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Diffraction of sound due to moving sources by barriers and
ground discontinuities

M. Buret and K. M. Li¥
Department of Mechanical Engineering, The Hong Kong Polytechnic University, Hung Hom, Hong Kong

K. Attenborough
Department of Engineering, The University of Hull, Cottingham Road, Hull HU6 7RX, United Kingdom

(Received 2 December 2005; revised 14 June 2006; accepted 14 June 2006)

The solution for diffraction of sound by a wedge is extended to sources in uniform motion parallel
to the obstacle. By means of an auxiliary transformation the problem is reduced to that of a set of
stationary sources so that the resulting solution is in accordance with well-known models.
Applications to prediction and abatement of transportation noise are considered. The formulation for
the diffracted wave is combined with the solution for ground reflection of sound due to moving
sources. New models for the sound field due to a source in motion along a barrier above the ground
and for a source moving parallel to an impedance discontinuity are derived. In both situations,
greater sensitivity to motion of the resulting sound pressure levels is found on source approach.
However, attenuation of sound from moving sources by barriers is found to be so little affected by
motion that design schemes for stationary source are relevant. On the other hand, it is noted that

noise predictions must account for source motion. © 2006 Acoustical Society of America.

[DOL: 10.1121/1.2221535]

PACS number(s): 43.28.Js, 43.28.Fp, 43.20.Dk, 43.20.El [VEO]

I. INTRODUCTION

Diffraction by obstacles is a common problem in wave
physics and fundamental solutions in acoustics have been
derived by borrowing from other fields such as
electlromagnetics.1 Since they are a traditional means for
noise abatement, an obvious acoustical application is to noise
barriers.

Although simplified schemes™ are generally considered
sufficient for predicting noise barrier efficiency, their scope
is usually limited to basic situations such as stationary om-
nidirectional point sources in the presence of nonabsorptive
surfaces. In more complex cases, although semiempirical ap-
proaches can lead to analytical models,” it is necessary to
consider the theoretical foundation of the problem, particu-
larly when higher accuracy is sought.

Pierce’ has treated the classic problem of sound wave
diffraction by wedges. In particular he relates the solution to
the general context of the geometrical theory of diffraction.
This solution has been extended to situations relevant to en-
vironmental noise predictions and abatement such as wide
barriers,” barriers above impedance ground and impedance
discontinuities,® and the diffraction of sound by absorbing
barriers.’ However, except for a recent formulation for dif-
fraction of sound due to dipoles8 and a unifying model for
point sources, point source arrays and line sources,” few
works have focused on extension of the models at the source
end.

a)Corrc:sponding author. Present address: Ray W. Herrick Laboratories,

School of Mechanical Engineering, Purdue University, 140 S. Intramural
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In particular, to the authors’ knowledge, little can be
found on the diffraction of sound due to moving sources.
Noise prediction schemes typically neglect the Doppler and
convection effects related to source motion.'® For barriers in
urban areas, involving high traffic density and speed restric-
tions, it possible to neglect the Doppler and convection ef-
fects when formulating the expressions for the sound field.
However, for high speed trains, which can reach speeds be-
yond 400 km/h, these assumptions are less acceptable.

In this context, an expression—hereinafter referred to as
the Doppler-Weyl-Van der Pol formula—was recently intro-
duced by Buret et al."™? for the sound field due to a source
at high speed motion above the ground. Following Morse
and Ingard’s method'*'* for deriving the sound field due to a
source in uniform motion, use of an auxiliary coordinate sys-
tem in well-known expressions for stationary sources, en-
abled the problem to be tackled from the governing equa-
tions. It was shown that, although moderate, the effects of
source motion were significant even for relatively low Mach
numbers.

In this paper, a similar approach is used to derive the
expression for the sound wave due to a source in motion in
the presence of a barrier—or a diffracting element, extending
Pierce’s expression.5 The derivation of this fundamental so-
lution is presented in Sec. II. Section III is dedicated to ap-
plications of the new model to situations relevant to environ-
mental acoustics. First, the effects of motion on barrier
attenuation are discussed; the sound field due to a moving
source in the presence of a hard screen above arbitrary
ground is then derived. Eventually, De Jong et al.’s model
for propagation of sound in the presence of a ground
discontinuity6 is extended to account for source motion.

