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Diffraction of sound from a dipole source near to a barrier
or an impedance discontinuity

Marc Buret® and Kai Ming Li?
Department of Mechanical Engineering, The Hong Kong Polytechnic University, Hong Kong

Keith Attenborough
Department of Engineering, The University of Hull, Hull HU6 7RX, United Kingdom

(Received 5 November 2001; revised 7 January 2003; accepted 11 Februayy 2003

Pierce’s formulation for the diffraction of spherical waves by a hard wedge has been extended to the
case of the sound field due to a dipole source. The same approach is also used to extend a
semiempirical model for sound propagation above an impedance discontinuity due to a dipole
source. The resulting formulas have been validated by comparing their numerical solutions with that
computed by summing the sound fields due to two closely spaced monopole sources of equal
magnitude but opposite in phase. These new formulations are then used to develop a simple model
for calculating the dipole sound field diffracted by a barrier above an impedance ground.
Applications of these models relate to transportation noise prediction, particularly railway noise
abatement, for which dipole sources are commonly used. The numerical predictions have been
found to compare reasonably well with indoor measurements using piezoceramic transducers as
dipole sources. €2003 Acoustical Society of AmericdDOI: 10.1121/1.1566977

PACS numbers: 43.28.En, 43.20[EICS]

I. INTRODUCTION acoustic dipole and although, for example, train noise is
modeled by means of a line of incoherent dipdf&s® most

There is considerable interest in the study of noise re-fth thods f luating the shielding by barriers in th
duction by means of screens and barriers in the context g the methods for evalualing the shielding by barniers in the

environmental noise control. Although approximations forViCinity of tracks are qpproximations based on the' solution
the calculation of the barrier insertion loss are widely used o' SPheérical or cylindrical wavejég.T_he problem of diffrac-
the theoretical foundation for these studies is diffractiontion of sound waves emitted by a dipole source has not been
theory that is intimately related to corresponding solutiondr€@ted yet. Such a calculation is useful in the context of
for electromagnetic fields.An analytic solution for the railway noise as well as for moving sources in general. It has
sound field due to an omnidirectional point source diffracted®®@en shown recentlythat the sound field due to a monopole
by a hard wedge of arbitrary angle has been derived byource in motion can be separated into two components: one
Pierce? It is often used as the basis for calculations of thethat has the characteristics of a monopole and a second that
screening effects due to barriért addition, De Jongt al*  has a dipolar behavior.
have developed a semiempirical solution for the calculation ~ Our aim in this paper is to give a solution for the pres-
of the sound field above an admittance discontinuity, whicksure field due to an arbitrarily oriented dipole diffracted by a
is based on the diffraction of sound by a horizontal screen.wedge. This solution can then be used to extend De Jong'’s
In view of the difficulties of computing Pierce’s original semiempirical model for propagation above an admittance
solutiorf that includes Fresnel integrals, Hadden and Prercestep to dipole sources, as well as for the calculation of the
have reformulated the problem and propose an expressiagobund field due to dipoles in the presence of barriers. Our
using simpler functions. However, more recently, Menounoustarting point is the diffracted pressure for a monopole, as
et al® have suggested a formulation of the diffraction inte-derived by Pierc&® This formulation is preferred to that
gral by means of Hankel functions. Their approach considergiven later by Hadden and Piefdeecause of its consistency

the diffracted wave as being emitted by a directive lineyjth De Jong's modélas well as the recent formulation of
source located at the edge of the wedge. It leads to a unifigge Directive Line Source Modél.

line sources as well as arrays of point sources. In the case roduce the fundamental approach used to derive the sound
an omnidirectional point source, it recovers Pierce’s solutiofig|d due to a dipole for the direct waves, reflected waves
when asymptotic expressions are used. _ ~and diffracted waves. In Sec. I, we discuss the use of these
The dipole field is a classical problem for the diffraction ¢4 mjations for predicting sound in outdoor environments.
of electromagnetic wavésbut little can be found about the Two typical cases are considered. They are naniglsound
propagation above an impedance discontinuity @xc¢ound
a0n leave from the Department of Mechanical and Environmental Engi-propagation in the presence of a barrier above the ground. In
neering, The Open University, Walton Hall, Milton Keynes MK76AA,  gac |\ we present the experimental results for the validation
United Kingdom. . . . .
YAuthor to whom correspondence should be addressed. Electronic maif.)f our t_heoret'cal formmat!ons' Finally, Sec. V summarizes
mmkmli@polyu.edu.hk the main results obtained in the paper.
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FIG. 1. Geometry for a wedge of arbitrary shape.

Il. THEORETICAL FORMULATION where the angle is measured from the verticalbxis. In the
cylindrical polar coordinate system, the two sides of the

wedge are located at= 7, and ¢=71,. Defining a wedge
Consider a two-dimensional wedge that has a constangdex?

cross-sectional area in thgz plane and an arbitrary top
angleT=7,—7,. The anglesr; and 7, are measured from

the positivez axis; see Fig. 1. The wedge is acoustically hard T
with two reflecting planes. We choose a rectangular coordi- ¥~
nate system such that the vertiaahxis passes through the

center of the source. The edge of the wedge is located in the
direction parallel to thex axis and it is situated a horizontal we can fix the shape of the wedge by specifying the param-
distance ofy. and a height ofz, from the origin. In some eters,v, 7,, andz,.

situations, it may be more convenient to use a cylindrical  To derive an analytical expression for the sound field
polar coordinates systefn, ¢, x) to specify field points from  due to a dipole source, it is useful to identify the source
the edge of the wedge. These two coordinate systems awgientation by its direction cosineg(,€, ,¢,) in the rectan-

A. Geometrical configuration

@

T2_’7'1'

related according to gular coordinate system as follows:
r=v(y—ve)*+(z— 2%, (1a
{,=sinvy cosy,
Y~ Ve £,=sinysiny, (©)]
= —arct , 1b Y
Y=Y+ sing, (10
wherey and ¢ are the polar and azimuthal angles as shown

Z=1Z,— I COSep, (19 in Fig. 2.

