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Abstract

Mapping of road traffic noise in urban areas according todstedized engineering calcula-
tion methods systematically results in an underestimaifaroise levels at areas shielded
from direct exposure to noise, such as inner yards. In magineasring methods, road
traffic lanes are represented by point sources and noisks lereecomputed utilizing point-
to-point propagation paths. For a better prediction of edésels in shielded urban areas,
an extension of engineering methods by an attenuation tkysn has been proposed, in-
cluding multiple reflections of the urban environment batlthie source and in the receiver
area. The present work has two main contributions for the esomputingAcan Firstly,

it is shown by numerical calculations thdtan may be divided into independent source
and receiver environment termég and Ar. Based on an equivalent free field analogy, the
distance dependence of these terms may moreover be expeassgtically. Secondly, an
analytical expression is proposed to compdteand Ay for 3D configurations from using
2D configurations only. The expression includes dependehttee street width-to-height
ratio, the difference in building heights and the perceatafjfacade openings in the hori-
zontal plane. For the expression to be valid, the sourcddbewseparated from the receiver
environment by at least four times the street width.

1 Introduction

According to the European Noise Directive (END) 2002/49/EGropean cities have to produce
road traffic noise maps for major roads, railways and aigpand exposure distributions based
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on noise levels at the facades of dwellings [1]. In addititve, END indicates that cities should
gquantify how many persons have access to a quiet fagadehanduiet urban areas should be
protected. Current engineering methods for computingethesse maps work well for the areas
directly exposed to noise, but have been shown to under@sgtithe levels at areas shielded
from direct exposure — such as quiet fagades and quiet ureas a due to including a limited
number of reflections [2, 3]. As a result, noise mapping migad to a too optimistic picture of
the urban noise situation. Therefore, an acoustic calonlaodel for road traffic noise that is
more suitable to predict noise levels for quiet facades lkas Iproposed [4]. At the same time,
this method should be suitable for engineering use. Thegsexp method therefore extends
existing engineering formulae for receiver positions leldd form direct exposure. For every
contributing source the suggested procedure for calagjdlie noise level at a shielded receiver
locationZ, per octave band reads:

Lpb(Z,) = 10logy, (100.1Lpdb + 100.1Lp,scatter) ’ "
Lpdb(fr) = Ly — Afree — Adiffl’ — Aimer7 (2)
Adgiftr = —101logyg (1070'1Abar+ 10*0-1Acan) : @)
Acan=As+ Ar for ‘fr,J_ - fs,i’ > Zune (4)
where,

e Ly = the “background” noise level excluding the diffractionslaeflections around the
vertical edges and excluding the diffraction over comardl noise barriers [dB].

e Lpgp = the contribution to the “background” noise level in stillrhogeneous atmo-
sphere [dB].

e [\ = the sound power level per octave band of a point source remiag part of the
road [dB].

e Agisir = the total shielding attenuation by diffraction over theldhinig roof [dB].
e Asfee = 3D free field divergence [dB].

e Apyr = the attenuation by the building(s) cutting the direct paghaeen source and re-
ceiver limited by diffraction over the building roof, inaing the effect of the ground.
Only the direct diffraction path without reflections in theusce and receiver environ-
ments is considered [dB].

e Acan = the attenuation of the sound following a path between soamckereceiver repre-
senting multiple reflections in the source and receiverrenment [dB].
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e Ags = the attenuation of the sound following a path between soanckreceiver repre-
senting multiple reflections in the source environment [dB]

¢ A; = the attenuation of the sound following a path between scamdeeceiver represent-
ing multiple reflections in the receiver environment [dB].

e Aijnter = additional attenuation caused by the diffraction at intedliate canyons [dB].

e Lp scatter= the contribution to the background noise level caused bitesaag from at-
mospheric turbulence [5] [dB].

e T, = (zs,ys, 25) = source coordinates [m]
Z, = (zr,yr, 2,) = receiver coordinates [m]
Zs | = (xs,ys) = source coordinates in the horizontal plane.[m]
Z, | = (z,,y,) = receiver coordinates in the horizontal plane [m]

xunc = distance of uncoupling [m].

