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2 Maarten Hornikx

Abstract

Shielded urban areas are of importance regarding urba®#i annoyance and
adverse health effects related to road traffic noise. Thikwgtends the existing
knowledge of sound propagation to such areas by a scale ety rather than
by model calculations. The scale model study was executetivio parallel ur-
ban canyons at a 1 to 40 scale, with a point source locatedarcanyon. Cases
with acoustically hard facades and absorption and diffufagade treatments were
investigated. To correct for excess air attenuation of teasurements, a wavelet-
based method has been applied. The measurement resulesshighded canyon
show that, in contrast to the directly exposed street cartyerievels and the decay
times are quite constant over the length of the canyon. Téeggstime curve in the
shielded canyon is characterized by a rise time, which caelated to the sound
pressure level. The rise times and decays can be explainsdpayate reflection,
diffraction and diffusion processes. A closed courtyatdation enlarges the level
difference between acoustically hard facades and appigatie absorption or dif-
fusion treatments at both the directly exposed and shiekiel A comparison
between measurements with two different diffusion medrasj horizontal and
vertical diffusion, reveals that vertical diffusion yisltbwer levels at the shielded
side compared to horizontal diffusion for the investigatédations.

PACS: 43.28.En, 43.38.Ja, 43.58.Bh, 43.58.Gn, 43.60.Hj

1 Introduction

Urban acoustics has been an attractive research topicferadelecades. The main mo-
tive for studying this field has been the high sound pressaweld mainly due to road
traffic noise, a large amount of people populating citiesesq@osed to [1]. Research
campaigns aim to reduce these levels, and thereby thedeateoyance and adverse
health effects. These studies center at investigatinggdégshe sound excitation part,
the sound propagation transfer path between source angeecerban sound propa-
gation. Measures that can be taken concerning the tranafleliqciude shielding (e.g.
by a barrier), increasing diffusion (e.g. by non-specuddilections at facades) and ab-
sorption (e.g. by highly absorptive facade materials).ddrbound propagation models
can classically be divided in macroscopic and microscomders, referring to models
covering a part of a city or one city unit, like a street or aagu This second group
is useful for cases where short distance traffic is imporaack to help understanding
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what happens physically in the less precise macroscopielsolh the 60ies and 70ies,
geometrical acoustics models were developed to calcUtatsdund pressure level in
a street canyon with geometrically reflecting boundaries3[24]. Lyon noticed the
difference between calculations with models based on gearakreflections and mea-
surement results [5]. Since then, several models have @hoghed that accounted for
non-specular reflections. Bullen and Fricke [6] came withoalat approach accounting
for non-specular reflections. Later, the Boundary Elemeethdd was used by Hother-
sall et al. [7]. Based on the assumption of diffuse refle&jdhe diffusion equation [8]
and a radiosity based model were presented [9]. For narm@aetstanyons, lu and Li
showed that a coherent image sources model is necessagy tiadim an energy based
model [10]. Other valuable contributions to modelling sdyropagation in a street
canyon can be found in references [11, 12, 13, 14]. The krdge®f the sound field in
a street canyon gained by the models has been supported byraeegents. Early mea-
surements include the work of Weiner et al. [4], and Steesacét al. [15]. Recently,
Picaut et al. presented the results of a successful measnterampaign in a single
street canyon [16]. Also, scale model measurements havedmeelucted to show the
usefulness of the developed models [10, 16, 17, 18, 19]. itrast to street canyon
situations, studies on squares are more rare. Kang repontéide work done in that
field [20].

Among others, Kihlman pointed out that a solution to the anhaise problem lies at
the presence of shielded sides like closed inneryards Rddess to these shielded ar-
eas has been shown to yield a positive effect on health arlebelg for inhabitants of
dwellings bordering such areas [22, 23]. Though, the long tevels or temporal vari-
ations in the levels at these shielded urban sides can ititl gnnoyance and adverse
health effects. Therefore, models to predict the levelgiatded urban sides were devel-
oped. Research on the sound field at the shielded side is Bowetas established yet
as that for the directly exposed side. Two-dimensional {2vBve based models have
previously been developed for this purpose: the Finitedbdihce Time Domain method
(FDTD) by van Renterghem and Botteldooren [24] and the Eajeivt Sources Method
(ESM) by Ogren and Kropp [25]. Also, an approach based on #natlic equation
was suggested [26]. These models predict the sound prdesatat a shielded canyon
due to a sound source in a parallel street canyon. Recemndy?2.6-D ESM has been
presented [27]. This model calculates the solution of atsmarce in the geometry of
parallel canyons that are invariant along the length of tieyons. The models have
previously not been compared with measurement resultstefdre, measurements of
sound pressure levels and decay times at the shielded sidelimg varying positions



4 Maarten Hornikx

along the canyon will provide a valuable extension to thetaxy research results. It is
in addition interesting to investigate three-dimensidBaD) effects in order to evaluate
the necessity of a 3-D prediction model. A scale model stadgery suitable to accom-
plish such measurements. In contrast to full-scale measnts, most parameters can
be controlled there, reducing the level of uncertainty. Alsanodel study of a point
source in the geometry of two parallel canyons was theredgeeuted and the results
are presented here. The used geometry extends the forntedsttases of a single
street canyon and a single barrier. Situations with accaltihard fagades (further de-
noted as rigid facades), facades with absorption patch@gedmnd rigid facades with
patches causing a non-specular reflection (hereon calfegidn patches) have been
examined.

The aim of this work is to get new information on the sound figidhe shielded
canyon by comparing results with directly exposed canysnulte, as well as data on
the directly exposed and shielded square.

The paper is organized as follows. The next Section desctitgeset-up of the scale
model, the materials used and the way the obtained data leavedmalyzed. A wavelet
method has thereby been developed to correct for excesemuation. In Section 3,
the accuracy of the scale model results are displayed. lidBet; the sound field at the
shielded side is discussed by comparing its properties thidke of the sound field at
the directly exposed side. The influence of added dampindagade absorption) and
increased diffusion is compared with the case of rigid fagadh Section 5, the usability
of a 2.5-D calculation model is discussed by comparing camgsults with those from
a closed courtyard and situations with vertically and withizontally applied diffusion
patches.

2 Scale model set-up and data analysis

2.1 The physical model and used materials

The accuracy that can be obtained from scale model measnteimereases with the
chosen scale. The upper scale is however limited by prabigcalling of the model and
the dimensions of the measurement chamber. The multipkectsthat influence the
accuracy of the results — microphone, source, measuremysiens, excess air attenua-
tion and materials — determined the choice of the scale &uiéncy range. A scale of
1 to 40 was chosen and a frequency range of the 1/3-octave fframad 4 kHz to 40 kHz
(100 Hz to 1000 Hz at full scale) was used. To minimize theotié background noise
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and unwanted reflections, the measurements were carriad the anechoic chamber
of Chalmers University of Technology. A rectangular grodiodr structure of 3 m x 3
m bearing the scale model was placed in this chamber.

