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The predicted barrier effects in the proximity of tall buildings

Kai Ming Li® and Siu Hong Tang
Department of Mechanical Engineering, The Hong Kong Polytechnic University, Hung Hom, Kowloon,
Hong Kong

(Received 27 November 2002; revised 18 May 2003; accepted 30 May 2003

A ray model is developed and validated for the prediction of the insertion loss of barriers that are
placed in front of a tall building in high-rise cities. The model is based on the theory of geometrical
acoustics for sound diffraction at the edge of a barrier and multiple reflections by the barrier and
facade surfaces. It is crucial to include the diffraction and multiple reflection effects in the ray
model, as they play important roles in determining the overall sound pressure levels for receivers
located between the fade and barrier. Comparisons of the ray model with indoor experimental data
and wave-based boundary element formulation show reasonably good agreement over a broad
frequency range. Case studies are also presented that highlight the significance of positioning the
barrier relative to the noise-sensitive receivers in order to achieve improved shielding efficiency of
the barrier. ©2003 Acoustical Society of AmericdDOI: 10.1121/1.1593060

PACS numbers: 43.50.Gf, 43.28.En, 43.50[RdW ]

I. INTRODUCTION diction of the sound field around the barrier was based on the
Kirchhoff—Rubinowicz theory but their theoretical model

The use of acoustic barriers to shield land transportatioRyas not in accord with their experimental data for sound
noise sources from neighborhood residents has been impl@z|ds measured behind the barrier. Waleritrall® devel-
mented eXtenSiVely in many Countries W0r|dWide. Since th%ped a Computer Simu|ati0n program to eva'uate the time_
late 1960s;® much effort has been put into predicting the averaging sound pressure levels in an outdoor environment.
sound levels behind barriers by using theoretical studiesjowever, their program involved too many different param-
scaled-model experiments, and other more costly full-scal@ters, which made it somewhat complex to apply in the
field experiments. Despite this widespread interest, there alresent faade—barrier system.
relatively few studies that consider the barrier effect on the Cheng and NY studied the acoustic performance of a
overall sound pressure levels in front of a tall building. ThiSparaIIeI barrier in front of a building fazle. They used an
typical urban scenario is particularly important in high-rise empirical diffraction model but they did not consider the
cities where noise barriers are sometimes built close to ta“nultiple reflections between the fade and barrier and only
residential buildings. one image source was included in their numerical formula-

In the absence of other reflecting surfaces, diffractionijon. Godinhoet al® used the boundary element method
over the top edge is often the only path for sound waves tQBEM) to determine the sound field produced by an infinitely
reach receivers located at the opposite side of the barrier. Idng barrier in the vicinity of building feades. The BEM
this simplest case, rules and charts are available to aid theymerical scheme is an accurate numerical method. One of
practical design of noise barriers such that their acoustic pefts main disadvantages is that it is very computationally in-
formance can be assessed readily. Theoretical approximgensive, especially at high frequencies. In Godinho's investi-
tions and field experience were combined heuristically toyations, no experiments were conducted, but they compared
devise these design rules and ch&t§Much of this early their numerical results with those obtained by other rather
theoretical work on the study of noise barriers was based ogimplified prediction model¥''® These simplified models
the classical diffraction theoyMore recent theoretical work yere mainly used for outdoor situations and did not show
has allowed the presence of the impedance ground, the use @fych agreement with their BEM results.
sound-absorbent materials on the barrier surface, and mul- |n this paper, we aim to develop a ray-based model for
tiple diffraction/reflection between two barriefs:*? How-  the prediction of the effect of a noise barrier in the vicinity of
ever, with a barrier situated in front of a tall building, a seriestg|| buildings. The theoretical formulation for the ray model
of image sources are formed behind theafde and barrier s outlined in Sec. II. Details of numerical and indoor experi-
surfaces due to multiple reflections. Most standard predictiofents for the validation of the theoretical model are pre-
methodologies, for example, the CRTNand FHWA  sented in Sec. IIl. In Sec. IV, typical outdoor situations are
programs,* do not take into account the prediction of the simulated that investigate the e effect on the acoustic
Sound f|e|d due to these mu|t|p|e reﬂections OCCUI‘I‘ing be'performance of noise barriers. Conc|uding remarks are of-
tween a faade—barrier system. fered in Sec. V.

Sakuraiet al'® used a time—domain method to investi-

gate the sound field of the fade—barrier system. The pre-
Il. THEORY—FORMULATION OF A RAY MODEL

dAuthor to whom correspondence should be addressed. Electronic mail: _We CO_nSider a typical_ sce_nari_o of a high-rise city in
mmkmli@polyu.edu.hk which a noise barrier of heighd is aligned parallel to a row
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FIG. 1. Schematic diagram of the source/receiver con-
figuration in a faade—barrier system.

eceiver

®(x,, 0, z, Source
® (x,, 0, z;)
7 V Lo » x
%
Noise barrier
Building facade of
infinite height

of tall buildings. The barrier is designed to shield residents invaves propagate toward the receiver directly. Other parts of
the buildings from noise sources that are located on the ophe diffracted waves are reflected at the ground anddac
posite side of the barrier. To model the problem, we assumsurfaces before they reach the receiver. The point of diffrac-
that the tall buildings are replaced by a planeafde where tion at the barrier edge, which is located tdtabove the

the barrier is built at a distande in front of it, above an ground surface, may be treated as a secondary noise source.