In this paper, all terms related to 2D configurations are teghby subscript 2D, €.94can 2D
Atmospheric absorption is not explicitly included in thiodel but is implicit in theAp, and
Acan terms. In the absence of multiple reflections in the soura receiver environment,
Acan >> Apgr and Apgr determinesA ;s . For multiple reflections in both source and receiver
environmentsAcan << Apgr @and Acan determinesAgisr. An expression has been derived to
computeAcan [4], including various coefficients. For deriving these ffioceents in Acan from

a range of urban configurations, detailed point-to-poittidations using a wave-based sound
propagation method have been proposed [4]. However, twolgmts arise usinglcan, Which
are addressed in this paper. Firstly, it is favourable imptn-point calculations to use the
uncoupled termsis and Ay instead ofAcan. Then, As and A, can be assigned to source and
receiver positions independently, and can be used for phaiiource-receiver path calculations.
For this, the distance of uncouplingnc needs to be found. Furthermore, it is preferable to ex-
press the distance dependence of the tedgand A, analytically. The second problem relates
to the used assumptions for computidgan in [4], being that the sound propagation in 3D can
be calculated by a 2D cross-section configurations. Wh&Banfiguration calculations have
been made for the sake of efficiency, a relation between ther2Dull 3D expressions fofcan,
and thus the independent termdgand Ay, should be available, preferably in an analytical form.
The second purpose of this paper is therefore to find an acelly@xpression betweedAs and

As op (the latter being the 2D result ofs) and Ar and A, op, for various urban configurations.
The aimed expressions will be found through numerical cdatimns for 2D and 3D urban
configurations by using the pseudospectral time-domaimode(PSTD) [6, 7]. The paper is
organized as follows. In Section 2, the studied urban cordigans are presented. Also, the
numerical modelling approach as taken in this work is metibin this Section. Section 3 is
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devoted to examine the distance dependencésaind A;, as well as the conditions for equa-
tion (4) to hold. The analysis is made for both 2D as well as 8Bfigurations. The analytical
expression of the 3D coefficientss and A, as a function of their 2D counterparts is proposed
in Section 4. For that purpose, 3D calculations for varigyscal urban configurations have
been carried out. Conclusions are drawn in Section 5. Thergapludes an Appendix on the
accuracy of the adopted numerical approach.

2 Configurations of study and modelling approach

Figure 1 shows the 2D configurations studied in this papebabliconfigurations are consid-
ered, with source and receivers located in street canyommmfigtirationdiffr represents the
canyon-to-canyon configuration with road traffic represdriby a single noise source in one
street canyon and receiver positions in another canyonfaddides are considered to be equal
and have six depressions, corresponding to window surfaldes other facade parts represent
brickwork. Window and brickwork materials are modelled bseal hormalized impedance of
Z,=77 andZ,=10 respectively. All other surfaces are acousticallydiglhe current work is
restricted to a fixed canyon height 8=19.2 m (see Figure 1). For all calculations in this work,
a homogeneous and non-moving medium is assumed. Using@u(@y}, the termAcap opis
here computed as:

Acan.2p= —101log (10*0'1Adiffr,2D - 10*°~1Abar,2D) 5)

Pfree,2D
Pdiffr, 2D
distanceRsee = @ + W, with Q the separation distance between streetslétie street width

with Agifr 2p = 201logqq ‘ ‘ with pree 2p the sound pressure computed in free field at
(see Figure 1a). Furthegis 2p is the sound pressure computed for the 2D configuratifin of
Figure 1. The single barrier configuration, for whid,, 2pis computed, is also shown in Fig-
ure 1 indicated by configuratiasar. The termAc,, 2ponly includes contributions from source
to receiver including at least one facade reflection. Furth@rder to investigate whether source
and receiver environment effects may be treated as beiraupted, configurationdiffr,s, diffr,r,
bar,r andbar,s as shown in Figure 1 are modelled to compui@ s 2p, Adiffrr,2Ds Abar,s,2D
andApgayr r2p Which are used similar to equation (5) to compute the agtéoini termsAg op and

Ar 2D

Ag 2p= —101logy, (10’0'1Adiﬁr,s,2D _ 10*0'1Abar,s,2D) :