Figure 1 shows sketches and pictures of the model as welleagsid coordinate
system. The geometry represents two city canyons with desjmgjnt source in one
canyon. The source represents a road traffic vehicle andiggthof O m is a good low
frequency approximation for tyre road noise, yet breaksrdatigher frequencies and
for the engine noise. When considering 1/3-octave banddsptessure levels, differ-
ences with real sound source heights are not expected todee [Bhis is supported by
the close results for two source heights in street canyorsutements of Picaut et al.
[28]. The second canyon represents a shielded side, withaftic. The height of all
three building rows, the street canyon widths and the cEmirlling width were chosen
to be 0.5 m (20 m at full scale). These dimensions are repiasenfor European city
centers [29]. The scale model was as a start designed adagebmetry. The source is
placed off center in the canyon to prevent exciting one ofitsemodes at their position
of minimum velocity level. Receiver positions were chosgardhe height and length
and are also shown in Figure 1. By symmetry, results along-thieection, i.e. over the
length of the canyon, have been found by pair-wise averamiegreceivers with equal
positive and negative-values. When mentioning dimension, time and frequenciién t
results, full scale values will be used unless stated diffey.

Rigid materials were chosen in the study since they yieldxaeme case that gives
a good understanding of the sound propagation without iatdit effects as diffusion
and absorption. Later, these effects have been added. ®hedymaterial consisted
of a chipboard plate covered with a thin layer of melamineléstx). Plexiglas boxes
of 250 mm x 250 mm x 250 mm (10 m x 10 m x 10 m in reality) were usedtie
building blocks. The boxes had an opening at one side, whicihithted the placement
of the microphone at the facade level. For the diffusion lpeédn the canyons, Plexi-
glas was used as well. Applied absorption patches cons$tédm thick velvety felt.
The positions of the absorption patches and diffusion getene shown in Figures 1b
and 1h. Two types of diffusion treatments were investigateses with horizontally
and vertically oriented patches. The impedance of the fatenml has been determined
using the excess attenuation method as is described in AppAnFigure 16 displays
the absorption coefficient for a normal incident sound wawained by the method.
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2.2 Acquisition system

For both frequency and time domain analyses, an impuls@nsgpwas desirable as
the output of the measurements. This was obtained by uss@IttESA system: a
measurement program that computes the impulse respomseafomrrelation between
the received signal and the known emitted source signagjubsMLS technique [30].
The system is useful in the chosen frequency range. An irepakgonse could also be
obtained using a spark type source. The repeatability itMh8 technique as well as
its ease of increasing the signal to noise ratio constityteeerable technique than by
using a spark type source. A sample frequency of 133 kHz wgsred (3 x highest
frequency of interest) since the MLS power falls by 1.6 dB /& df the sample fre-
quency.

Because its rather flat frequency response and its low direddity in the frequency
range of interest, an 1/8 inch condenser microphone, tyjplk& B138, was used as the
receiver [31]. The microphone was mounted from within a Rjles box or from be-
low the ground and positioned with its membrane in the pldrtbefacade or ground
surface to lower the directionality and reduce the disngleffect of the presence of
the microphone and preamplifier on the measurement restit®nsure that the mi-
crophone was mounted identically at various positions oheaeasurement session as
well as in the reference measurements, a Plexiglas box (anend surface patch) with
the microphone mounted in it was moved for each measuremdmegerence measure-
ment position.

A tweeter source with a smooth free field response in the chfseguency range
was chosen for the sound source [32]. To allow for companegtim2.5-D ESM calcu-
lations, an omnidirectional sound source was desirable.sband source was mounted
in the ground floor below a Plexiglas plate with a circularentd obtain such a sound
field. This hole now acted as the source. A 10 mm hole was ugeithéol/3-octave
bands 4 up to 12.5 kHz and a 3 mm hole was used for the bands d&10gkiHz. Figure
2 shows the vertical and horizontal directionality of theme with the 10 mm hole at
10 kHz and the 3 mm hole at 40 kHz. Measured results for thesktbup have been
corrected for the source directionality if possible. Thepanse of the loudspeaker was
another important design parameter. The frequency respsimsuld be smooth to get
frequency insensitive reference measurements and thdsenpsponse short such that
the impulse response of the system is unaffected. The caiagyabove the tweeter
source was therefore reduced as much as possible and wdedwpith damping ma-
terial to suppress the effect of cavity resonances. Thespreamplitudes were chosen
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such that non-linear effects could be neglected.

2.3 Data analysis

From the MLSSA system, the unfiltered impulse responses baea taken and ana-
lyzed in Matlab [33]. All measurement results presentechariext Sections are nei-
ther influenced by disturbing room reflections nor by a lownaigo noise ratio. Post-
processing the unfiltered impulse responses from the seadelmequires knowledge on
aspects that scale linearly with frequency and, more inapbraspects that do not scale
linearly with frequency. Two effects that do not scale ligare of relevance here: the
finite surface impedance due to the acoustic boundary langeas absorption.

In a thin layer close to a rigid boundary, the acoustic bomtigyer, viscosity and
heat conduction play a role in the wave field. This wave field loa decoupled in an
acoustic, viscous and thermal wave, of which the latter tigcodit exponentially with
the distance from the boundary. The wave fields togethesfgdatie boundary condi-
tions, and yield a finite admittance, which adds to the a@mae of the surface and can
be approximated for air &)°C by [34]:

B2 2.01-10%(1 — i)y/f [sin 0 + 0.48], (1)

wheref is the angle of incident sound wave with the normal to thessierf The equation
shows the non-linear behaviour in frequency. Equation éF) Wwith satisfying agree-
ment been verified by scale model measurements [35]. Figsh®®&s the calculated
level relative to the free field level with a source and a nemeabove a rigid surface
with and without including the effect of the acoustic bournydiayer. The calculation
has been done using a ray model with a spherical wave reftectiefficient. Accord-
ing to equation (1), the effect of the boundary layer incesasith frequency and angle
of incidence. In the audible acoustics range, the boundeysrleffect is of negligible
importance, but it is not at the high frequencies of the sgaldel measurements. Since
the admittance due to the boundary layer effect is small @atpto the admittance of
other materials having finite impedance, the boundary laffect is in principle only
of interest in cases of sound propagation over rigid susfadeis hard to correct for
this finite impedance in post-processing the measured datéhe effect of the acous-
tic boundary layer admittance has not been taken into acdwene. When using the
measurement data for a comparison with model calculatitveseffect of the acoustic
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boundary layer should be included there.