© 2006 Acoustical Society of America
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FIG. 1. Geometry for a source S in uniform motion along a semi-infinite
wedge of top angle 7. The x axis coincides with the edge of the wedge and
the cylindrical coordinates of the source [&,rg,xg(f)] and the motionless
receiver R located at (£,r,x) are explicated. The diffracted ray is represented
by the broken segment S(z,)-E-R.

Il. DIFFRACTION OF SOUND DUE TO A POINT
SOURCE IN UNIFORM MOTION ALONG A RIGID
WEDGE

A. Kinematics

Consider a semi-infinite rigid wedge with constant cross
section in the vertical plane y-z. Its faces are oriented at
arbitrary angles T and T, (T, <T,) with respect to the latter
(see Fig. 1). The top angle of the wedge is T=27+T,-T,
and takes the value 27 in the particular case of a symmetri-
cal wedge. Let S be a sound source moving along the x axis,
hence, in parallel to the edge of the wedge. A cylindrical
coordinate system (&,r,x) attached to a motionless receiver
can be introduced, in which r¢=(&s,rg,x5) represents the
source coordinates. For uniform source motion at Mach
number M, the only varying parameter is the source-receiver
offset x-xg. Let the initial position of the source be located at
x=0 and ¢, be the speed of sound; then

x5(1) = coMt. (1)

The projection of the geometry in the cross-sectional
plane y-z remains unchanged with source motion and the
analogy with a stationary source and/or a two-dimensional
situation is then obvious. According to the geometrical
theory of diffraction, the diffracted sound ray is a segment
linking the source S to the receiver R via the edge of the
wedge E. The diffracted path length is then L=SE+ER The
diffraction angle € is the same on both source and receiver
side.” Let the receiver be motionless and located at cylindri-
cal coordinates (&,r,0); then

coMt, . r+rg r
cose=— , sing= , Xp=-—
L L

)

9
tan &

where t, is the time of emission of the diffracted wave reach-
ing the receiver at time ¢, L is the total length of the dif-
fracted ray, and xj; defines the position E at which the dif-
fracted ray intersects the edge of the wedge. L and ¢, are the
solutions of

CO(t - te) =L= \”/(r + rS)2 + (COMte)27 (3)

which resolves as
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CO—A A—M(C()Mt)
= = 4
1, = YRR (4a)
A=leMD)? + (1= M) (r+r9*=L(1=Mp),  (4b)

where M =M cos € is the component of the Mach number
along the diffracted ray.

B. Diffracted pressure for a source in uniform motion

In the case of a stationary point source, the pressure field
in the vicinity of a wedge can be expressed as the sum of up
to four components:5 a direct pressure field pg;,, two reflec-
tions on the faces of the wedge p,en; and p.q,, and a dif-
fracted wave p - The three first contributions may or may
not occur, depending on the relative source and receiver po-
sitions with respect to the wedge that may screen the sound
source or its images from the receiver”™®

p=Ulm—|&- &l lpair+ UL+ 2T, = (§+ &) IPrens
+ U[(E+ &) + = 2T, |prei 2 + Paiir- (5)

In Eq. (5), the Heaviside step function U (U[x]=1 if x>0;
Ulx]=0 if x<0) determines the presence or absence of the
direct and reflected waves. Remarkably, the arguments of
U—and thence the composition of the sound field—depend
only on the angular coordinates of the source, the receiver,
and the faces of the wedge in the cross-sectional plane.

In the case of a source moving parallel to the edge of a
wedge, the geometry in this plane remains constant and
therefore the relationships determining the presence or ab-
sence of the direct and reflected pressure waves remain the
same as in Eq. (5). When present, the direct wave is ex-
pressed as the pressure due to the source in motion in the free
field."*'* The potential contributions due to the reflected
waves can be formulated considering either a formulation for
reflection of the sound field due to a source in motion above
a plane,11 or the acoustic pressure field due to the relevant
image sources with respect to the faces of the wedge radiat-
ing in the absence of obstacle. Derivation of these contribu-
tions is straightforward and will not be detailed here for
brevity, and because in practical applications (noise barriers),
the sound field is composed of the diffracted wave only.