Arop = —101og,, <10_0'1Adiffr,r,2D _ 10_0-1Abar,r,2D) ) (6)
In current engineering methodd,,, is computed by an approximate diffraction method, see
e.g. reference [8]. To comply with engineering methods ctivefigurations of Figure 1(b) have

therefore been computed by the same diffraction methodhismtork, the 3D model to compute
diffraction around a wedge, based on the Hadden and Pierdelrfar a single wedge [9], has
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been used for this purpose [10]. For the solution of the candiions in 2D, the equivalence of
the diffracted sound pressure level relative to the fred flel between a coherent line source
and a point source, as proposed in reference [11], is usedtdielerive 2D solutions from 3D
solutions. We note that by the used model for the barrier gardiions of Figure 1(b), facades
are treated as flat and rigid. A full-wave numerical methodsied to compute sound pressure
levels for the configurations of Figure 1(a), i.e. the PSTDihod [6]. Within this method,
reflection-free boundaries have been modelled by includipgrfectly matched layer (PML).
For some of the calculations, a hybrid computational apgrésadopted for efficiency reasons.
This approach divides the computational domain in a partrevaeumerical solution is needed
and a part where an analytical solution of the wave equati@vailable. The accuracy of this
hybrid approach is discussed in the Appendix.

Full 3D configurations of (interrupted) street canyons aodrtyards are considered to relate
the source and receiver environment effects to results &@D configuration approach. Fig-
ure 2 shows the modelled situations. The 3D results for thetemupted street configuration
of Figures 2 (a,b) are obtained by a 2.5D transform as in [A8]approach based on the 2D
calculations for the configurations of Figure 1(a). To eadduthe interrupted street canyon of
finite length and courtyard configurations of Figures 2(ajat) 2(e,f), a 3D PSTD model is used.
The building heights and fagade properties are identici#th¢éa2D configurations. Because of
symmetry, only% of the interrupted street configurations has actually beedeatfed and only;—

of the courtyard configurations has been modelled, seeésdi(c,d) and 2(e,f). The interrupted
street is mainly of interest for a configuration with a sourcthe street and receiver outside the
street. The courtyard case is mainly of interest for a condition with a receiver in the court-
yard and a source outside the courtyard.

In previous work, it was found that the frequency range adri@st as concerns noise from road
traffic in geometrically shielded urban areas may be limitedn upper 1/3 octave band of 1.6
kHz [14]. For the 2D calculations, this upper limit has heeet used. Due to numerical over-
head of the computational model, the 3D results are evalwaith an upper 1/3 octave band of
1 kHz. Levels in the 1/3 octave bands have been computed fblmgarithmically spaced fre-
guencies per band. When broadband results are present&dy@ighted sound power spectrum
representing urban road traffic has been used, i.e. thesvafug, = 63, 75,87,95,97,104 dB
have been used for the octave bands 32-1000 Hz. These vauvedben calculated with the
Dutch standard traffic noise model for typical urban trafficse situations.

3 Distance dependence and additivity oHs and A,

A first step toward the analytical expressiondf = As(As op) and Ay = Ar(Ay 2p) is to find
relations of analytical distance dependence for the sepansAs op, Ay op, AsandA;. These
dependencies are sought in this section, both for 2D as wédr&8D configurations of Figure 1.
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Also, the independence of the source and receiver termsif@dei.e. Acan 2p= As 2p+Ar 2D
andAcan = As+ Ay. In particular, the distance of uncoupling for which theslations are valid
is searched for.

3.1 Two-dimensional results
3.1.1 Distance dependence ofs opand Ay op

To express the distance dependenceldpp analytically, we projectds op onto an equivalent
free field situation, i.e. a source-receiver configuratiofirée field, see Figure 1(c). This ap-
proach assumes a distance independent gar, and a distance dependent part. We write for
Ag ppand similarly Al op;

= Iy — Tes, 2D
As 20l(T;) = Ag pp+ 1010gg (T> : W)

T

N Zer,2D
Ar,ZD(wr) = A;,ZD"‘ 101log; ( j > ) 8)

with z, = (Q + W) /2. Although A¢ ,p and 4}, are considered to be distance independent,
they might depend on the location of the source and receivitrel street, which is discussed in
[4]. Optimal values of the equivalent source positigi >phave been found by the minimizing
the errore, which reads fores o5

