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The prediction of façade effects from a point source
above an impedance ground

Siu Hong Tang and Kai Ming Lia)

Department of Mechanical Engineering, The Hong Kong Polytechnic University, Hong Kong

~Received 6 September 2000; accepted for publication 5 April 2001!

In many environmental noise prediction schemes, an empirical correction factor of 2.5 or 3.0 dB is
normally added for the calculation of noise levels 1 meter in front of a reflecting fac¸ade. In this
paper, theoretical and experimental studies have been conducted to examine the validity and
accuracy of such approximations for a point source. The theoretical analysis involves the extension
of the classical Weyl–van der Pol formula to include the effect of a reflecting fac¸ade. Experimental
measurements have been conducted in an anechoic chamber to validate the theoretical predictions.
It has been demonstrated that the simple empirical correction factor is adequate in cases for the
assessment of the fac¸ade noise levels near the ground. However, this correction factor is not
sufficient to predict the noise levels high above the ground. Some adjustments of the correction
factor are required for a better estimation of sound fields in front of a reflecting fac¸ade above an
impedance ground. ©2001 Acoustical Society of America.@DOI: 10.1121/1.1377049#

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

The problem of noise is one of the most important e
vironmental issues in recent years. With increased expo
and the greater sensitivity of much of the population,
number of noise-related complaints has grown at an alarm
rate over the past few years. There is current legislation
posing limits of acceptable noise levels in many countri
However, in reflection of popular demand, these limits lo
set to be tightened further in the future. There has been
increased interest in the development of accurate nume
schemes for the prediction of environmental noise in a co
plex urban environment.1–3

A typical situation that requires the prediction of noi
levels is for buildings situated close to a road of high traf
volume. As a general rule of thumb, a correction factor o
dB ~or 2.5 dB for the guideline developed in the UK4! has
been widely used for the calculation of noise in front of
reflecting fac¸ade. This empirical correction factor is relate
to sound propagation from an incoherent line source rad
ing noise from a continuous traffic flow. More recently,5 a
sequence of point sources has been used to model the t
flow on a road in which each vehicle is treated as an equ
lent point source. The total sound field is obtained by su
ming contributions from these point sources incoheren
However, many outdoor ground surfaces have differ
acoustical characteristics ranging from hard reflect
ground to grassland of fairly high flow resistivity and sno
covered ground of low flow resistivity.6 It is well-known that
the effect of ground impedance has greatly influenced
overall sound-pressure level received at a modest dista
from the noise source. Therefore, an addition of a sin
empirical correction factor in front of the fac¸ade due to this

a!Author to whom correspondence should be addressed. Electronic
mmkmli@polyu.edu.hk
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reflection of sound may not be adequate to represent
whole situation.

In a series of studies,7 we wish to investigate the inter
ference effects of a point source and its images in a comp
urban environment. In the present study, we examine
somewhat less complicated urban situation: the fac¸ade effect
on the propagation of sound due to a point source above
impedance ground. Theoretical and experimental studies
be conducted to investigate the effect of the reflecting pl
on the spectrum received at some distance away from
noise source. Although meteorological and topograph
conditions have significant effects on sound propagation o
doors, they are ignored in the present study because our
cipal aim is to explore the effect of a reflecting fac¸ade above
an absorbing ground.

Theoretical prediction of sound fields near a reflecti
wall involves an extension of the classical Weyl–van der P
theory to include the effect of a reflecting fac¸ade. The theory
behind the prediction model is outlined in Sec. II. Indo
experiments are conducted to validate the theoretical mo
and they are presented in Sec. III. In Sec. IV, we use
theoretical model to calculate the sound fields above th
different types of ground surfaces in front of a reflecti
façade. Finally, some concluding remarks are offered in S
V.

II. THEORY

There is extensive literature for the sound field above
absorbing ground.8–10 However, the asymptotic solution fo
a harmonic source above an absorbing ground in the p
ence of a reflecting fac¸ade is not readily available in th
literature. Hence, it is derived and included here for futu
reference, although many authors would have written do
the solution empirically without going through detaile
asymptotic evaluation. The basic formulation for the sou
field above an impedance ground in vicinity of a fac¸ade is as
follows. Without loss of generality, the impedance ground
il:
110(1)/278/11/$18.00 © 2001 Acoustical Society of America
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located at the plane ofz50, the reflecting fac¸ade located at
the plane ofx50, and a harmonic source located at (xs,0,zs)
wherexs ,zs.0. We wish to determine the sound field for th
quarter in whichx.0 andz.0; see Fig. 1 for the schemati
diagram of the problem. The time-dependent factor,e2 ivt, is
understood and suppressed for brevity in our subseq
analysis. The propagation of sound, as represented by
velocity potential, is governed by the inhomogeneous He
holtz equation

¹2f1k2f52d~x2xs!d~y!d~z2zs!, ~1!

wherek is the wave number given byv/c with v the angular
frequency of the source andc the speed of sound in air
Specifying the plane ofz50 to be an absorbing ground o
effective admittancebz and the plane ofx50 to be a reflect-
ing façade of effective admittancebx , the velocity potential
must satisfy the boundary conditions

]f

]z
1 ikbzf50 at z50, ~2!

and

]f

]x
1 ikbxf50 at x50. ~3!

