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The predicted barrier effects in the proximity of tall buildings
Kai Ming Lia) 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
façade 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 fac¸ade 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 America.@DOI: 10.1121/1.1593060#

PACS numbers: 43.50.Gf, 43.28.En, 43.50.Rq@DKW#
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I. INTRODUCTION

The use of acoustic barriers to shield land transporta
noise sources from neighborhood residents has been im
mented extensively in many countries worldwide. Since
late 1960s,1–6 much effort has been put into predicting th
sound levels behind barriers by using theoretical stud
scaled-model experiments, and other more costly full-sc
field experiments. Despite this widespread interest, there
relatively few studies that consider the barrier effect on
overall sound pressure levels in front of a tall building. Th
typical urban scenario is particularly important in high-ri
cities where noise barriers are sometimes built close to
residential buildings.

In the absence of other reflecting surfaces, diffract
over the top edge is often the only path for sound wave
reach receivers located at the opposite side of the barrie
this simplest case, rules and charts are available to aid
practical design of noise barriers such that their acoustic
formance can be assessed readily. Theoretical approx
tions and field experience were combined heuristically
devise these design rules and charts.4,7,8 Much of this early
theoretical work on the study of noise barriers was based
the classical diffraction theory.9 More recent theoretical work
has allowed the presence of the impedance ground, the u
sound-absorbent materials on the barrier surface, and
tiple diffraction/reflection between two barriers.10–12 How-
ever, with a barrier situated in front of a tall building, a ser
of image sources are formed behind the fac¸ade and barrier
surfaces due to multiple reflections. Most standard predic
methodologies, for example, the CRTN13 and FHWA
programs,14 do not take into account the prediction of th
sound field due to these multiple reflections occurring
tween a fac¸ade–barrier system.

Sakuraiet al.15 used a time–domain method to inves
gate the sound field of the fac¸ade–barrier system. The pre

a!Author to whom correspondence should be addressed. Electronic
mmkmli@polyu.edu.hk
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diction of the sound field around the barrier was based on
Kirchhoff–Rubinowicz theory but their theoretical mod
was not in accord with their experimental data for sou
fields measured behind the barrier. Walerianet al.16 devel-
oped a computer simulation program to evaluate the tim
averaging sound pressure levels in an outdoor environm
However, their program involved too many different para
eters, which made it somewhat complex to apply in t
present fac¸ade–barrier system.

Cheng and Ng17 studied the acoustic performance of
parallel barrier in front of a building fac¸ade. They used an
empirical diffraction model but they did not consider th
multiple reflections between the fac¸ade and barrier and only
one image source was included in their numerical formu
tion. Godinho et al.18 used the boundary element metho
~BEM! to determine the sound field produced by an infinite
long barrier in the vicinity of building fac¸ades. The BEM
numerical scheme is an accurate numerical method. On
its main disadvantages is that it is very computationally
tensive, especially at high frequencies. In Godinho’s inve
gations, no experiments were conducted, but they comp
their numerical results with those obtained by other rat
simplified prediction models.14,19 These simplified models
were mainly used for outdoor situations and did not sh
much agreement with their BEM results.

In this paper, we aim to develop a ray-based model
the prediction of the effect of a noise barrier in the vicinity
tall buildings. The theoretical formulation for the ray mod
is outlined in Sec. II. Details of numerical and indoor expe
ments for the validation of the theoretical model are p
sented in Sec. III. In Sec. IV, typical outdoor situations a
simulated that investigate the fac¸ade effect on the acousti
performance of noise barriers. Concluding remarks are
fered in Sec. V.

II. THEORY—FORMULATION OF A RAY MODEL

We consider a typical scenario of a high-rise city
which a noise barrier of heightH is aligned parallel to a row
il:
82121/12/$19.00 © 2003 Acoustical Society of America



n-
FIG. 1. Schematic diagram of the source/receiver co
figuration in a fac¸ade–barrier system.
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of tall buildings. The barrier is designed to shield residents
the buildings from noise sources that are located on the
posite side of the barrier. To model the problem, we assu
that the tall buildings are replaced by a plane fac¸ade where
the barrier is built at a distanceL in front of it, above an
absorbing ground. Figure 1 shows a schematic diagram
the specified problem. The fac¸ade is situated along they axis
at thex50 plane. Furthermore, the fac¸ade is assumed to b
much higher than the barrier and receiver so that diffract
of sound at the top of the fac¸ade can be ignored. We ar
primarily interested in a three-dimensional problem wh
the barrier and building fac¸ade are placed on the groun
surface at the plane ofz50. They are extended to infinity in
both directions along they axis, i.e.,2`<y<1`, so that
sound diffracted at their side edges is omitted. To simp
the problem, let the source and receiver be located at
same vertical plane aty50. A time-dependent factore2 ivt is
understood in this paper.

A rectangular coordinate system is used where the
ceiver is positioned atR[(xr ,0,zr) between the barrier an
façade. A noise source is placed on the opposite side of
barrier atC0[(xs,0,zs), wherexs>L andzs , zr>0. Using
the image source concept, an image source above the im
ance boundary atC08[(xs,0,2zs) can be identified immedi-
ately. In the present study, we wish to investigate the c
where the receivers are located in front of the fac¸ade but are
separated from the source by the barrier, i.e.,L>xr>0. Let
us consider a more general situation where the ground
faces have the specific normalized admittance ofb1 at the
receiver side andb2 at the source side. Since acoustica
hard materials are commonly used for the fac¸ade and barrier
surfaces in most metropolitan areas, the specific normal
admittance of the fac¸ade and barrier surfaces are assumed
be zero.