Morse and Ingard have derived the sound field due to a
monopole in uniform motion in the free field by means of an
auxiliary  transformation, analogous to a Lorentz
transformation."? Buret et al.'' have used the same transfor-
mation to formulate the Doppler-Weyl-Van der Pol formula
for a source moving above an impedance ground. The coor-
dinates and time (x;,y;,z;,f;) in the auxiliary coordinate
system are

x; = Y(x = coM1),

yL=7%y,

L=

tL = '}/z(t - M.X/CQ),
Hereinafter, subscript L characterizes corresponding vari-

ables in the auxiliary coordinate system. In the case of uni-
form source motion, the wave equation for the velocity po-

with y=1/\1 - M. (6)

Buret et al.: Sound diffraction for moving sources 1275
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tential field ¢ takes the same form as that for a stationary
monopole when expressed in the auxiliary coordinate
system.13 The acoustic pressure is then calculated as the time
derivative of the velocity potential13 p=pde/dt where p is
the air density. Noting that

d d
=y —- M—, 7
3’2(%L 7200 ax, (7)

it is shown that the acoustic pressure field can be expressed
as the sum of contributions from two stationary sources: a
monopole and a dipole oriented in the direction of source
motion.'? Denoting these relative contributions by p® and
p, respectively, the total pressure p due to a harmonic
source of strength P, can be expressed as'!

p=P (7419(0) -y %p )> ®)
0

where k is the wave number, ky=w/c(, w being the angular

frequency of the source.

With constant Mach number, the auxiliary transforma-
tion involves uniform expansion along the three dimensions,
as well as a time dependent translation along the direction x
of source motion. As a result, the transformed geometry is
analogous to that for a stationary source in the original co-
ordinate system. A cylindrical coordinate system (& ,r;,x;)
is introduced, relating to that attached to the motionless re-
ceiver by

&=§& ro=or, XL=72(X—COMI)' 9)

Remarkably, the polar angle is unaffected by the trans-
formation. As a result, the top angle of the wedge has same
value in both the auxiliary and original coordinate system.
Using Pierce’s formulation,™" the expression for the mono-
pole component of the diffracted wave is

o _ exp[—iw(t;, — LL/co)]e”T/4
47TLL

[AD(XL+) +Ap(X;)],
(10a)

where L; is the diffracted path in the transformed coordi-
nates and Ay, is the diffraction integral

2

% —u

e
7TVE . (7T/2)]/2XL1_ e—i7T/4u

Ap(Xp.) = du, (10b)

Xp.=TNSa,), a =¢&+&-2T, a,=¢-¢,

(10¢)

— COS VT — COS v,
FLZ \’kOerS/WLL’ Ny(at) =, (IOd)
v sin vw

where v=m/(27—T) is the wedge index and pg= yrg.

The expression for the three-dimensional (3D) dipole
field diffracted by a wedge has been derived and has been
validated by laboratory measurements elsewhere.® For a di-
pole lying along the x; axis, the sound field can be expressed
using”

1276 J. Acoust. Soc. Am., Vol. 120, No. 3, September 2006

1 _ exp[— iw(t, — L;/cy)] cos g, e'™*

47TLL LL \r’2

{(l - lk()LL)
X[Ap(Xp,) +Ap(X, )]+ é[XL+(1

- X Ap(Xp) + X (1 - WXL—AD(XL_))]}- (11)

Both X;+ and X;-take small values for long diffraction
paths and high frequencies. As a result, the second term in-
side the curly brackets in Eq. (11) can be neglected.® This
approximation is particularly applicable for source motion in
parallel to the edge of the wedge, as the diffracted path
length increases with the time-dependent source-receiver off-
set x-xg. The dipole component of the pressure then takes a
form similar to the monopole pressure given in Eq. (10),
except for the directivity coefficient cos ; and the strength
factor (1-ikoyL)/L;,

ex iw(t; — L /cg)] cos g, €™
1 pl-iw(t, - L;/cp)] L —(1 = ikyL;)
47TLL LL \

X[Ap(Xyy) +Ap(X;)]. (12)

The total diffracted pressure is then expressed by substi-
tuting Egs. (10) and (12) into Eq. (8),
exp[— iwt; ] exp(ikyL;) e”T/4
Py

dar L \

{1 + M cos sL [Ap(X1,) +Ap(Xp)].