The second non-linear effect is the attenuation of sounces/ay air. The attenua-
tion is mainly caused by classical absorption (with a powss proportional t¢?), and
by relaxation and compression effects of nitrogen and oxygelecules (with a power
loss non-linearly proportional tg) [36]. A large air absorption may result in a low
signal to noise ratio, especially for long impulse respsng&lassical air absorption is
hard to avoid, whereas changing the constitution of air olnence the second effect.
Considering Figure 4 for the relevant frequencies of théestedel (4 kHz — 45 kHz),
it is worth reducing the relative humidity of the air towarad$umidity of 0%. The
facilities to achieve these humidities were not availafilee measurements have been
corrected for the excess air attenuation. This has beentdar@eds no air attenuation.
Several methods to correct for excess air attenuation ile soadels were published
before (see e.g. [16, 37, 38, 39]). These methods are basadsbart-time Fourier
transform or by small band filtering the time signal. The draek of these methods
regarding correcting a signal for a factor depending on tme frequency is inherent
in the Fourier transform pair: strictly, only a correctiontime or frequency is possible.
An alternative is to apply the wavelet technique, which ¢farms a time signal into
the time-scale plane, where the signal is localized in bo#hes(which is proportional
to the frequency) and time. An ideal localization in freqeyeand time is however not
possible due to limited duration of the frequency-bandwjabduct of a signal [40]. A
continuous wavelet transform has here been applied to tlasumed time signal. In the
obtained time-scale plane, the signal is corrected forithe &nd frequency dependent
excess air attenuation calculation according to ISO 96199B. A reconstruction re-
turns the original signal, corrected for the excess atteémaAppendix B describes the
details and accuracy of this method.

The sound field in the canyons has been evaluated regardinig\tbl and decay
time, since both are assumed to be related to the rate of anney Pressure values
used to calculate the levels have been obtained by a fasigFdansform of the im-
pulse responses. Reference receiver positions were tbrathe street canyon where
the first part of the impulse response was used to obtain feeeree sound pressure
level. There are three types of levels that have been usedghout the paper. The first
is the excess attenuation level, i.e. the level relativéédeével without any objects:

Pmeas (f)rmeas

pref(f)rref ’ (2)

Lea(f) = 20log
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wherep,...s(f) is the complex pressure at the receiver positign,, the line of sight
source-receiver distance,.(f) the complex pressure at a reference position without
obstacles ang,.; the line of sight source-reference receiver distance. i8g¢be sound
pressure level, relative to the free field level:

2pmeas (f)rmeas

3
Dref(f)Trer &)

Lrefree(f) =20 IOg ‘

The factor 2 is introduced since the source was located agritend surface for the
reference measurement. Third, the sound pressure leaél/esto the free field level at
one meter from the source:

2pmeas (f)

. 4
pref(f)rref ( )

Lrefrealm(f) =20 log

This level is introduced to have the same reference levelddous receiver positions.
To calculate a broad band level, levels have been A-weiglmedweighted for a road
traffic noise spectrum:

(5)

A,+C;

z‘lil leo 10

1 B0
LA:1010g< = ’ ,

whereA; andC; are theA-weighting and traffic spectrum weighting for the 1/3-oetav
bandi, corresponding to the bands with center frequencies 1001000 Hz. Finally,
B; is the 1/3-octave band bandwidth. For the road traffic ngieetsum, a distribution
of 90 % light and 10% heavy vehicles with a speed of 50 km/h has been chosen. The
traffic spectra have been taken from Danish measuremenf4dgta

To investigate the decay properties of the signals, thetardd impulse responses
have been filtered by a 1/3-octave band filter. When the baitbviime product of
an impulse response is small, the impulse response is igensitoe influenced by the
impulse response of the used filters. Because of its shotlsapesponse, the wavelet
transform with the Morlet mother wavelet also used for therexiion of excess air
attenuation has been used as a 1/3-octave band filter hetrewyw 6, see Appendix
B) [42]. The parameter used to quantify the decay of the sdiefdlis the decay time
T10. Section 4.1 describes how tlH80 has been determined in the directly exposed
and shielded canyons.
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3 Accuracy of the scale model measurements

To get insight in the errors of the scale model measuremesnttsg measurement set-
ups with a single thin barrier and single thick barrier wetelged at first, see Figure 5.
The source was positioned at (9,0,0) and the receiver paositvere at the shielded side
at positionsy = 0 m andy = 40 m, and for two or three different heights according to
the coordinate system of Figure 1. Figure 5 ShAWScc measured(f) COMpared with
Ly freecac(f) using the diffraction model of Pierce [43]. Measuremenultsshave
been corrected for source and microphone directionalitynbking use of the source—
barrier angle, barrier-receiver angle and the measuradeand receiver directionali-
ties. The single screen material was equal to the groundrialai@nd Plexiglas boxes
were used for the thick barrier. The results show that moft@imeasurements agree
with the calculated results within 2 dB. The agreement issivatr the lowest 1/3-octave
bands, where deviations could be caused by possible le@tkamgah the barrier or radi-
ation by the barrier material. Due to the many different aagif sound wave incidence
from multiple reflections in the situation of parallel camgp source and microphone
directionality cannot accurately be corrected for. Somead®ns can therefore be ex-
pected at the highest frequencies. Previous scale modbéstfor similar geometries
and scales also displayed the limited accuracy that can taénell from scale model
studies in 1/3-octave bands [10, 16].

The scale model was set up as a 2.5-D model, yet the lengtle diuitdings in the
scale model is finite. Figure 6 shows a comparison of a calounlavith a finite barrier,
calculated by a time domain formulation by Svensson [44]amahfinite barrier calcu-
lated with the model of Pierce [43]. The receiver is in thedgivazone of the barrier
and horizontal diffraction around the barrier has not bewtuded. The results show
that the effect of the finite barrier length is small and that érror is smallest at higher
frequencies, and hence shows that the scale model is gopdeseatation of infinitely
long parallel canyons.

4 The sound field in the parallel canyons

Several authors reported on the behaviour of the sound figheidirectly exposed street
canyon before (see the Introduction for references). Trextly exposed street canyon
results of the current scale model study will be discussedglvith these literature
results and serve as a reference to place the shielded ceests in perspective. In
this Section and Section 5, the 1/3-octave band levels aralydenesi’10 are the tools
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of comparison. The level results have to be interpreted thighshown measurement
accuracy of Section 3 in mind.