A ’i S
z a) .

b) K 0 o

FIG. 2. Dipole orientation and direction cosines and
"o relative orientations of a horizontéd) along thex axis,
(b) along they axis, and vertical dipoleg), and their
images with respect to the horizontal and vertical

! planes.
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B. The sound field in the vicinity of an acoustically close to one anoth&The resultant sound field is given by
hard wedge

. . Po(R,Rs+A)=po(R,Rs—A)
The sound field can be expressed as a sum of four com- p= lim N , (5a)
ponents: the direct wave term, two terms corresponding to |A[—0
the waves reflected by the planes at either sides of the wed

and the diffracted wave as follows:

g\%herep0 is the pressure field due to a monopdReandRg
are, respectively, the receiver and source coordinate vectors
Ptot= Pdirt Prefi. 1T Prefi.2 Paiffr - (4)  and the vectorA represent the separation between the two

The first three components of the total pressure ma}put-of-phase monopoles, including the dipole orientation:

vanish depending on the source and receiver positions rela- .
tive to the obstacle. The presence or absence of these com- A=|Al| ¢ (5b)
ponents has been extensively discussed in the litefature €y

z

and is summarized in Fig. 3.

The pressure field due to a dipole can be derived byConsider a coordinate systemt’(y’,z’) with the z’ axis
considering its definition: it is the total field due to two laying along the dipole axis, as illustrated in Fig. 2, Esp)
monopoles of equal strength but 180° out of phase, infinitelycan be rewritten as

po(X',y",Z' x's,y's,2's+|A|) —po(X',y',2' X's,y's,z' s—|A])

p= lim

IA‘HO 2|A|
apo(x',y", 2", x's,y's,z's) IXs d ays 9 azs d
= ' = e Jva ’ —— Tt [ pO(RrRS)- (SC)
daz's dz's dxs  dz's dys 9z's dzs

(¢x,€,,t,) are the direction cosines for the axis and C. Direct and reflected waves

hence expresi,y,2 as functions of’; Eq. (5c) can then be The direct wave from a dipole source is well known as it
rewritten as is the free field solutiofi;*°
p=(1-V9)po(R.Ry), 1-ikR o
Pair=PoOr RZ e, (78
ith (1-Ve=| €m0 4 ¢ 6)
Wi Vo) =|l—+ L, —+{,—|.
S Yoxs  Ydys  fazs where P, is a pressure magnitude consta@iz andR are,
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respectively, directivity factor and the direct path given by L=(x—xg) 2+ (r+rgZ (11b)

Or=—(I-V9R Ap(X) is the diffraction integral:
= CO0S7y COS¢pg+ SiNy Sin g COS s— i), (7b) 1 (o e v’
AD(X)z V2 f (77/2)1/2x_e—l77/4udu
R=(x—xg)+(y~y9)?+(z- 297 (79 V2
The directivity factor is a function of the dipole orienta- =sgrOqO[F(IXD —ig(IXP], (119

tion and the relative source and receiver position representagheref(X) andg(X) are the auxiliary Fresnel functioAg!
here by the incidence anglgs and the azimuthal angl¢s  The parameters{, andX_, are given by

(see Fig. 1 It is interesting to note that the pressure falls as

1/R? for kR<1 and 1R for kR>1. The expressions of the X-=IM,(a-); a-=¢—gs, (119
directivity factor® and the direct patfR can be written in X;=I'M(a)); a,=¢+es—27, (118
the cylindrical coordinate systefn, ¢, x) as follows:

with
X—X r sing—rgsin
Or=bm+ by ¢ . s = Jkrra/mL=2rr o/AL (11f)
and
I COS@—I'5COSQs
—4{; R , (8a COSvT— COSva
M, (a)= ———— (119

vsinvmr

_ 2, 2_ _ _ 2
R=1r?+r5—2rrscog ¢ — ps) + (x—xg)* 8D \where is the wavelength. It is remarkable from Eq$10)

The reflected waves can be calculated using a local coordNd (116 that the term inX_ in the expression of the dif-
nates system relative to each face of the wedge. It is theffacted pressure in Eq113 is related to the direct wave,
straightforward to calculate these waves in the case of a hatifnereas the term iX, is linked to the image source with

wedge. The sound fields due to these two components can [5@SPect to the wedge. _ _
written in a compact form as The presence of the sign function sgh(n Eq. (11¢
means that the diffracted pressure for a monopole is not con-

1-ikS, _ tinuous. Mathematically speaking, its derivative is undefined
Prefln= PO@n_Sﬁ_ekaSn)' (98 4t the points wher& . andX _ are equal to 0. These points
are the lines of sight for the direct and reflected waves. How-
wheren=1, 2 with the corresponding directivity factors and ever, the total pressure field is continuous. The step in the

reflected wave paths given by diffracted pressure is then compensated for by the presence

. . (or absenceof the direct or reflected wave considered and
X—Xg rsing+rgsin(es—27,)

0,=¢, the value of the diffracted pressure on the sight lines can be
Sh Y Sh calculated using the continuity of the total pressure. Before
F COS@— T COS pg—27,) we proceed, we remark that De J8mgves a slightly differ-
—{, (9b)  ent formulation for the diffracted pressure due to a monopole
Sn source, making use of another form of Fresnel function than

the diffraction integralAp . Although it requires tedious ma-
nipulations on the Fresnel integrals, it is straightforward to
show that this expression for the diffracted pressure wave is
actually identical to Pierce’s formulaticn.