There is an inherent assumption of the above boundary
ditions: the angle between the flat ground and fac¸ade isp/2,
-
an
a
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i.e., the two surfaces are perpendicular to each other. T
assumption is not too restrictive and is generally applica
for the case where the prediction of sound fields exterior t
tall building is required.

The posed problem can be solved readily by repres
ing the solution in terms of Fourier integrals as follows. A
cording to the theory of geometrical acoustics~see, for ex-
ample, Ref. 11, Sec. 9.8!, the source and its three images c
be identified immediately as shown in Fig. 1, but care
considerations are necessary. We have to take into acc
the diffracted waves as a result of reflections from the i
pedance ground and fac¸ade. The positions of all ‘‘sources’
can be identified straightforwardly as (xs,0,zs), (xs,0,2zs),
(2xs,0,zs), and (2xs,0,2zs). We also note that accordin
to the geometrical-acoustic principles,11 there will be no
wave diffraction term due to the inside edge of the wed
because its angle isp/2. Also, we ignore the diffraction wave
contribution due to the impedance discontinuity~i.e., the
ground and fac¸ade have different impedance! at the edge.
These two assumptions can be supported by the good ag
ment of the theoretical prediction and experimental res
for the case of ground and/or fac¸ade having different imped
ance; see Sec. III below.

Assuming the sound field is composed of four terms d
to the source and its images, we can write the solution in
form of
 27 February 2025 03:17:19
f52
1

~2p!3E2`

` E
2`

` E
2`

` exp@ ikxux2xsu1 ikyy1 ikzuz2zsu#

k22kx
22ky

22kz
2

dkx dky dkz

2
1

~2p!3E2`

` E
2`

` E
2`

`

Vz

exp@ ikxux2xsu1 ikyy1 ikz~z2zs!#

k22kx
22ky

22kz
2

dkx dky dkz

2
1

~2p!3E2`

` E
2`

` E
2`

`

Vx

exp@ ikx~x2xs!1 ikyy1 ikzuz2zsu#

k22kx
22ky

22kz
2

dkx dky dkz

2
1

~2p!3E2`

` E
2`

` E
2`

`

Vxz

exp@ ikx~x1xs!1 ikyy1 ikz~z1zs!#

k22kx
22ky

22kz
2

dkx dky dkz , ~4!
s in
re

ds
rre-
im-
f
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whereVz , Vx , andVxz are the plane-wave reflection coeffi
cients due to the reflections from the impedance ground
façade. They can be determined by applying the bound
conditions, Eqs.~2! and ~3!, on Eq.~4!. With some tedious
algebraic manipulations, we can show that

Vz5
kz2k0bz

kz1k0bz
, ~5a!

Vx5
kx2k0bx

kx1k0bx
, ~5b!

and

Vxz5Vx3Vz5
kx2k0bx

kx1k0bx
3

kz2k0bz

kz1k0bz
. ~5c!
d
ry

Note also that negative signs are present in all integral
Eq. ~4! as a result of the specification of the problem whe
a source of strength21 is used in Eq.~1!.

In Eq. ~4!, we can identify that the first term correspon
to the direct wave term. The second and third terms co
spond to waves, which have a single reflection from the
pedance ground and the fac¸ade, respectively. The last term o
Eq. ~4! corresponds to the wave emanating from the sou
that hits the ground and fac¸ade before reaching the receive
Although it is possible to evaluate these integrals num
cally by means of the standard Gauss–Laguerre techniqu
detailed in Ref. 9, we prefer to use the technique of cont
integration for the derivation of a closed-form analytical fo
mula which results in a better understanding of the proble
It is because the analytical approach invariably leads t
279S. H. Tang and K. M. Li: Prediction of façade effects
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FIG. 1. The source/receiver geometry: three ima
sources and the sound paths due to the direct wave
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 27 February 2025 03:17:19
physically interpretable solution in which contributions d
to the reflected waves from each of the three image sou
can be identified immediately.