N
Lprn \Lr,N — Les,2D)
€(Tes2D) = Y (As,zo(Qn) — As 2p(Qn) + 101ogy, ( ( = )>> , (9)
n—29 Ty N (xr,n - xes,ZD)

with Ag »p the broadband level, computed from using equation (6) aimdyue spectral distri-
bution of Ly, z,, = (nQ + W)/2 andN=19. Whene(zes 2p) = 0, es 2pis found for which
the distance dependencef ypis purely analytical. It may be expected that ;pdepends on
W/H, the width-to-height ratio of the street canyon, as wellashe height of the left building
relative to the right building. Results fafes opare plotted in Figure 3(a) as a function of the
W/H ratio. It is clear that th&\/H ratio has a small influence on the location of the equivalent
source position. The location afs opas a function of the height of the left buildingjes; is
computed foM/H=1, and results are shown in Figure 3(b). The results fromi€i@ are used

to construct an analytical expression to comptge ;pas a function of th&V/H ratio and the
left building heightH est. We write forzes opandzer 2p

. _ W3 (Hef !
es,2D 9 4 H 5

Q+W
Ler2D = T — Tes, 2D (10)

where the coordinate origin of Figure 1(a) is respected. rEtaions from equations (10) are
plotted in Figure 3 too by the dashed lines. Figure 4(a) shaws op(Q) = As2p(Q) —
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As 2p(Q = 20W) andA A ,(Q) as a function oR. Itillustrates that the source environment
attenuation termis op approaches a constant value for larger distances and shaWés’S'EZD is
rather distance independent. Figure 4(b) Shmﬂ%,zo as a function of as well as 1/3 octave
bands. When considering 0.5 dB as an acceptable error bavenday conclude from the results
that the distance dependence/fop can be described analytically for all 1/3 octave bands and
Q/W > 2.

For A, op, a similar equivalent free field approach as #g ;p has been adopted, i.e. with
a single equivalent receiver positiaf, op that replaces all receiver positions, see Figure 1(c)
config. r. The source positions are equalato= 0 and A, op is written in equation (8), with
zer2p from equation (10). Figure 5(a) shows the broadband valtigs4 >p andAA’r,ZD. The
plotted results have arithmetically been averaged oveeedliver positions and are very similar
to the results in Figure 4(a). The results ifxrA;’ZD(Q = 2W), are plotted in Figure 5(b),
showing only deviations above 0.5 dB for the lowest and hgfrequencies.

In summary, the proposed equivalent free field represenmtexpressed in equations (7) and
(8) for the correction termds spandA, op yield analytical distance dependency &IV > 2.

3.1.2 Additivity of Agopand A;2p

As for AIS,ZD and A/r,ZD of Section C%.l.l,A’Can,2
analogy, with equivalent source and receiver, see Figure EQr Acan 2p We write:

pmay be expressed by an equivalent free field

- / Zer,can,2D— Les,can,2D
Acan,der,can) = can,2D+ 10 10g10 < Tr can ) (11)

With Zes can,20= Zes,2D Zer,can,2D= (@ + W) — Zes 2paNdzr,can= 2zr = Q + W. To verify
the additivity of Ag op and 4; >p, the broadband differenc(eA’SIZDJr Alop+ 6> — Agan2piS
computed from equations (7), (8), and (11) and is plottediguie 6(a) as a function ap. We
have added 6 dB(A) due to a double count of the reflection atibidevel in <A’S op+ A 2D) :
The results have arithmetically been averaged over alivecpositions. The reéults exéeed 0.5
dB(A) even for large values @). The reason is linked to the difference in the lower freqies)c
see Figures 6(b). This difference can be attributed to teerejpancy between results from
the Hadden and Pierce model and PSTD model for these freigsenfitom an analysis for
the Aqiftr 2p term, these differences were not encounteretéﬁaﬁrs op T Agittrr o0 T 6) —
Aaiﬁr,ZD < 0.5 dB(A) for all Q/W > 2, see Figure 6(b). Assumi’n’g thaf:an,zé)’: A’S’2D+
A?,zo + 6, Acan,2pCan be computed frorﬁAs,ZDJr Ar,ZD) and analytical distance dependent
terms as:

- - - Ter,can,2D— Tes,can,2D
Acan,20@r,can) = (AS,ZD(L") + Ar 2D (zT)) + 101og < o can ) +6 (12)

for Q >2W.