absorbing ground. Figure 1 shows a schematic diagram ddince this secondary noise source is located at the top edge
the specified problem. The fade is situated along theaxis  of the barrier's surface, multiple reflections take place be-
at thex=0 plane. Furthermore, the fade is assumed to be tween the faade and barrier before the diffracted waves ar-
much higher than the barrier and receiver so that diffractiorrive at the reception point. Images of the primary and sec-
of sound at the top of the fade can be ignored. We are ondary sources are formed in the quarters®sfo, z>0 and
primarily interested in a three-dimensional problem wherex<0, z>0. By virtue of the impedance boundary, ground-
the barrier and building faale are placed on the ground reflected image sources are also formed in the quartexs of
surface at the plane a=0. They are extended to infinity in <0,z<<0 andx>0, z<0. The positions of these primary and
both directions along thg axis, i.e.,—o<y<+ow, so that secondary sources and their corresponding images can be
sound diffracted at their side edges is omitted. To simplifyidentified as located a¥,=(x,,02s), S,=(Xn,0H), ¥/
the problem, let the source and receiver be located at the (x,,0,—zs), and S,=(x,,0,—H), respectively. Heren is
same vertical plane gt=0. A time-dependent fact@ '“'is  the order of the image sources that can be regarded as the
understood in this paper. number of reflections from the two parallel surfaces. When
A rectangular coordinate system is used where the rethe ordern is an odd numbefequal to 2n+1, say, the
ceiver is positioned ak=(x,,0,z,) between the barrier and image source is located at the left side behind thexdac
facade. A noise source is placed on the opposite side of thsurface §<<0). In this particular image source, the ray can
barrier at¥y=(xs,0,z5), wherexs=L andzg, z,=0. Using  be identified as hitting the fade surfacen+1 times and
the image source concept, an image source above the impeidteracting with the barrier surfaga times. Whem is even,
ance boundary a¥ j=(xs,0,— z5) can be identified immedi- the image source is situated at the right side behind the bar-
ately. In the present study, we wish to investigate the casger surface x>0). The corresponding ray will hit the fa-
where the receivers are located in front of theafde but are  cade and barrier surfaces an equal number of times. In addi-
separated from the source by the barrier, Lexx,=0. Let  tion, an extra reflection occurs for those image sources
us consider a more general situation where the ground sulecated below the ground surface.
faces have the specific normalized admittancespfat the A close examination of the positions of the secondary
receiver side angs, at the source side. Since acoustically source and its images reveals that the distance in theec-
hard materials are commonly used for theafde and barrier tion of the consecutive images in each quarter differs by a
surfaces in most metropolitan areas, the specific normalizeléngth of 4. It is straightforward to generalize thecoor-
admittance of the faade and barrier surfaces are assumed talinate,x,, of the secondary source and its images. It is inter-
be zero. esting to note that the even- and odd-order raysler 2m
When the barrier blocks the direct line-of-sight contactand 2n+1 for m=0,1,2,...) are of equal horizontal distance
between the receiver and noise source, the receiver itself fsom the origin:
located in the shadow zone. In this case, the diffraction of
sound at the top edge of the barrier is the only transmission  Xo;m= —Xoms1=(2mM+ 1)Xs,
path for the propagation of noise toward the receiver, as the  X,;,= —Xom+ 1= (2m+ 1)L,
transmission of sound through the barrier is ignored. On
reaching the top edge of the barrier, part of the diffractedA negative sign is required for thecoordinates of all odd-

for m=0,1,2,3,.... (1)
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z of images tends to infinity as they line up in thex direc-
tions. However, in practice, only a finite number of image
sources contribute to yield the total sound field. Obviously, if
the separation between the barrier andathe is smaller,
more image sources will be generated within a specified dis-
Line A tance because of the increased number of possible reflections
between these two vertical surfaces. This may lead to a more
intense noise level as more image sources contribute to the
s total sound field. We reiterate that both source and receiver

Building fagcade of

@) infinite height
/ X

1

Secondary source

Secondary source
images to infinity v

images to infinity

s

v . S‘;"“ ¢y are assumed to locate at the same vertical playe=&t and
[ 2 i [ . . .
©.00) Receiver, & : the primary source is located below the barrier top edge, but
e ol 3 3 » . . .
2a*) @) b A N 2av) " 2(a+b) the receiver is allowed to vary along the height of theatse

above the barrier top edge. This arrangement permits us to
z simulate situations where the noise-sensitive receivers reside
I__} on different floors in the buildings.

Let us investigate different zones of the sound field in
the proximity of the faade—barrier system. The current
setup is quite complicated due to the presence of a building
facade behind the noise barrier. When a receiver is located in
the shadow zong.e., Region | of Fig. 2a)], the line of sight

Building facade of
infinite height

(b)

Secondary source Secondary source

"2ges o iy meses DY between the source and receiver is blocked. The sound field
S"/ s, is mainly dominated by.the diffracted waves and their_ sub-
Y 000 | Reteiver v, Y sequent muIt.lpIe reflections between thedde and barrier
P T ST Y surfaces. An image source method, see, for example, Ref. 20,
Aep) T @b T b T a Vg purer 2(ath) " 2(avb) is used to account for the effects of multiple reflections. Ac-

cording to this concept, each reflected wave is replaced by a
plane. The distance between the receiver and barrier is denoteal"aghe wave emltte_d from an image source. In Reglon |_, the total
distance between the receiver and buildingatie is denoted asb” Sub- ~ sound field is determined by summing all diffraction terms
sequent secondary source images are separated by a distan@+df)2(  formed by these secondary image sources. To compute the
The three regions of the sound field are formed(Bythe primary noise iftra cted wave terms, it is useful to consider the geometrical
source,y,; and (b) the image sourcey;, due to the reflection from the . . ' . . .
ground. configuration, as shown in Fig.(&. For a point source lo-
cated atV,=(x.,0z), receiver ath=(x,,0z), and the
point of diffraction atD=(x4,02z4), Pierce’s formulatioft
order rays because these sources are located at the left sigiRyy be used to compute the diffracted sound field by using

The geometrical configuration of the problem is shown

FIG. 2. The source/receiver geometry in agde—barrier system in thez

in Fig. 2a), illustrating the positions of receiver, primary iml4\ [ glk(dstdr)

noise source, secondary noise source, and its images in the P(SR.D)= \/E) Am(dg+dg)