4.1 Directly exposed street canyon
4.1.1 Sound pressure levels

Figure 7 shows the measurég. .. 1,,, for all receiver heights and fagade types. The
plots are a function of thg-distance and frequency. When regarding Figure 7, we no-
tice that the levels in the directly exposed street canyamedese over thg-distance of
the street canyon. The decrease is approximately 3 dB pendis doubling for the
rigid facades case. This is similar to a line source decayclwivould be obtained in
the limit of a narrow street canyon flanked by high buildin@ser frequency, the levels
for the rigid facades case are quite constant, indicatiagttie absorption coefficients
are constant over the frequency.

Figure 8 shows the level difference between receiver mrstat: =5 m andz = 15
m for the various cases with rigid fagades, facades withieglbsorption patches and
facades with diffusion patches (horizontally or vertigaltiented). The level at =5 m
is larger than the one at= 15 m closer to the source due to the importance of the direct
field. At a furthery-distance from the source, the levelszat 5 m andz = 15 m are
closer. This behaviour holds for all cases and was also fiwnidang [9]. The larger
difference in the absorption case for a smatlistance is caused by the high frequency
results at receiver positionsat 5 m that have high values (see the left part of Figure 8).

Figure 9 shows the level difference over distance and frecyubetween rigid facades
and the other cases. The results have been averaged evem andz = 15 m. The
level difference increases with distance for all cases;eshigher order reflections are
of more importance at a larger distance from the source. Wassalso shown by Kang
([46], Figure 11). The level difference between rigid fagadnd applied absorption
patches over frequency is obvious, clearly governed byrdwgiency dependence of the
absorption material. The level difference between rigightées and diffusion patches
is more subtle. The results agree with previous ones in teatavels with diffusion
patches close to the source are higher than the levels with facades, whereas at a
largery-distance, the levels with diffusion are lower than the lavieh rigid facades
([46], Figure 6).
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4.1.2 Calculation of reverberation timeT10

Some extra attention will be paid to the calculatioriZ@ here. A decay time in gen-
eral, and th@'10 in particular here, is determined from the decay of the sdiahdiafter

a sound source, turned on a long time ago, has been turnetiha&ffl'10 can be calcu-
lated from a single impulse response using Schroeder'sweads integration method
in order to determine the reverberation time (Schroederrse; [47]). According to the
standard ISO 3382, the relation between the decay of thedgo@ssure level and the
time should be a straight line. THe&L0 is then the best fitted straight line between the
decay of the sound level from -5 dB to -15 dB, extrapolated&®dB. When the sound
field is diffuse, the decay of the energy-time curve (the segiampulse response) is
theoretically a straight line when plotted as a level andaéxjthe shape of the decay
of Schroeder’s curve. However, when the sound field is nbusif as in our case, the
decay of the energy-time curve is not equal to the decay ddhad field as defined for
theT'10. Thus, Schroeder’s curve has to be taken from an impuls@mnsspo obtain
the true decay. A problem arises when the measured impudpense of a non-diffuse
field is not complete: the Schroeder curve of such an impelseanses differs in shape
from the complete Schroeder curve. The here measured impegponses have to be
truncated since correction for air absorption starts bhgwip the background noise at
the tail of the impulse response (especially for the highéstoctave bands). Only the
part of the impulse response unaffected by this correctambeen taken to calculate
the 7'10. In order to calculate th&'10, the 1/3-octave band Schroeder curves of the
truncated measurements have been fitted by Schroederssocaiculated by an Image
Sources Model (ISM). The absorption coefficient of the fagadas been used as the
fitting parameter for all types of fagcades. The number of cdétlas included in the ISM
corresponds to the time length of the truncated measureméat ISM and measure-
ment curve were fitted up to a distance were the Schroedeesstart to drop quickly,
see Figure 10. The ISM with the fitted absorption coefficiesd then been used to
compute thé'10s by extending the number of reflections up to a value thatagnteed
convergence.

4.1.3 Reverberation timeT10results

Due to the sensitivity of th&10 calculations in the case with rigid facades (the small

amount of damping leads to lar@d 0s), the average@10s are presented in Figure 11.
The averagd'10s for = = 5 m andz = 15 m are in Figure 11a shown for the case

with rigid walls. TheT'10 at z = 15 m is longer than th&'10 at = = 5 m for a small
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y-distance and vice versa for a larngglistance. This holds for all cases (not shown in
the Figure here) and is due to the influence of the direct fidlidy = 0 m, the level
difference between direct and reflected wave fields is ladlgerto the path length dif-
ference forz =5 m than forz = 15 m. Aty = 40 m, this level difference is larger for
=15 m, since higher order reflections have a lower amplitugetd the finite height of
the street canyon.

Figure 11b shows th&10s averaged over 1/3-octave bands and receiver height po-
sitions. All T'10s increase with distance (also found before in [16] and [4G]he
difference in7'10 between rigid facades and diffusion patches is remarkaldyelwhen
having their small level difference in mind. This emphasitteat the direct contribution
determines the levels for a large part in the directly exdateeet canyon.

Figure 11c shows th&'10s averaged over all positions. The larfjé0 difference
at low frequencies between the diffusion patches and the fagades cases is even
more remarkable, since the applied diffusion patches hagthd that are much smaller
than the wavelengths at the low frequencigd b at 100 Hz). It may be explained by
the effect of multiple reflections: the diffuse part of a npli reflected sound wave is
dominating over the specular reflected part even if the siffeflection part for a single
reflection is small. The frequency dependenc& of for the absorption case shows a
correlation with the absorption coefficient of the appliett.f The higher7'10 for ab-
sorption compared with horizontally oriented diffusiortgiees over theg-distance in
Figure 11b is caused by the dominance in the low frequenorethé absorption case.
The frequency dependence for the rigid case (see Figureatfaih shows the domi-
nance of the direct contribution to the level, since thelkedea not show this frequency
dependent trend.

4.2 Shielded canyon
4.2.1 Sound pressure levels

In the shielded canyon, the level difference over the 40 rgtlenf the canyon is small
(see Figure 7); the amplitude reduction due to sphericaagbng is compensated for
by the smaller diffraction angle. Over frequency, a cleaelelecrease is visible for
all cases. This decrease is, for the rigid facades and difiysatches, caused by the
higher shielding for high frequencies (diffraction effecfhe frequency dependence in
the absorption case is governed by both diffraction andraltiso effects.
In Figure 8, we notice that the level differences between5 m andz = 15 m are

quite constant. This level difference is largest for theoapon case, since there, the
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multiple reflected sound waves have more been damped béfyedach the lower re-
ceiver position.