When the barrier blocks the direct line-of-sight conta
between the receiver and noise source, the receiver itse
located in the shadow zone. In this case, the diffraction
sound at the top edge of the barrier is the only transmiss
path for the propagation of noise toward the receiver, as
transmission of sound through the barrier is ignored.
reaching the top edge of the barrier, part of the diffrac
822 J. Acoust. Soc. Am., Vol. 114, No. 2, August 2003
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waves propagate toward the receiver directly. Other part
the diffracted waves are reflected at the ground and fac¸ade
surfaces before they reach the receiver. The point of diffr
tion at the barrier edge, which is located atH above the
ground surface, may be treated as a secondary noise so
Since this secondary noise source is located at the top e
of the barrier’s surface, multiple reflections take place b
tween the fac¸ade and barrier before the diffracted waves
rive at the reception point. Images of the primary and s
ondary sources are formed in the quarters ofx.0, z.0 and
x,0, z.0. By virtue of the impedance boundary, groun
reflected image sources are also formed in the quartersx
,0, z,0 andx.0, z,0. The positions of these primary an
secondary sources and their corresponding images ca
identified as located atCn5(xn,0,zs), Sn5( x̄n,0,H), Cn8
5(xn,0,2zs), and Sn85( x̄n,0,2H), respectively. Here,n is
the order of the image sources that can be regarded as
number of reflections from the two parallel surfaces. Wh
the ordern is an odd number~equal to 2m11, say!, the
image source is located at the left side behind the fac¸ade
surface (x,0). In this particular image source, the ray c
be identified as hitting the fac¸ade surfacem11 times and
interacting with the barrier surfacem times. Whenn is even,
the image source is situated at the right side behind the
rier surface (x.0). The corresponding ray will hit the fa
çade and barrier surfaces an equal number of times. In a
tion, an extra reflection occurs for those image sour
located below the ground surface.

A close examination of the positions of the seconda
source and its images reveals that the distance in thex direc-
tion of the consecutive images in each quarter differs b
length of 2L. It is straightforward to generalize thex coor-
dinate,xn of the secondary source and its images. It is int
esting to note that the even- and odd-order rays~order 2m
and 2m11 for m50,1,2,...) are of equal horizontal distanc
from the origin:

x2m52x2m115~2m11!xs ,
x̄2m52 x̄2m115~2m11!L, for m50,1,2,3,... . ~1!

A negative sign is required for thex coordinates of all odd-
K. M. Li and S. H. Tang: Barrier effects near tall buildings
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 27 February 2025 01:51:37
order rays because these sources are located at the lef
behind the fac¸ade surface (x,0).

The geometrical configuration of the problem is sho
in Fig. 2~a!, illustrating the positions of receiver, primar
noise source, secondary noise source, and its images in
x2z plane. For reasons of clarity, the image sources be
ground are not shown in Fig. 2~a!. In principle, the number

FIG. 2. The source/receiver geometry in a fac¸ade–barrier system in thex-z
plane. The distance between the receiver and barrier is denoted as ‘‘a.’’ The
distance between the receiver and building fac¸ade is denoted as ‘‘b.’’ Sub-
sequent secondary source images are separated by a distance of 2(a1b).
The three regions of the sound field are formed by~a! the primary noise
source,c0 ; and ~b! the image source,c08 , due to the reflection from the
ground.
J. Acoust. Soc. Am., Vol. 114, No. 2, August 2003
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of images tends to infinity as they line up in the6x direc-
tions. However, in practice, only a finite number of ima
sources contribute to yield the total sound field. Obviously
the separation between the barrier and fac¸ade is smaller,
more image sources will be generated within a specified
tance because of the increased number of possible reflec
between these two vertical surfaces. This may lead to a m
intense noise level as more image sources contribute to
total sound field. We reiterate that both source and rece
are assumed to locate at the same vertical plane aty50 and
the primary source is located below the barrier top edge,
the receiver is allowed to vary along the height of the fac¸ade
above the barrier top edge. This arrangement permits u
simulate situations where the noise-sensitive receivers re
on different floors in the buildings.

Let us investigate different zones of the sound field
the proximity of the fac¸ade–barrier system. The curre
setup is quite complicated due to the presence of a build
façade behind the noise barrier. When a receiver is locate
the shadow zone@i.e., Region I of Fig. 2~a!#, the line of sight
between the source and receiver is blocked. The sound
is mainly dominated by the diffracted waves and their su
sequent multiple reflections between the fac¸ade and barrier
surfaces. An image source method, see, for example, Ref
is used to account for the effects of multiple reflections. A
cording to this concept, each reflected wave is replaced b
wave emitted from an image source. In Region I, the to
sound field is determined by summing all diffraction term
formed by these secondary image sources. To compute
diffracted wave terms, it is useful to consider the geometri
configuration, as shown in Fig. 3~a!. For a point source lo-
cated atC0[(xs,0,zs), receiver atR[(xr ,0,zr), and the
point of diffraction atD[(xd,0,zd), Pierce’s formulation21

may be used to compute the diffracted sound field by us
the following formula:

P~S,R,D!5S eip/4

A2
D F eik~dS1dR!