(13)

kOLL ]

Transforming back into the coordinate and time system
(x,y,z,1) attached to the receiver is straightforward, noting
that

—a_
Ly =\(yr+ yrg*+x; = y*L(1 — M cos &), (14a)
L L
tL__L=te=t__’ (14b)
€o €o
and

x; cose—M
cosg=—=—"". (14c)
L, 1-Mcose
The diffracted acoustic pressure wave due to a mono-
pole in uniform motion in parallel to a rigid wedge is repre-
sented by

exp(—iwt)  expl(ikyL) {e”ﬂ“{
=P, x I

47 L(1 =M cos €)? V2

1 M cose—M? A X,
ikeL 1—Mcose b VI —M cos &

X
+ Ay ——=—=] ]}, (15)
D( V1 —M cos s)}}
where Ap, is defined as in Eq. (10b) with
X.=I'N/(a,), T =\kgrrgwL. (16)

Buret et al.: Sound diffraction for moving sources
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FIG. 2. Diffracted pressure for a source in uniform motion at Mach 0.3
along a half plane at discrete frequencies 100 Hz (thin lines), 1 kHz (thick
lines), and 5 kHz (thicker lines). Coinciding solid and dotted lines of the
same thickness correspond to the approximate solution in Eq. (15) and the
full expression with dipole component expressed using Eq. (11), respec-
tively. Dashed lines correspond to predictions for the corresponding station-
ary source at position of emission. The source trajectory is 1 m below the
edge, with horizontal separation 10 m; the receiver is 0.8 m below the edge
at distance 20 m.

In Fig. 2, the sound pressure level (SPL) for the dif-
fracted wave is plotted for discrete frequencies 100 Hz, 1
and 5 kHz, for a point source moving at Mach number 0.3
(~360 km/h which is a plausible speed for a high train, for
example) in the vicinity of a semi-infinite rigid half plane
(T=0; v=1/2) with source, receiver, and obstacle edge at
heights 1, 1.2, and 2 m, respectively. The shortest horizontal
separation from the obstacle to the source is 10 m and that to
the receiver on the other side is 20 m. Coincident solid and
dotted lines show, respectively, the results of calculations by
means of the approximation in Eq. (15) and using the full
dipole component given in Eq. (11). Such coincidence vali-
dates the approximation used to derive Eq. (15) along the
whole source trajectory. Dashed lines show the SPL calcu-
lated for a corresponding stationary source—i.e., a station-
ary monopole located at the position xg(#,) of emission.
Comparison with the predictions for the moving source en-
ables an assessment of the effects of source motion other
than the geometrical change in location of the source posi-
tion. The SPL is higher than for a stationary source when the
source approaches the receiver [x4(z,) <0], and lower when
it is receding [x4(z,) =0].

It should be noted that the maximum in SPL is predicted
to occur when the source is approaching the receiver, hence,
before the point of closest source-receiver approach. These
effects are directly related to the Doppler factor
(1-M cos g)7! and the convection coefficient
(1-Mcos €)™ in Eq. (15). Both are larger than 1 on
approach—Ileading to higher pressure amplitude [cf. Eq.
(15)]—and smaller than 1 on recession resulting in lower
SPL. The shift of the peak towards the approaching source
position is due to the nonlinearity (and, hence, nonsymme-
try) of the logarithm function used to express the SPL in
decibels (dB) while (1-M cos &) shows symmetry around
the value 1. These observations are consistent with previous
results for a source moving in the absence of obstacles' for
which similar observations can be made in accordance to
variations in the Doppler factor around 1.