Each of the Fourier integrals in Eq.~4! can be estimated
asymptotically and their details are relegated to the App
dix. As expected, the solution can be cast in a form of
classical Weyl–van der Pol formula

f5
eikR1

4pR1
1Q~R2 ,ua ,bz!

eikR2

4pR2
1Q~R3 ,ub ,bx!

eikR3

4pR3

1Q~R4 ,uc ,bz!Q~R4 ,Q,bx!
eikR4

4pR4
, ~6!

whereQ is the corresponding spherical wave reflection c
efficient for the wave reflected from the ground and the
çade. The path lengthsR1 , R2 , R3 , andR4 are the distances
from the source and its three images to the receiver, res
tively. The variablesua , ub , anduc are angles of incidence
of reflected waves measured from the normal to the refl
ing plane; see Fig. 1. Also,uc andQ are related according to
cosQ5cosc sinuc , wherec is the azimuthal angle of the
vertical plane that contains both source and receiver.

Knowing the distance between the image source and
ceiver ~R!, the angle of incidence of the reflected wave~u!,
and the specific admittance of the reflecting surface~b!, the
spherical wave reflection coefficient can be determined
cording to

Q~R,u,b!5Rp1~12Rp!F~w!, ~7!

where

Rp5
cosu2b

cosu1b
, ~8!

F~w!511 iApwe2w2
erfc~2 iw !, ~9!

and

w51A 1
2ikR~cosu1b!. ~10!

We can see from Eq.~6! that there are two extra terms in th
Weyl–van der Pol formula as a result of the presence
reflecting fac¸ade above an impedance ground. In fact,
surface wave term is present implicitly in the boundary lo
factor F(w), cf. Eq. ~9!.12 Hence, all surface wave compo
280 J. Acoust. Soc. Am., Vol. 110, No. 1, July 2001
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nents are inherently included in the derived formula, Eq.~6!.
The validity of the derived formula will be confirmed b
comparing with experimental measurements indoors.

We also wish to point out that there are many other m
accurate asymptotic formulations~see, for example Refs. 1
and 14!, and other computationally intensive numeric
methodologies~see, for example, Ref. 15! for the computa-
tion of the sound fields above an impedance ground. On
other hand, a set of relatively stringent requirements (kR
@1, ubeu!1, andu'p/2) is used in deriving the spherica
reflection coefficient.8 However, numerical comparisons o
various computational schemes do not reveal any signific
discrepancies from that predicted by the Weyl–van der
formula for practical geometries and typical outdo
surfaces.16–18 As the Weyl–van der Pol formula is now
widely accepted for predicting outdoor sound,10,12 we shall
use it and its analogous form in our following analysis.

III. EXPERIMENTAL VALIDATIONS

The investigation of the predicted sound field near
building façade involves a simple mathematical modeling
shown in Sec. II. To validate the theoretical model, expe
ments are conducted in an anechoic chamber of size 636
34-m ~high!. The experimental model is composed of tw
2.431.830.02-m~thick! hardwood boards making contact
one of their edges so that they are aligned at a right an
with each other. The sound field within the region in front
the vertical board consists of a main noise source and th
images. The hardwood boards were varnished to prov
smooth hard surfaces for parts of the experiments. Two
ferent types of materials, a 1-cm-thick carpet and 4-cm-th
fiberglass, were also used to cover the hardwood board,
viding surfaces of finite effective impedance. A combinati
of the ground and fac¸ade with different covering material
was used for measurements.

For the carpet-covered surface, it can be modeled a
locally reacting ground where a two-parameter model19 can
be used to predict the effective admittance as follows:

be5
1

0.436~11 i !~se / f !0.5119.48iae / f
. ~11!
S. H. Tang and K. M. Li: Prediction of façade effects



o
od
co
o
an
he
h
th

w

i

di
th

he

l
f

o
p-

er
ex
u

a
a
na

e
ei
m
e

oo
w
o
er
r
un
th
n
r

w

l;
e-
rs

tal
tive
ea-
ment
n of
the

II,
the

with
iver.
the
als
in-
ful

cted
ost
ab-
del

und

rce

-

 27 February 2025 03:17:19
In the above equation,se is the effective flow resistivity and
ae is the effective rate of change of porosity with depth
the material. On the other hand, an extended reaction m
should be used to estimate the impedance of the surface
ered with a layer of fiberglass. For the fiberglass used in
experiments, we find that a one-parameter Delaney
Bazley model20 can be used conveniently to calculate t
effective admittance of the fiberglass-covered ground. T
real and imaginary parts of the normalized impedance of
ground (Z15ZR1 iZX), which are dependent on the flo
resistivity of ground, are determined by

ZR5119.08~se / f !0.75, ~12!

ZX511.9~se / f !0.73. ~13!

For the extended reaction ground, the effective adm
tancebe is determined by21

be5mAn22sin2 u, ~14!

where m([k1 /k5c/c1) is the sound-speed ration
([r/r1) is the density ratio. In these two ratios,r is the
density of air and the subscript 1 denotes the correspon
properties of the ground. The real and imaginary parts of
wave number of the groundk1(k15kR1 ikx) are given by

kR /k51110.8~se / f !0.70, ~15!

kX /k510.3~se / f !0.59. ~16!