Xx—z plane. For reasons of clarity, the image sources below

ground are not shown in Fig.@. In principle, the number X[Ap(X;)+Ap(X)], 2
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(a)
FIG. 3. (a) The geometrical configuration for the dif-
®) Building facade fraction of §ound by a thin ba_rrle('b) Schematic dia-
7; of infinite height\ gram showing multiple reflections between thedfde
% Noise Barrier Sum of infinite "even” and barrier surfaces for the receiver height is less than
Sum of infinite "odd" diffraction terms that of the barrier.
diffraction terms JR——
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z,  Building facade of LN
infinite height —_— "_‘,——‘
v X D e 8aftx=HimL
M _‘_,-"' . .
0.0,(m+1)Him) FIG._ 4. The s_ource/recelver geome;ry in a@fdg—
barrier system in the-z plane. Four different regions
: ; Me. C s A, B, C, and D, are identified due to positions of the
Noise Barrier LU0 . X .
\\\ = diffraction edge and the images of the even and odd
Pt A ° H virtual sourcesS,y, and Sy, .
PLid 9 7S
o ©.0.0) 5
Wome1 ___,——"' L 8z/8x = -HImL \“\.\ ¥'om
[S'zmet @m+1)L @m+)L [ Sz
T 1

wheredg anddg are the respective distances from the sourcavhere the plane wave reflection coeffici&f{td), the bound-
and receiver to the diffraction point. The functiohy (X), is  ary loss factor-(w), and the numerical distanae are de-

the diffraction integraf* given by termined according to

Ap(X)=sgn X)[f(|X])—ig(|X])], 3 cosf—

p(X)=sgr(X)[f(|X])—ig(|X])] () V(o) = B, (7b)

where sgnX) is the sign function, anéi(X) andg(X) are the coso+p
auxiliary Fresnel functiorf8 of real argumenX. The argu- o w2 .
ments of the diffraction integrak . andX_, are determined F(W)_1+"/;W8 " erfo(—iw), (709
by and

Xe=X(¢r* ¢9), @ w=+/ikd(coso+ ). (7d)
where

The function erfcK) is the complementary error function of
D 2-dg-dg complex argumenk, d is the distance between the image
-2 cos{ E” \/m, (5 source and receiver, antlis the angle of incidence of the
reflected wave. It is relatively simple to determideand 6

¢r and ¢ are defined in the surface of the screen, as showpgeceiveri.

X(dD)=

in Fig. 3(a). The argumend® in Eq. (5) is either b+ ¢s) or Similarly, the total diffracted sound field due to the im-
(pr— ¢g) for X+_ andX_, respectl_vely. _ ages of the primary sourcel/ are given below:
The total diffracted sound field due to the primary
sources can be calculated as follows: Po=Pa+Pg, (83
Pp=PA+Pg (6a)  where

whereP, and Pg are corresponding contributions from the . , ,
secondary source@ven- and odd-order image sources, re- PA_% Q¥ 2m . Som:B2) P(W 2, M, Som)
spectively above and below the ground surfaces. They are

determined b , '
erermined by +% Q(¥omi1:Sem+1:82)P(Vomi 1, R Som 1)

PA:§ P(‘PZma%!SZm)—’—; P(Wam+1,R,Som+1) (8b)

(6b)  and
and
Pi=2> Q(Shn R B1)Q(Y 5, Shn . B2) P(W5 R, S))
Pe=2 QS R.BYP(Wam R Sy "

+ % Q(Sém-%—l !ER!:BI)Q(\Pém-HL ;Sém+]_ 132)
2 QS ReBIP(Vomi 1, RSy 1), (69
. _ . . . XP(Woms1: R Some1)- (80
where the functiorQ is the spherical wave reflection coeffi- All series in Eqs.(6b), (6¢) and (8b), (8¢) start fromm=0,

cient for a given source and receiver position and the acou%— S L
. . ut the number of terms required in each series is different. It
tical characteristics of the plane boundary. Generally speak-

) : " . , is independent of the source position but depends only on the
ing, for a given source positioS, receiver positiorik, and . " i

o . . ; receiver position between the, fate and barrier surfaces.
specific normalized admittance of the impedance boundar

y : . .
. : . We need to determine the number of terms required in
f (’)msustzgeg%;al wave reflection coefficie(S, %, 5) can be the series for the calculation of the diffraction fie[d$. Egs.

(6a—(6¢) and (8a)—(8¢)]. If the receiver height is less than
Q(SR,B)=V(6)+[1-V(0)]F(w), (79 that of the barrier, as shown in the Region A of Fig. 4, then

824  J. Acoust. Soc. Am., Vol. 114, No. 2, August 2003 K. M. Li and S. H. Tang: Barrier effects near tall buildings
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multiple reflections between the fade and barrier surfaces Hx, (m+1)H

are possible, as they are aligned parallel to each Js8es Zr<m+ “m (11
also Fig. 3b)]. Hence, in principle, a sum of infinite diffrac-

tion terms is required for each series in E(@b), (6c) and  In this case, the maximum number of terms is simply
(8hb), (8c). However, in practice, only a finite number of

terms are required because the higher-order rays have longer m =
distances to travel between the barrier edge and the receiver.
Consequently, higher-order diffracted rays that are smaller in
magnitude can be neglected in the total sound field. This S . : . )
could be verified by the convergence of the calculated sounéour.Ces and thelr 'mages, 1.€., multiple d|ffrac.t|ons at the
field in the simulations. On the other hand, if the receiver is arrier edge, are ignored in the current formulation. The ex-

located at a higher position than the top edge of the barriePress_ion for the diffracted fields can be. simplified consider-
then the number of diffraction terms is dependent on thea\bly if the ground surfaces are acoustically hard such that