J. Acoust. Soc. Am., Vol. 120, No. 3, September 2006

Insertion Loss IL (dB)
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FIG. 3. IL for the same source and obstacle as for Fig. 2, for discrete
frequencies 100 Hz (thin lines), 1 kHz (thick lines), and 5 kHz (thicker
lines). Solid lines show the IL for a source moving at Mach number 0.3,
dashed lines show the IL for the corresponding stationary source.

lll. APPLICATIONS TO OUTDOOR ACOUSTICS
A. Effect of source motion on barrier attenuation

Barrier attenuation is typically characterized by the in-
sertion loss (IL): the ratio in dB of the total pressure wave
perceived at the receiver [Eq. (15)] to the direct sound field
Pair that would occur in the absence of any obstacle

IL = - 10 log[|p(t)/pg;(1)[]. (17a)

. . 11,1314
In the case of a source in motion "~

exp(— iwt) exp(ikyR)
47 R(1 —M cos rsin ¢)?

X{l—l< coszﬂsinqﬁ—'M )}’ (17b)
ikoR\ 1 — M cos sin ¢

Pair(t) = Py

where R is the length of the direct source-receiver path, ¢
and ¢ are its azimuthal and elevation angles, such that
cos irsin p=—xg(t4,)/R, with tg.=t—R/c, the emission
time of the direct wave. Due to the path difference be-
tween the direct and the diffracted wave the latter has
been emitted earlier: 7, <t;,.

Figure 3 shows the IL predicted for the same source and
receiver locations as in Fig. 2 and calculated for the same
discrete frequencies. The solid lines show the IL predicted
for a source moving at Mach number 0.3, whereas dotted
lines show the IL predicted for the corresponding stationary
source. The IL predicted for the moving source is within only
1 dB of that predicted for a stationary source. Recalling the
expression for the diffracted wave given in Eq. (15), we
point out that the magnitude of the IL depends strongly on
the ratio of the convection factors (1—M cosg)?/(1
—M cos i sin ¢)%. The latter is close to 1 when the path dif-
ference between direct and diffracted pressures is not large
(L/R=1), which is the case for large source offset, for ex-
ample. The expression for the magnitude of the IL due to a
source in motion is then close to that for the corresponding
stationary source, except for the Doppler factor in the argu-
ment of the diffraction integrals Ap. The general trend,
showed clearly in Fig. 3 for 1 and 5 kHz is explained by the
fact that the IL is predicted to increase with the argument of
decreasing function Ap. When the source is approaching, the
Doppler factor (1—M cos £)~! is greater than 1 and the pre-

Buret et al.: Sound diffraction for moving sources 1277
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FIG. 4. Geometry for a source in uniform motion in parallel to a thin barrier
above the ground. The diffraction path “12” with reflection on both sides of
the barrier is represented by thick lines.

dicted insertion loss for a source in motion will be larger
than for a stationary source located at the point of emission
x4(t,). This trend is reversed when the source recedes from
the receiver, with smaller predicted IL than in the motionless
case.

The predicted influences of the Doppler and convection
factors on the barrier attenuation are small and the effects of
motion on the IL are mainly related to the change in source
position over the trajectory. It can be concluded therefore
that usual schemes to estimate barrier attenuation for station-
ary sources—such as Maekawa’s’—can apply to screen de-
sign in situations involving sources in motion, particularly at
low speed.

On the other hand, for the sake of accuracy, noise pre-
dictions must account for source displacement and convec-
tion in order to properly describe the absolute pressure field.
As shown in Fig. 2, the maximum in predicted SPL occurs
before the source reaches the shortest separation to the re-
ceiver, hence, the resulting sound field is somewhat affected
by source motion and it is necessary to account for the con-
vection and Doppler effects in its formulation. For typical
outdoor situations it is important to allow for the presence of
ground around the barrier. This is the subject of the next
section. A further related analysis of the effects of ground
discontinuity on the sound field of a moving source follows
this.

B. Barrier in the presence of ground

Sound propagation around a rigid barrier on the ground
is a classical problem. In the case of hard ground on both
sides of the barrier, the solution may be obtained in a
straightforward manner by means of mirror images. When
the source is screened from the receiver, the total sound field
is the sum of the four diffracted waves, corresponding to the
paths linking the source S and its image S’ with respect to
the ground to the receiver R and its image R’ via the top edge
of the barrier (Fig. 4). Denoting with subscript 1 the paths
including a reflection on the source side and by subscript 2
those for which there is a reflection on the receiver side

1278 J. Acoust. Soc. Am., Vol. 120, No. 3, September 2006

P=potP1tDP2tPi12s (18)

where p, stands for the diffracted wave obtained for path 0,
linking source to edge to receiver with no ground reflection.
Subscript K=0,1,2,12 is used in the following for general
formulas valid for all four diffraction paths.

