �o, �r� � p̂2ref�o, �rref�
XM
j�1

g
�v�
j �o, �rref, �r�: �20�

But, as has already been proved, every individual component of the total
acoustic ®eld at full scale can be related to that measured in the scale model as
(one refers to 1 m at the full scale and to 0�05 m in the model for n=20)

g
�v�
j �o� � g

�m�
j �no�hmv�o�: �21�

Thus the total ®eld at full scale is accurately predicted by the following equation

p̂2t �o, �r� � p̂2ref�no, �rref�hmv�o�
XM
j�1

g
�m�
j �no, �r

�m�
ref , �r�m��, �22�

where the sum
P

g
�m�
j is found from the scale model experiment.

APPENDIX B: NOTATION

c adiabatic speed of sound
EA excess attenuation
hmv resemblance function
k wavenumber in ¯uid
IL insertion loss
n scaling factor
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Npr Prandtl number
pref reference pressure
p̂v�o� spectrum emitted by the real vehicle
p̂m�o� spectrum emitted by the model source
Re effective ¯ow resistivity
SPL sound pressure level
V plane wave re¯ection coef®cient
a air absorption
bs normalised surface admittance
g ratio of speci®c heats
m dynamic viscosity
o angular frequency
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