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A hybrid BIE/FFP scheme for predicting barrier
efficiency outdoors®
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To assess the acoustical performance of noise screens in the presence of an arbitrary sound speed
profile, a numerical scheme based on a combination of the boundary integral and fast field program
methods is developed. The Green'’s function required in the boundary integral is evaluated by a fast
field formulation. The procedure is validated by comparing its predictions with other numerical
results for simple cases and with measurements for indoor model experiments simulating downward
refracting conditions. It is predicted that the performance of a noise screen placed 50 m from the
source is reduced considerably by moderate downwind condition®20@&L Acoustical Society of
America. [DOI: 10.1121/1.1381539

PACS numbers: 43.50.Gf, 43.50.Vt, 43.28 [fpRS]

I. INTRODUCTION prehensive and accurate way of accounting for more com-
plex boundaries such as a mixed impedance plane as well as
Recent years have produced a wealth of models angn uneven terrain. This versatile numerical method has been
methods for predicting sound pressure in an outdoor environygjjized to solve a variety of problems involving nonuniform
ment. These include both analytical formulas for sound presygundaried2-21All these works have assumed neutral atmo-
sure in certain simple cases and numerical methods and alpheric conditions and no account has been made of the ef-
gorithms with varying degrees of complexity and efficiency facis of sound wave refraction due to temperature and/or
for more complex environments. The analytical models deajing speed variation and turbulence. Moreover, many of
mainly with propagation in a homogeneous atmospherg,ese nymerical schemes assume an infinitely long line

above a plane |m_pedance bou_ndary or one W'_th a SImIOI‘§ource emitting cylindrical waves impinging on barriers or
sound speed gradiehhe numerical methods, which handle strips of infinite length parallel to the source

more general situations, include the fast field progrdm . Li etal? have considered diffraction of sound from a

(FFP .for a rar(l)ge—lndependent environment, the parabohcbump or a trough with a Gaussian shape. They incorporated

equation method (PE for a range-dependent atmosphere o . : .
sound refraction in the medium by using an expression,

a_lbove a plang boundary, and ray tr.acmg techm&uﬂse originally due to Pekeri&® for the sound field in an un-
first two techniques have found a wide spread use in both

underwater and atmospheric acoustics. These numericgpunded medium with a linear sound speed profile. By con-

models have been able to explain many of the observed ins_|dering only a rigid boundary or a pressure-release one, they

fluences of atmospheric refraction and turbulence. Howeverc"rnpllfled the problem considerably. They used an extension

all these methods deal with a plane boundary. If the ground i2f the method of moments to evaluate the boundary integral

uneven at a scale that is large compared with the waveWith @ Gaussian bumpThey reported that a soft ground

lengths of interest, as, for example, in the presence of ¥ith @ bump ora hard ground with a trough causes a sound
sound barrier or a hill, many current FFP and PE method§€ld énhancement beyond the shadow zone boundary. The
fail. significance of this apparent symmetry was not discussed in
There has been a number of theoretical methods to calheir predicted results. Uscindkiconsidered a similar prob-
culate the sound field in presence of a barrier of simple shaplm above a rigid surface of random roughness. He used an
by, for example, Pieréé® and Rasmussert. These earlier €xpression derived from the parabolic equation approxima-
analyses were based on geometrical ray acoustics. On tiign to the wave equation to account for the refraction in the
other hand, numerical solution of the boundary integral equamedium. More recently, Salomdfishas used a parabolic

tion [the boundary element meth¢BEM)] provides a com- €quation approach to study the effect of an absorbing barrier
in a refracting medium. His numerical procedure involves

. starting a one-way parabolic marching solution and terminat-
dBased on a presentation at ICA/ASA '98, June 1998, Seattle. 9 y P 9

YAuthor to whom correspondence should be addressed. Electronic mailNd the waves that impinge upon the barrier. Cons_equently,
S.Taherzadeh@open.ac.uk Salomons’ method does not include backscattering. West
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et al?® derived the parabolic wave equation with a boundaryis equal to 1 for in the mediumj for r on the flat boundary,
profile function included. They then proceeded to solve theand equal to th€)/2+ at edges, wher€ is the solid angle.
resulting equation by a “wide angle” PE. The formulation, The surfaceS contains the flat, locally reacting ground sur-
however, is approximate and valid only for barriers or hillsface and additional features such as a barrier. The contribu-
with small slopes. Most of the models discussed here aréon to the total field from reflection by the flat ground sur-
two-dimensional propagation modé[sopagation in a plane face can be taken into account in the Green’s function,
only) with a few exceptions such as the work of DuhaRfel. G(r,r.). The surfaces can be redefined to include the scat-
There are few theoretical problems with extending a two-terer objects only, excluding the ground surface. The integral
dimensional2-D) model to a three-dimensional propagation is then the contribution of the scattering elements to the total
method?’ But the computational effort is large and would sound field at a receiver position. This integral formulation
require some approximation. The procedure proposed here (first derived by Kirchhoff in 188pRis called the Helmhotz—
also for two-dimensional propagation model. Kirchhoff wave equation. It is the mathematical formulation