Using the same reference systems as in Sec. II, the co-
ordinate vectors of the image source and the image receiver
are rg and r’, respectively. In the Cartesian coordinate sys-
tem (x,y,z):

ré‘(t)E(_COMt’ yS’_ZS)’ r,(t) = (0,)’,—1), (1921)
whereas in the cylindrical coordinate system (r,&,x):

ro(t) = (rg,2m = &6,— coM1), r'(1) = (r',.27m - £,0).

(19b)
Let z;; be the barrier height; then
ré:rs\/l—étz—E(cos §S—Z—E>, (20a)
rs s
r’=r\/1—4Z—E(cos g—Z—E). (20b)
r r

Obviously the four diffracted paths have different
lengths and as a result, each contribution in Eq. (18) has been
emitted at a different time 7, solution of

Lg=c(t-tg), (21a)

where the Lg’s are the diffracted path lengths

Lo=\(rs+ )2+ (ceM1)?,

L= \r/(rg +7)2 + (coM1,)?,

L2 = \/’(rs + r')z + (C()Mtz)z,

Liy=\(rk+ )2+ (coMty)?. (21b)

The components of the Mach number in the direction of
the diffracted rays My’s are determined from the diffraction
angles g by

CoMtK

Mg=Mcosex=—M
Ly

(22)
Solving Eq. (21), each pressure wave component is calcu-
lated from Eq. (15), substituting the appropriate (image)
source and (image) receiver coordinates, as well as the cor-
responding diffracted path and angle, Ly and eg. The total
pressure is then calculated by substitution into Eq. (18).

In the presence of soft ground on either or both source
and receiver side of the barrier, the corresponding reflection
coefficients differ from 1 (hard ground). Equation (18) must
be amended to account for ground reflections.* It is then
necessary to consider the monopole and dipole components
of the pressure field as expressed in Eq. (8) separately. Let 3,
and B, be the admittance of the ground on the source and
receiver side, respectively. As in the previous section, sub-
script 1 denotes a reflection on the source side, whereas sub-
script 2 corresponds to a reflection on the receiver side.

Buret et al.: Sound diffraction for moving sources
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FIG. 5. (a) Sound field due to a source
moving at Mach number 0.3 along a
thin barrier of height 2 m. The source
path is 10 m away from the barrier, at
height 1 m. The receiver is in the
shadow zone, 20 m away from the

Emission position zf;,) (m)

10° 10° 10*

Frequency (Hz)

The monopole component expressing the sound field
due to a stationary monopole in the presence of a barrier over
the ground is given by Jonasson.” In the auxiliary coordi-
nates

pO=p +0,p” + 0P + 0] 03p.

The diffracted monopole pressures pﬁ?) are calculated after

Eq. (10). Dashes on the reflection coefficients applied to the
last term of Eq. (23) denote the fact that the emission time
for p, is different from those for p, and p,. In accordance
with Huygens’s principle that considers the diffracted
wave as emitted by a secondary source located at the edge
of the obstacle,5 the spherical wave reflection coefficients
are calculated for the paths joining the image source and
the image receiver to the edge of the barrier,’ respectively

(23)

’
P1= L,
r+rS
(24)
! ! !
’ S ’ r
pP=7 2» P1=7 L, py=——7Ln.
+rS r +rS r +I’S

Use of the Doppler-Weyl Van der Pol formula,'" with i
=1,2, gives

Wi

;=Rpi+(1 =R ,-)F(—), M;=M cos g;,
0 P P \/1——Ml

(25a)
where Rp; is the plane wave reflection coefficient
cos 0; — 3;
pi= (25b)
cos 6+ 3;

and F is the boundary loss function

F( i >_1+i\/7—TLCX (— le)
V1 -M,; V1 - M, P 1-M;

Wi
Xerfc(— i ) , (25¢)
V1-M,

where erfc is the complementary error function and w; is the
numerical distance,

w;= (= 3ikop;) " (cos 6+ ). (25d)
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Frequency (Hz)

-10

dB scale for SPL
(re. arbitrary reference)

barrier and at height 1.2 m. The
ground is hard ground on the source
sidle and  soft ground (o,
=140 kPasm™? and @,=35m™') on
the receiver side. (b) Sound field due
to a corresponding stationary source in
the same geometry as (a), with offset
varying from 0 to 200 m.

