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The problem of sound screening by a wedge shaped barrier with general boundary conditions is
considered. The theoretical methods used for evaluating the effectiveness of a noise barrier on the
ground often appeal to one model for considering the wave reflection from the ground, and another
model accounting for the wave diffraction at the top of the wedge barrier. For a point-like sound
source, there are several attractive models for evaluating the sound field diffracted by either an
ideally hard or an ideally soft wedge, but few treat the case of a wedge of more general surface
boundary conditions. The purpose of the present work is to carry out a numerical investigation
based on an existing diffraction model where the edge diffracted field is given as a high frequency
asymptotic expression. The sound excitation source is taken as linear and parallel to the edge
of the wedge, hence the two-dimensional character of the problem. The expression of the field
diffracted by the edge of the absorbing wedge is adapted from a model where it is developed from
the solution for plane wave incidence. More specifically, the solution to the case of the line source
in that model is elaborated by considering a wave spectrum decomposition of a cylindrical wave.
Numerical results of calculations on an absorbing wedge in free space show that the amplitude
of the edge diffracted field increases with increasing hardness of the wedge. This field amplitude
is also found to increase with an increasing value of the opening angle of the wedge, which is in
agreement with the results for the case of an ideally hard wedge irradiated by a spherical source.
Another point of interest, which is also considered in this study, is the case of a hard wedge on
a ground with mixed boundary conditions, and which is considered for both the case of a point
source and the case of a line source. Further examples are considered for predicting the insertion
loss of an absorbing barrier in a typical road traffic situation. The barrier is erected on ground
consisting of a combination of two grounds with different impedances, namely that of asphalt
on the source side, and of grass on the receiver side. The results of numerical calculations show
that the noise shielding performance of the impedance barrier diminishes both for increasing
hardness of the barrier and for increasing value of the barrier angle. This latter conclusion is
also in agreement with previous findings for a hard wedged barrier, with a point-like sound
source. The divergence of the sound source is also found to have a minor effect on evaluating the

effectiveness of the noise barrier. © 2003 Institute of Noise Control Engineering.
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1. INTRODUCTION

Noise emanating from road traffic is often considered a
serious problem for people dwelling near roads. Artificial
barriers or elevated road side banks are thus often used in
residential areas for reducing this kind of noise. However,
researchers are often in need of theoretical prediction
schemes for foreseeing the performance of newly designed
noise barriers before running full-scale tests on prototypes.
Theoretical predictions may be made either by numerical
techniques, or by means of analytical models. In this latter
case, the most widespread techniques require the combination
of a model accounting for the reflection of sound waves on
the ground, and another model for treating the diffraction of
waves by a straight-edged barrier. During the past few decades
there has been intensive research activity in this field, and as a
consequence several accurate models have been developed.

For more than a century the problem of wave scattering
by a wedge has been a subject of increasing interest and
continuous development. Exact analytical solutions have
first been formulated for the case of plane wave incidence,
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and then generalized to the cases of cylindrical and spherical
wave incidence. Cases where the wave source is point-like or
with the wedge faces not perfectly hard or perfectly soft but
of more general boundary conditions are significantly more
difficult, and they often necessitate special techniques for their
solution. In this respect an ideal straight traffic line is often
represented, with a satisfactory degree of approximation by
an incoherent linear sound source with the main acoustical
characteristic being that the pressure field amplitude variation
exhibits a space variation inversely proportional to the distance
r from the sound source. However, and in the absence of more
suitable models, the present paper con<iders the case of a sound
pressure field variation following a 1/ \/; function, typical for
a coherent source.

In acoustics, the problem of the wedge with finite impedance
faces has been the subject of research for some years,'¢ as
well as for different applications regarding the case of a hard
wedge.”® Although some special attention has been devoted to
particular applications of acoustical scattering by wedges,’'
it may be said that most of the research on this topic has been
conducted for various applications in electromagnetism.'*'8
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2. DIFFRACTION OF A CYLINDRICAL WAVE
BY AN IMPEDANCE WEDGE

The problem of diffraction by an impedance wedge has
been solved exactly by Maliuzhinets for a plane incident wave,!
and the solution for a line source was made by considering the
plane wave spectrum decomposition of a cylindrical wave.'®
The total field at the receiver position is expressed as the
sum of three components, two of them being the geometrical
ones, the direct wave and the wave reflected on either or both
of the wedge faces, and the wave diffracted by the wedge.
There is no consideration in this work of the phenomenon of
wave transmission through the wedge. Figure 1 illustrates the
geometry of the problem with the faces of the wedge having
the impedances Z, and Z and being at the angles 0 and a7 in
the fluid medium (7 is equal to 2 for a half plane), where:

. Z,
sinf,, = > (D

O.m

0, being the Brewster angles of the wedge faces and Z_the
impedance of air, i.e. Z=pc, p being the density of air, and ¢
the speed of sound propagation. The incident wave is assumed
being e ™ /~kr', k being the wavenumber, and a time
dependence factor ¢! is understood and omitted throughout.
The distance of the sound source to the edge of the wedge is 7'
and that of the field point is 7. The corresponding angles made
with the wedge face nearer to the sound source are respectively
@' and @. The field diffracted by the Wegige u? may be written
as the sum of four terms, that is u“ = Zu,‘fm with:!®

I.m=1

—ikr' ' —ikr
uf, = e—ﬁ,m(w,w')F[kLa,,,,]"’ - @)
JF r+r JH
Note that this expression is the result of a high frequency
asymptotic formulation. Hence, it is expected to be valid for
frequencies down to a value such that the wavelength does
not exceed a typical size in the problem, or equivalently that
the location of either source or receiver be in the far field.

S
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nm

Fig. 1— Geometry of the problem of diffraction of an acoustical wave
by an impedance wedge.
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Furthermore, the present solution is uniform and is in full
agreement with the expression formulated by the Uniform
Theory of Diffraction (UTD) for the hard wedge, where the
term P, 1is given by :

P, (0.9) =~ :ﬂ,’_; Q,(0.¢) (1" 4,[-1) o, ()" pleor 2LV 2+ 7@ ”rf; )¢
(3)
where:
8
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The function W is the auxiliary function defined by:
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in which:
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and the function  (z) is the special function introduced by
Maliuzhinets, and defined by:

L : g
wn(::):exp{—i'[ Jtanﬂ—dWIp ] 8)
8n g s, 4ncos(v—p)
The function y (z) satisfies the parity relation
Y (-z)=y (z), and the property for complex conjugate argument
P (z%)= *(z). A simpler alternative definition of  (z) using
a single integration is:"

1% h(zz) -1
w,(2) = exp _EI Qo) dy ©)
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and useful and accurate polynomial approximations to
this function may also be found.?® In Eq. (2) the factor

Fl i rr'
;4 Cbm | is the transition function defined by

Kouyoumjian and Pathak and expressed by:?!

F(X)=2jJXe* fe-f”dr (10)

V¥
with:
bl 2 % ot
a,,(7) = 2cos*["—"w,‘;—yJ (11)

y=+(—1)'¢' and N* the nearest integer satisfying the equality
2nnN*—y = (=1)'m.



3. REFLECTION OF A SOUND WAVE AT AN
IMPEDANCE BOUNDARY

Usually, the total field u, , above an impedance boundary
may be expressed by u, = u, +Qu_where u, is the direct field
source-receiver and u_the field from the image source as
though the boundary were ideally hard and Q a factor taking
into account the boundary’s impedance.

A. Spherical wave incidence

1. Boundary with a homogeneous impedance:
Thomasson’s model

According to this model, the total field at the receiver
is made up of three contributions: a direct wave with the
distance range R, a reflected wave with R, as if the ground
were perfectly hard, and a correction term taking into account
the complex and finite impedance of the ground,* (see Fig.
2):
kR, kR,

U, = s _ 35 =

4nR, 4nR,

Let B be the specific point admittance of the boundary, i.e.
B =pc/Z_, with p the density of air, then:

" :{$m +¥, Re(y,)>1 and Im(B3)<0 (13)
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7, =—Bcosa, +4/1- B’ sing,, Rel\}l—ﬁz J> 0. (19)

The origin of the system of coordinates is assumed to be
on the impedance ground between the source and receiver
positions, and hence R and S have for coordinates S(-x, y,, z,)
and R(x,, y,, z,) (Fig. 2). The angle o, is the angle made by the
incident ray at reflection on the boundary and the normal at the
specular point of reflection, i.e. cosa, = (y+y,)/R,. The term
W, as given in Eq. (18) may be considered as the expression
of a surface wave contribution.