Use of Eqs.~12!–~16! and the relationship of 1/Z5mn per-
mit the determination of the effective admittance of t
fiberglass-covered ground. In their paper, Liet al.21 have
demonstrated that use of Eq.~14! in the Weyl–van der Po
formula leads to accurate predictions of sound fields even
materials with flow resistivity as low as 1000 Pa s m22. Since
the outdoor ground surfaces normally have much higher fl
resistivity, we shall use this ‘‘effective admittance a
proach’’ in our subsequent numerical simulations.

A Tannoy driver with a tube of 3 cm internal diamet
and 1 m long was used as a point source in all indoor
periments. The sound source was connected to a maxim
length sequence system analyzer~MLSSA! with an MLS
card installed in a PC.22 The analyzer was connected to
B&K 2713 amplifier. The MLSSA system was used both
the signal generator for the source and as the sig
processing analyzer. A BSWA TECH MK22412-in. con-
denser microphone and a BSWA TECH MA201 preamplifi
were used together as the receiver. Both source and rec
were placed at a fixed position by means of a stand; cla
and the position of receiver were adjusted for different s
of measurements.

To characterize the acoustical properties of the ind
ground surfaces, prior measurements were conducted
the carpet and fiberglass, in turn, secured on the hardw
board. Theoretical predictions were compared with exp
mental measurements for the propagation of sound ove
impedance ground, enabling the determination of the gro
parameters. A graphical representation of the setup for
ground characterization is shown in Fig. 2. Measureme
above the carpet and fiberglass for different source and
ceiver geometry were obtained. These measurements
J. Acoust. Soc. Am., Vol. 110, No. 1, July 2001
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subsequently fitted by means of a two-parameter mode19

@see Eq. ~12!#, for the carpet and by means of a on
parameter model20 for the fiberglass. Best-fit paramete
were found to bese510 000 Pa s m22 andae580 m21 for
the carpet and an effective flow resistivity of 35 000 Pa s m22

for fiberglass. Figures 3 and 4 display typical experimen
measurements and theoretical predictions of the rela
sound-pressure level with the reference free-field level m
sured at 1 m. These ground parameters and measure
geometries have been used in our subsequent predictio
the propagation of sound above an impedance ground in
presence of a reflecting fac¸ade.

To validate the theoretical model developed in Sec.
three sets of indoor experiments were conducted in which
spectra of relative sound-pressure levels were obtained
different horizontal ranges between the source and rece
Due to the physical limitations of the anechoic chamber,
range is chosen to vary from 0.6 to 1.5 m at 0.1-m interv
for each measurement. It is worth pointing out that the pr
cipal aim of our indoor measurements is to provide use
experimental data for the validation of Eq.~6!. They are not
intended to be proper scale model experiments, as condu
by others.23 Hence, we made no attempt to select the m
appropriate materials to model the porous ground and
sorbing fac¸ade. Rather, we chose a hardwood board to mo

FIG. 2. The source/receiver geometry: characterization of the indoor gro
surfaces.

FIG. 3. Characterization of a hard ground covered with carpet. Sou
height5 0.05 m, receiver height5 0.04 m. Range:~a! 0.6 m;~b! 0.8 m;~c!
1.0 m;~d! 1.2 m.~Dotted line: theoretical prediction; Solid line: experimen
tal result.!
281S. H. Tang and K. M. Li: Prediction of façade effects
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a hard ground, a carpet-laid surface to model a locally re
ing ground, and a surface covered with fiberglass to mo
an extended reaction ground. But, nevertheless, compari
of the indoor experimental results and theoretical predicti
should shed light on the validity of Eq.~6! in modeling the
façade effects numerically.

In the first experimental measurements, hardwo
boards were used as the floor and the vertical wall. In
case, bothbz and bx vanish, and hence, all spherical wa
reflection coefficients equal to 1. Equation~6! is used to
compute the sound fields that are used to compare with
experimental measurements. Figure 5 shows measured
predicted sound fields as a function of frequency. The
ceiver was placed 5 cm above the floor and 20 cm in fron
the vertical wall. The source was located 6 cm above
floor and at the same principal plane as the receiver, whic

FIG. 4. Characterization of a hard ground covered with fiberglass. So
height5 0.05 m, receiver height5 0.04 m. Range:~a! 0.6 m;~b! 0.8 m;~c!
1.0 m;~d! 1.2 m.~Dotted line: theoretical prediction; Solid line: experime
tal result.!