Figure 9 shows the level differences between the case vgiti facades and the
other cases. We notice that the level difference over dist@also rather equal. Over
frequency, Figure 9b, the level difference is rather egegdrding diffusion as well. For
the investigated geometry and source and receiver posjtiba level difference in the
shielded canyon is larger than the level difference in theatly exposed street canyon.
This is caused by the fact that the higher order reflectiom®Bmore importance in the
shielded canyon. From Figure 9b, we notice that the levetis absorption patches are
lower than the levels with diffusion patches for the highegfiencies. The effect of
diffusion is here equal to the effect of the applied absorpfiatches with an absorption
coefficient of around 0.2.

From calculations with the FDTD method using a coherentdm&ce, van Renterghem
et al. found a level difference between rigid facades anaddag with an absorption co-
efficient of 0.33 (for normal wave incidence) of around 20 dBhe shielded canyon
[48]. Their canyons had a 10 m x 10 m wide cross section and &@0an apart. The
use of balconies (causing diffuse reflections) could givaia gf 5-10 dB for all 1/3-
octave bands compared to a situation without balconies. |8Ves differences found
here are of the same order of magnitude.

4.2.2 Risetime

The energy-time curves in the shielded canyon have a diffsteape than the onesin the
directly exposed street canyon: after the first arrivalragtiy, the energy increases until
a certain time, after which the energy decreases, see Figure 12. The time;, —t is
here called the rise time. The rise times have been calcupsemeasurement position
and 1/3-octave band and averaged results are plotted,edistance, frequency and for
three measurement heights= 0 m (x = 49 m),z =5 m andz = 15 m, see Figures
13a,13b and 13c. The rise times show clear trends:

e The rise time is rather constant over the length of the st@eyon;
e Therise time decreases with receiver height;
e The rise time increases with frequency, except for absamgiatches.

In the case of absorption patches, the rise time does na&aserwith frequency, due to
the increasing absorption coefficients with frequency.



Maarten Hornikx 15

The energy-time curve at the shielded side can be explaisiad the following ray
model approach. Consider the cross section in Figure 14inipelse response can be
approximated by the convolution of the impulse responges the source to diffraction
corner 1 and from diffraction corner 2 to receiver point, gveed by a diffraction factor
and phase and amplitude correction. The dashed-dottednliRegure 14 shows the
energy-time curve for the sketched case when the diffraataefficients would have
unity values, i.e. no screening. The absorption coeffioérthe facades has been set
to 5%, and a time integration of 50 ms has been applied. The théslin Figure 14
show the diffraction coefficients for 100 Hz and 1000 Hz. Thf&attion coefficient
increases with distance since the diffraction angle dee®avith increasing order of
reflection. The product of the dashed-dotted curve and &adtfbn coefficient curve
gives the shape that we found from our measurements (Fig@reDepending on the
position of the source and receiver (and thus the shape dfiffiaction coefficient
curve), the shape of the energy-time curve after its maxinatle will be concave,
straight of convex. Due to the fact that the diffraction ¢oednt for higher frequencies
increases slower with time in the early part, the rise timéhe larger for 21000 Hz than
for 100 Hz. This is in accordance with the measurements. Véhieigher absorption
coefficient would be assigned to the facades, the diffractaefficient is unchanged, yet
the decays in the separate canyons are faster. The rise tihtleam be shorter. The rise
time is thus correlated to the level: a longer rise time ($nabsorption coefficient)
yields a higher level. This is confirmed by the rise time ddéfeces between the rigid
facades case and the other cases.

4.2.3 Reverberation timeT10

Since the levels in the shielded canyon are low comparedetdetrels in the directly
exposed street canyon, the signal to noise ratio in thedddetanyon is lower and
the influence of the correction for excess attenuation gelarThis implicated that the
useful length of the impulse response was too short to deterthe7'10 in the same
way as done for the directly exposed canyon. To have an irsijoresf the decay of the
sound field after the rise time, tHél0 has been calculated using the energy-time curve
for the lowest 1/3-octave bands (100 Hz - 315 Hz). Figure I®8wstthe averaged'10
over the length of the canyon. Again, the decay times are @oihstant over the length
of the canyon. Thé&'10 for rigid fagcades is clearly larger than for the other cagdnsch

do not differ much.
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5 Three-dimensional geometrical effects in canyons

The 2.5-D ESM prediction model is not able to predict 3-D getiinal effects. For
urban sound propagation, 3-D geometrical effects like aadacourtyard situation and
vertically oriented diffusion patches are typical. Theasas were chosen to investigate
the difference between a 2.5-D and 3-D geometry.

5.1 Canyon versus closed courtyard
5.1.1 Directly exposed side

The results for a source and receiver in a closed courtyad@mnpared with the ones
of the directly exposed street canyon. The closed courtiyasthe dimensions 20 m x
20 mx 20 m, see Figure 1. Figure 15 shows the level differehGes,tyard — L A canyon

in dB(A) and the decay time differenc@30.urtyara — T10canyon @ty = 0 m for z =

5 m andz = 15 m for the various cases. Schroeder’s curve for a stregtocaand
closed courtyard are shown in Figure 10. The number of réflestarriving at the
receiver within a certain time slot is almost constant ouaetin the street canyon,
whereas the number increases with time in the closed cadrtyéhe energy decay
is thus much slower in the closed courtyard. The concaveydeicthe sound energy
over time in a street canyon was also shown by SteenackefafitbKang [9]. The
Schroeder curve difference between street canyon anddctmsetyard is retrieved in
the level difference and the averag€d0 difference, also shown in Figure 15. The
closed courtyard'10s for rigid fagades are similar to the calculated reverl@mgtme
by Kang for a larger square 50 m x 50 m x 20 m [20]. Since the highder reflections
are of more importance in the closed courtyard case thareisttieet canyon case, the
level differences between the rigid facades case and tlee cdlses increase compared to
the street canyon case. The level difference is larger fol5 m, whereas the averaged
T'10 difference is largest for =5 m.

5.1.2 Shielded side

At the shielded side, a closed courtyard was built as welé dihectly exposed side was
still kept as a street canyon, see Figure 1h. All receiveitipos were aty = 0 m. Results
can be found in Figure 15 and show that also at the shielded tid closed courtyard
levels are higher than the canyon levels. It is however mash bbvious than at the
directly exposed side. Compared to a canyon situation, sedl@ourtyard situation
increases the sound pressure level reduction due to of@hmoand diffusion relative



Maarten Hornikx 17

to the rigid fagades case. The negative values in the absgzse can be concluded to
be a measurement error. Whereas the rigid facades casaydigpl increase in level and
T10 for the courtyard case, the differences for the other casesegligible concerning
T'10 and within the range of uncertaincy concerning the levelteNbat the difference
between street canyon and closed courtyard at the shieldedssnot studied for a
source position different fromm = 0 m. The shielding due to the diffraction effect would
then increase for the shielded closed courtyard compar#dtetoanyon. On the other
hand, the rays are horizontally trapped once the sound geg reached the closed
courtyard.