positions of virtual sourceitherS, or S)) and the receiver glez'g 2;3;%:}'?0(:??" é” 6855) Z%C(Z; wave reflection coeffi-
R. This is because multiple reflections between the two sur- q ) q . '
When the receiver height increases above the shadow

faces can only be sustained as long as the height of the ra . - o .
path is less than the top edge of the barrier. As a result, Onl}z[yone and enters Region |l as indicated in Fig) Ahe direct

some diffraction terms from the secondary sources and thegoi}ggsfgta fgg&ﬁcihg'gvggllisgiggs;];zs\’:rtg ctohri ggésdeof
images contribute to the total sound field. A close examina: ' ' P

tion of Egs.(8b) and(8c) reveals that only zeroth- and first- not only the diffracted wave but aiso a direct wave and a

order diffracted rayss, andS;, can contribute to the total \r/]\’;vi trii, ﬂrea(_:i;eedd ];ruorr,[?]é?eoﬁdteﬁe':&??e”& ;rgjegif}r;ctfg?/:/\;?/res
field if the receiver is located in regions B, C, and D, as 9 » oy

N . : L can reach the receivésee Region lll of Fig. @)]. From the
shown in Fig. 4. Hence, only the first term is required in thegeometrical consideration, the direct line-of-sight sound field

H(L+X,)

e | (12)

We remark that further diffraction by the secondary

series. .
To determine the required terms for the series in Eqs!D1 can be written as
(6¢) and(80), let us consider a pair of consecutive even- and 0, in Region I,
odd-order diffracted raysS;,, and S, ;, wherem=0,1,2, kR KR
3, etc. We can easily identify different regions where these P,= € . 3/47TR?+Q(W°’%"Bf)e PHATR (13
two diffracted rays can contribute to the total field. In the in Region I,
=0 plane, a line can be drawn from the virtual sousg to e*Ra/arR,, in Region lIlI,

the barrier edgeS, and its slope can be determined as

—H/mL. The line can be extended farther until it reacheswhere R, and Ry, are, respectively, the pathlengths of the

point M at (0,0,(m+ 1)H/m) on the faade. By considering direct wave and the specularly reflected wave on thadac

the ray path’s geometrical configuration, we can see that theurface.

diffracted ray can only penetrate Regions A and B in Fig. 4.  Similar zones of the sound field can be identified in the

No diffracted rays from the virtual sourc8,, can reach Vicinity of the barrier due to the image of the primary noise

noise-sensitive receivers that are located at Regions C and Bource in the quarter at>0, z<0. Three regions of the
The equation of this limiting ray can be determined thatsound field can be identified, i.e., Regionsll’, and III', as

leads to the following condition for the receiver position shown in Fig. 20). The direct line-of-sight sound fiel®;,

(x;,0z,), where the virtual sourc&,,, contributes to the due to the image of the primary source, can be written analo-

total field, gously as
Hx, (m+1)H 0, in Reglon_l,
e . © o _ | QU¥o B lamR+ Q(VG R, By) y
2] xe*Riy4xR,, in Region II, (149

g:igg:l}/reolx; I\év(;a (;?gsdetermlne the maximum number of Q(‘I’('),S)%,,Bg)e'de/MTRd, in Region IIl,
where R, and Ry are, respectively, the pathlengths of the
specularly reflected waves on the ground surféicethe
source sideand that reflected on both the ground angafie
surfaces.

Similarly, there is an analogous limiting ray to determine As can be seen in this section, different regions in the
the region where there is a contribution of the odd-order rayicinity of a facade—barrier system have different formulas
from the virtual sourceS,,,,. ;. We can construct a reflected for calculating the sound pressure levels. They have to be
ray MN, which has a slope di/mL and passes through the identified carefully by considering the geometrical configu-
virtual sourceS;,,,,. It is easy to identify that there is no ration of the barrier, source, and receiver. By incorporating
diffracted ray from the virtual sourc&, ., in Region D. the identified regions in the fade—barrier system from Figs.
The corresponding condition for the existence of the dif-1, 2(a), 2(b), and 4, we can compute the sound fi€lg in
fracted ray is front of a building faade as follows:

H(L—x,)
L(z,—H)

m=int . (10

J. Acoust. Soc. Am., Vol. 114, No. 2, August 2003 K. M. Li and S. H. Tang: Barrier effects near tall buildings 825
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PT: PD"F P(D"f‘ P1+ Pz, (15) 40 30
wherePy, P5, P;, andP, can be calculated by Eqf), ) ?20
(8), (13), and(14), respectively. In fact, the region between & ,, 5
the fa@de and barrier is the region of interest because weg 3 10
wish to investigate the effect of the barrier on the change in
the overall sound field in front of a tall building. 0 500 1000 1500 2000 % 50 1000 1500 2000
Freq/ Hz Freq/ Hz
25
I1l. VALIDATION OF THE RAY MODEL 40 20
[+] [re]
A. Numerical comparisons 3 30 N
a & 10
The ray model derived in the last section has been® * 2 s
implemented for the computation of sound fields in front of a & 10} © o4
tall building behind a hard screen. A two-dimensiof2iD) 0 5
Boundary Element MethoBEM) is also used to predict the o 500 Fr;;’?‘:t 1500 2000 0 500 F“:(‘I"/’?_Iz 1500 2000

acoustic sound field of this fade—barrier system. The BEM
model is developed and its details of implementation arerIG. 5. Theoretical predictions and BEM data for sound propagation of a
described elsewhefé.As the BEM model is an accurate facade-barrier system. The distance between the buildirapfaend barrier

- - . . =4.0 m. The barrier height3.0 m, source height0.3 m at 2.0 m from the
numerical scheme to handle th? scattering and diffraction arrier, and the receiver positigithe origin is at the base of the barrier
sound by obstacles, the predicted results from the BEMyhere it meets the ground(@ (1.0,2.0: (b) (1.0,4.0; (c) (3.0,2.0; (d)
model provide useful benchmarking data to validate the ray3.0,4.0 (dotted line: analytic formulation; solid line: BEM predictijon
method. The computational time of a BEM formulation in-

creases with the number of “boundary“ elements. As a rU|ethe point where the face of the jaxd;e meets the ground

of thumb, six elements per wavelength are required to ensurgyrface; the top edge of the barrier will be (4t0,0.0,3.0.