4p~dS1dR!G
3@AD~X1!1AD~X2!#, ~2!
-

an
FIG. 3. ~a! The geometrical configuration for the dif
fraction of sound by a thin barrier.~b! Schematic dia-
gram showing multiple reflections between the fac¸ade
and barrier surfaces for the receiver height is less th
that of the barrier.
823K. M. Li and S. H. Tang: Barrier effects near tall buildings
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FIG. 4. The source/receiver geometry in a fac¸ade–
barrier system in thex-z plane. Four different regions
A, B, C, and D, are identified due to positions of th
diffraction edge and the images of the even and o
virtual sources,S2m andS2m8 .
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wheredS anddR are the respective distances from the sou
and receiver to the diffraction point. The function,AD(X), is
the diffraction integral21 given by

AD~X!5sgn~X!@ f ~ uXu!2 ig~ uXu!#, ~3!

where sgn(X) is the sign function, andf (X) andg(X) are the
auxiliary Fresnel functions22 of real argumentX. The argu-
ments of the diffraction integral,X1 andX2 , are determined
by

X65X~fR6fS!, ~4!

where

X~F!5F22 cosS F

2 D GA 2•dS•dR

l~dS1dR!
, ~5!

l is the wavelength of the diffracted sound, and the ang
fR andfS are defined in the surface of the screen, as sho
in Fig. 3~a!. The argumentF in Eq. ~5! is either (fR1fS) or
(fR2fS) for X1 andX2 , respectively.

The total diffracted sound field due to the prima
sources can be calculated as follows:

PD5PA1PB ~6a!

wherePA and PB are corresponding contributions from th
secondary sources~even- and odd-order image sources,
spectively! above and below the ground surfaces. They
determined by

PA5(
m

P~C2m ,R,S2m!1(
m

P~C2m11 ,R,S2m11!

~6b!

and

PB5(
m

Q~S2m8 ,R,b1!P~C2m ,R,S2m8 !

1(
m

Q~S2m118 ,R,b1!P~C2m11 ,R,S2m118 !, ~6c!

where the functionQ is the spherical wave reflection coeffi
cient for a given source and receiver position and the aco
tical characteristics of the plane boundary. Generally spe
ing, for a given source positionS, receiver positionR, and
specific normalized admittance of the impedance bound
b, the spherical wave reflection coefficientQ(S,R,b) can be
computed by23

Q~S,R,b!5V~u!1@12V~u!#F~w!, ~7a!
824 J. Acoust. Soc. Am., Vol. 114, No. 2, August 2003
e

s
n

-
e

s-
k-

ry

where the plane wave reflection coefficientV(u), the bound-
ary loss factorF(w), and the numerical distancew are de-
termined according to

V~u!5
cosu2b

cosu1b
, ~7b!

F~w!511 iApwe2w2
erfc~2 iw !, ~7c!

and

w51A 1
2 ikd~cosu1b!. ~7d!

The function erfc(X) is the complementary error function o
complex argumentX, d is the distance between the imag
source and receiver, andu is the angle of incidence of the
reflected wave. It is relatively simple to determined and u
for a given geometrical configuration of the sourceS and
receiverR.

Similarly, the total diffracted sound field due to the im
ages of the primary sourcesCn8 are given below:

PD8 5PA81PB8 , ~8a!

where

PA85(
m

Q~C2m8 ,S2m ,b2!P~C2m8 ,R,S2m!

1(
m

Q~C2m118 ,S2m11 ,b2!P~C2m118 ,R,S2m11!

~8b!

and

PB85(
m

Q~S2m8 ,R,b1!Q~C2m8 ,S2m8 ,b2!P~C2m8 ,R,S2m8 !

1(
m

Q~S2m118 ,R,b1!Q~C2m118 ,S2m118 ,b2!

3P~C2m118 ,R,S2m118 !. ~8c!

All series in Eqs.~6b!, ~6c! and ~8b!, ~8c! start fromm50,
but the number of terms required in each series is differen
is independent of the source position but depends only on
receiver position between the fac¸ade and barrier surfaces.

We need to determine the number of terms required
the series for the calculation of the diffraction fields@cf. Eqs.
~6a!–~6c! and ~8a!–~8c!#. If the receiver height is less tha
that of the barrier, as shown in the Region A of Fig. 4, th
K. M. Li and S. H. Tang: Barrier effects near tall buildings
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 27 February 2025 01:51:37
multiple reflections between the fac¸ade and barrier surface
are possible, as they are aligned parallel to each other@see
also Fig. 3~b!#. Hence, in principle, a sum of infinite diffrac
tion terms is required for each series in Eqs.~6b!, ~6c! and
~8b!, ~8c!. However, in practice, only a finite number o
terms are required because the higher-order rays have lo
distances to travel between the barrier edge and the rece
Consequently, higher-order diffracted rays that are smalle
magnitude can be neglected in the total sound field. T
could be verified by the convergence of the calculated so
field in the simulations. On the other hand, if the receive
located at a higher position than the top edge of the bar
then the number of diffraction terms is dependent on
positions of virtual sources~eitherSn or Sn8) and the receiver
R. This is because multiple reflections between the two s
faces can only be sustained as long as the height of the
path is less than the top edge of the barrier. As a result, o
some diffraction terms from the secondary sources and t
images contribute to the total sound field. A close exami
tion of Eqs.~8b! and~8c! reveals that only zeroth- and firs
order diffracted rays,S0 and S1 , can contribute to the tota
field if the receiver is located in regions B, C, and D,
shown in Fig. 4. Hence, only the first term is required in t
series.

To determine the required terms for the series in E
~6c! and~8c!, let us consider a pair of consecutive even- a
odd-order diffracted rays,S2m8 andS2m118 , wherem50,1,2,
3, etc. We can easily identify different regions where the
two diffracted rays can contribute to the total field. In they
50 plane, a line can be drawn from the virtual sourceS2m8 to
the barrier edgeS0 and its slope can be determined
2H/mL. The line can be extended farther until it reach
point M at „0,0,(m11)H/m… on the fac¸ade. By considering
the ray path’s geometrical configuration, we can see that
diffracted ray can only penetrate Regions A and B in Fig.
No diffracted rays from the virtual sourceS2m8 can reach
noise-sensitive receivers that are located at Regions C an

The equation of this limiting ray can be determined th
leads to the following condition for the receiver positio
(xr ,0,zr), where the virtual sourceS2m8 contributes to the
total field,

zr<2
Hxr

mL
1

~m11!H

m
. ~9!