FIG. 5. Experimental data and theoretical predictions for sound propaga
over a hard floor in front of a hard vertical wall. Source height50.06 m,
receiver height50.05 m at 0.2 m from fac¸ade. Range:~a! 0.6 m; ~b! 1.4 m.
~Dotted line: theoretical prediction; Solid line: experimental result.!
282 J. Acoust. Soc. Am., Vol. 110, No. 1, July 2001
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mutually perpendicular to the ground and fac¸ade. The theo-
retical predictions are in accord with the experimental m
surements. As expected, in the presence of a reflecting
çade, the interference patterns in the frequency spectrum
much more intricate as a result of the existence of two ex
terms in the Weyl–van der Pol formula.

In the second set of measurements, the carpet was
cured on the surface of the horizontal board and the o
hardwood board was used as the vertical wall. The orien
tion of the source and receiver was the same as in the firs
of measurements. The source and receiver heights were
measured from the surface of the carpet instead of the fl
Figure 6 displays typical sets of measured data. Good ag
ment is obtained with the theoretical predictions according
Eq. ~6!.

In the last case, a layer of 4-cm-thick fiberglass w
attached to the surface of the vertical wall, with no change
the source and receiver orientation. The experimental res
for the last set of measurements are shown in Fig. 7. Ag
the agreement between theoretical predictions and exp
mental data is generally good. We note that although th
are considerable differences in the magnitude of the rela
sound-pressure levels, especially at high frequencies in
5, the positions of interference ‘‘dips’’ can be predicte
closely by the theoretical model. The discrepancies in
magnitude could be attributed to the fact that the wood
board~vertical wall and ground surfaces! has a nonzero ef-
fective acoustic admittance.

IV. PREDICTION OF FAÇADE EFFECTS IN THE
PRESENCE OF AN IMPEDANCE GROUND

In Sec. III, we have presented experimental results
the sound fields above an impedance ground in front o
vertical wall. These experimental results agree reasona
well with the theoretical model developed in Sec. II. Th
gives us the confidence of using the theory to simulat
slightly more complex outdoor environment when the

ce

on

FIG. 6. Experimental data and theoretical predictions for sound propaga
over a carpet-covered floor and a hard vertical wall. Source height50.06 m,
receiver height50.05 m at 0.2 m from fac¸ade. Range:~a! 0.6 m; ~b! 1.4 m.
~Dotted line: theoretical prediction; Solid line: experimental result.!
S. H. Tang and K. M. Li: Prediction of façade effects
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 27 February 2025 03:17:19
ceiver is situated above an impedance ground, and is in c
proximity to a building fac¸ade. As a general rule in man
environmental noise prediction schemes, a correction fa
of 3 dB ~2.5 dB for the guideline developed in the UK4! is
added to account for the fac¸ade effect, as the vertical wall i
assumed to be an acoustically hard surface. Here, we
investigate the validity of such approximation as follows.

In the present study, the distribution of an A-weight
sound-pressure level~SPL! in front of a building fac¸ade is
simulated. Two types of sources, noise from tire–road in
actions and from engines, are taken into consideration
cause they represent typical sources in the context of e
ronmental noise. The source heights used in the analysi
tire and engine exhaust are 0.01 and 0.3 m, respectiv
Although it is possible for us to study the case in which t
vertical wall has finite impedance, we assume that it ha
perfectly reflecting surface because a building fac¸ade is nor-
mally a fairly hard surface with materials of high flow resi
tivity. Three different ground surfaces outside a building a
considered. The first one is a typical hard ground, such
concrete road surface, with negligible effective admittan
The second case to be considered is a simulation of gr
land. The two-parameter model withse5250 kPa s m22 and
ae5100 m21 is used to calculate the impedance of the gra
land. The last case is a snow-covered ground where a sim
one-parameter hard-back layer model21 is used withse520
kPa s m22 and the snow depth of 0.1 m.

In all calculations~i! both source and receiver are sit
ated at the ‘‘principal’’ plane which is mutually perpendic
lar to the ground and fac¸ade, and~ii ! the receiver is located 1
m in front of the fac¸ade. For the ease of interpretation, t
numerical simulation is plotted for the difference betwe
the A-weighted sound-pressure level with (SPLW) and with-
out (SPLW/O) the presence of the reflecting fac¸ade

D~z!5SPLW2SPLW/O.

The case being investigated involves the noise source

FIG. 7. Experimental data and theoretical predictions for sound propaga
over a carpet-covered floor and a hard vertical wall covered with fibergl
Source height50.06 m, receiver height5 0.05 m at 0.2 m from fac¸ade.
Range:~a! 0.6 m; ~b! 1.4 m.~Dotted line: theoretical prediction; Solid line
experimental result.!
J. Acoust. Soc. Am., Vol. 110, No. 1, July 2001
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ated up to 20 m from the reflecting fac¸ade and the receive
placed up to 20 m from the ground. Figures 8~a!–~c! show
contour plots of the distributionD(z) with the source located
0.01 m above three different types of ground.

on
s.