Li and Wangd?® have introduced a novel method to simu- of the Huygen’s principle. If one allows the receiver points to
late the effect of a noise barrier in a refracting atmosphere. lapproach the boundary, one obtains an integral equation for
their approach, a conformal mapping technique is used tthe field potential at the boundary. This boundary integral
map the wave equation in a medium where the speed dafquation is a Fredholm integral equation of the second kind.
sound varies exponentially with height above a flat boundarfOnce solved, the contribution of the scatterers can be deter-
to that for a neutral fluid above a curved surféaesection of mined by evaluating the integral in E¢l) and calculating
a cylinde). Subsequently, they use a BEM program, with athe total field for any point in the entire domaiD, This is
discretization of the resulting curved boundary as well as théhe main boundary integral equatiéBIE) for the acoustic
barrier, to predict the insertion loss of the barrier. They havdield potential in the presence of a nonuniform boundary. The
validated their method by comparing their predictions withboundary element methoBEM) represents the acoustic
measurements of the insertion loss of a thin barrier in a wingbropagation in a medium by the boundary integral equation
tunnel in downwind and upwind conditioR3Their method  and solves the set of integral equations numerically.
is restricted to relatively short ranges. Moreover, the require-  The imposition of a suitable boundary condition is re-
ment for discretizing the whole boundary puts a severe burquired also. In most cases of interest one can assume a lo-
den on the computation time. cally reacting impedance boundary condition:

The approach taken in this paper is to account for the
refraction of the atmosphere as well as the reflection from the d_GD_ ik Bo—=0 @)
flat impedance boundary in the formulation of the Green's  dn KoBe=0,
function. This approach is similar to that used by Gerstoft

and Schmid® for the evaluation of acoustic and seismic re- Wherep, the admittance, can be a function of the position on
verberation in an ocean environment. the boundary. This can be applied to the surface of the plane

In the next section, the Starting boundary integra' equaboundary and to the Surfaces Of the scatterers. ThUS the de'
tion for our BEM is stated. In the subsequent sections wdivative term of the unknown potential can be written in
deal with the discretization of the boundary and the numeriferms of the potential itself. Hence
cal solution of the Green’s function. In the final section,

some numerical examples are presented and discussed. sqﬁ(r,z):G(r,ro)—f ¢(fs,Zs)(iko,3G(f,fs)
s
Il. THEORY dG(r,rg)
. . ————ds, r,rgeS 3)
A. The boundary integral equation an(r)

Assume that a line source produces a time-harmonigvhen discretizing the boundary surface it is assumed that the
sound field in a mediumD, bounded by a locally reacting unknown potential is constant in each element, thereby re-
impedance surfaces. The surfaceS can have features such ducing the integral equation to a set of linear equations.
as barriers, hills, impedance discontinuities, etc. By means of
the Green’s theorem, the sound field can be written in an

integral form as .
B. Method of solving the BIE

sd)(r):G(r,rO)—f[G(r,rs)w The procedure for solving the integral equati¢d)
S an(rs) adopted here is the one suggested by MaYemsd used by
aG(r.ry) Chandler-Wildé&>~1"1° These methods involve using a
—qﬁ(rs)m]d , (1 quadrature techniquéSimpsons or Gauggo discretize the

integral and transform it to a set of linear equations. In one
whereG(r,rg), is the solution of the wave equation in the dimension it can be described as follows. The integration
domain in the absence of scatteretgsis the position vector range is divided intoM subdomains or elements, each of
of the boundary elememts, andn is the unit normal vector length or sizeh. The unknown potentiakp, is assumed to be
out of ds. A time convention of expfiot) is assumed. The constant within each element. Then the integral in 8).
paramete is dependent on the position of the receieit  becomes
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. IG(r,ry) In the above expressidn§")( ) is the Hankel function of the
J’S¢(rs,zs)[|koBG(r,ro)— m}d first kind, r, ro, andr are the receiver, source, and image
source positions, respectively. The wavenumbem’nd the
AG(r,r) complex admittanceB, are dependent on the frequency. The
m] S function P, represents the ground wave term. The deriva-
tives of the Green’s function in theandz directions are also
(4) given in Ref. 19. When the source and the receiver positions