2. Boundary with an impedance discontinuity:
deJong et al.’s model

This model is semi-empirical and permits evaluation of
the acoustical field above a flat boundary with an impedance
discontinuity, Fig. 3. The source-receiver line is supposed to
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Receiver

Z: Ground impedence

Fig. 2— Propagation of a spherical wave above an impedance bound-
ary.

be normal to the impedance discontinuity line. For not too

extreme geometrical situations and if u, is the free field source-

receiver, the excess attenuation due to the introduction of the
u R

i) it | Q|_3e{“nl_nl} +
u, R,

i

— Rz)Pm’—M'JL

(20)

R, being the two-segment distance source-receiver via the
point of impedance discontinuity. Q, , are the wave reflection
coefficients for an infinite boundary, F(x) is the Fresnel integral
defined by:

F(x) = Jé" aw, Q1)

X

[Q )= {F[Jk(R R)]+F[Jk

and Q, (Q,) with + (=) is used in case the point of specular
reflection falls on the boundary nearer (farther) from the sound
source.* The purpose of introducing this model is to perform
calculations on the efficiency of a barrier above a ground with
different impedances on either side of the barrier. It is thus
necessary to calculate the total sound field prior to erecting
the barrier, and to compare its numerical performance to that
of Manara et al.’s two-dimensional one. This is done at the
end of the paper.

7 Receiver

Sound source

Z 2

Fig. 3— Propagation of a spherical wave above a boundary with an
impedance discontinuity.
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B. Cylindrical wave incidence

1. Boundary with a homogeneous impedance:
Chandler-Wilde model

For a line source emitting a wave H," (kR ), the total field
above the impedance surface may be expressed as H " (kR )
+ HO (kR,) + P, Pi= P,("+ P.° with:®

(B+y(+ir)) d&i
NE=2i(e* = 2i(1+ By)t = (B +7)")
(22)

4ife™ T ., .
P;r;:_L I,l!e ot
1 0
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B ur0-0) 1m B <0,Rea, <0
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po =] HB_gana-e) 1 g <0,Rea, =0 23)

o
0

Ll

otherwise

a, =1+ By ++(1- B7)-(1=y%), in which B = pc/Z is, as
earlier, the normalized admittance of the surface and y = (y,
+y)/R,, ysand y, being the heights of respectively the sound
source and the receiver above the impedance plane. This model
is introduced here for later use when the insertion loss of a
barrier on the ground is considered. The usual approach for this
kind of calculation is that the total field at the receiver located
behind the barrier, evaluated using the classical ray technique,
is made up of four contributions, all being diffracted at the
top of the barrier, and their different combinations result from
considering their reflections on either side of the barrier.

2. Boundary with an impedance discontinuity

The two-dimensional problem of sound propagation
over an inhomogeneous ground is often solved by numerical
techniques with appeal made to methods like Boundary
Integral Equations. An overview on the use of such methods
may be found in Chandler-Wilde and Hothersall’s paper.>* In
this paper, however, the total field is expressed as the sum of
the direct field, the reflected field on the impedance ground
(taking the reflection coefficient of the nearest impedance side
as in deJong’s model). For the diffracted wave use is made
of the theory for the wedge with different face impedances
considering the wedge angle to be equal to 180°. As in section
3.A.2, in order for the efficiency of a barrier to be evaluated,
the sound field above a two-impedance boundary needs to be
calculated for a line source.

4. NUMERICAL EXAMPLES

A.Edge diffraction by a finite impedance
wedge in free space

The sound source being assumed linear, the field diffracted
by the edge of the impedance wedge is calculated using Eqs
(1-11). The results are presented in the surface plot of Fig. 4
where the amplitude of the edge diffracted field is expressed
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Amplitude (dB, re. free field)

407

Wedge angle (deg) 07"o Flow resistivity (MKS rayls, log)

Fig. 4— Amplitude of the edge diffracted field as a function of flow
resistivity and wedge angle.

as a function of the wedge angle and the flow resistivity.

The faces of the wedge have equal impedances, and
are evaluated according to Delany-Bazley’s model* with
the resistivities as measured by Embleton et al.”s For grass,
the value of the flow resistivity was taken as o =2.0x10°
MKS rayls whereas for earth it was o, =6.0x10° MKS
rayls. Although Delany-Bazley’s model is known to have a
limited range of validity, and that other more elaborate models
(several parameter models) can definitely achieve superior
performance, see for instance Attenborough’s paper,” it is
still the subject of improvements® and is being used as an
acceptable approximation. The surface plot in Fig. 4 shows
that the amplitude of the edge diffracted field increases with
increasing impedance, and with increasing wedge angle. Note
also the relatively strong variation of the field amplitude at low
resistivity values and the slower rate of variation beginning
from a value of the impedance resisitivity corresponding
approximately to that of grass.