FIG. 8. Predicted difference in A-weighted sound-pressure levels with
without a reflecting fac¸ade for tire noise located at 0.01 m above the grou
~a! Hard ground, hard fac¸ade;~b! grassland, hard fac¸ade;~c! snow-covered
ground, hard fac¸ade.
283S. H. Tang and K. M. Li: Prediction of façade effects



pe
is
p

. I
d

he

rin

rc

th
s

,

in
y

in

da
as
e

m
to

he
n
P
s
n

d
de
ing
th
t

ed-
uto-

nd

nd

and
he

 27 February 2025 03:17:19
In these predictions, the source has a broadband s
trum of equal energy in all octave bands, i.e., a white-no
source. The abscissa and ordinate of Fig. 8 represent, res
tively, the horizontal distance of the source from the fac¸ade
and the vertical distance of the receiver from the ground
the contour plots, those regions that show a level of 3.0
~or 2.5 dB for the British guideline! are considered to be
satisfactory in applying the empirical factor to correct for t
façade effect. Predictions at other planes are not shown
they have a rather similar trend to those shown in the p
cipal plane.

A close examination of Fig. 8 reveals that the fac¸ade
correction of 2.5 or 3 dB is generally acceptable if the sou
is near the ground. However, the spread ofD ~i.e., the dif-
ference between the maximum and minimum values! for all
three impedance grounds is about 6 dB. To allow for
assessment of a simple fac¸ade correction at all heights, it i
useful to consider the mean value ofD where the receiver is
located at a given distance from the fac¸ade. The mean value
D̄, and its standard deviation, s.d., can be determined by

D̄5
*0

hmaxD~z!dz

hmax
and s.d.5

*0
hmaxD2~z!dz

hmax
,

wherehmax is the maximum height of the receiver used
this statistical analysis. They can be computed easily b
simple numerical integration method.

Table I shows the mean values and the correspond
standard deviations ofD for the case of tire noise withhmax

of 20 m. The mean values and the corresponding stan
deviations are close for the case of hard ground and gr
land. The snow-covered ground has slightly different valu
from the other two grounds. This indicates that different i
pedance grounds do not have significant contributions
wards the change inD because the source is very near to t
ground. In general,D is close to the empirical correctio
factor of 2.5 dB. The confidence level of the predicted S
difference in front of the fac¸ade for different source location
would be expected to fall mainly within the first deviatio
from the mean values~i.e., mean6standard deviation!.
Therefore, it may seem reasonable to assume that the a
tion of the empirical correction factor is an acceptable gui
line in this case. However, it may not be suitable in apply
this guideline for an elevated source as we investigate
case for an engine noise source located 0.3 m above
impedance ground.

TABLE I. Mean values and standard deviations of A-weighted sou
pressure level difference of tire noise.

Hard ground Grassland Snow-covered grou

Distance from
façade~m!

Mean
~dB!

Standard
deviation

~dB!
Mean
~dB!

Standard
deviation

~dB!
Mean
~dB!

Standard
deviation

~dB!

4 2.06 1.32 2.04 1.30 2.07 1.26
8 2.23 1.25 2.19 1.27 2.05 1.15

12 2.37 1.34 2.39 1.36 2.14 1.34
16 2.47 1.30 2.51 1.35 2.24 1.23
20 2.29 1.15 2.30 1.20 1.98 1.07
284 J. Acoust. Soc. Am., Vol. 110, No. 1, July 2001
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Similar contour plots are shown in Figs. 9~a!–~c! for the
source located 0.3 m above the ground of different imp
ance. In this example, a measured noise spectrum for a
mobiles operating at 30 mph is used24 instead of the white-

-

FIG. 9. Predicted difference in A-weighted sound-pressure levels with
without a reflecting fac¸ade for engine noise located at 0.3 m above t
ground.~a! Hard ground, hard fac¸ade;~b! grassland, hard fac¸ade;~c! snow-
covered ground, hard fac¸ade.
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noise spectrum used in the case of tire noise. Figure
displays the noise spectra for automobiles operating at
ferent speeds from 10 to 80 mph. It shows that their m
differences are at the low frequency contents~below 300
Hz!, which are less important in the A-weighted assessm
Hence, we expect that the theoretical predictions for the
tomobile operating at other speeds do not change sig
cantly and, therefore, for brevity they will not be shown he

For the contour plots of engine noise, the variati
trends inD are rather similar to that of the tire noise conto
plots. However, the spread ofD is 7- and 8-dB for snow-
covered and hard ground, respectively, and a slightly lar
spread of about 8.5 dB is found for grassland. Table II sho
the mean values and the corresponding standard devia
of D for the case of engine noise.