In principle, the integral on the right-hand side can be evalu£oincide, i.e., whem=m, the integralA() has a removable
ated numerically. Then the BIEEq. (4)] becomes singularity. The integral can be evaluated analytically by re-
" placing the Hankel functions by their small argument ap-
_ proximations and performing the integration.
s¢(r)—G(r,r0)—mE:1 A(rm)A(r.Fm), ®) Habault® uses the alternatives of single and double
. ) ) layer potential expressions to represent the Green’s function
whereA () denotes the integral on the right-hand side of Eq.anq its derivative. These are again in terms of Hankel func-
(4). Substitution ofr=r,, n=1,..M, produces a set dl 4 ns.

linear equations:

M t+hi2
:z ¢(rmazm)f {ikOBG(r:rs)_
m=1 tm—h/2

M B. Evaluation of the Green'’s function by the FFP
ed(rn)+ 2 m AN Tm)=G(rnlo), N=1,.M. method
m=

(6) Since discretization of the boundaries is extremely time

consuming, the Green'’s function must include as many cal-
| culations as possible in order to minimize the area of the
boundary to be discretized. The Green’s function includes

ties (see Ref. 3L Here we state only that the solution of the € Wave field propagating in the domain of the system. As

equation(3) is unique except near characteristic frequencieSUch: it must contain the wave terms reflected from the
of the space enclosed by the barrier. The main methods suground if one is to avoid discretizing the whole ground sur-
gested in the literature for overcoming this nonuniquenes ce. This device means that it is necessary only to discretize
problem are the so-called CHIEF metAdd® and the the “scatterer” elements above the ground surface, thus sav-
method of Burton and Mille?:37 ing on the number of elements and equations to be solved.
The method allows for the incorporation of an absorbing
ground as well as a rigid one.
lIl. THE GREEN'S FUNCTION The Green'’s function for a line source radiating cylin-
drical waves above a locally reacting impedance plane can
In Eq. (3), it remains to evaluate the Green’s function be written a3
and its derivative. The Green'’s functio@(r,r), represents 1 e
the sound field in the medium in the absence of the scattering G(ry,fy)= _f
surfaces. In order to minimize the number of elements, the J2mdo
Green'’s function includes reflection from the flat impedance
surface. The procedures for evaluation of this Green’s func\—NhererZ[:(XZ'ZZ)] andry[=(x,,2,)] are the source and

tion in different conditions are the concern of the rest of this' cc¢'Ve" position vectprs, respectively, aRfl=x;=x,] is
section. the horizontal separation between them.

In practice, the infinite integral is truncated at a suitable
value, saykax, and the integral is replaced by a finite FFT
A. Neutral medium sum. The variable of integratiok, , can be thought of as the
horizontal component of the wavenumber. To avoid the pos-
sible poles on or near the relalaxis, the path of integration
is deformed below the real axis,

The Green'’s functior3(r,rg) will be singular atr=rg, i.e.,
at diagonal elements whaer=m. One can use the principal
value of the integral for the integrals involving the singulari-

¢(21.25 k) expik,R)dk,  (9)

As discussed in the Introduction, we consider a two-
dimensional problem with an infinitely long line source ra-
diating cylindrical waves in the medium. In this case the
boundary integral is a line integral and their numerical evalu- 0 —ia ok Kmax— 1 ok
ation is a relatively simple matter. The corresponding fo :fo +f '
Green’s function takes the forth

(10)
—ia ok

_ " DOrolor This is equivalent to making, a complex quantity with the

Ga(r,ro)=—(i/H{Hg (kK[ro—r[) +Hg (k[ro—r[)} imaginary part relating to an adjustable paramétar The

wavenumber intervalgk, is given by Knyax/Ny) with N, be-

+Pg(r,rg), 7 . . . .
. pliTo) @ ing the number of integration points.
with The kernel functionp in Eq. (9) is now independent of
K[ (2+ 20) VI= 2 (x=x)s] range and is in one dimension only. This function is the
oo o) ¥ETS T Xo

solution of the one-dimensional Helmholtz equation in the

iB
Ps(r,rg)= —f d i
B0 f lane impedance boundary. For a homoge-
27t - J[1—-s2(J1-s2— presence of a p p y. g
( A neous fluid this solution is known and is given in terms of

Re(B)>0. (8) direct and reflected plane waves:

Sl
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simultaneously because the coefficient matrix is the same for
all three and only the forcing term is different.