Alternatively, we can determine the maximum number
termsm̂ from Eq. ~9! as

m̂5 intFH~L2xr !

L~zr2H ! G . ~10!

Similarly, there is an analogous limiting ray to determi
the region where there is a contribution of the odd-order
from the virtual source,S2m118 . We can construct a reflecte
ray MN, which has a slope ofH/mL and passes through th
virtual sourceS2m118 . It is easy to identify that there is n
diffracted ray from the virtual sourceS2m118 in Region D.
The corresponding condition for the existence of the d
fracted ray is
J. Acoust. Soc. Am., Vol. 114, No. 2, August 2003
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Hxr

mL
1

~m11!H

m
. ~11!

In this case, the maximum number of termsm̂8 is simply

m̂85 intFH~L1xr !

L~zr2H ! G . ~12!

We remark that further diffraction by the seconda
sources and their images, i.e., multiple diffractions at
barrier edge, are ignored in the current formulation. The
pression for the diffracted fields can be simplified consid
ably if the ground surfaces are acoustically hard such
b15b250. In this case, all spherical wave reflection coef
cients are equal to 1 in Eqs.~6! and ~8!.

When the receiver height increases above the sha
zone and enters Region II as indicated in Fig. 2~a!, the direct
line-of-sight contact will be established with the noi
source. As a result, the overall sound fields are compose
not only the diffracted wave but also a direct wave and
wave reflected from the fac¸ade. Finally, when the receive
height is raised further, only the direct and diffracted wav
can reach the receiver@see Region III of Fig. 2~a!#. From the
geometrical consideration, the direct line-of-sight sound fi
P1 can be written as

P155
0, in Region I,

eikRa/4pRa1Q~C0 ,R,b f !e
ikRb/4pRb ,

in Region II,

eikRa/4pRa , in Region III,

~13!

where Ra and Rb are, respectively, the pathlengths of th
direct wave and the specularly reflected wave on the fac¸ade
surface.

Similar zones of the sound field can be identified in t
vicinity of the barrier due to the image of the primary noi
source in the quarter ofx.0, z,0. Three regions of the
sound field can be identified, i.e., Regions I8, II8, and III8, as
shown in Fig. 2~b!. The direct line-of-sight sound fieldP2 ,
due to the image of the primary source, can be written an
gously as

P255
0, in Region I8,

Q~C08 ,R,b2!@eikRc/4pRc1Q~C08 ,R,b f !

3eikRd/4pRd, in Region II8,

Q~C08 ,R,b2!eikRd/4pRd , in Region III8,

~14!

where Rc and Rd are, respectively, the pathlengths of th
specularly reflected waves on the ground surface~in the
source side! and that reflected on both the ground and fac¸ade
surfaces.

As can be seen in this section, different regions in
vicinity of a façade–barrier system have different formul
for calculating the sound pressure levels. They have to
identified carefully by considering the geometrical config
ration of the barrier, source, and receiver. By incorporat
the identified regions in the fac¸ade–barrier system from Figs
1, 2~a!, 2~b!, and 4, we can compute the sound fieldPT in
front of a building fac¸ade as follows:
825K. M. Li and S. H. Tang: Barrier effects near tall buildings
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PT5PD1PD8 1P11P2 , ~15!

wherePD , PD8 , P1 , andP2 can be calculated by Eqs.~6!,
~8!, ~13!, and ~14!, respectively. In fact, the region betwee
the façade and barrier is the region of interest because
wish to investigate the effect of the barrier on the change
the overall sound field in front of a tall building.

III. VALIDATION OF THE RAY MODEL

A. Numerical comparisons

The ray model derived in the last section has be
implemented for the computation of sound fields in front o
tall building behind a hard screen. A two-dimensional~2-D!
Boundary Element Method~BEM! is also used to predict th
acoustic sound field of this fac¸ade–barrier system. The BEM
model is developed and its details of implementation
described elsewhere.24 As the BEM model is an accurat
numerical scheme to handle the scattering and diffraction
sound by obstacles, the predicted results from the B
model provide useful benchmarking data to validate the
method. The computational time of a BEM formulation i
creases with the number of ‘‘boundary’’ elements. As a r
of thumb, six elements per wavelength are required to en
an acceptable numerical accuracy, although Marburg25 has
pointed out that use of biquadratic or even higher-or
boundary elements can lead to a more accurate nume
solution. Obviously, a traffic noise prediction model with
long barrier along the road in front of tall buildings~often
over 100 m in height! requires an exceedingly large numb
of elements, even for a simple 2-D BEM model let alone
the full 3-D model. Nevertheless, to reduce the requi
computational time, a 2-D BEM model is used in the pres
paper to obtain the benchmarking results for numerical co
parison with the ray model. The use of a 2-D BEM is jus
fiable because Ouis26 has showed theoretically that the effe
of wave divergence is insignificant such that the 2-D pred
tion results for a coherent line source are equivalent t
more general 3-D case of a point source. Moreover, the v
of Ouis has been supported by scale model27 and full scale28

experimental results using point sources.
In this section we present two typical sets of numeri

examples for a reflecting screen on a hard ground surfac
this investigation, a realistic outdoor configuration is used
the BEM and ray models. The barrier height is taken to b
m and it is situated at 4 m in front of a building fac¸ade. We
also assume that the contributions from sound diffracted
the top edge of the fac¸ade should be negligibly small if th
height ratio of fac¸ade to barrier is greater than 7:1, i.e., f
the height of the fac¸ade of about 20 m or more. Obviousl
this height ratio is dependent on the frequency range of
terest. Using a larger height ratio in the numerical analy
can lead to more accurate BEM results at the expense
longer computational time. We have no attempt to optim
the height ratio, but the close agreement of numerical co
parisons, see Figs. 5 and 6, between the BEM and ray m
predictions justifies our choice of the fac¸ade height.