Next, we wish to derive an analytical expression for the

The wave diffracted at the edge of the wedge from agjffracted wave due to a dipole source. As shown in Fig. 1,
dipole source can be derived from the corresponding expreset ¢ be the angle made by the diffracted ray with the diffrac-
sion for a monopole source. Making use of E6) for the  tjon edge. According to Keller's law of diffraction, this angle
calculation of dipole fields, the diffracted pressure from ajs the same for both parts of the diffracted ray fatource
dipOle source can be written as to edge and edge to receiy’ethus

Paitr = (I'Vs)Do(R,Ryg), (10 cose = (Xx—Xg)/L (123

Sy=\r?+r5—2rrscog o+ ps—27,) +(X—xg)%.  (90)

D. Diffracted wave

where Dy, is the diffracted pressure for a monopole. Usingand
Pierce’s solutiorf,we can write the analytical solution for the sine=(r+rg)/L. (12
diffracted pressure from a monopole source as

The derivative of the auxiliary Fresnel functioféX) and

Do=Po gt P (Xt AG(K)],  (11a 900 &€
f(X) =~ mXg(X), (133

wherelL is the shortest path from the source to the diffraction
edge to receiver, g’ (X)=mXf(X)—1. (13b

J. Acoust. Soc. Am., Vol. 113, No. 5, May 2003 Buret et al.: Diffraction of sound from a dipole 2483
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Hence, the diffracted wave for an arbitrarily oriented dipole 20
can be derived by substituting Eq41), (123, (12b), (133, _E§ :_
and (13b) into Eq. (10): —§ 10{{_ .
1+i  1-ikL ekt £ o |
Paitr = Po—— O ——— ——[Ap(X;) +Ap(X_)] )
2 L L <§c
L-iexpikl) -10
o5 L1 mX Ap(X.)] 0 -
X_|O®_ singg—COSeg COSpgt+Singg °
> |Tt —X g 05
2 L I’S I’S a{i )
1—i exp(ikL)
0o T[l_WX+AD(X+)] -4 " L L . L
0 0.5 1 1.5 2 25 3
X, |®, singg—-cos COS@g+sin
X(% TL+ Ps Ps X', Ps ‘PS}' X
I's s FIG. 4. Approximation of the diffraction integrahy(X) by 1/mX. The
(148 exact function is shown by solid lines, its approximation represented by
dotted lines.

where® , which is the directivity factor at the point where
the diffracted ray intersects the edge of the wedge, is given

by

OL=~(-VgL=tycose—({, S'n‘PS_€ZCOS¢S)S(T:5) A common idealization of diffraction of sound due to
_ _ outdoor noise source by a barrier is that of diffraction by a
The parameters(” andX, , can be determined according to thin screen, modeled by a half-plane. Diffraction by a half-
r_ / lane is a classical case and can be derived by considering an
X, =TM/(a. 14¢9  Pan .
- o) (149 infinitely thin wedge of top angl&@=0. Hence,

whereM, is the derivative ofM, with respect to its argu-
menta.. . 71=0;, 7p=27 and v=1/2. (17)

At high frequencies and long ranges with respect to theI'he functionM, used for the calculation of the diffracted

wavelength considered; and hencex’, are large and the | -va can then be rewritten from EQ.1g as
auxiliary Fresnel functions can be approximated by

f(X)~1l7X, (159
9(X)~0. (15b) The total sound field can be computed for a given
source/receiver geometry. In Fig. 5, we show the total sound
Therefore, the diffraction integral of Eql1¢) reduces to field at 1000 Hz when the receiver revolves around the edge
_ . _ of a half-plane. The source is locdtd m away from the
Ao(X)=sgrX)[F(XD—ig(IXP]~1/mX. (159 edge, atps=57/3 and its image is thus located at;
Figure 4 shows that for arguments greater than 1, the ap= /3 (both are marked by stars in Fig).5The receiver
proximation in Eq.(150—shown by the dotted line—is al- revolves &2 m from the edge of the half-plang£2 m).
ready acceptable. The fact that(X) is an odd function These plots show the sound field for a monop(detted
ensures the same results for negative valueX.oht high  line), a horizontal dipole(solid line), and a vertical dipole
frequencies and long ranges with respect to the wavelengtlidashed ling We remark that the axis of the horizontal di-
the diffracted pressure as expressed in @4a can be ap- pole, which is aligned along thg axis, is perpendicular to

E. Diffraction by a half-plane

M, (a)=—2 cogal2). (18

proximated by the edge of the half-plane. Relative sound pressure levels
141 1—ikL ekt (SPL) are used to facilitate the presentation of the theoretical
pdiﬁr%POTG)LTT[AD(X+)+AD(X—)]- results. The corresponding reference levels for different

source types are chosen with the receiver located on the non-
(16) illuminated side of the half-plane at the given range, i.e., 2 m
The expression in Eq.16) is analogous to the expres- from the edge. The continuity of the total sound field on the
sion for a monopole source, but modified by the sourcesight lines for direct and reflected waves, marked by radial
strength factor (+ikL)/L and the directivity factor®, , lines, is evident in the plots for all source types.
both typical of a dipole. Menounou’s Directive Line Source To confirm the validity of Eq.(149 for the diffracted
Modef leads to a rather similar result for an array of two sound field, comparisons are made with numerical calcula-
sources. Nevertheless, the source strength factor (fions using two monopoles of 180° difference in phase and
—ikL)/L must then be introduced to account for the 180°very close to one another. In Fig. 5, we display these pre-
difference in phase of the two point sources composing thélicted results with squares for the sound field due to the
dipole. horizontal dipole and triangles for that due to the vertical

2484 J. Acoust. Soc. Am., Vol. 113, No. 5, May 2003 Buret et al.: Diffraction of sound from a dipole
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FIG. 5. The total sound field at 1000 Hz around a half-plane 1/2; 7, FIG. 6. The same as Fig. 5, but for a wedge of top angie (v=4/7; 7,
=0; m,=2m) for a receiver revolving around the edgerat2 m. The =1/6; 7,=237/12).