5.2 Vertical diffusion versus horizontal diffusion
5.2.1 Directly exposed side

The second effect not captured by 2.5-D model is when véditiodented facade diffu-
sion patches are applied, creating horizontal diffusiar.dech a case, the same amount
of patches was applied as in the case of horizontally oniefateade diffusion patches
(40 % of the facades were covered), yet now they were mountedcaéiytioriented.
The effect of horizontal diffusion (vertically orientedtphes) is investigated by com-
paring the results with the vertical diffusion case (seaifgg 8 and 9). A similar level
difference between = 5 m andz = 15 m as well as a similar level difference with the
rigid facades case is found for both types of diffusion. Tagrée of diffusion could be
decisive for this similarity. Th&'10 with vertically oriented diffusion patches is higher
than with horizontally oriented patches. This can be attgt to the type of diffusion
mechanism: when the elements are oriented horizontallye roergy is scattered out
of the street canyon than in the case with elements oriemetally. TheT'10 is there-
fore higher in the latter case. This is even more obvious énclbsed courtyard case,
see Figure 15, where the differencelin is larger for the vertically oriented patches
than for the horizontally oriented ones.

5.2.2 Shielded side

At the shielded side, the levels with vertically orientedgb@s are higher than with

horizontally oriented patches, both over distance andugaqy (see Figure 9), whereas
the level difference between=5 m andz = 15 m is rather similar (see Figure 8). The
effect of the level difference is also indicated in the rigeet plots, Figure 13, where the
rise times for horizontal diffusion are longer than the tisees for vertical diffusion.
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Vertical diffusion is thus shown to be more effective in reihg levels at the shielded
side than horizontal diffusion. It can be explained by thet that vertical diffusion
(horizontal patches) leads to a more diffuse sound fieldernth plane that horizontal
diffusion. In the shielded closed courtyard, the levelatdéince between the two types
of diffusion is similar to the canyon case.

6 Conclusions

A 1 to 40 scale model of parallel urban canyons was built. & @en shown that this
model represents a two-dimensional (2-D) situation of itdly long canyons. This
geometry, with a point source, is called 2.5-D if it is inari along the canyons. The
measurements have been made for rigid facades, horizootadhted facade absorption
patches and horizontally oriented fagade diffusion patch& monopole source was
located in one street canyon and receiver positions weetddver the canyon length
of both the directly exposed street canyon and the pardiielded canyon. Since,
according to the authors’ knowledge, this is the first extensieasurement campaign
for a shielded canyon, the measurement results also givensaght in the sound field
there.

6.1 Sound pressure levels in the shielded courtyard

The sound pressure level and the reverberation fiiare, in contrast to the values
at the directly exposed side, quite constant over the leoigite canyon, indicating the
importance of taking into account distant sources whenigtied noise levels. This
holds for all investigated cases. The level differences/ben rigid facades and applied
absorption or diffusion patches are larger in the shieldmtyon than in the directly
exposed street canyon. It should be noted however, thag ugjid facades for the
reference case can over predict the effect of noise midgatieasures compared to
using real existing building facades.

6.2 Decay times in the shielded courtyard

Energy-time curves have been obtained, which show a didifference between the
directly exposed and shielded canyon. Whereas the enengyeurve in the directly
exposed street canyon decreases after the first arrivatutive in the shielded canyon
first increases to a maximum, and thereafter decreases.imbdrom the first arrival
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to the maximum level, the rise time, has been shown to beecttatthe level. The rise
time is also constant over the length of the canyon, yet dseewith receiver height
and increases with frequency, which has also been explayedparate reflection and
diffraction processes.

6.3 Three-dimensional geometrical effects in canyons

Besides canyons, closed courtyard situations have beestigated and compared to
street canyon results. A clear increase of the level Aihd is visible at the directly
exposed side for the closed courtyard. The increase ismtreget less obvious at the
shielded side. With the rigid facades case as a referenser@ion and diffusion facade
treatments at a shielded closed courtyard reduce the lexals than in a canyon. Only
one source position was however used for the closed codrsyaiations. Since existing
prediction methods are 2.5-D (or 2-D) and only can capturgoa diffusion effects, a
comparison between horizontal and vertical diffusion feenbmade from the measure-
ment results. In the directly exposed street canyon, theldewe similar whereas the
T'10 with horizontal diffusion is slightly larger than thi€10 with vertical diffusion. At
the shielded side however, the levels with vertical diffusare significantly lower than
with horizontal diffusion. The rise times indicate thisfdience as well. When using
a 2.5-D model for urban canyons, one thus has to keep in matddhade treatments
could be more effective in a closed courtyard situation timathe calculated canyon
case. Also, the effect of diffusion could be different frogality, since no horizontal
diffusion can be modelled with the 2.5-D model.
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A Material immpedances determined by the excess atten-
uation method

The impedance of the used materials in the scale model saslpden determined by
the excess attenuation method. The excess attenuatiorbtarexl from the free field
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complex frequency response of a monopole sound source anmbthplex frequency
response of the same geometrical source-receiver corfiguraut now in the presence
of the material under investigation. The source as moumnt#tei ground floor was used,
creating approximately an omnidirectional sound field amhalf-sphere (see Section
2.2). The measured excess attenuation level is:

pmat,meas (f)

6
preﬁmeas(f) ’ ( )

LEA,meas =20 10g

Wherep,,qt.meqs 1S the measured complex pressure in the presence of theiahatsater
investigation ang,. ;... IS the measured complex pressure in the absence of the ma-
terial under investigation. The excess attenuation lemalsat the other hand calculated

ikry

. ikr ikr .
using pref.cale = en andppatcac = S— + Q<—=, wherek is the wavenumber;,

1 ry '

is the direct source-receiver distanecgthe image source-receiver distance in the pres-
ence of the material under investigation afdf, 0, Z,,) the spherical wave reflection
coefficient implemented according to Chien and Soroka [48js is a function of the
frequencyf, angle of sound wave incidenéeand the normalized surface impedance
A%

Zmaterial
_ _ “material 7
co8(0,m) Zair’ (7)

whered,, is the propagation angle in the material relative to the rabmh the surface
and Z,,...riat @Nd Z,;, are specific impedances. Since the felt material is mouneal o
hard backed surface (Plexiglas), the impedance model bex{50]:

Zn,hardback = ZZn COt(k’ld COS(Qm)), (8)

wherek; = kn is the wave number in the felt layer, withthe refraction indexd,,
equal toarccos \/1 — n% + %22(9) andd the thickness of the felt layer. Felt is a porous
material. Several impedance models have been developg@bifous materials with a

varying number of physical parameters included. An extensiodel, the four material

parameter model developed by Attenborough [51], has beed hsre. This model
includes material flow resistivity, porosity, tortuositydathe standard deviation of pore
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size distribution. The normalized surface impedanggare derived by a minimization
procedure of the following function using the Nelder-Meach@ex Method, which is
a direct search method that does not make use of gradients [52

1=1125

X = Z |LEA,meas(i) - LEA7calc(7:)| . (9)

1=89

The algorithm is an optimization over the whole frequenayior of interest where

the set of four parameters is fitted to get the minimum valuX.dfigure 16a shows

the measured excess attenuation and the calculated extmasasion using the fitted
results. In Figure 16b, the found absorption coefficientdavave incident in normal

direction to the felt material is plotted. The third part bétFigure displays the way the
microphone was mounted during the measurements. For tkgRand the ground

material, the absorption coefficient for normal wave inoicke was found to be lower
than 0.05 for all frequencies of interest.

B Excess air attenuation correction using the continu-
ous wavelet transform method

B.1 The continuous wavelet transform

Similar to the Fourier transform, the wavelet transformateposes a signal onto a set
of functions, a basis. In the wavelet transform, these fanstall stem from a mother

function, the mother wavelet. In contrast to the Fouriengfarm, the time signal is not

transformed to separate frequencies, yet to coefficiemttemd on a certain time and
scale (related to the frequency). The continuous waveesform is used, which has
no restriction of scales. The continuous wavelet transf@WwT) [53]:

Flas)= [ Zzo(t)%w (=) (10)

wheret is the time,p(t) the time signala the translation times the scale factorf
the wavelet coefficients and the overbar denotes the congolepigate. The mother
wavelety (t‘T“) is thus scaled and translated in time during the transfohm .daugh-
ter wavelets. The coefficient before the wavelet functioh?> normalizes the energy
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content of the daughter wavelets. The mother wavelet usedifi¢he Morlet wavelet,
which is one of the most common wavelets:

p(n) = e“onem/2, (11)

wheren is the non-dimensional time ang, the non-dimensional frequency. The co-
efficientw, determines the width of the localization of the transfornseghal in the
time and the frequency domain; the larggr the worse the time localization yet better
the frequency localization. A value of 20 has been used hEhe Morlet wavelet is
a complex function, which implies that phase and amplitutdermation of the signal
is kept in the transformed domain. Since the representatitime transformed domain
entails that spectral energy is also present for waveldficiats outside the relevant
frequency range, the smallest and largest scales usedtratisform should be outside
the frequency range of the signal. It is convenient to usaritdgnmically spaced scales
s; = 5027%, wherej are integer numbers and a value of 0.1 will be used herésor
The continuous wavelet transform of a measured signal @ulzked in the frequency
domain, where the convolution is replaced by a multiplmatiThe wavelet coefficients
are then obtained by an inverse Fourier transform of theywtodf the Fourier trans-
formed signal and daughter wavelet [54]:

= 2mS—— iwnot
F(a,s)=>_ P(k) = (swy)e , (12)
k=0

oy — 2k for k<
2k for k>
P(k) = Fourier transform of the time signp(t).

vz |z

Figure 17a shows a typical measurement signal in an urbaatstanyon with source
and receiver in the same street canyon. The signal disgi@ystltiple reflections in a
street canyon. Figure 17b shows the wavelet transformethkig the time-frequency
plane. Figure 17c shows a part of the energy-time curve o$itpeal and the wavelet
representation, a weighted summation over all scales [Eiglre 17d shows a part of
the Fourier and wavelet power spectrum, the summation cdgbeared wavelet coeffi-
cients over time. Both Figures 17c and 17d show that the wapelwer spectrum and
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wavelet energy-time curve are a smoothed representatitimeafeal power spectrum
and energy-time curve.

B.2 EXxcess air attenuation correction

Since the energy content at a certain position in the tinadegglane does not have a
perfect localization, it is not possible to exactly corrémt the excess air attenuation.
The correction is calculated as a factor according to therm@tional Standard 1SO
9613-1:1993(E) with a frequency and time correspondindnéocenter frequency and
time of the wavelet coefficient. Since the correction isdineith the energy in time,
the time correction is a power of the correction factor peretsample. The corrected
wavelet coefficientsF,,,.(ndt, s), become:

Foor(ndt, s) = F(ndt, s)c"(s). (13)

B.3 Reconstruction

Since the continuous wavelet transform is not based on &wogonal basis, the trans-
form is redundant and a reconstruction is not perfect. Haagehowever shown that the
redundancy of the CWT allows for reconstructing the sigsahg a completely differ-
ent wavelet function, of which the delta function is the eas[55]. The reconstruction
will be an approximation of the original signal. The usedorestruction equation is
[54]:

Fnt) = 225 2L (Fu(a,s)) (14)

whereJ the total number of scales useq,the weighting of scaleg/; the reconstruc-
tion factor of a delta-function ang/g the removal of the energy normalization. The
accuracy of the reconstruction is displayed for a syntleessignal created from the
frequency content of a measured signal. Figure 18a, 18brahd&c show the created
undamped and damped signal and its frequency content whgtvithin the frequency



24 Maarten Hornikx

content of a measurement signal in the scale model. Thelsigisacomposed by fre-
guencies with a random phase. Air attenuation has in figubeb®®n applied foi" =
20°C andRH = 30 %, which are typical conditions during scale model measurgme
The calculated attenuation loss by air attenuation is shiawngure 18d. Figure 18e
shows the phase error between original and reconstrudtible damped signal. Finally,
Figure 18f shows the levels of the signals. The first and stbanshow the level of the
undamped signal of Figure 18a and the damped signal codrbygtéhe wavelet method.
The third and fourth bar denote the level of the damped sigh&igure 18b and the
level of the damped signal when a wavelet forward and inweeseelet transform have
been applied without a correction. The introduced erroessarall.