The rectangular coordinates, (x,y,z), are used to repre
sent the situation, assuming that the origin~0.0,0.0,0.0! is at
826 J. Acoust. Soc. Am., Vol. 114, No. 2, August 2003
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the point where the face of the fac¸ade meets the groun
surface; the top edge of the barrier will be at~4.0,0.0,3.0!.
The noise source is fixed at a position of 0.3 m high abo
the hard ground; see Fig. 1 for the general geometrical c
figuration of the problem. This is used to simulate the eng
exhaust noise of a normal vehicle. It is placed 2 m away
from the barrier’s outer surface, i.e., at point~6.0,0.0,0.3!.
Four different receiver positions at coordinates
~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
simulated. These receivers are all located within the shad
zone behind the barrier. A frequency range from 100 to 20
Hz is used in the numerical comparison. Figure 5 displa
the results of using the ray model described in Sec. II and
BEM simulation of relative sound pressure levels with t

FIG. 5. Theoretical predictions and BEM data for sound propagation o
façade-barrier system. The distance between the building fac¸ade and barrier
54.0 m. The barrier height53.0 m, source height50.3 m at 2.0 m from the
barrier, and the receiver position~the origin is at the base of the barrie
where it meets the ground!: ~a! ~1.0,2.0!; ~b! ~1.0,4.0!; ~c! ~3.0,2.0!; ~d!
~3.0,4.0! ~dotted line: analytic formulation; solid line: BEM prediction!.

FIG. 6. Theoretical predictions and BEM data for sound propagation o
façade-barrier system. The distance between the building fac¸ade and barrier
54.0 m. The barrier height53.0 m, source height50.1 m at 4.0 m from the
barrier, and the receiver position~the origin is at the base of the barrie
where it meets the ground!: ~a! ~1.0,2.0!; ~b! ~1.0,4.0!; ~c! ~3.0,2.0!; ~d!
~3.0,4.0! ~dotted line: analytic formulation; solid line: BEM prediction!.
K. M. Li and S. H. Tang: Barrier effects near tall buildings
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reference free-field level. These geometrical configurati
are chosen according to the corresponding configuratio
the measurement setup shown in the next section. They s
good agreement with each other with discrepancies less
5 dB in general. These discrepancies are due to the nume
deficiency of calculating the BEM data with insufficient ‘‘e
ements.’’ Another simulation is carried out when the sou
is situated farther away from the barrier surface. It is loca
4 m away from the outer barrier’s surface and at 0.1 m ab
the hard ground, i.e., at coordinates~8.0,0.0,0.1!. The source
can be used to simulate the noise produced near the gr
with the interaction with the vehicle. The receivers are k
at the same positions as before between the fac¸ade and bar-
rier, i.e., at ~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!. Here, the receivers are located in the shad
and illuminated zones. Figure 6 shows the comparison of
numerical results obtained from the BEM model and
mathematical prediction model developed in the previo
section. Again, good agreement between the two curve
achieved with discrepancies less than 5 dB in general.
note that approximately 30 terms are used in the ray mode
order to achieve converged results in all predictions show
Figs. 5 and 6.

B. Experimental validation

The ray model for the prediction of sound pressure l
els of the fac¸ade–barrier system involves the use of a som
what intricate set of formulations; cf. Eqs.~1!, ~13!–~15!,
which is dependent on the source/receiver position and
relative location of the barrier. To further validate the n
merical formulation, indoor experiments were carried out
an anechoic chamber of size 6 m36 m34 m. In the mea-
surements, two thin hardwood boards 2 cm thick were u
to represent the building fac¸ade and barrier surfaces. Bo
hardwood boards have a nominal width of 2.4 m, but th
respective heights are 1.8 and 0.36 m for the simulation
the building fac¸ade and the barrier, respectively. The heig
ratio of the fac¸ade to barrier is 5:1 such that we assume
contribution from the sound diffracted at the top edge of
façade does not affect the measured sound fields sig
cantly. Excellent agreements between the experimenta
sults ~see Figs. 7 and 8 below! and theoretical prediction
justify this assumption.

Two different types of ground surface were simulated
the experiment. Hardwood boards were also used to pro
the simulation of a hard ground. All hardwood boards we
varnished to create smooth surfaces and were sealed to
vent sound leakage for all measurements. In the experime
measurements, a hard ground was used initially. It was t
followed by putting a layer of carpet~about 1 cm thick! on
top of the hard ground to create a surface of finite imp
ance. The barrier base was aligned with the lower face of
carpet. In all experiments, the fac¸ade and barrier surface
were aligned parallel to each other and perpendicular to
ground.

A BSWA TECH MK224 1
29 condenser microphone and

BSWA TECH MA201 preamplifier were used together as
receiver. The microphone was placed between the fac¸ade and
barrier. A Tannoy driver with a tube with an internal diame
J. Acoust. Soc. Am., Vol. 114, No. 2, August 2003
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of 3 cm and a length of 1 m was used as a point source in
indoor experiments. The noise source was placed at the
posite side of the barrier. This setup was to simulate
situation in which the barrier was used to protect the noi
sensitive receivers in the building from traffic noise~i.e., to
block the line of sight between source and receiver!. The
Tannoy driver was connected to a maximum length seque
system analyzer~MLSSA! with a MLS card installed in a PC
computer.29 The analyzer was connected to a B&K 2713 a
plifier. The MLSSA system was used both as the signal g
erator for the source and as the signal processing analy
The Tannoy driver and the condenser microphone w
placed in a fixed position by means of a stand and clam
and the position of the receiver was adjusted for differ
sets of measurements. In the experiment, the source an
ceiver were both located in the same vertical plane mutu
perpendicular to the ground and barrier surfaces.