source is located abs=57/3; rs=1 m; x=xg=0. Three different sources
are shown: a horizontal dipolgolid line), a vertical dipole(dashed ling

and a monopolédotted ling. The squares and the triangles show the cal- . . . L . . .
culations for two monopoles with 180° out of phase and close to one anothdiONS have an important influence on its interaction with di-

in the configuration of a horizontal and a vertical dipole, respectively. Therect and reflected pressure waves.
stars show the positions of the source and its image with respect to the Figure 6 displays the total sound field around the edge of

left-hand side of the screen. The results are referenced to the SPL when the _ o .
receiver is located on the nonilluminated side of the wedge ¢;). Solid % hard Wedge of top angleﬁ‘l (V_4/7’T1_ 77/6’7-2

radii represent the sight lines for direct and reflected waves. =23m/12) at 1000 Hz for the same source and receiver po-
sitions. For such a narrow wedge, the pattern for a vertical
dipole is again closer in shape to that of the monopole, due to
the respective orientations of the source and its image. The

dipole. The predictions with such “composite dipoles” show continuity of pressure at the lines of sight is evinced and the

no discernable difference with waves calculated by Eqgagreement with the sound fields due to “composite dipoles”

(149. (squares for a horizontal dipole and a triangle for a vertical
In the shadow zone, all sources present the same variglipole) is again excellent. _
tions in diffracted pressure, as the directivity function is Figure 7 shows the sound field for the same wedge and

calculated at the top edge of the obstacle and is therefol$!® Same source as a function of the source—receiver offset
independent of the receiver angular position. Outside th&listancex—xs for three receivers in different regions for the
shadow zone, where the diffracted wave interferes with th&€°mMPosition of the total pressure field. These receiver posi-
direct wave, it is remarkable that the sound field pattern for Jions are shown by circles in Fig. 6. Predictions are shown

vertical dipole is comparable in shape to that of a monopolef.Or two horizontal dipolesed—along theaxis, parallel to the

This is not the case for the horizontal dipole. Different butedge of the wedgashed—dotted lineand along thy axis,

related observations were made in the case of propagation E]erpendlcular o the edge of the wedgglid line), respec-

. . Ively. Also shown are predictions for a vertical dipole alon
sound due to a dipole above groufidn this case, the sound y P P g

i ) . . the z axis (dashed lingas well as a monopol@otted ling.
field due to a horizontal dipolewhose image has the same The dipole fields are compared with the corresponding

orientation is very close to that due to a monopole. On the.q,mqgite dipoles”(crosses, squares and triangles, respec-
other hand, the sound field due to a vertical dipole above thﬁvely). The agreement is again very good. The plots have
ground(whose image is inverteds somewhat different be- peen normalized to the point of null offset, except for the
cause of further interference between direct and reflecteglinole along thex axis as the receiver is then in the midplane
waves as well as a loss of reciprocity. Conversely, in theyf the dipole and there is no sound field.

presence of a vertical half-plane described here, the image of  The results for horizontal and vertical dipole are undis-
the vertical dipole conserves the source orientation, whereagmguishable. These calculations confirm observations made
that of a horizontal dipole is inverted. Relative orientationsin earlier studie$, stating that the diffracted wave show
of dipole sources and their images are summarized in Fig. Qreater directivity in the transverse direction than waves
We have seen in Sec. II D that the source and its image botfiom the original source in the absence of a barrier. This is
contribute to the diffracted pressure and hence their orientadue to the behavior of the diffraction integray(X). Its

J. Acoust. Soc. Am., Vol. 113, No. 5, May 2003 Buret et al.: Diffraction of sound from a dipole 2485
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Relative sound pressure level (dB)

Offset x—xs (m)

FIG. 7. The sound field at 1000 Hz in the presence of a hard wedge of top afgle = 4/7; r,= m/6; 7,=23m/12) as a function of the source—receiver
offset. The source is located =1 m; ¢5=57/3. The receiver is located at=2 m and at three positions corresponding to different compositions for the
total pressurefa) ¢= /3 (diffracted wave only; (b) ¢ =7 (direct wave and diffracted wayeand (c) ¢=4=/3 (direct wave, wave reflected on the side

and a diffracted wave These positions are shown in Fig. 6 by circles. Four different sources are shown: a horizontal dipole oriented alcsgsthe
perpendicular to the edge of the wedgelid line), a horizontal dipole oriented along tkeaxis, parallel to the edge of the wed@ashed—dotted linea

vertical dipole(dashed ling and a monopolédotted ling. The squares, the crosses, and the triangles show the calculations for two monopoles out of phase
and close to one another in the configuration of the respective dipoles. The relative sound pressure level is referenced to its value at the piisgtpf null
except for the dipole along theaxis.

magnitude increases with offset, ¥s andX, decreasécf. Ill. TWO APPLICATIONS RELEVANT TO OUTDOOR
Egs.(11d—(11f) and Fig. 4. This partly compensates for the ENVIRONMENT

deca!y in the sound fl_eld due to the increase in the SOUrCex  gound propagation above an admittance

receiver range. Outside the short offset range, the dipolgiscontinuity

along thex axis behaves in a way very similar to that of a ] . )
monopole. Several models can be found in the literature concerning

Comparing Figs. @), (b), and(c) provides good insight the propagation of sound above a discontinuous ground.
into the influence of the direct waves and the reflections fronBoulangeret al. have given a review of these modefsTwo
the sides of the wedge on the total sound field. An interferof them are of interest for the present study as they make use
ence pattern is observed in the region where the three con®f the solution for the diffracted pressure by a wedge. Koers’
ponents of the sound field are present. The horizontal dipolg1odef* considers a wedge of top angle 180° with different
aligned along the axis (dashed—dotted linend the vertical admittance of each “side.” However, not only is such a
dipole (dashed ling behave similarly to a monopolglotted ~ model subject to the restrictions concerning the absorbent
line) in that respect, whereas the pattern for the dipolevedge but the sound field is not well defined when the re-
aligned along they axis (solid line) seems to be somewhat flection occurs at the point of discontinuity. The second
out of phase. This is also due to the relative orientations ofmodel, a semiempirical one, has been proposed by De%Jong.
the actual and image sourc@ee Fig. 2, which are identical It is based on the superposition of two half-planes of differ-
for the dipole along, almost the same for a vertical dipole ent admittance. The actual diffracted wave is then estimated
and quasi-opposite for the dipole along shexis. This figure by considering the two limiting cases: that of a hard screen in
shows that reflected waves are critical components of théhe air and that of homogeneous ground. De Jong’'s model
total sound field. has proved to give relatively good agreements with experi-