0

cos 0, = (zg+zp)/py, cos 6, =(z+zp)/ps. (25e)

Equations (25a)—(25e) hold for the calculation of Q| and
Q) after substituting dashed parameters.

The dipole component of the pressure field is expressed
in the auxiliary coordinate system, recalling the solution for
the stationary dipole by Buret et al.® For a dipole along the
X;, axis

90,
PV =py + Qi + s + 0101+~ = pl”
S
J0|
+ 05, (26)
ﬂxS

where the same notations as in Eq. (23) are used, with su-
perscript (1) denoting pressure due to dipole sources. The
diffracted pressures pf,(l) are calculated after Eq. (12). The last
two terms in Eq. (26) involving the diffracted monopole
pressures p(lo) and p(lg) can be neglected due to small varia-
tions of the spherical wave reflection coefficient in the
horizontal plane. The acoustic pressure field due to a point
source moving along a barrier over arbitrary ground is
then straightforward, summing the monopole and the di-
pole contributions and transforming back into the coordi-
nate system attached to the receiver

P=P0+Q1P1+Q2P2+Q{Q£P12, (27)

exp(—iwt)  explikoLg)
4 Lg(1—M cos gx)?

Pk=10

1 McossK—Mj N ( Xks )
ikyLg 1—M cos g P V1 —M cos eg
Xk
+AD(—K )} , (28a)
V1 —M cos gg
K=0,1,2,12. (28b)

Calculation of the pressure field is given in Fig. 5(a) for
hard ground on the source side and soft ground on the re-
ceiver side, and in Fig. 6(a) for soft ground on both sides.
Figures 5(b) and 6(b) show the calculation of the SPL for a
stationary source in the corresponding geometry, with offset
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varying from 0 to 200 m. (The symmetrical pattern for offset
=200 m to 0 is not shown). With common y axis, comparing
with Figs. 5(a) to 5(b), to 6(a) and 6(b) allows assessing the
effect of source convection which are not related to the
change of source location along the trajectory—that is the
influence of the Doppler and convection factors in the for-
mulation of the sound field. For both Figs. 5 and 6, soft
ground is characterized by a two parameter model
admittance'’ with flow resistivity o,=140 kPa's m~? and po-
rosity rate a,=35 m~!. The pressure field is found to be
asymmetric along the source trajectory. Lower levels are pre-
dicted when the source recedes from the receiver [xg(,) =0,
(1=M cos gg)~2<1], whereas sensitivity of the sound field
to source motion is predicted to be more important on source
approach [xg(t,) <0, (1-M cos gg)~>= 1], for which the de-
formation of the SPL pattern is stronger. Expectedly, strong
interference between the four components of the acoustic
pressure is predicted at high frequencies. The two dips re-
lated to the reflections on each side of the barrier are identi-
fiable, particularly at large offsets and for source recession.
Comparing Figs. 5 and 6, it is also predicted that sensitivity
to motion is somewhat more important for soft ground than it
is for hard ground.

C. Source in motion parallel to a ground discontinuity

A semiempirical formula for the sound field due to a
stationary source in the presence of a ground discontinuity
has been derived by De Jong et al. considering the super-
position of two half-planes with different admittance. This
model was shown to be valid in 3D situations for which the
propagation path is not necessarily perpendicular to the
discontinuity,18 and was later extended to dipole sources.®
Derivation of the acoustic pressure field for source motion in
parallel to the discontinuity is then straightforward, after Eq.
(8).