Figure 6(b) shows the spectral agreementAf ,p + A; ,p + 6) and Ag, ,pfor @ = 20W.
The result Of(Alt)ar,s,2D+ Albar,r,2D+ 6) andAgar,ZDare also shown, illustrating the dominance
of A/

can 2pfegarding the%im,ZD term.
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In summary, for the 2D configuration§, > 21 seems to be a good choice fajnc of equation
(4).

3.2 Three-dimensional results

3.2.1 Distance dependence ofs and Ay

A similar analysis as for the 2D configurations is undertaf@mnthe 3D configuration of an
uninterrupted street, i.e. the configurations of Figure Engtstreets have an infinite length as
depicted in Figures 2(a,b). We here limit the study/ie= y,. = 0. For As and Ay, we write:

As(&,) = Ag+20logy, (“ - xes) : (13)
r
Ar(F,) = A} 4+ 201ogy, <Z—er> . (14)
r

Similar to the 2D configurations, the optimal values of thaiegjent source positions are com-
puted and are shown in Figure 7. As concerns\Wikl-dependence and the dependence on
Hieft, the similarity between the 2D results of Figure 3 is obviolike location of the equiva-
lent sources is however different from the locations in 2DRhwmaller values ofes compared

to its 2D counterparts. A relation fafesandxer is derived from the numerical results of Figure

7:
W _A(H\\ 7 (Her\"
res= 3 5\ W 5\ H ’

O e (15

and is shown by the dashed lines in Figure 7. The attenuatiomstA As and A Ag are plotted

Ter

in Figure 8(a), and\ A5 is plotted as a function of frequency and distaqcm Figure 8(b). For

the receiver environment, the values/ofl; andA A; are plotted in Figure 9(a). The importance
of splitting the attenuation term4s and A, into a distance dependent and distance independent
term is highlighted by the Figures: wheredsand A, slowly converge with distance, the terms
Ag and A; show to be distance independent &@yW > 4 within the 0.5 dB(A) error. Figure
9(b) showsA A;(4Q), showing that in contrast to the 2D configuration howeverijghér re-
ceiver position dependence 4fA; is noticeable.

The proposed free field representation expressed in equat®) and (14) thus return an expres-
sions for the correction termds and Ay, which have an analytical dependence on the distance
forQ/W > 4.

3.2.2 Additivity of Agand Ay

To verify the additivity ofAsand A, in the 3D configuration of uninterrupted streets, an anaogu
analysis as for the 2D configuration has been carried outigr& 10(a), broadband results are
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shown for the differencesds + Ay + 6) — Aggnand(As + Ar + 6) — Acan The primed numbers

do not converge to a value within 0.5 dB(A) for large value§@i¥’. This is similar as what was
found for the 2D configuration and also has the same exptamafiigure 10(b) also shows the
dominance ofA¢,, 0ver Ay, . From the equality of the primed numbers, we now can compute
Acanas:

Acan(frycan) = (As (fr) + Ar (fr)) + 20 1Og10 <wn> + 6 (16)

Ty

for Q > 2W.

4 2D versus 3D approach

In Section 3, we have found distance dependence expredsiods »p, Ay 2p, As and Ar and
the conditions for which they are valid. Also, the expressifor Acap opas well Acan based
on the separate source and receiver environment terms bavederived. The objective of this
section is to find expressions for the 3D attenuation ternasfaaction of their 2D counterpart.
The analysis is based on three types of configurations: 1)némtemrupted street of infinite
length of Figures 2(a,b), 2) a finite-length street interedpby a cross street, see Figures 2(c,d),
and 3) a courtyard, see Figures 2(e,f). As road traffic isesgnted by point sources along
the street, the effect of a horizontal directionality okatiation termsis and Ay is low when
including contributions from all sources in the street. Tieee adopted approach is therefore to
use attenuation terms that are angular averaged values liotlzontal plane, further denoted by
AsandAy. Inthis section, we thus search for the relatielis= As(Ag 2p) and Ay = Ar(Ar 2p).