2486 J. Acoust. Soc. Am., Vol. 113, No. 5, May 2003 Buret et al.: Diffraction of sound from a dipole
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FIG. 8. Geometry for the propagation of sound above
an admittance step.

mental results and with more accurate numericalwhereQ,; and Q, are the spherical wave reflection coeffi-
calculation$? for an omnidirectional point source. Having cients calculated for the two types of ground,

derived an expression for the pressure field due to a dipole _ B .

diffracted by a half-plane, we shall now adapt De Jong’s Qi=Rp +(1=Rp)F(w), fori=1.2, (23b)

model to dipole sources. with R, andw; being the respective plane wave reflection

After Li etal,”™ the sound field due to an arb|tratr|ly' coefficients and numerical distances. The paran@tes the

oriented dipole above a plane of specific normalized admltE:orresponding spherical wave reflection coefficient at the

tances can be expressed in a close-form analytical SOIut'o'ﬂboint of specular reflection arid is the relative sound pres-
as sure of a monopole source diffracted by a horizontal half-

1—ikR] kR 1—ikSs] ks plane with the edge coincided with the admittance disconti-
p=@R[ = ?"'@SRP[T < nuity. The form of the solution foD, is given in a form
_ similar to Eq.(119 with a different configuration of source
1—ikS]| kS and receiver.

+02(1-Rp)F(w)

s’ (193 The sound field for a dipole of unit strength can be ob-
tained by differentiating the expression for a monopole, the
right hand side of Eq(23a), to yield

expikR) expikS)

S

whereR andSare the direct and reflected ray patRs,is the
plane wave reflection coefficient,

_cosbs—p p=(I-Vy) +Qr
P™ cosbs+ B’ (190 R S
with @5 the incidence angle of the reflected ray. The bound- +(Q1=Q)[(1'V9)Do] +[(1-Vs)(Q1 = Q2) 1Pt
ary loss factorfF(w), is (24)
F(w)= 1+i\/gwe—w2 erfo —iw), (1909  where the operator {Vg) is given in Eq.(6) and pgis is the

pressure due to the dipole source, diffracted by a horizontal

with the numerical distancer given by half-plane whose edge coincides with the discontinuity,

w=(3ikS)"4cosbs+ B). (190 1+i  1—ikL ekt

The corresponding directivity factors are determined by Pesti ™ TL L T[AD(X+)+AD(X_)]'
O Rr=C0S¢p5COSY+Sinpgsiny cod yg— i), (20 (253
0 o= 0803 COSy + Sin B Siny COL e 1), (21 O =c0oSfg cosy+sin O siny cog ys— i), (25b

with L the diffracted ray pathlengttX, andX_ are defined
©2=— B cosy+1—B°sinycog ys— ), (22 in Egs. (110 and (118 with angle ¢5 measured from the
where ¢ is the elevation angle of the direct ray apg the ~ N€gativey axis, as shown in Fig. 8. The paramegy is the
azimuthal angle of the direct path connecting source and rédirectivity factor at the poink where the diffracted ray in-
ceiver shown in Fig. 8. The dipole orientation is defined by!€rsects the admittance discontinuity, i.e., the edge of the
the polar and azimuthal anglesand ¢ (see Sec. Il and Fig. half-plane, as shown in Fig. 1. The parametégsand s

2). are, respectively, the elevation angle and azimuthal angle of
In the presence of an admittance discontinuity on a flafh® diffracted ray path joining source to edge to receiver.
reflecting groundsee Fig. 8 the pressure field for a mono- The first bracketed term on the right hand side of Eq.

(24) represents sound fields due to a dipole above the
ground. Use can be made of the solution derived by Li
et all® shown in Eq.(19). The derivative of the diffracted
pressure in the second term on the right-hand side ofZ).

pole source of unit strength can be expresséd as
ikR eikS
po:?WLQr?ﬁL(Ql_Qz)Do, (239
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% pr FIG. 9. Geometry for the propagation of sound in the
N presence of a barrier above the ground.
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is the pressure due to a dipole source diffracted by a horirepresented by the sum of four componeisese Fig. 9 cor-
zontal half-plane, cf. Eq(16), with the use of appropriate responding to each path from source to receiver, taking into
parameters. The last term involves the derivative of theaccount the effect of the ground reflections. The total sound
spherical wave reflection coefficients. In the case of a horifield can be expressed as
zontal dipole, its contribution will not be significant com-
pared with the first two terms because the variations of this Po=Pos-rT QuPojs-r+ Q2Pos-1r T Q1Q2Pois- 1R,

. o . . ) (28
reflection coefficient with horizontal distance are small. On
the other hand, its influence becomes crucial in the case of where the subscriptS, R, IS, IRstand for the source, the
vertical dipole as the spherical wave coefficient is more senreceiver, the image source and the image receiver, respec-

sitive to variations in height. tively. The parameters), andQ, are the reflection coeffi-
Li's formulation'® is used to rewrite IVo)Q; as cients for the waves reflected on the source ggi®und
. admittanceB;) and on the receiver sidground admittance
1-ikS . o
(1'V9)Qi=(05—0g) —=—— (1—Rp) F(W;), B,). It has been found that these reflection coefficients
S should be calculated for the respective paths joining the im-
for i=12 (26) age source to the edge of the wedge)(and the edge to the

) _ image receiver 4,). These are calculated from geometrical
where®g, 07;, and®z, can be determined according to consjderationgsee Fig. 9 as

Egs.(21) and(22). Hence, Eq{(24) becomes

s 4Ze Zg| .
1—ikR ekR 1-ikS  eiks P1= g 1_f_s coscps—r—S sirf e, (293
P=O g R T9s s %
) r 4z, Zo\ .
1+i ekt 1—ikL 1-ikS P2=gin \/1—7(60590—r—)sm28- (290
- T ®LT(Q1_Q2)+ T(él—fz) & S