an acceptable numerical accuracy, although Marfungs  The noise source is fixed at a position of 0.3 m high above
pointed out that use of biquadratic or even higher-ordethe hard ground; see Fig. 1 for the general geometrical con-
boundary elements can lead to a more accurate numericfijuration of the problem. This is used to simulate the engine
solution. Obviously, a traffic noise prediction model with a exhaust noise of a normal vehicle. It is pldc2 m away
long barrier along the road in front of tall buildingsften  from the barrier’s outer surface, i.e., at poii6t0,0.0,0.3.

over 100 m in heightrequires an exceedingly large number Four different receiver positions at coordinates of
of elements, even for a simple 2-D BEM model let alone for(1.0,0.0,2.0, (1.0,0.0,4.0, (3.0,0.0,2.0, and(3.0,0.0,4.0 are

the full 3-D model. Nevertheless, to reduce the requiredsimulated. These receivers are all located within the shadow
computational time, a 2-D BEM model is used in the presentone behind the barrier. A frequency range from 100 to 2000
paper to obtain the benchmarking results for numerical COmHz is used in the numerical comparison. Figure 5 displays
parison with the ray model. The use of a 2-D BEM is justi- the results of using the ray model described in Sec. Il and the
fiable because OLfiShas showed theoretically that the effect BEM simulation of relative sound pressure levels with the
of wave divergence is insignificant such that the 2-D predic-

tion results for a coherent line source are equivalent to a 40
more general 3-D case of a point source. Moreover, the view 30
of Ouis has been supported by scale m&fdahd full scalé®
experimental results using point sources.

In this section we present two typical sets of numerical g
examples for a reflecting screen on a hard ground surface. Ii¥ y
this investigation, a realistic outdoor configuration is used in ¢ : - 10
the BEM and ray models. The barrier height is taken to be 3 ¢ 5% Frart 2% M
m and it is situatedta4 m in front of a building faade. We
also assume that the contributions from sound diffracted at
the top edge of the facle should be negligibly small if the @
height ratio of faade to barrier is greater than 7:1, i.e., for E
the height of the famde of about 20 m or more. Obviously, ‘; 10
this height ratio is dependent on the frequency range of in«
terest. Using a larger height ratio in the numerical analysis }
can lead to more accurate BEM results at the expense of ¢ 0 500 1000 1500 2000 0 500 1000 1500 2000

. . i Freq/ Hz Freq/ Hz
longer computational time. We have no attempt to optimize
the height ratio, but the close agreement of numerical COMFIG. 6. Theoretical predictions and BEM data for sound propagation of a
parisons, see Figs. 5 and 6, between the BEM and ray modégicade-barrier system. The distance between the buildirartaand barrier

_— PR : : =4.0 m. The barrier height3.0 m, source height0.1 m at 4.0 m from the
predictions justifies our choice of the, e height. barrier, and the receiver positigithe origin is at the base of the barrier

The r?Ctangwar COOI’Qih&tGS(,{/,Z), are used to FEPre- where it meets the grouid(a) (1.0,2.0; (b) (1.0,4.0; (¢) (3.0,2.0; (d)
sent the situation, assuming that the origh0,0.0,0.0is at  (3.0,4.0 (dotted line: analytic formulation; solid line: BEM prediction

30

[11]
©
520
'Y

Rel. SPL/dB

Rel. SPL/ dB
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reference free-field level. These geometrical configurations
are chosen according to the corresponding configuration oi
the measurement setup shown in the next section. They shos -
good agreement with each other with discrepancies less tha® -
5 dB in general. These discrepancies are due to the numeric& _
deficiency of calculating the BEM data with insufficient “el-
ements.” Another simulation is carried out when the source O 10000 g 1 Hz 10000
is situated farther away from the barrier surface. It is located

4 m away from the outer barrier’s surface and at 0.1 m above
the hard ground, i.e., at coordinat@s0,0.0,0.1 The source 8 . o
can be used to simulate the noise produced near the groung -
with the interaction with the vehicle. The receivers are keptg -
at the same positions as before between thedaand bar-

rier, i.e., at(1.0,0.0,2.9, (1.0,0.0,4.9, (3.0,0.0,2.9, and - 1000 10000 1000 10000
(3.0,0.0,4.0. Here, the receivers are located in the shadow Frea/ Hz Freq/ Hz

and illuminated zones. Figure 6 shows the comparison of the
numerical results obtained from the BEM model and the
mathematical prediction model developed in the previous$
section. Again, good agreement between the two curves igg
achieved with discrepancies less than 5 dB in general. Wenm" -
note that approximately 30 terms are used in the ray model in
order to achieve converged results in all predictions shown in - 1000 30000
Figs. 5 and 6. Freq / Hz Freq/ Hz