Once the kernel function is evaluated for &|l, the
with B being the specific normalized acoustic admittance ofntegral in Eq.(9) can either be evaluated by a quadrature
the ground; k, the wave number €w/c); and k, scheme or, since it is a Fourier integral, by the discrete Fou-
= \/Eé—_krz. rier transform methodDFT). This is the essence of the fast

In an inhomogeneous medium such as a refracting atmdield program for calculating the sound pressure field in an
sphere or in upwind or downwind conditions with an arbi- arbitrary, range-independent sound speed profile. In the DFT
trary sound speed profile, the potential function cannot b&cheme the integral in Eq9) is approximated by two dis-
determined analytically. Instead, a scheme similar to the ficrete sumg?
nite element method can be utiliZ84° whereby the fluid is sk N2 Ne—1
divided into yniform_ horizontal layers with the spegd of Gm(r):Z_llzk— @2mmalNy 2 o(z,k,) e~ 2mmmNg
sound and air density assumed to be constant within each m n=1
layer. The potential in each layer is given by N—1

+ @~ 2mmalNy 2 (P(Z’kn)eZiﬂ'mn/Nk , (15)
n=1

(p:ki eikz\zl—zzl_l_ weikz(zlﬁ—zz) , (11)

z z 0

(pi:AiTekz,i(Z*Hi)+Ailekz,i(Hi+1*Z), (12)

with A’’s being the unknown amplitudes at| being the where G () refers to the Green’s function gt the receiver
layer altitude. The boundary conditions at the layer boundP0intrm. One advantage of the FFT method is that the func-
aries determine the wave potential amplitudes in each layefOn values at an array of positions with a horizontal grid
These conditions are the continuity of normal particle velocP0INtSM &r =2ma/kya (M=1--N,) are evaluated at once,
ity and the pressure across the boundary. The resulting set §1US making possible savings on the number of FFP calcula-
linear equations in unknown amplitudes is set in a globafions. The horizontal wave number is given by

matrix form, AXX=B. HereX represents the unknown am- k,=(n—ia)dk. (16)
plitude vector;A, the matrix resulting from the known expo-

nential terms, an@ is the source ter®“°This matrix equa- Both summations can be performed by a single call to a DFT

tion is solved to produce the wave amplitudes in all |ayersprogram. To evaluate the integral correctly, certain modifica-

The value of the kernel function at one or more desired pollons are re?mrr]ed. t? the kerel IfunCt'of'_" to acciount fgrfthe
sitions can then be derived easily. An alternative method is tfruncation of the infinite integral at a finite value and for

use a transmission line method to evaluate the transfer funé:_hangmg the path of integral away from the real axis to

tion between the source and the receiver layers. This metho ,VOid the poles. Without these corrections superficial oscil-
tions, called Gibbs oscillations, are superimposed on the

however, is less efficient than the global matrix method usek Y ) H ) | off h
in our approach for multiple receiver elevations. The deriva- erne L_mctlon and ave detrimental effects on the accuracy
of the final computation of the boundary element matrix.

tive of the Green’s function required in the integrialcan o : : i :
h‘la'us is overcome in our method by applying a Hanning win-

. 4 . . . .
sound field of an arbitrarily oriented dipole above an inter-2oW t0 the kernel functiof” With this windowing, accurate
face previousl)?.1*42The derivatives of the kernel function in and oscillation-free values of the Fourier transform are ob-

a homogeneous fluid above an absorbing boundary are givéﬂ'ned and lead to an accurate solution of the E’IE'

by _ It should be noteq, however, that the Fourier transform
is accurate only at distances greater than about two wave-
lengths. At distances shorter than two wavelengths, the

], (13 Green’s function for the homogeneous case is an accurate

approximation since sound speed variations have little effect.