In the case of a dipole source, the expression for the
X[Ap(X-)+Ap(X1)], (278 sound field can be obtained by substituting E2f) into Eq.
(6). This leads to

where
£=(02—0g9)(1—Rp)F(w;), i=1,2. (27b) p=(1-V9)Pos-r* Q1[(I-Vs)Pos-r]
For near-grazing propagation and soft grounds, further ap- +Qal(1'Vg)Pos-1r] +Q1Q2L (1:Vs)Poys-1r]
roximations can be usélin Eq. (27b) to simpli and
22 as follows: a-(27H pity & +[(1-V9)Q1]poss-rT[(1'Vs)Q2]Pos-ir

&~—2B;cosyF(w,), i=1,2. (270 H{Qu[(1-V9)Q21[(1'V5)Q1]1Q2} Poys-ir - (30)

The solution is nonsingular and continuous where the point!OWeVer, as the reflection coefficieQy is calculated for the

of specular reflection crosses over the admittance discontini2ath joining the edge of the barrier to the receiver, it is in-
ity because, at the transition poit=S; ®, =0¢ and X, dependent of the source coordinates in the vertical plane,
=0, which leads teA,(0)= — (1—i)/2. Hence, the continu- hence,

ity of the solution is ensured. (1-V9)Q,=0. (319

B. Sound propagation in the presence of a barrier Thel derivatiye of the refI?ction coefficier@l may herg
above the ground again be estimated after Li's formulation for the sound field

] o “due to a dipole above the groufft,
Consider sound propagation in the presence of a barrier

when source and receiver are located on either sides of a 1-ikpy
barrier with the receiver located at the shadow zone above (|'Vs/Q1= (021~ 0s1) p1 (1=Rey)F(wy),
ground. The sound field for a monopole source can then be (31b
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where pressure levels were then calculated by means of an integra-
cosfe— 3 tion of these filtered responses rather than on single frequen-
b= L (319 cies, to ensure that small spectral instabilities linked to the
Cosfe— B change geometry do not affect the results presented here.
w, = (Likpy)Y2(cosbet By) (310) Since the pie_zoceramic disks emitte_d quite low levels of
1i2 BT sound, a relatively short source—receiver range up to 1.5 m
0 g, =COSHg COSy+ Sin g siny cos e — i), (319  was chosen in our indoor measurements. They also have

_ been carried out with an omnidirectional source, a driver
Oz1=—pBicosy+y1-pgisinycodye—4),  (31)  prolonged by a tube of diameter 30 mm and length 1.5 m.

with 6¢ and g being the elevation and azimuthal angles ofHere again the responses have been filtered on the third oc-
fave bands centered on the resonant frequencies of the dipole

the path joining the image source to the edge of the barrie X
(see Fig. 9. Equation(30) can then be simplified to f[ransdu_cers. The _sound pressure level is ther_l calculated by
integration of the filtered responses. The free field spectra of
P=pPs-r+Q1Pis-rt Q2Ps-1r T Q1Q2Pis- IR the various sources used are presented in Fig. 10.

1—ikpy The measurements were compared to theoretical predic-
— tions that have been adjusted with the filtered spectra of the
corresponding sources. Hard ground was modeled by means
X (1—Rpy)F(Wy), (320  of varnished plywood panels. Two different impedance

) o grounds were modeled using a two-parameter mtekar-
where, when the receiver is in the shadow zops, g; pet with equivalent parameters,=10 kPasm? and a,
Pis-r; Ps-ir; Pis-ir are the diffracted pressures for each _ 109 ;1 'and rough rubber mat sheets, withr,
of the four propagation paths calculated using the expression g ypasm? and @,=2000 m'L. Characterizations of
given in Eq.(16). these two materials by means of Excess Attenuation mea-
surements are presented in Fig. 11. Barrier measurements
have been made using a steel plate as a rigid thin screen.

+(021—=0Og)[Pojs-rT Q2P01s-IR]

IV. LABORATORY MEASUREMENTS

A. Experimental setup

. . B. Impedance discontinuit
Measurements have been carried out in an anechoic’ P y

chamber of dimension 6 M6 mx 4 m (high). In our experiments, the carpet and the rough rubber mat
Piezoceramic disks with peak frequencies of 2875 Hzare used to create a mixed impedance ground surface. Figure
(diameter 35 mmand 3980 Hz(diameter 27 mmwith di- 12 shows the variations of the sound pressure level with the
pole directivity have been used. Although they may be delipercentage of the harder groufrdibber maf on the source
cate to manipulate, similar disks were used successfully a®ceiver path. The source height is 0.035 m above the rubber
dipole sources in our previous studi@sThe impulse re- mat and the receiver height is 0.025 m. The source—receiver
sponses were obtained by means of a Maximum Length Seange is 0.75 m and there is no offset x=0). The data
quence Analyzér and then filtered on the third octave band shown correspond to the measurements for a monopole
centered on the peak frequency of the source. The soundots, a horizontal dipole along thg axis (squares and a
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FIG. 11. Characterization of the two types of ground
used. The solid lines show measurements for a separa-
tion of 0.75 m and source and receiver heights of 0.035
and 0.025 m, respectively, referenced to free field mea-
surements. The dashed lines show predictions using a
two-parameter ground modéRef. 14 with the follow-

ing values:(a) o,=10 kPasm?; a,=75m * for the
carpet; (b) o,=8kPasm?; a,=2000m?! for the
rubber mat.

vertical dipole (triangles. They are compared with the boundary:®we can observe from Fig. 12 that the behavior of
theory: the dotted line shows the predictions for the monothe horizontal dipole is very similar to that of a monopole.
pole, the solid line for the horizontal dipole, and the dashedrhe behavior of the vertical dipole is somewhat different.
line for the vertical dipole. The sound pressure levels hav&his can be explained, as mentioned earlier in Sec. IlE,
been normalized at the point of discontinuity in Figs. 12 andwhen commenting upon Fig. 5, by the relative orientations of
13 in order to give a better comparison of the trends at thishe sources and their images.
point, particularly in the change of slope observed when the  Figure 13 shows the variations of the sound pressure
surface on which the reflection occurs changes. level with source—receiver range. The source is at height
The continuity of the pressure field is well respected0.035 m above the rubber mat and 0.6 m away from the
when the specular reflection occurs on the discontinuity linediscontinuity ¢/.=0;ys=—0.6 m). The receiver is located
(about 58% of rubber mat on the source-receiver pddev-  0.025 m above the ground and its position varies frpm
ertheless, we can observe a discrepancy in Fig. 12 betweea— 0.1 m toy=0.9 m. Here again, the sound field of a hori-
the theory and the measurements when the percentage of thental dipole(solid ling) is almost indistinguishable from
harder ground tends to zero. This is also observed for #hat due to a monopolédotted ling. The vertical dipole
monopole source and may therefore be a fault inherent to Dé&lashed lingis more sensitive to the change in the value of