Rel. SPL/ dB

Rel. SPL/dB

Rel. SPL/dB

B. Experimental validation ol

The ray model for the prediction of sound pressure lev-
els of the faade—barrier system involves the use of a some- ;
what intricate set of formulations; cf. Egél), (13)—(15), © -20
wh|c.h is depgndent on the §ource/recelver pgsmon and the -30 pn 000 Py 500
relative location of the barrier. To further validate the nu- Freq / Hz Freq/ Hz
merical formulation, indoor experiments were carried out in _ _ o ,
an anechoic chamber of size 68 mx4 m. In the mea- . . EXPermentl daa and heoretcs pecitons o soud pioageion
surements, two thin hardwood boards 2 cm thick were Usegyrfaces. The distance between theattee and the barrier0.79 m. Barrier
to represent the building fade and barrier surfaces. Both height=0.36 m. Source height0.15 m, and the receiver is positioned at
hardwood boards have a nominal width of 2.4 m, but theif0-395 m from the faade. The height of the receiver from the surface of the
respec_tlv_e heights are 1.8 and _0'36 m for _the SImUIatlo_n Of.rgl:gi.?g)a)l(.)izmn(]c’igge%3Iir:2’:(tcr:e%?etri]::’afldr)aroégigt}c)(r?;) s()oﬁdn?|r1((fe) (e)zfpg;ir(r?gntal
the building faade and the barrier, respectively. The heightresuty.
ratio of the fa@ade to barrier is 5:1 such that we assume the
contribution from the sound diffracted at the top edge of the
facade does not affect the measured sound fields signifief 3 cm and a length of 1 m was used as a point source in all
cantly. Excellent agreements between the experimental réndoor experiments. The noise source was placed at the op-
sults (see Figs. 7 and 8 belgvwand theoretical predictions posite side of the barrier. This setup was to simulate the
justify this assumption. situation in which the barrier was used to protect the noise-

Two different types of ground surface were simulated insensitive receivers in the building from traffic noige., to
the experiment. Hardwood boards were also used to providelock the line of sight between source and receivéhe
the simulation of a hard ground. All hardwood boards wereTannoy driver was connected to a maximum length sequence
varnished to create smooth surfaces and were sealed to prgystem analyzefMLSSA) with a MLS card installed in a PC
vent sound leakage for all measurements. In the experimentabmputerf® The analyzer was connected to a B&K 2713 am-
measurements, a hard ground was used initially. It was theplifier. The MLSSA system was used both as the signal gen-
followed by putting a layer of carpgabout 1 cm thickon  erator for the source and as the signal processing analyzer.
top of the hard ground to create a surface of finite impedThe Tannoy driver and the condenser microphone were
ance. The barrier base was aligned with the lower face of thplaced in a fixed position by means of a stand and clamps,
carpet. In all experiments, the fade and barrier surfaces and the position of the receiver was adjusted for different
were aligned parallel to each other and perpendicular to theets of measurements. In the experiment, the source and re-
ground. ceiver were both located in the same vertical plane mutually

A BSWA TECH MK224 ¥ condenser microphone and a perpendicular to the ground and barrier surfaces.

BSWA TECH MA201 preamplifier were used together asthe  Two sets of experiments were conducted separately
receiver. The microphone was placed between theda@and above different ground surfacébard and carpet-covergd
barrier. A Tannoy driver with a tube with an internal diameterFor the hard ground surface, the distance between tlaeléac

-10

SPL/dB
Rel. SPL/dB
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acoustical impedance of the carp®tA two-parameter
modef! was used to predict its effective normalized admit-
tance, as follows:

Rel. SPL/ dB
Rel. SPL/dB

1
 0.43G1+i)(0o/F)05+19.48 e/

(@

B (16)

1000 10000 ) 1000 10000
Freq/ Hz Freq / Hz

A

()

whereo is the effective flow resistivity and, is the effec-
tive rate of change of porosity with the depth of the material
used in the experiment, i.e., carpet. Best-fit parameters with
0.=10000Pasm? and a,=80m ! were obtained(see
Ref. 30 for typical experimental results of the ground char-
acterization. These paremeter values were used in our sub-
1000 10000 1000 10000 sequent predictions based on the ray method. We remark that
Frea/ iz Frea/Hz Buschet al®2 have reported an improved technique for si-
10, 5 multaneously selecting both an optimal scale factor and op-
0 AN timal model materials for indoor scale model experiments.
U However, there is no attempt to select the most appropriate
materials for modeling an outdoor porous ground surface in
: our present study. However, the use of carpet-covered
@ o ground will allow a validation of the ray model by compar-
1000 10000 1000 10000 ing theoretical predictions with precise indoor measurements
Freq/ Hz Freq/Hz for ground surfaces with finite impedance.

After the characterization of the ground surface, the sec-
ond set of experiments was conducted. In these measure-
ments, the separation between theafée and barrier was
fixed at 0.94 m. The receiver was placed in the middle be-
tween these two vertical plan@se., 0.47 m from each of the
inner surfaces The noise source was located on the other
side of the barrier. Its position was 0.62 m away from the
outer barrier surface and 0.2 m above the carpet covered
FIG. 8. Experimental data and theoretical predictions for sound propagatioground_ The position of receiver was raised vertically above
of a faamde—barrier system. The tde and barrier are of hard surfaces. The t £ f 0210 1.1 E - tal It
hard ground is covered with a layer of carpet. The distance between thrahe carpet surtace irom ; o L.Lm. xperlme.n al results
facade and the barrier0.94 m. The barrier height0.36 m. Source height Were recorded at 0.1 m intervals. The comparison of the
=0.20 m, and the receiver is positioned at 0.47 m from thadac The  results obtained from the theoretical prediction and experi-
height of the receiver from the surface of the carg@t0.2 m;(b) 0.3 m;(c) ment is shown in Fig. 8. They show reasonably good agree-
0.4 m; (d) 0.6 m;(e) 0.7 m;(f) 0.8 m;(g) 0.9 m; (h) 1.1 m (dotted line: f Il th d f . G N i
theoretical prediction; solid line: experimental regult ment for a € measured irequencies. gnera Yy speaxing,