4.1 Uninterrupted Street

For the uninterrupted street of Figures 2(a,b), we first éxarthe equivalence between 2D and
3D results wherey;, = y, = 0. We exploit the hypothesis that the 2D and 3D expressions
only deviate through distance dependence, and that thendestindependent coefficients are
equal, i.e. Ay ~ Al op, As = Agpand Agan & Agyn op TO verify this hypothesis, Figure
11 shows results of the broadband differences between 2CBBnrms, averaged over the
receiver positions. All results are consistent in showilegucdeviations and a slow convergence
with distance for the unprimed numbers, and deviations lemidan 0.5 dB(A) for the primed
numbers for all distances abogg/WW > 3, which supports the used equalitids = A;,ZD’

Ag = Ag ppand Agan = Ay opfor Q/W > 3. To verify whetherds = A 5 holds for the
uninterrupted street, the configurations with# 0, y; = 0 are now investigated. Figure 12
shows the broadband attenuation tetd}s,and Ag(¢) results forQ=19" as a function of the
angled, with equivalent sources according to equations (10) aBjl (The 3D results for the

barrier configuration have been computed with a Hadden ardd’model where the diffraction
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edge is perpendicular to the source-receiver directioriclhwis according to the approach in
standard engineering methods [8]. Results show a deceatemuation termf with increasing
angled, i.e. alower shielding. The equalitgs = A ,p, with A5 = 1/85 [§7A4(6) 6, is
clearly not valid within the 0.5 dB(A) error bound and shobiglaltered intody = BSAIS,ZD‘ An
expression foi3s will be derived in the following Section 4.2.

4.2 Interrupted street

Streets have a finite length and most streets are interrigytedoss streets or openings. As for
the uninterrupted street case, we use the relatipe: BsAfs,zo’ whereBs is expected to deviate
from 1. The studied configuration of interrupted streetshisam in Figures 2(c,d). We aim to
derive an expression faBs for these cases. Three locations of the cross street wipieces
to the main street, denoted kY, and two cross street widths, denoted®@yare investigated.
The broadband resultds (up to the 1 kHz 1/3 octave band) are plotted as a function ef th
angle in Figure 13, along with the results for the barrieeraitition termA’barls and results for
the uninterrupted infinitely long street of Section4Alg’2D and AL. Equations (10) and (15)
have been used to determine the equivalent source positikmrsangles above 7QFigure 13
shows that all values of§ increase for the finite street configuration, with large déons from
the results for the uninterrupted infinitely long street.eTimpact of the cross street increases
with increasing cross street width, and with decreasintadée of the cross street to the source
position. The configuration denoted @8U1, i.e. C = W andU = W/2 indeed shows largest
deviations from the uninterrupted street. For t6RUJ1 case, results between 2and 55 do

show values ofAg ~ A} 4 implying a slight effect compared to the single diffractioase.
(Af {0=0°)—AL)

A{)ar,S(GZOO)_Aé,ZD)
is plotted in Figure 14 for the various interrupted streetfigurations of Figures 2(c,d), with

To quantify the effect of openings in the facades, the nadatiumberS = (

AL the averaged value of; over angles ©-85’. The result for the uninterrupted infinitely long
street of Section4.1 is also includefl.indicates the value of thds, relative todjp,, {0 = 0°)
and Ag oy a value ofS = 0 implies thatAs = bard? = 0°) and a value ofS = 1 means

5= A’s,ZD- A clear trend is visible of a decreasing valuesafith an increasing value of, the
angular fraction of open facades in the horizontal planecas rom the source. A relationship
of S = Oy * (1 — p©2) is derived from numerical data, with; = 1.26, C, = 0.6. Utilizing this
expression forS, we find for the coefficienBs:

/ 0 — 00
By = M(l—swa
A
s,2D
with
S =C)*(1—p). (17)

The sought relationgls = As(As 2p) and Ay = Ar(4; 2p) can now be written as:
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= Zr,1| — wes
As(Z;) = BSAg,2D+ 201og; (%) )
|Zr, 1| — Tes,2D Zr, 1| — wes
= Bs (AS,ZD_ 101log;, (T +20logy % : (18)
AgVZDzAg
— , Ter
Ar(IET) = BrAr,ZD + 20 1Og10 (m) y
Ter,2D Ter
= Br (AV,ZD — 10 10g10 <m)> +20 1Og10 (m) . (19)
A;,ZDZAF