Jong’s model. It is, however, slightly more important in the the admittance, as one can observe a more important change

case of a dipole, probably due to the use of an approximatef slope in the decrease of the sound pressure level with
formula for the derivatives of the reflection coefficients. Out-range when the specular reflection occurs on the second type
side this region, where the percentage of harder ground isf ground. The agreement with the experimental data for the
larger, the agreement between measurements and theorytigee types of sourcédots for monopole, squares and tri-
generally very good. There is a discrepancy between prediangles for horizontal and vertical dipole, respectiyely
tions of measurements for a vertical dipole in Fig(ddZor  again very good.
the range 50%—-60% of hardest ground. In view of the good  Figure 14 shows the variations of the sound pressure
results obtained for other configurations this can be exievel for a horizontal dipole along the discontinuity axis)
plained by a slight deviation in the orientation of the piezo-with the source—receiver offset—xg (solid line for the
ceramic source used for the corresponding set of measuréieory and crosses for the experimental gafae results for
ments. a monopole are shown for comparis@otted line: theory,

As in the case of propagation above a homogeneoudots: measurementsThe source is 0.035 m above the rub-

20f g f= 28475 He

FIG. 12. Sound field above an admittance step for a

il e g monopole(dotted line for the theory; dots for the ex-
L il perimental data a horizontal dipolésolid line: theory;
= sqguares: measuremen@nd a vertical dipolddashed
20}, 4 line: theory; triangles: measurements a function of

the percentage of the hardest gronabber mat The

two ground models are those presented in Fig. 11. The
source is located at heiglat=0.035 m above the rub-
ber mat, the receiver heightzs=0.025 m. The source—
receiver range iy —ys=0.75m and there is no offset
(x—x5=0). The results are referenced to the predicted
SPL at the point where the specular reflection occurs at
the discontinuity(58% of harder ground materialized

by the vertical solid line.

Relative sound pressure level (dB ref pomt of discontinuity’)

o 10 20 30 40 350 &0 70 &0 a0

Fercentage of hardest ground

100
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a) fe= 2875 He

FIG. 13. Sound field above a rubber mat—carpet dis-
continuity for a monopolgdotted line for the theory;
v o ] dots for the experimental dataa horizontal dipole
0 : (solid line: theory; squares: measuremermtsd a verti-

o 3 cal dipole (dashed line: theory; triangles: measure-
i ments as a function of the source—receiver range. The
T discontinuity is located at=0. The source is located at

b) £ = 3980 Hz height zs=0.035 m above the rubber mat and ya§

=—0.6 m, the receiver az=0.025m. The source—
receiver distanceg —yg varies from 0.5 to 1.5 m and
there is no offset X—xs=0). The results are refer-
enced to the predicted SPL at the point where the
specular reflection occurs at the discontinuity—ys
=1.027 m), materialized by the vertical solid line.

Relative sound pressure level (dB ref’ pomt af discontinuity)

0.5 0.6 o7 0.8 0.8 1 1.1 1.2 1.3 1.4 1.5

Source - Receiver Range (m)

ber, 0.2 m away from the discontinuity and the receiver isrespectively. The height of the screergjs=0.22 m and it is
0.025 m above the carpet, 0.3 m away from the discontinuitlocated aty,=0. The source is located ats=0; ys

When there is no offset, there is no sound field, as the re= —0.3 m;zs=0.1 m and the receiver is locatedxat 0 and

ceiver is located in the midplane of the dipole source. The;=0.05 m. The dots show the experimental results for a
sound pressure level then increases with the offset fO”OWingnonopole’ the squares for a horizontal d|po|e a|ong yhe
the directivity function of the source and reaches a stablgyis (perpendicular to the edge of the scrgeand the tri-
value when the offset is roughly of the same order as thengles for a vertical dipole. They are compared with theoret-
source—receiver distance as increases in the directivity indggg) predictions with a dotted line for the monopole, a solid
are compensated by longer ranges. Here again, the agreemgRk for the horizontal dipole, and a dashed line for the ver-
in between the predictions and the experimental data is veryqg dipole. As in the case of the admittance discontinuity,

good. the results shown here for the sound pressure level are based
on an integration of the sound power over the third octave
and centered at the resonant frequencies of the dipole sources
The study of the sound field in the presence of a barriefrespectively, 2875 and 3980 Hz
over the ground involves images with respect to the ground ~ Agreement between the measurements and the predic-
as well as the obstacle. This is particularly interesting in thdions is very good. One may notice that, in the configuration
light of the remarks we have made in Sec. Il E. chosen, the behavior of the dipoles is somewhat similar to
Figures 15, 16, and 17 show the variations of the soundhat of the monopole, independently of the orientation. As we
field with the receiver position when the ground is hard onhave mentioned in the beginning of this section, the image of
both sides, hard on the source side and covered with carp#te horizontal dipole with respect to the ground conserves
on the receiver side, and covered with carpet on both sideshe source orientation. This type of source behaves like a