Note that the presented way to correct for excess attemudbes not pretend to
be superiour over the former presented methods, since agpdéirhe-frequency local-
ization is not possible. The method does however have thandage over the former
methods that the time-frequency resolution varies witquency and is generated im-
plicitly with the method (no choices of filter or window widtlinave to be made).
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Figure 1:Scale model set-up. a) Cross section with rigid facades rb3<section with

horizontally oriented facade patches (absorption or diifun), c) View in the shielded
canyon with rigid facades, d) View in the directly exposedyoa with horizontally

oriented facade absorption patches, e) View in the shietdat/on with horizontally

oriented facade diffusion patches, f) View in the shielded/on with vertically oriented
facade diffusion patches, g) Top view of the parallel casydr) Top view in the case
of a closed courtyard at the shielded side and with verticatiented facade diffusion
patches. The full scale dimensions are shown.
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Figure 2:Horizontal and vertical directionality of the used soundisxe. Stars: 10 mm
source hole at the 10 kHz 1/3-octave band, Circles: 3 mm solaote at the 40 kHz
1/3-octave band. The level increment between gridlinesiB.5
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Figure 3: The level relative to the free field level of sound propagatwer a rigid

boundary. The horizontal source-receiver distance is 1havertical distance varies

with angle of incidence. a) The frequency dependgnt... with an angle of sound

wave incidence relative to the normal with the surface 6f 89 The angular dependent
L,csree With f =45 kHz. Solid: A zero admittance boundary, Dashed:oéridary with
an admittance due to the boundary layer effect.
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Figure 4: Attenuation loss for sound propagation through air at 293dd..103 hPa

according to ISO 9613-1:1993. The frequency range of theesta@del measurements
is highlighted.
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Figure 5:L, ... for a thin (left) and thick (right) barrier in 1/3-octave bds. Circles:
Measurements, Solid lines: Pierce diffraction theory. positions 2 (and position 3
in the thick barrier case), the direct diffracted and grouraflected waves have been
summed.
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Figure 6: L,.s... calculated as a function of the distance from a 20 m wide agt hi
barrier in 1/3-octave bands. Source located at (9,0,0)ereers at (x,40,0). Thick:
Infinitely long screen calculation [43], Circles: 100 m lorsgreen calculation [44].

Diffraction around the barrier ends is neglected. Upperuks are for 100 Hz, lower

results are for 1000 Hz.
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Figure 7:MeasuredL, /.

, Z=15m, c) Shielded acarzye 0 m, d) Shielded

5 m, e) Shielded canyon, z =15 m.

b) Directly exposed street canyon

canyon,z
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Figure 8:Level differences between receiver positions at z = 15 mzand m in the
directly exposed street canyon (left) and shielded canyigit]. Solid thick: Rigid
facades, Dashed: Horizontally oriented facade diffusiatches, Solid thin: Vertically
oriented facade diffusion patches, Dotted: Horizontalieonted facade absorption
patches.
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Figure 9: Levels relative to the levels with rigid facades. a) Levelsraged over all
receiver height positions, b) Levels averaged over all fpmss. Dashed: Horizon-
tally oriented facade diffusion patches, Solid thin: \atly oriented facade diffusion

patches, Dotted: Horizontally oriented facade absorpfaitches.
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Figure 10: Schroeder’s curves for receiver position (0,0,15), 250 Fdctave band.
The time is at the 1 to 40 scale. Solid thick: Closed courtystdation measured,
Solid thin: Closed courtyard situation fitted ISM, Dasheitkh Street canyon situation
measured, Dashed thin: Street canyon situation fitted 1SM. fiiting procedure was

done up to 0.1 ms.
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Figure 11:710s in the exposed street canyon.7a)0s averaged over 1/3-octave bands
for two receiver heights in the rigid facades case. Solidkhz =5 m, Solid thin: z =
15 m, b)T'10s averaged over 1/3-octave bands and receiver height pasitic)7'10s
averaged over all receiver positions. Solid thick: Rigid¢ddes, Dashed: Horizon-
tally oriented facade diffusion patches, Solid thin: \atly oriented facade diffusion
patches, Dotted: Horizontally oriented facade absorppaitches.
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Figure 12:Energy-time curves for receiver positions in the direcig@sed and shielded
canyon, 250 Hz 1/3-octave band. Thick: Receiver positi@0(6), Thin: Receiver

position (0,0,5). The time is shown at the 1 to 40 scale andhmgration time of 0.001
s has been used.
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Figure 13:Rise time and 10 results in the shielded canyon. a) Results averaged over
1/3-octave bands and receiver height positions, b) Reswisaged over all receiver

positions, ¢) Results averaged over 1/3-octave bands and$d m. Line indices as
in Figure 11c.
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Figure 14:Calculated energy-time curves in the shielded canyon f@sitetched cross
section. Dash-dotted: Energy-time curve with diffractfactor equal to 1, Dashed
thin: Diffraction coefficient for 100 Hz, Solid thin: Diffcdion coefficient for 1000 Hz,
Dashed thick: Energy-time curve with the diffraction caétfnt for 100 Hz, Solid thick:
energy-time curve with diffraction coefficient for 1000 Hz.



Maarten Hornikx 43

directly exposed side shielded side
10 ‘ ‘ 10 ‘ ‘
2 5 I | 2 s
o o
) |:| X
\ 1 kil L
| -
_5 . . _5 . .
5 15 5 - 15
receiver height (m) receiver height (m)
8 8
6 6
2 g4 | Z 4 |
o o
= -
q 27 I I I q 2 |
ol DD =i 3 0 I.:..:.- __
_2 . . _2 . .
5 15 5 15
receiver height (m) receiver height (m)

Figure 15:Differences in level an@'10 between closed courtyard and canyons. Levels
are for receivers positions with y = 0 m. TH&0 results are 1/3-octave band averaged.
First bar: Rigid facades, Second bar: Absorption patchegligol, Third bar: Horizon-

tal oriented diffusion patches applied, Fourth bar: Vedioriented diffusion patches

applied.
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Figure 16:Excess attenuation of 3 mm velvety felt. Source positigref%(9,0,0), re-
ceiver position (0,0,15) and felt at (0,0,4-6). Coordirmecording to Figure 1. a)
Fitted excess attenuation curve. Solid line: Fitted resultircles: Measured, b) Ob-
tained absorption coefficients for normal wave incideng€lose up of the microphone
position during the impedance measurement.
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Figure 17:Example of a signal transformed by the wavelet transforsneftergy-time
representation and its power spectrum representation.tithe is at the 1 to 40 scale.
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Figure 18:Synthesized signal with a frequency content corresportdiagscale model

measurement. a) Synthesized signal, b) Damped signal.ecuEncy content of un-
damped signal, d) Air attenuation applied to the signal, Base difference between
signal and damped signal, corrected by the wavelet methda\els of the the signal
in a) (left pair), levels of the signal in b) (right pair). Bt and third bar represent the
levels of the original signals, the second and fourth baregpond to the level of the
reconstructed signal using the wavelet method.