4.3 Courtyard

The value of B, is finally verified for a typical configuration of the receivenvironment: a
closed courtyard configuration as depicted in Figures R(€lhis configuration represents a
situation with an angular fraction of open facades in thézoottal plane equal tp = 0. A
single receiver is positioned at a height of 4.7 m in the nadall the courtyard. Equations
(15) have been used to determine the equivalent receivérgmes Figure 15 shows broadband
angular dependent results df(0) at @ = 40W for the two courtyard configurations, along
with the 2D resultsA’r,ZD and BrA,r,ZD for the cross-section wheis= 0°, with B = 0.64 as
computed from equation (17). The angular dependency focdhetyard cases is rather weak.
The angular averaged valugs are 8.0 dB(A) and 7.1 dB(A) for courtyard configurations with
T = W/2 andT = 3WW/2 respectively. These values are closer to the 2D resulz‘ér’% than
to BVA;,ZD’ implying that the courtyard situations lead to a strongemaiation termd} than the
infinitely long street case. Clearly, with increasifighe A; = 0.64A;’2D would apply here too.

5 Conclusions

A recently proposed improved engineering method for urlbeasashielded from direct exposure
to traffic noise includesican, a term that accounts for multiple reflections of the builtiem-
ment in the source and receiver area. The proposed terms migoint-to-point calculations
using a wave-based acoustic propagation method for 2D wdayon geometries, and may be
split in a term accounting for reflections in the source emvinentAs, and a term accounting for
reflections in the receiver environment;. In this work, an expression is derived to compute the
full 3D Acanterm from the 2D results, further relying on analytical teramly. For this purpose,
2D and 3D calculations with a wave-based calculation modet tbeen carried out for various
urban configurations. First, expressions have been detivedmpute the 2D and 3D attenua-
tion terms of the source and receiver environments—op, Ay 2p, As and Ay — into a distance
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independent term and a analytical term for the distancerdkpee. These expressions rely on
equivalent free field analogies. The expressions were stiowe valid for source-to-receiver
environment distances exceeding twice the street canydth\{®@=2W) in 2D, and exceeding 4
times the street canyon width in 3D. Furthermore, it indead shown to be possible to compute
Acanand Acan 2pfrom these separate source and receiver environment ternes) correcting
for the distance dependence using analytical expressiansxpress the 3D attenuation term by
the 2D terms, we have proposed a 3D term that represent aagakvalue over the horizontal
angles. The final expressions, i.e. equations (18) andéh@jle to compute the 3D attenuation
term for multiple reflections, from the 2D attenuation teingluding analytical terms for dis-
tance dependence. For application to a wider range of caafigns, the difference between the
width-to-height ratio of the streets and height of the lefilding are incorporated in the equa-
tion, as well as the angular fraction of street openings. mMbeel can also be used for closed
courtyards. It is important to emphasize that the presemtpdession in equations (18) and (19)
are valid for the configuration as used in this paper. Alse résults of this work rely on values
averaged of the receiver positions, and does not refleciotta tifferences between receiver
positions. The latter is in incorporated in the distancepwhdent coefficients, which is subject
of another paper.
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A Accuracy of the Kirchhoff-Helmholtz integral approach

Far field sound propagation for calculation of the configoret diffr,s and diffr,r of Figure 1
are in this work computed using the Kirchhoff-Helmholtz (Kidtegral technique as depicted
in Figure 16 for the configuratiodiffr,s. The PSTD method is used to solve the wave equation
in the left part of Figure 16(b), and pressure and normalcfglacomponents are stored at
the vertical line atr = W/2 + 2 m. Then, the solution in the latter part is computed by
applying the Kirchhoff-Helmholtz (KH) integral method tbe vertical line atv = W/2 + 2