The standard deviation tends to increase slightly bef
it drops down with respect to the distance of source aw
from the reflecting wall. This is because when the sourc
about 10 m away from the fac¸ade, more changes in soun
levels are detected in the prediction. Therefore, a higher
gree of fluctuation of sound will be experienced. Also,
would be expected that the standard deviation decre
gradually as the source is moved further away from the
çade since less fluctuation of sound level is predicted. F
ures 11~a!–~c! show the relationship, with engine noise ov

TABLE II. Mean values and standard deviations of A-weighted sou
pressure level difference of engine noise.

Hard ground Grassland Snow-covered grou

Distance from
façade~m!

Mean
~dB!

Standard
deviation

~dB!
Mean
~dB!

Standard
deviation

~dB!
Mean
~dB!

Standard
deviation

~dB!

4 2.12 1.65 1.96 1.73 1.87 1.37
8 2.23 1.82 1.98 1.84 2.13 1.47

12 2.30 1.87 1.93 1.95 2.12 1.42
16 2.61 1.71 2.13 1.88 2.23 1.51
20 2.42 1.67 1.85 1.75 2.06 1.45

FIG. 10. Emission spectra for automobiles of different speed on ave
pavement one-third-octave band spectra, relative to A-weighted sound-
emissions.
J. Acoust. Soc. Am., Vol. 110, No. 1, July 2001
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a hard ground, between the predicted SPL difference in fr
of the façade due to the variation of source distance at 10,
and 30 m from the fac¸ade surface. When the noise source
near to a fac¸ade~in this case 10 m!, a receiver in front of the
wall will experience a very random change in sound level
it goes up from the ground. However, if the source mov
further away from the fac¸ade to distances such as 20 or 30
the change in sound level that it experiences will beco
less random. Therefore, one would expect that at distan
even further away from the fac¸ade, the SPL difference with
respect to the variation of height is to be fairly stable. T
phenomenon is similar for both tire and engine exhaust no
above different impedance surfaces.

In the case of grassland, the standard deviations
slightly higher than that of the hard and snow-cover
ground, hence leading to a larger range of sound-level
ference for grassland observed earlier.

Better agreement with the correction factor is found
the region near the ground for both cases of noise sou
This agreement is enhanced if the source is located fur
away from the fac¸ade. In general, the agreement works w
up to 4 m above the ground if the source is located 20
away from the fac¸ade. However, the accuracy is in doubt f
the SPL difference values higher up the ground because
rather large amount of fluctuation. For engine exhaust no
a maximum of about 3-dB addition and a minimum of abo
6-dB reduction relative to the correction factor are found
some regions in front of the fac¸ade as the source is move
away from it. A slightly lower reduction of about 4 dB i
found for the case of tire noise. Therefore, the addition o
correction factor may not seem to be totally effective in
gions high above the ground and some adjustments ma
required.

V. CONCLUDING REMARKS

The asymptotic formula has been derived for the sou
field due to a point source above a ground surface in fron
a reflecting fac¸ade. The formula is validated by compariso

-

ge
el

FIG. 11. The predicted A-weighted SPL difference along the height o
building when noise source~engine! is located above a hard ground at~a! 10
m; ~b! 20 m; and~c! 30 m from the reflecting fac¸ade.
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with precise indoor measurements conducted in an anec
chamber. As expected, the analytical solution is compose
four terms~a source and three image sources! as a result of
the reflections from the absorbing ground and fac¸ade.

We also examine the guideline of using an additio
empirical correction factor of 2.5 or 3.0 dB at 1 m in front of
a reflecting fac¸ade in many noise prediction schemes. It h
been found that an addition of the correction factor for
A-weighted SPL is generally acceptable when the po
source is close to the ground. However, the prediction is
satisfactory for an evaluated source above a ground of fi
impedance. Some modifications and a stricter condition
using the empirical correction factor are required if a mo
accurate prediction is needed.
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APPENDIX: ASYMPTOTIC EVALUATION OF FOURIER
INTEGRALS

Let the four separate integrals in Eq.~4! be I 1 , I 2 , I 3 ,
and I 4 . Using the method of contour integration~see for
example, Ref. 25!, the outer integral ofI 1 with respect tokz

can be evaluated exactly to give

I 15
2 i

~2p!2E2`

` E
2`

` exp$ ikxux2xsu1 ikyy1 ikz* uz2zsu%

2kz*

3dkx dky , ~A1!

where

kz* 5Ak22kx
22ky

2. ~A2!

The root taken forkz* should be positive real and negativ
imaginary such that finite amplitude inI 1 can be ensured
We can identify Eq.~A1! as the Sommerfeld integral,26

which can be evaluated exactly to give

I 15
exp~ ikR1!

4pR1
. ~A3!