Figure 5 shows the variation of the amplitude of the
edge diffracted field with the wedge angle and for different
frequencies. The larger the wavelength or the wedge angle,
the larger is the amplitude of the edge diffracted field.

B. Case of a finite impedance wedge barrier on
ground with an impedance discontinuity

The effectiveness of a noise barrier is evaluated in terms
of its insertion loss, IL, which is defined as the difference in
dB of the sound pressure level at the receiver before, SPL
and after mounting the barrier on the ground, SPL.

after”

before”

IL=SPL__ - SPL (24)

before after *

For the case of ground without a barrier, the total
acoustical field at the receiver has been calculated according
to the method described in section 3.B.2, that is the field is
evaluated as though the angle of the wedge with different face
impedances is equal to 180°. Figure 6 illustrates the frequency
variation of the sound pressure level for two kinds of wedge
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barriers, a soft one made of grass, and a hard one made of earth,
on a ground that is asphalt-like on the source side and grass-
like on the receiver side. The values of the flow resistivities
for grass and earth were taken as previously while for asphalt
Oasphah=3.0x 107 MKS rayls. The total pressure field at the
receiver may be considered as the sum of four components
represented by the wave propagation paths from the sound
source, or its image through the ground, to the receiver, or
its image through the ground, via the top of barrier. It may
also be noted from the spectra of sound pressure that there is
a lesser effect of the wedge angle on the insertion loss for the
softer barrier towards higher frequencies, whereas the effect
of the wedge angle is about of the same order for both barriers
in the low frequency range. Figure 7 shows the insertion loss
(IL) as a function of the barrier angle, and in both cases of the
barrier, the IL is found to decrease with increasing wedge angle.
With reference to Fig. 6, the data were considered as S(-10m,
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Fig. 6— Spectra of sound pressure level of a wedge barrier on an
Sphah=3.0x]07 MKS rayls. a)
grass wedge barrier, Ggrm=2.0><]05, and b) earth wedge
,=5.0x10° MKS rayls.

asphalt-grass ground with o

barrier, o
eart

0.4m), R(15m, 1.8m) and H(0, 3.0m). It is also of interest to
note the greater sensitivity of the harder barrier towards larger
values of its angle. Moreover, the calculations show that the
earth barrier accomplishes a performance about 1 dB to 2 dB
less than that of the grass barrier. With reference to Fig. 5, it
is thus possible to generalize that in terms of noise reduction
a barrier has a better performance the thinner and the softer it
is.

Lastly, a comparison is made between calculating the
IL for a line, and for a point-like sound source (see Fig. 8).
The performance of the barrier, ideally hard in this case, is
to some extent better when a spherical source is considered.
The IL is also found to follow a monotonous variation
with the wedge angle, though with a somehow stronger
decrease for larger wedge angles. These observations are in
agreement with the results of previous studies where the two-
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dimensional formulation was numerically solved using the
BEM method.”

5. CONCLUSIONS

This study was concerned with the problem of sound
attenuation by an absorbing wedge shaped barrier on
finite impedance ground. The model used in the numerical
calculations is for a line source excitation. The edge diffracted
field is given in an explicit form as a high frequency asymptotic
expression resulting from the adoption of an exact solution to
the case of plane wave incidence. The model is of more general
application as the wedge barrier may be considered as having
different boundary conditions on its faces. The present study
however focused on a wedge with equal face impedances. The
results of numerical computations show that the amplitude
of the edge diffracted field increases for increasing wedge
angle. Furthermore, the amplitude of this field also increases
for increasing flow resistivity of the wedge impedance, and
the harder the wedge-like barrier, the lower its sound shielding
effectiveness. Hence, the performance of an absorbing wedge
barrier decreases for increasing top angle and for increasing
impedance. Similar conclusions can also be drawn for a
hard wedged barrier and with a point-like sound source. The
examples treated in this study may serve as guidance for the
design of noise barriers, which to increase effectiveness are
required to be as thin and as soft as possible.

An improvement in the numerical predictions presented in
this work may be achieved by considering multiple diffraction
between the top and the base of the barrier. Indeed, for instance
the wave diffracted at the top of the barrier may propagate
along one of the faces of the barrier then to be diffracted at
the base line connecting the barrier to the ground.
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Fig. 8— Insertion loss of a hard wedge barrier vs. wedge angle for
different sound sources.
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