the developed ray model was able to predict the sound pres-

sure levels in the fadle—barrier system.
and barrier was kept constant at 0.79 m. The receiver was The total sound pressure levels in the region between the
positioned in the middle between these two vertical planesacade and barrier is the summation of the different wave
(i.e., 0.395 m from the inner surface of both thedde and terms produced by the primary and secondary noise sources
barriep. The source height was kept constant at 0.15 nmand their images, as described in Sec. Il. For a receiver lo-
above the ground surface and its distance away from theated below the height of the barrier, the sound pressure level
outer barrier surface was fixed at 0.6 m. The position of thas made up of the multiple reflections of the secondary noise
receiver was allowed to vary vertically above the groundsource between the fade and barrier. In this case, it would
surface from 0.2 to 1.1 m. Measurements of the sound fielthe ideal to sum up all diffraction terms produced by the
were taken at intervals of 0.1 m. With this geometrical con-secondary source images. In the theoretical prediction using
figuration, the receiver position was allowed to vary fromthe dimensions of the experimental setup, up to 30 secondary
locations in the shadow zone to locations in the illuminationsource images are found to be sufficient for predicting the
zone, where direct line-of-sight contact was possible betweesound pressure levels. However, it should be noted that if the
the source and receiver. Figure 7 displays the experimentalistance between the fade and barrier is very short, a stron-
results and theoretical predictions of the relative sound presger reverberant sound field is formed in the area. Therefore,
sure levels with the reference free-field level measured at a large number of secondary source images will be required
horizontal distancefdl m from the source. They both show for the computation. Nevertheless, in a more realistic envi-
very good agreement with each other. ronment where the distance between thefecand barrier is

For the impedance ground surface, a layer of carpet wasuch greater—of the order of 10 m or more, only a few of
put on top of the hardwood board in our indoor experimentsthese terms are needed for the computation of the total sound
Prior measurements were conducted to characterize tHeeld, as higher-order terms are negligibly small. This is due

Rel. SPL/ dB
S

Rel. SPL/dB

Rel. SPL/ dB
Rel. SPL/dB

-10 -10

Rel. SPL/dB
Rel. SPL/dB

-20 -20

1000 10000 1000 10000
Freq/Hz Freq/ Hz
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to the fact that these higher-order terms are weaker in@ 16
strength when they are located farther from the receiver.
Here, we remark that no attempts have been made to explor
the effect of absorptive barriers in the current investigations.
This area will be an area of future studies.

35

14 30

25

IV. APPLICATION OF THE RAY MODEL IN URBAN
ENVIRONMENTS

With the numerical and experimental validations, we are
confident about further applying the ray model to predict the
sound field of a faede—barrier system so that we can assess
the acoustic performance of a barrier in high-rise cities. In-
deed, a barrier aligned parallel to the front of a building is :
often used to block the noise produced by the traffic on the &R Y O\ :
other side of the barrier. Over the years, it has been proven tc 0 1 2 3 4 5 6
be an effective measure. However, little attention has beer Distznceref reosiier oy Btaded'm
focused on the distribution of the sound field between the
facade and barrier. Therefore, we shall investigate these ef:
fects using the ray model described in Sec. Il for a variety of
source heights and distances away from the barrier.

In the first simulation, the setup of the fade—barrier
system is similar to that of Fig. 1. The receiver is placed
between the faade and barrier and the source is situated on
the other side of the barrier. The source and receiver are
located in the same plane in which they are mutually perpen-
dicular to the ground and building fade. The ground, fa-
cade, and barrier all have hard and reflecting surfaces. The
facade is infinitely high compared with the height of the
barrier, and hence the diffraction at the top of the building is
ignored. The barrier heighsi4 m and is situatt6 m away
from the building faade. The source is kept at a distance of ; > :
2 m away from the outer barrier’s surfa@ghich is the sur- 0 T2 3 4 5 6
face facing away from the fade and its height chosen at Distance of receiver from facade / m
0.5 and 1.5 m above the ground for each simulation. FIG. 9. Prediction of the barrier insertion loss of adde—barrier system.

Figure 9 displays the results of the prediction of the The faade is_ er_ected on the Ieﬂ?hand_sidg. The distance betvv_een,&d}afac
barrier insertion loss. It is calculated as the difference in th(%nd the barrier is 6 m. The barrier height is 4 m. .The Souree 1 located at 2

- - . from the outer barrier’s surface. Source heidht:0.5 m;(b) 1.5 m.
A-weighted sound pressure level with and without the pres-
ence of the barrier. A white noise spectrum is used for the
A-weighting procesgsee Ref. 31 for detailsThe region of tion to travel around and diffract at the top edge of the bar-
sound pressure levels in front of the &ale of up to 6 m rier. Hence, the sound pressure levels attained on the other
away from its surface and from O to 16 m above ground isside of the barrier will be slightly higher compared with the
investigated. The two different heights of noise source conease where the source position is close to the ground. More-
sidered all obtained a similar range of values of sound pressver, the noise attenuation level is higher in the vicinity of
sure level attenuation in the shadow zone from about O to 3€he barrier because it is deep inside the shadow zone. As the
dB(A), when the barrier was erected. The most obvious feareceiver proceeds toward the, &te, the attenuation level
ture of these figures is the variation of the size of the shadowecomes less.
zone behind the barrier. As the position of the source is  Another case is considered for the determination of the
lifted, the area of the shadow zone on the other side of theound field of a faede—barrier system when the source is
barrier decreases. Therefore, people who live on high floormoving away from the barrier. The source is fixed at a height
will be protected by the barrier from the noise produced neaof 0.5 m and its distance away from the outer barrier surface
the ground, such as noise from tires. If the source height iss 2 and 4 m, respectively, for each simulation. Figure 10
higher, for example, the engine exhaust noise from a largeshows the prediction of the barrier insertion loss in the same
wagon that has the exhaust pipe situated at the top of theegion discussed abova distance of up to 6 m from the
truck, the direct line-of-sight contact can be established, evefagade surface and from 0 to 16 m above-grourthe two
for receivers located at the low to middle floors in a building.distances considered show similar noise attenuation, from
The maximum noise attenuation level of about 35ABis  about 0 to 30 dBA) in the shadow zone, with the presence of
obtained close to the ground behind the barrier when tha barrier. A slightly higher sound pressure attenuation of 35
source is at the lowest positidhe., 0.5 m). This is because dB(A) is found when the source is closest to the barrier at 2
it is easier for the sound waves from the higher source posim [Fig. 10@)]. As expected, the area of the shadow zone