C. Barrier measurements

T T T T T T T T T
a)f.=2875Hz
€ L . 7
i
a i y X e A, LI X x E
= oI L]
T 20} 1
B FIG. 14. Sound field above a rubber mat—carpet dis-
E | | continuity for a monopolgdotted line for the theory;
4 dots for the experimental datand a horizontal dipole
a .40 . ; ) ) . ; . . ) along the line of discontinuity(solid line: theory;
g : : : : i : : . . sguares: measurementss a function of the offsex
2 b) £, = 3980 Hz ~Xs- The discontinuity is Ioca_ted at=0. The source
=R | Sr— e, — 4 is located atys=—0.2 m, at heighzs=0.035 m above
3 x e Y 9 the rubber mat and the receiveryat 0.3 m, at height
& - e B, B, o 3 z=0.025 m above the carpet. The results for a mono-
pole are referenced to the predicted SPL when there is
-20+ 7 no offset; those for the dipole are arbitrarily referenced.
_40 1 Il 1 1 | 1 1

1 [
0 0.1 0.2 0.3 0.4 05 0.6 0.7 0.8 0.9 1
Offset x—xs (m)
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FIG. 15. Sound field diffracted by a rigid thin screen in
the presence of ground for a monopéitted line for

the theory; dots for the experimental data horizontal
dipole (solid line: theory; squares: measuremgatsd a
vertical dipole(dashed line: theory; triangles: measure-
ments. The screen is located gt=0 and its height is
z,=0.22m. The source coordinates axg=0; Yysg
=-0.3m; zg=0.1 m. The receiver is located at=0
andz=0.05 m its distance from the barrigr-y, is the
varying parameter. The ground on both sides is hard.
The results are referenced to the total predicted SPL in
the presence of the barrier at the first point considered

(Y—Ye=0.2m).

FIG. 16. The same as Fig. 15, except the ground is hard
on the source side and covered with carpet on the re-
ceiver side.

FIG. 17. The same as Fig. 15, except the ground is
covered with carpet on both sides.
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FIG. 18. Sound field as diffracted by a thin screen
above hard ground as a function of the source—receiver
offsetx—Xxg. Results are shown for a monopole source
(dotted line: prediction; dots: measuremeénts hori-
zontal oriented along thg axis, perpendicularly to the
edge of the screefsolid line: prediction; squares: mea-
T T T T T T T T T surements a horizontal dipole oriented along the
axis, parallel to the edgé&dashed—dotted line: predic-
0= e - . tion; crosses: measurementand a vertical dipole

: (dashed line: prediction; triangles: measuremeritke
X screen is 0.22 m high; both source and receiver are
located at height 0.17 m; 0.1 away from the screen on
each side. The results are referenced to the predicted
SPL at null offset, except for the dipole along thaxis.

Relative sound pressure level (dB re. SPL at 1 m offset)

b) f.=3980 Hz
1 1

I

1 1
0 01 0.2 0.3 0.4 05 0.6 07 0.8 0.9 1

Offset x—xs (m)

monopole for the ground reflection. On the other hand, itsor arbitrary source and receiver positions. Based on Pierce’s
image with respect to the screen is inverted. It is the otheformulation for the diffraction of sound due to a point
way round for the vertical dipole whose sound field is similarsource? this solution leads to an expression similar to the
to that due to a monopole as regards screen diffraction, bdbrmulation according to Menounou’s Directive Line Source
not for ground reflection. It appears from Figs. 15—-17 that inModel® By means of this solution for the diffracted dipole
the combination of both phenomena, the monopolar behavidield, De Jong’s semiempirical model for propagation above
is predominant. A remarkable consequence of this observa ground discontinuifhas been extended. Similarly, an ana-
tion is in the acceptability of using monopole expressions agytical formula has been derived for the calculation of the
a rough estimate of the sound field due to directive sources isound field due to dipole sources above the ground in the
outdoor noise predictions involving barriers and screens fopresence of a barrier. These practical cases have shown the
2-D situations. influence of the source directivity on the prediction of the
Finally, Fig. 18 shows the variations of the sound pres-sound field. Particularly, in 2-D cases of barrier above
sure level as a function of the source—receiver offset for ouground, the dipole field is somewhat similar to that due to an
rigid thin screen above hard ground. Source and receivesmnidirectional point source. Nevertheless, in 3-D cases, the
are located relatively high above the ground=zs  sound field in the transverse direction is very sensitive to the
=0.17 m—i.e., 0.05 m below the edge of the screen—and abrientation of the source. This result is important in the con-
a reasonably short distance away from the scrgen=yg  text of screening of transportation noise where lines of inco-
=0.1 m. Four different sources were used: a monofade-  herent dipoles may be used to model the noise source. For
ted line: predictions; dots: measurement horizontal di- this reason, an extension of this work to more directional
pole along they axis, perpendicular to the edge of the screensources, such as quadrupoles, would be useful.
(solid line: predictions; squares: measuremgrasorizontal
dipole along thex axis, parallel to the edg@lashed—dotted ACKNOWLEDGMENTS
line: predictions; crosses: measuremgrsd a vertical di- ) ]
pole (dashed line: predictions; triangles: measurements  1he work reported in this paper has been conducted
Agreement between the experimental data and the predidvhile one of the authorév.B.) was on study leave at the
tions is generally very good. In view of the results shown inDepartment of Mechanical Engineering, the Hong Kong
Fig. 18, the influence of the ground reflections is still critical, Pelytechnic University. The authors gratefully acknowledge
though the source and receiver are relatively high above thi'® Research Committees of the Open University and the
ground. This is confirmed by the fact that, unlike the verticalHong Kong Polytechnic University for their partial financial
dipole and except whelkkR<1, the horizontal dipoles behave SUPPOrt in this project. One of the authdfd.B.) was sup-
in a way similar to a monopole source: with respect to thePorted by an Open University Competitive Studentship. This
ground, the image source of a vertical dipole is invertedWork described in this paper was supported in part by
whereas it keeps the original orientation in the case of &7RSC Grant No. GR L15326 and in part by the Research
horizontal dipole. Unlike the 2-D situation, the dipole orien- Grant Council of the Hong Kong SAR Government.
tation seems to be crucial for the sound fields in the trans-
verse direction when considering diffraction by a barrier in 1J. J. Bowman and T. B. A. SenidElectromagnetic Waves and Acoustic

the presence of ground, Scattering by Simple Shapésorth-Holland, Amsterdam, 1969
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