Two sets of experiments were conducted separa
above different ground surfaces~hard and carpet-covered!.
For the hard ground surface, the distance between the fa¸ade

FIG. 7. Experimental data and theoretical predictions for sound propaga
of a façade–barrier system. The ground, fac¸ade, and barrier are all hard
surfaces. The distance between the fac¸ade and the barrier50.79 m. Barrier
height50.36 m. Source height50.15 m, and the receiver is positioned
0.395 m from the fac¸ade. The height of the receiver from the surface of t
ground:~a! 0.2 m; ~b! 0.3 m; ~c! 0.5 m; ~d! 0.6 m; ~e! 0.8 m; ~f! 0.9 m; ~g!
1.0 m;~h! 1.1 m~dotted line: theoretical prediction; solid line: experiment
result!.
827K. M. Li and S. H. Tang: Barrier effects near tall buildings
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 27 February 2025 01:51:37
and barrier was kept constant at 0.79 m. The receiver
positioned in the middle between these two vertical pla
~i.e., 0.395 m from the inner surface of both the fac¸ade and
barrier!. The source height was kept constant at 0.15
above the ground surface and its distance away from
outer barrier surface was fixed at 0.6 m. The position of
receiver was allowed to vary vertically above the grou
surface from 0.2 to 1.1 m. Measurements of the sound fi
were taken at intervals of 0.1 m. With this geometrical co
figuration, the receiver position was allowed to vary fro
locations in the shadow zone to locations in the illuminat
zone, where direct line-of-sight contact was possible betw
the source and receiver. Figure 7 displays the experime
results and theoretical predictions of the relative sound p
sure levels with the reference free-field level measured
horizontal distance of 1 m from the source. They both sho
very good agreement with each other.

For the impedance ground surface, a layer of carpet
put on top of the hardwood board in our indoor experimen
Prior measurements were conducted to characterize

FIG. 8. Experimental data and theoretical predictions for sound propaga
of a façade–barrier system. The fac¸ade and barrier are of hard surfaces. T
hard ground is covered with a layer of carpet. The distance between
façade and the barrier50.94 m. The barrier height50.36 m. Source height
50.20 m, and the receiver is positioned at 0.47 m from the fac¸ade. The
height of the receiver from the surface of the carpet:~a! 0.2 m;~b! 0.3 m;~c!
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:
theoretical prediction; solid line: experimental result!.
828 J. Acoust. Soc. Am., Vol. 114, No. 2, August 2003
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acoustical impedance of the carpet.30 A two-parameter
model31 was used to predict its effective normalized adm
tance, as follows:

b5
1

0.436~11 i !~se / f !0.5119.48iae / f
, ~16!

wherese is the effective flow resistivity andae is the effec-
tive rate of change of porosity with the depth of the mater
used in the experiment, i.e., carpet. Best-fit parameters w
se510 000 Pa s m22 and ae580 m21 were obtained~see
Ref. 30 for typical experimental results of the ground ch
acterization!. These paremeter values were used in our s
sequent predictions based on the ray method. We remark
Buschet al.32 have reported an improved technique for
multaneously selecting both an optimal scale factor and
timal model materials for indoor scale model experimen
However, there is no attempt to select the most appropr
materials for modeling an outdoor porous ground surface
our present study. However, the use of carpet-cove
ground will allow a validation of the ray model by compa
ing theoretical predictions with precise indoor measureme
for ground surfaces with finite impedance.

After the characterization of the ground surface, the s
ond set of experiments was conducted. In these meas
ments, the separation between the fac¸ade and barrier was
fixed at 0.94 m. The receiver was placed in the middle
tween these two vertical planes~i.e., 0.47 m from each of the
inner surfaces!. The noise source was located on the oth
side of the barrier. Its position was 0.62 m away from t
outer barrier surface and 0.2 m above the carpet cove
ground. The position of receiver was raised vertically abo
the carpet surface from 0.2 to 1.1 m. Experimental res
were recorded at 0.1 m intervals. The comparison of
results obtained from the theoretical prediction and exp
ment is shown in Fig. 8. They show reasonably good agr
ment for all the measured frequencies. Generally speak
the developed ray model was able to predict the sound p
sure levels in the fac¸ade–barrier system.

The total sound pressure levels in the region between
façade and barrier is the summation of the different wa
terms produced by the primary and secondary noise sou
and their images, as described in Sec. II. For a receiver
cated below the height of the barrier, the sound pressure l
is made up of the multiple reflections of the secondary no
source between the fac¸ade and barrier. In this case, it wou
be ideal to sum up all diffraction terms produced by t
secondary source images. In the theoretical prediction u
the dimensions of the experimental setup, up to 30 secon
source images are found to be sufficient for predicting
sound pressure levels. However, it should be noted that if
distance between the fac¸ade and barrier is very short, a stro
ger reverberant sound field is formed in the area. Theref
a large number of secondary source images will be requ
for the computation. Nevertheless, in a more realistic en
ronment where the distance between the fac¸ade and barrier is
much greater—of the order of 10 m or more, only a few
these terms are needed for the computation of the total so
field, as higher-order terms are negligibly small. This is d

on

he
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 27 February 2025 01:51:37
to the fact that these higher-order terms are weaker
strength when they are located farther from the recei
Here, we remark that no attempts have been made to exp
the effect of absorptive barriers in the current investigatio
This area will be an area of future studies.