We can see thatI 1 may be regarded as the direct wave te
whereR1 is the distance from the source to receiver; see F
1 for the source–receiver configuration. Alternatively, w
can evaluate thekx integral by the method of contour inte
gration to give

I 15
2 i

~2p!2E2`

` E
2`

` exp$ ikx* ux2xsu1 ikyy1 ikzuz2zsu%

2kx*

3dky dkz , ~A4!

where

kx* 5Ak22ky
22kz

2, ~A5!
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and, again, the root forkx* is taken to be positive real an
negative imaginary. The integral in Eq.~A4! is the Sommer-
feld integral and its solution is given in Eq.~A3! as expected.

We can apply the same method in the integrals,I 2 andI 3

with the evaluation ofkz integral first forI 2 andkx integral
first for I 3 . The reason for the choice of the order in th
integration is obvious because of the presence of an e
term,Vz andVx , in I 2 and I 3 respectively. We can simplify
the integrals as follows:

I 25
2 i

~2p!2E2`

` E
2`

` kz* 2k0bz

kz* 1k0bz

3
exp$ ikxux2xsu1 ikyy1 ikz* ~z1zs!%

2kz*
dkx dky , ~A6!

and

I 35
2 i

~2p!2E2`

` E
2`

` kx* 2k0bx

kx* 1k0bx

3
exp$ ikx* ~x1xs!1 ikyy1 ikzuz2zsu%

2kx*
dky dkz . ~A7!

Using the standard method of steepest descents with the
of the pole subtraction method,27 we can evaluateI 2 and I 3

straightforwardly to give the asymptotic solutions as

I 25Q~R2 ,ua ,bz!
eikR2

4pR2
, ~A8!

and

I 35Q~R3 ,ub ,bx!
eikR3

4pR3
. ~A9!

Finally, I 4 can be estimated asymptotically in an ana
gous manner, but there is a slight complication as the in
grand contains the reflection factors,Vx and Vz . There are
two interesting cases for consideration in the context of
façade effect on sound propagation outdoors. The first cas
when the angle of incidenceuc ~see Fig. 1 for the nomencla
ture! is close top/2. In this case, we can evaluate thekz

integral first to yield

I 45
2 i

~2p!2E2`

` E
2`

` kz* 2k0bz

kzz* 1k0bx

kx2k0bx

kx1k0bx

3
exp$ ikx~x1xs!1 ikyy1 ikz* ~z1zs!%

2kz*
dkx dky . ~A10!

A convenient way to evaluate the integral is to use a sph
cal polar coordinate (R,m,«) centered at the image sourc
S4 . The receiver is located at (R4 ,u,c). Making use of the
substitution: kx5k cos« sinm, ky5k sin« sinm, kz*
5k cosm and dkx dky /kz5k sinm du d«, we can transform
Eq. ~A10! to
S. H. Tang and K. M. Li: Prediction of façade effects
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I 45
2 i

2~2p!2E0

p/22 i`E
0

2pcosm2bz

cosm1bz

cos« sinm2bx

cos« sinm1bx

3eikR4 cosu cosmeikR4 sin u sin m cos~«2c!sinm dm d«.

~A11!

The integration with respect to« can be evaluated by th
method of stationary phase to give

I 4'
ik

4pE2p/21 i`

p/22 i` cosm2bz

cosm1bz

cosc sinm2bx

cosc sinm1bx

3H0
~1!~kR4 sinu sinm!eikR4 cosm cosu sinm dm,

~A12!

where H0
(1)( ) is the Hankel function of the first kind. In

obtaining Eq.~A12!, the following identities28 have been
used:

H0
~1!~z!'A2/~ ipz!eiz, H0

~2!~z!'A2i /~pz!e2 iz,

and
H0

~2!~2z!52H0
~1!~z!.

The path of integration forI 4 is shown in Fig. A1.
In addition to the required condition ofuc close top/2,

we further restrict attention to the consideration of the s
ation where either the source or receiver is close to the
çade. In this case, we have cosc sinuc→1. Hence, the only
contribution due to the pole in the integrand of Eq.~A12!
comes from the first quotient. We can use the method
detailed in Ref. 8 to evaluate the integral asymptotically. T
approximate solution is

I 4'
1

4p

cosc sinuc2bx

cosc sinuc1bx
Q~R4 ,uc ,bz!e

ikR4. ~A13!

In the second case of interest, we have a smalluc . We
can use the same analysis as before to obtain the follow
asymptotic solution forI 4 :

I 4'
1

4p

cosuc2bz

cosuc1bz
Q~R4 ,Q,bz!e

ikR4, ~A14!

where cosQ5cosc sinuc . To have a symmetric form fo

FIG. A1. The path of integration for the integral~A12!.
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this reflected wave for multiple reflections from the grou
and façade, we can include either a ‘‘fac¸ade’’ wave term in
Eq. ~A13! or a ground wave term in Eq.~A14!. This leads to
an interpretable expression

I 4'
1

4p
Q~R4 ,uc ,bx!Q~R4 ,Q,bz!e

ikR4. ~A15!
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