Distance of receiver above ground / m
o

Distance of receiver above ground / m
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(@)

Distance of receiver above ground / m
Distance of receiver above ground / m

Distance of receiver from facade / m

(b)
25

Distance of receiver above ground / m
Distance of receiver above ground / m

Distance of receiver from facade / m Distance of receiver from facade / m

FIG. 10. The prediction of the barrier insertion loss of aafde—barrier I ] : ’ -

) ; - FIG. 11. The prediction of the insertion loss degradation of the building
system. The fgade is erected on the left-hand side. The distance betwee - — } - .
the fa@de and the barrier is 6 m. The barrier height is 4 m. The sourc«?agade in a faade—barrier system. The barrier is erected on the right-hand

RN ) side. The configuration of the noise source, receiver, barrier, grdié¢as
height is sﬂua?ed, at 0.5 m above the ground, an@dea?.0 m;(b) 4.0 m from the same as described in the setup in Fig. 9.
the outer barrier’s surface.

the sound pressure levels behind a barrier due to the presence

behind the barrier diminishes with an increase in the distancef a tall building, i.e., the insertion loss degradafibaf the
of source away from the barrier. Again, better noise attenubuilding fa@de. The insertion loss degradati@iL ) repre-
ation is found close to the barrier and ground surface, i.e sents the difference in sound pressure levels before and after
deep inside the shadow zone. Therefore, the residents dhe erection of the building. It can be calculated using Eq.
higher floors are better protected by the barrier when traffi¢13):
is operating close to it.

The presence of a building next to a road leads to the DIL=20 Io4
reflection of noise on the fade’s surface. It was shown
earlier in this section that the insertion of a barrier creates a Two simulations are considered to predict the insertion
shadow zone that can protect the residents of low to middléoss degradation of a building fade (assumed to be infi-
floors from traffic noise. In the region close to the groundnitely high) behind a barrier. A barrierf@l m high is aligned
[region | in Fig. Z2a)], multiple reflections of the diffracted parallel at 10 m in front of a building. A noise source is fixed
sound occur between the j&de and barrier. Above the at2 m from the outer barrier’s surface. The receiver position
height of the barrier within region I, diffracted sound wavesvaries inside the region between thedede and barrier, that
impinge on the faade and barrier surfaces before reachingis, 0—6 m from the inner barrier surface and 0—15 m above
the receiver. Above the shadow zone, direct, reflected, anthe hard ground. In the first simulation, the configuration of
diffracted sound waves contribute to the total sound fieldthe noise source, receiver, barrier, and buildingéBecis the
The presence of a building fade seems to be rather signifi- same as the setup described in Fig. 9. The two contour plots
cant in determining the sound fields in front of it because ofin Fig. 11 show the insertion loss degradation of the building
its nature to reflect noise. Here, we investigate the effects diacade, when the noise source is 0.5 and 1.5 m above the

F)total,ground barrier ‘

17

PtotaLground— facader barriersl.
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hard ground, respectively. This is calculated as the differencef the diffracted sound waves of the secondary source im-
in the A-weighted sound pressure levels with and without theages. When the receiver is lifted up to a position above the
consideration of the building fade. The range of the overall shadow zone of the barrier, the direct sound wave from the
insertion loss degradation is from abou6 to 8 dBA). Posi-  noise source to the receiver and/or noise reflection from the
tive readings indicate an increase in the sound pressure levegsound surface may be established. Different regions of the
due to insertion of the building fade. From the two plots sound field can be identified in the vicinity of the, fate—
shown in Fig. 11, the maximum degradation occurs near thearrier system. The size and position of these regions are
facade surface within the shadow zone. A receiver situated ilependent on the configuration of the barrier, source, and
the region above the height of the barrier and inside theeceiver.
shadow zone also experiences quite a large insertion loss In predicting the insertion loss of a noise barrier, the
degradation of about 5 to 8 @B), in general. The area of maximum noise attenuation is obtained close to the ground
this insertion loss degradation is inversely proportional to themmediately behind the barrier, deep within the shadow
height of the noise source. Furthermore, the magnitude of theone. In general, slightly less attenuation of the noise is
degradation is slightly more apparent when the position ofound when the receiver is close to the buildingdde. The
the noise source is high. Hence, a noisier environment igrection of a barrier close to the traffic has a significant effect
created above the level of barrier. In the region close to théor the people who live on the higher floors of a building.
ground, the change in insertion loss degradation is smaller. [the effect is greatest for noise produced close to the ground,
ranges from about-2 to 3 dBA), which indicates that the such as tire noise, as this creates a bigger shadow zone be-
increase in sound pressure levels due to the multiple refledrind the barrier.
tions of sound between the fade and barrier is not too The presence of a building fade behind a noise barrier
significant. At some positions, especially near the barrier, @auses an increase in sound pressure levels in the region
negative insertion loss degradation is found. This impliesbetween these two vertical planes, especially close to the
that the presence of the building leads to a quieter environfacade surface and above the barrier’'s top edge within the
ment at those locations. shadow zone. When a receiver is close to the ground, mul-
In the region above the shadow zone, there is almost ntiple reflections, which take place between theafée and
change in the insertion loss degradation, whether or not thbarrier, lead to an increase in the sound field. The effect due
building is erected. This indicates that the direct line of sightto reflection on the faade surface also increases the sound
between the source and receiver is dominant in the overafiressure levels in the region within the shadow. However,

sound field. A more negative insertion loss degradation i@bove the shadow zone region, the change in sound pressure

found just above the shadow zone. The variation of thdevels is not significant because of the domination of the
sound field is due to the interference effects between thdirect sound waves.

diffracted waves at the barrier’s top edge and the reflected
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