This approximation has been implemented in our approach.

m eikz(21+ Zp)

=—] ﬁ eikz|zl_22‘+
Px K k,+ ko3

z

= —ilsianz,—z,)ekdz1—z2l 4 “Z__ZF qiky(zg+2p) |
v [ oz~ 2) k,+ ko3

(14) V. NUMERICAL CONSIDERATIONS

The Green’s function in each case is obtained easily by sub- A high level of accuracy is required in evaluating the
stituting the appropriate kernel function in E@). The k, Green'’s functions in the boundary integral equation. The FFP
term in the numerator of Eq13) comes from differentiation values for the pressure are accurate only at the spatial grid
of the exponential function in the Hankel transfofeg. (9)].  points. An interpolation scheme for range points lying be-
In a layered medium, the boundary conditions are the sameveen the grid points, while providing accurate values for the
as for a monopole source. However, there is a slight differmagnitude of the pressure, fails to give adequate accuracy for
ence in the source terms. At the fluid—solid interface wherdghe phase values because of insufficient spatial sampling. In
the boundary conditions apply, the source terms for the twahis respect, the midpoint of barrier elements must fall on the
derivatives aree‘kz|zl‘22‘(kz— koB) for the z derivative and  grid points of the FFP scheme. Hence, there are constraints
kre‘kZ‘ZfZZ'(l—ko,B/kZ) for the x derivative. The corre- on the integration parameters such as truncation vadygX
sponding term for a monopole ékz|11*22‘(1—k0,8/kz). and the number of integration pointdl,). An alternative

A simplifying feature of these calculations is that the would be to use the Chirp-Z FFP formulation proposed by Li
Green’s function and its two derivatives can be calculatecet al*® to decouple the wave number and space domain grid
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source receiver

hs I hr -20F
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d1 d2
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T.Loss (dB re 1m)

FIG. 1. Schematic diagram to show a typical outdoor environment consist-" -35f
ing of a source, receiver, and noise barrier.
401

values in FFP and have arbitrary grid points in the space -5t
domain. However, this approach has not been adopted here . . . ‘ ‘ . ‘ ‘ .

The three stages to the calculations involving the 00 50 100 15 200 250 300 30 400 450 500
Green’s function and its derivatives are shown in Fig. 1. Range (m)

These stages include the following. FIG. 2. Sound pressure level in an upwardly refracting medium above an
(a) Evaluating the radiation from each element to everyimpedance plane as predicted by a FFP o@did line) and calculated by
other ongfi.e., evaluating the matrix elements in E&)]. BIE-FFP ar_]d discretizing the boundary to test the code. The source and

(b) Calculating the radiation from the source to each;"de't‘r"‘zrshoeﬁztz;‘gg ;g}g d?:riﬂtzomm;[es"ea've'y' The frequency is 10 Hz
element on the barridithe right-hand sides of Ed6)]. ' '

(c) Obtaining the contribution of each barrier element to
the sound received at the observation pdgirg., evaluating
the boundary integral after the matrix equation has bee

the standard fast field program. The results are shown in
figs. 2 and 3 for upwind and downwind conditions, respec-
solved. tively. In both figures the solid line represents the results of

In addition, it is necessary to calculate the sound fielgStandard FFP calculations of the transmission Iatts re

from the source to the receiver in the absence of the barriefi€!d at 1 m and the circles represent predictions of the BIE-
While, in principle, a single FFP step is sufficient to FFP. It is clear that the scheme outlined in this paper is
evaluate sound pressure at all points in the plane consistent with the standard FFP method for simple cases.

memory considerations make this impractical in most com-  Data for the insertion loss of bar%r!’sers in an arbitrary
puter systems. Nevertheless, a considerable saving of tirPund speed profile are rare. Rasmusséas made scale
can be made at each of the three stages. model measurements of the excess attenuation spectra be-

Apart from the case where a large area of the boundargnd a thin barrier in a wind tunnel. The data is taken from
has to be discretizetas in an uneven ground surfacéhe '_g' 11 of Ref. 29 and the parameters &ee Ref. 2_9’ Fig.
physical size of the scatterer is small compared with the ra-l)' hs=2.0 m, hr=1.0 m, d+=20.0 m, d2=40.0, with the

dius of curvature. Furthermore, if the horizontal separatiorP@'"er height of 2.5 m. The input wind speed profile is the

between the elements is small, the sound speed profile pIayZé’er,age of profiles 1 and 2 measured in front and beyond the
arrier. Profile No. 3 gave slightly worse predictions. Figure

a very little role. In this case its homogeneous fdiq. (7)] i i
approximates the Green's function adequately. 4 shows the predicted and measured values. There is reason-

The use of FFP in evaluating the Green's function al-2P€ @greement between these datglid line) and the BIE-

lows one to make efficient computations in certain typical
cases. In particular, if the scatterer is a barrier wall with
vertical sides, the right-hand sides for each vertical section _,
[case(b) abovd can be evaluated with a single FFP step.