IV. APPLICATION OF THE RAY MODEL IN URBAN
ENVIRONMENTS

With the numerical and experimental validations, we a
confident about further applying the ray model to predict
sound field of a fac¸ade–barrier system so that we can ass
the acoustic performance of a barrier in high-rise cities.
deed, a barrier aligned parallel to the front of a building
often used to block the noise produced by the traffic on
other side of the barrier. Over the years, it has been prove
be an effective measure. However, little attention has b
focused on the distribution of the sound field between
façade and barrier. Therefore, we shall investigate these
fects using the ray model described in Sec. II for a variety
source heights and distances away from the barrier.

In the first simulation, the setup of the fac¸ade–barrier
system is similar to that of Fig. 1. The receiver is plac
between the fac¸ade and barrier and the source is situated
the other side of the barrier. The source and receiver
located in the same plane in which they are mutually perp
dicular to the ground and building fac¸ade. The ground, fa
çade, and barrier all have hard and reflecting surfaces.
façade is infinitely high compared with the height of th
barrier, and hence the diffraction at the top of the building
ignored. The barrier height is 4 m and is situated 6 m away
from the building fac¸ade. The source is kept at a distance
2 m away from the outer barrier’s surface~which is the sur-
face facing away from the fac¸ade! and its height chosen a
0.5 and 1.5 m above the ground for each simulation.

Figure 9 displays the results of the prediction of t
barrier insertion loss. It is calculated as the difference in
A-weighted sound pressure level with and without the pr
ence of the barrier. A white noise spectrum is used for
A-weighting process~see Ref. 31 for details!. The region of
sound pressure levels in front of the fac¸ade of up to 6 m
away from its surface and from 0 to 16 m above ground
investigated. The two different heights of noise source c
sidered all obtained a similar range of values of sound p
sure level attenuation in the shadow zone from about 0 to
dB~A!, when the barrier was erected. The most obvious f
ture of these figures is the variation of the size of the shad
zone behind the barrier. As the position of the source
lifted, the area of the shadow zone on the other side of
barrier decreases. Therefore, people who live on high flo
will be protected by the barrier from the noise produced n
the ground, such as noise from tires. If the source heigh
higher, for example, the engine exhaust noise from a la
wagon that has the exhaust pipe situated at the top of
truck, the direct line-of-sight contact can be established, e
for receivers located at the low to middle floors in a buildin
The maximum noise attenuation level of about 35 dB~A! is
obtained close to the ground behind the barrier when
source is at the lowest position~i.e., 0.5 m!. This is because
it is easier for the sound waves from the higher source p
J. Acoust. Soc. Am., Vol. 114, No. 2, August 2003
in
r.
re

s.

e
e
s
-

e
to
n

e
f-
f

n
re
n-

he

s

f

e
-
e

s
-

s-
0
-

w
is
e
rs
r
is
e

he
n

.

e

i-

tion to travel around and diffract at the top edge of the b
rier. Hence, the sound pressure levels attained on the o
side of the barrier will be slightly higher compared with th
case where the source position is close to the ground. M
over, the noise attenuation level is higher in the vicinity
the barrier because it is deep inside the shadow zone. As
receiver proceeds toward the fac¸ade, the attenuation leve
becomes less.

Another case is considered for the determination of
sound field of a fac¸ade–barrier system when the source
moving away from the barrier. The source is fixed at a hei
of 0.5 m and its distance away from the outer barrier surf
is 2 and 4 m, respectively, for each simulation. Figure
shows the prediction of the barrier insertion loss in the sa
region discussed above~a distance of up to 6 m from the
façade surface and from 0 to 16 m above-ground!. The two
distances considered show similar noise attenuation, f
about 0 to 30 dB~A! in the shadow zone, with the presence
a barrier. A slightly higher sound pressure attenuation of
dB~A! is found when the source is closest to the barrier a
m @Fig. 10~a!#. As expected, the area of the shadow zo

FIG. 9. Prediction of the barrier insertion loss of a fac¸ade–barrier system
The façade is erected on the left-hand side. The distance between the fa¸ade
and the barrier is 6 m. The barrier height is 4 m. The source is located
m from the outer barrier’s surface. Source height:~a! 0.5 m; ~b! 1.5 m.
829K. M. Li and S. H. Tang: Barrier effects near tall buildings



nc
nu
i.e
s
ffi

th
n
s
d
nd

e
es
in
an
ld

fi-
o

s

ence

after
q.

ion

d
ion
t
ve
of

lots
ing
the

ee
rc

ing
and

 27 February 2025 01:51:37
behind the barrier diminishes with an increase in the dista
of source away from the barrier. Again, better noise atte
ation is found close to the barrier and ground surface,
deep inside the shadow zone. Therefore, the resident
higher floors are better protected by the barrier when tra
is operating close to it.

The presence of a building next to a road leads to
reflection of noise on the fac¸ade’s surface. It was show
earlier in this section that the insertion of a barrier create
shadow zone that can protect the residents of low to mid
floors from traffic noise. In the region close to the grou
@region I in Fig. 2~a!#, multiple reflections of the diffracted
sound occur between the fac¸ade and barrier. Above th
height of the barrier within region I, diffracted sound wav
impinge on the fac¸ade and barrier surfaces before reach
the receiver. Above the shadow zone, direct, reflected,
diffracted sound waves contribute to the total sound fie
The presence of a building fac¸ade seems to be rather signi
cant in determining the sound fields in front of it because
its nature to reflect noise. Here, we investigate the effect

FIG. 10. The prediction of the barrier insertion loss of a fac¸ade–barrier
system. The fac¸ade is erected on the left-hand side. The distance betw
the façade and the barrier is 6 m. The barrier height is 4 m. The sou
height is situated at 0.5 m above the ground, and at~a! 2.0 m;~b! 4.0 m from
the outer barrier’s surface.
830 J. Acoust. Soc. Am., Vol. 114, No. 2, August 2003
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the sound pressure levels behind a barrier due to the pres
of a tall building, i.e., the insertion loss degradation20 of the
building façade. The insertion loss degradation~DIL ! repre-
sents the difference in sound pressure levels before and
the erection of the building. It can be calculated using E
~13!:

DIL520 logU Ptotal,ground1barrier

Ptotal,ground1facade1barriers
U. ~17!