m, as depicted in Fig. 16(b). The KH method is described eygPibrce [12]. This integral
method relies on Green’s functions, which are known at tgbtrside of the vertical line at
x = W/2+2 m. With this hybrid approach, a higher numerical efficierspltained compared
to applying the PSTD method to the complete domain. The 3DIteefor the uninterrupted
street configuration of Figures 2 (a,b) are obtained by a Z&fsform as in [13], an approach
based on 2D calculations. A three step approach is thenedtopy a 2D PSTD calculation, 2)
the KH-integral approach for far field results, 3) the 2.58ngform to obtain 3D results. For
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the 3D configurations of Figure 2(c,e), far field results dse abtained by integrating over the
solution at the KH-planes. For the interrupted street cmeKH-planes vertically range from
H to H + zkH and we assume a single hard ground surface outside the Kidgpla
The accuracy of the KH-approach is here investigated forreaytical case of a source over
a rigid ground surface for 2D and 3D configurations, see [Egur7(a,b,e,f), with horizontal
dimensions of the configurations according to the 2D condigom diffr,s, the 3D interrupted
street configuration of Figures 2(c,d) and the courtyardigaration with7 = 3W/2 of Figures
2(e,f). The solution at the KH-planecy, computed with PSTD, is tapered near the top by a
super-Gaussian window to avoid diffraction from the edgemvimtegrating over the KH-plane,
i.e. for the pressure in the 2D configuration:
G(wKH,z|O,0)6_a(Z_ZO)6 for 2y < z < zkH
PoKH-2) = { G(zkH, 2]0,0) for 0< z < 2,
(20)

with G(zkn, 2|0, 0) the 2D Green’s function from the source to the KH-plane ang- 0.7zky .
We evaluate the KH-integral with 10 points per wavelengtimc&the PSTD calculations have
a spatial resolution of 2 points per smallest wavelengtacispl interpolation has been applied
at the KH-plane prior to evaluation of the far field resultor Ehe 2D configuration, Figures
17(c,d) show the error as a function of the 1/3 octave bantd wify =30 m, forWW =19.2

m andW= 19.2/ cos(f = 80°) respectively. The latter corresponds to a projected sivekh
for the uninterrupted street case configuration of Figurewlith 6 = 80°. For W =19.2 m,
errors are below 0.5 dB for all distances and 1/3 octave bdrmdl = 19.2/ cos(80°), a larger
error is retrieved for the lower 1/3 octave bands. As mostlte# this paper rely on broadband
values, and since thé-weighted power spectrum is dominant for the highest 1/awecband,
the broadband error will be small fér= 80° too.

For the 3D configurations, results are shown in Figures hy(ogr the interrupted street and
courtyard configurations respectively as a function of tfgedttave band and as a function of
the angle) for x, | = 20W, with W = H. For both the street and the courtyard configuration,
the error increases with angle, singgqy > xky. Similar remarks as for the 2D error hold.

The value ofzky =30 m has been used for all calculations in this paper.
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Figure 1: Configurations studied with numerical paramete+s0.16 m,b = 0.64 m,c = 1.92
md=128mu=c+d=32mw=16m,z,=05mW =19.2m,H =19.2 m,Q is
variable. (a) configurations for which the shielding ati@imn termsAisy , Agittr,s and Agir r
apply, (b) configurations for which the barrier attenuatierms Apyy, Apar,sand Apay r apply,
(c) equivalent configurations for which the shielding atit&tion termsAcan, As and Ay apply.
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b) W/2+2 m d)
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Figure 2: 3D configurations studied, a) Graphical repregimt infinite street, b) Computational
approach shown by cross sectionyat 0. A 2.5 D transform is applied to the 2D results. c)
Graphical representation of finite street with cross stregf Computational approach shown
by top view, e) Graphical representation of courtyard, fjfpatational approach shown by top
view.
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Figure 4: Attenuation terms computed from configuratiakfér,s and bar,s of Figure 1, a)
AAsop andAA’s,ZDin dB(A), b) AA,s,zD-

4 r r r
—AA z=17.6m
\ AA,(dB(A) 1
[ ___AA __(dBA)) ||
2D z=15m |
2r 1 x=(Q+W)2
+80m 105
- |
or e = street 0
B : : 1 x=(Q+W)2
-8.0m 1-05
2+ 7 z=15m | 1
-3 I | n frendelet !
4 L L L L L = 176 m L L L L L L L ]
0 2 4 6 g8 10 12 14 16 18 20 32 63 125 250 500 1000
QW () 1/3 octave band (Hz) (dB)
a) b)

Figure 5: Attenuation terms computed from configuratialifé,r and bar,r of Figure 1, a)
AA; ,pandAA; op, averaged over all receiver positions, /A ,n(Q = 2W) as a function of
the receiver position and third octave bands.
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at@ = 10W averaged over all receiver positions.
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