The same is true for the third stagiee., contributions -15
from each element to a single observer ppioy using the
reciprocity property of the Green’s function and its horizon-
tal (or x) derivative.

-5 T T T T T T T

| |
N
il

T.Loss {dB re 1m)
&
o

V. RESULTS AND DISCUSSION

-35
The numerical program proposed in this pagBiE-

FFP has been validated by comparing its results to simpli-

fied cases where other predictions are available and to at _

tenuation data obtained in laboratory conditions. BIE-FFP

predictions for the relatively trivialalbeit computationally -5,

451

I I L L L L L L 1
50 100 150 200 250 300 350 400 450 500

intensive, since the entire surface must be discretizade Range (m)
Qf a sound field in a refracting medium a'bove a flat absorbgig, 3. The same as in Fig. 2, except that the frequency is 50 Hz and the
ing surface, may be compared to theoretical values based owedium is downward refracting. The sound speed gradiemtli® m 2.
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Excess Attenuation (dB)
I}
o
T

T Loss (dB)

10° 10° I
frequency (Hz) " N L 1 " L 1 I

0 50 100 150 200 250 300 350 400 450 500

FIG. 4. Measuredsolid line: see Fig. 11 of Ref. 24nd predictedcircles distance from source (m)

excess attenuation of sound at a receiver behind a barrier 2.5 m high iEIG 6. Effectiveness of a noise barrier under downwind conditions

?uoﬂg‘;vllgg”ﬁongg'rc;ﬁé; ?se aT(ae;Sng)err:err::—v:\LI%snTacjdli ér(]) ES ;r?gls;‘tloa Wme:rosses: sound level at 500 Hz downwind of the source in the absence of the
% ) P ! ! barrier; Circles: sound level donwwind of the source with a barrier present

m. A positve sound speed gradient of 0.5 was used. at a distance of 50 m from the source. Solid line: barrier in the neutral
atmosphere. The parameters are8$5 m, h.=1.2 m,hy,ie=1.5 m, and a
sound speed gradient ef1.0 m ! is assumed. It is seen that after a distance

FFP predictiongcircles. These data have been used also byof about 300 m the barrier is no longer effective.

Li and Wangd?® to validate their scheme based on a conformal

mapping of a refracting atmosphere to a curved boundaryalculations. Again, the BIE-FFP calculations show good

The BIE-FFP predictions give improved agreement with theagreement with scale model measurements.

measured data. We have used the BIE-FFP program to investigate the

Another set of measurements have been carried out byerformance of noise barriers in downwind conditions. We

Gabilletet al*® over a hard concave surface with a thin bar-have considered a situation in which an acoustically rigid

rier 15 cm high installed on it. The curvature of the surface isbarrier of height 1.55 m is positioned 50 m downwind of a

analogous to a positive sound speed gradient of 17.6. m noise source above an absorbing ground. The transmission

The source height was 0.1 m, a distanéelon away from  loss has been calculated by the BIE-FFP at a frequency of

the barrier. The receiver 8& m beyond the barrier also at a 500 Hz and at observer positions up to a range of 500 m. The

height of 0.1 m. Figure 5 shows the déthe solid line taken predictions of transmission loss with and without the barrier
from Fig. 15c) of Ref. 37 and our predictioricircle using  are given in Fig. 6. It is evident that at distances longer than

BIE-FFP. To achieve a stable result, an element size of 1 mrB00 m the barrier is predicted to cause no effective reduction

was used in the BIE, and 400 layers were utilized in the FFn sound levels. This is consistent with the view that the
sound rays effectively curve over the barrier for long dis-
tances so that the barrier becomes ineffective.

VI. CONCLUSION

The model proposed in this paper represents consider-
able improvement on past applications of the boundary ele-
ment method to sound propagation above a nonuniform
boundary, including the condition of refracting atmosphere,
since these have assumed a rigid boundary. We have de-
scribed a numerical procedure for predicting the sound field
in a refracting atmosphere above finite impedance surfaces
that include noise barriers and other scatterers. The Green'’s
functions required by the BIE are calculated by the FFP
method.

" T e SERTE The BIE-FFP has been validated by comparison with
70 %10° : S widely accepted results for simplified cases and with labora-
Frequency (Hz) tory measurements reported by other workers.

e

Excess Attenuation (dB)

© » A M o N & o
e T—r—1

FIG. 5. Measuredsolid line: see Fig. 1) of Ref. 37 and predicted
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