Two simulations are considered to predict the insert
loss degradation of a building fac¸ade ~assumed to be infi-
nitely high! behind a barrier. A barrier of 4 m high is aligned
parallel at 10 m in front of a building. A noise source is fixe
at 2 m from the outer barrier’s surface. The receiver posit
varies inside the region between the fac¸ade and barrier, tha
is, 0–6 m from the inner barrier surface and 0–15 m abo
the hard ground. In the first simulation, the configuration
the noise source, receiver, barrier, and building fac¸ade is the
same as the setup described in Fig. 9. The two contour p
in Fig. 11 show the insertion loss degradation of the build
façade, when the noise source is 0.5 and 1.5 m above

n
e

FIG. 11. The prediction of the insertion loss degradation of the build
façade in a fac¸ade–barrier system. The barrier is erected on the right-h
side. The configuration of the noise source, receiver, barrier, and fac¸ade is
the same as described in the setup in Fig. 9.
K. M. Li and S. H. Tang: Barrier effects near tall buildings
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hard ground, respectively. This is calculated as the differe
in the A-weighted sound pressure levels with and without
consideration of the building fac¸ade. The range of the overa
insertion loss degradation is from about26 to 8 dB~A!. Posi-
tive readings indicate an increase in the sound pressure le
due to insertion of the building fac¸ade. From the two plots
shown in Fig. 11, the maximum degradation occurs near
façade surface within the shadow zone. A receiver situate
the region above the height of the barrier and inside
shadow zone also experiences quite a large insertion
degradation of about 5 to 8 dB~A!, in general. The area o
this insertion loss degradation is inversely proportional to
height of the noise source. Furthermore, the magnitude of
degradation is slightly more apparent when the position
the noise source is high. Hence, a noisier environmen
created above the level of barrier. In the region close to
ground, the change in insertion loss degradation is smalle
ranges from about22 to 3 dB~A!, which indicates that the
increase in sound pressure levels due to the multiple re
tions of sound between the fac¸ade and barrier is not too
significant. At some positions, especially near the barrie
negative insertion loss degradation is found. This impl
that the presence of the building leads to a quieter envir
ment at those locations.

In the region above the shadow zone, there is almos
change in the insertion loss degradation, whether or not
building is erected. This indicates that the direct line of sig
between the source and receiver is dominant in the ove
sound field. A more negative insertion loss degradation
found just above the shadow zone. The variation of
sound field is due to the interference effects between
diffracted waves at the barrier’s top edge and the reflec
waves from the fac¸ade’s surface. It is noteworthy that sig
nificant variability in the barrier insertion loss over sho
spatial scales is evident in Figs. 9–11. This is an artifac
the calculation method. The contours in these figures
have smoother appearance if more points are used in
designated regions or more frequencies had been used i
calculations.

V. CONCLUSIONS

Our aim in the present study is to investigate the aco
tical performance of noise barriers in a high-rise city. A r
model was developed for a barrier placed closed to high-
buildings in many urban areas. The ray model was valida
by extensive numerical studies and precise indoor exp
mental measurments. Simulations of sound fields were t
carried out for different configurations in typical urban en
ronments. In particular, the sound field in the vicinity of
façade–barrier system was investigated in which a bar
was aligned parallel to the front of a building. The receiv
was positioned between the building fac¸ade and the barrie
and a noise source was situated on the other side of
barrier. The secondary noise source was formed at the
edge of the barrier due to the diffraction at this position
series of secondary source images were formed due to
multiple reflections between the fac¸ade and barrier. The
sound pressure levels obtained by the receiver when
below the top edge of the barrier consists of the summa
J. Acoust. Soc. Am., Vol. 114, No. 2, August 2003
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of the diffracted sound waves of the secondary source
ages. When the receiver is lifted up to a position above
shadow zone of the barrier, the direct sound wave from
noise source to the receiver and/or noise reflection from
ground surface may be established. Different regions of
sound field can be identified in the vicinity of the fac¸ade–
barrier system. The size and position of these regions
dependent on the configuration of the barrier, source,
receiver.

In predicting the insertion loss of a noise barrier, t
maximum noise attenuation is obtained close to the gro
immediately behind the barrier, deep within the shad
zone. In general, slightly less attenuation of the noise
found when the receiver is close to the building fac¸ade. The
erection of a barrier close to the traffic has a significant eff
for the people who live on the higher floors of a buildin
The effect is greatest for noise produced close to the grou
such as tire noise, as this creates a bigger shadow zone
hind the barrier.

The presence of a building fac¸ade behind a noise barrie
causes an increase in sound pressure levels in the re
between these two vertical planes, especially close to
façade surface and above the barrier’s top edge within
shadow zone. When a receiver is close to the ground, m
tiple reflections, which take place between the fac¸ade and
barrier, lead to an increase in the sound field. The effect
to reflection on the fac¸ade surface also increases the sou
pressure levels in the region within the shadow. Howev
above the shadow zone region, the change in sound pres
levels is not significant because of the domination of
direct sound waves.
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