Consider an admittance step coinciding with the x axis,
as shown in Fig. 7. Let a source S be in uniform motion at
height zg, in parallel to the discontinuity. The ground on the
source side is characterized by its specific admittance 3, and
that on the receiver side by S,. The direct wave reaching
receiver R at time ¢ has been emitted at instant 7,, following
path R=c(t—t,) with azimuthal angle ¢ and elevation angle
¢. The reflected wave reaching R at time 7 (denoted by
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dashed parameters in the coordinate system attached to the
receiver) has been emitted at retarded time 7, and has fol-
lowed path R'=c(¢—1,) with azimuthal and elevation angles
W' =y(t)) and 6'=0(r)), respectively. The expressions for
R,y,¢p and R', ¢y, 6" are not detailed here for brevity, their
derivation from a kinematics analysis for the source and its
image with respect to the ground is straig.ghtforward.12’13

The diffracted wave follows path L as per defined in Eq.
(3). Its time of emission 7, is calculated after Egs. (3) and (4).
In the following, a double dash denotes corresponding pa-
rameters in the coordinate system attached to the receiver.

In the auxiliary coordinate system, the monopole com-
ponent of the acoustic pressure for a single discontinuity is,
after De Jong et al.’

exp(ikoR))
R;

(0) exp(=iwty) | exp(ikyR) /
Pr=my g, 9
m L

(29a)

.0l Qz)mm }

Ly

where L; is the diffraction path in the auxiliary coordinates
for a horizontal half-plane whose edge coincides with the
ground discontinuity and D; =Ap(X,.)+Ap(X;_) the sum of
the two diffraction integrals given in Eq. (10). The quantity
Qg is the spherical wave reflection coefficient at the point of
specular reflection, with G=1 or 2 depending on the geom-
etry. The quantities, Q| and Q), are the spherical wave re-
flection coefficients for each type of ground. They are calcu-
lated after the Doppler-Weyl-Van der Pol formula''

’) S Source trajectory xg(t,)

N."."R:""""“ ceces ¢....)

| Image Source
cedes .., sest
Z=1/f;
Z=1/B;

xg (1)) xg (1))

FIG. 7. Geometry for a source in uniform motion in parallel to a ground
discontinuity.
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w!
Q;=R’i+(1—R’i)F<—’>, (29b)
P P \’/—1 _M;e

with M, as the component of the Mach number in the direc-
tion of propagation of the reflected wave

Mp=M cos ¢ sin ¢', (29¢)

, _cos ¥ -

= . 29d
P cos 0 + B (254)

The expression for the boundary loss function F is
analogous to that given in (25c¢), with

w) = (— %ikOR’)m(cos 0 +p). (2%)

When the point of specular reflection coincides with the ad-
mittance step, R;=L; and X;,=0. With Ap(0)=—(1-i)/2,
the continuity of the monopole component of the acoustic
pressure is ensured.

The dipole component is also expressed as the sum of a
direct, a reflected, and a diffracted pressure wave to which
are applied the appropriate reflection coefficients. The for-
mulation for the direct and the reflected fields are straight-
forward after Li er al.'’ The diffracted wave is calculated
after Buret et al.® and the total dipole contribution is ex-
pressed as

(1) _ exp(=ior) 1 — ikoR, e™oRe
T 4xq ® R, R,
1 — ikoR; e™0FL
+ I,Q 10 £ ’ G
R, R,
L+ieol| 1 —ikyL,
@ ! _ !
> 1L, { L (Q1-02)
(7 ! _ !
s ]DL : (30a)
(?)CL
with the directivity factors given by
O =cos ¢ sin ¢,
O =cos ¢ sin 0;,
Op=cos ¢ sin O ;. (30b)

In the earlier equation, ¢;, ¢;, and 6, are, respectively,
the azimuthal angle, the elevation angles for the direct ray
and the elevation angle for the reflected ray in the auxiliary
coordinates. The quantity, 6, is the elevation angle of the
ray linking the source to the admittance step. Corresponding
angles in the coordinates system attached to the receiver are
shown in Fig. 7. Remarkably, when the specular reflection
occurs at the admittance step: @ =0 z=cos ¢; and continuity
of the acoustic pressure is ensured. The very last term in Eq.
(30a) can be neglected, as variations of the spherical wave
coefficient in the horizontal directions are known to be
small.® Equation (30) then simplifies to an expression analo-
gous to that of the monopole component given in Eq. (29).
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The total pressure field is derived by substituting Egs.
(29) and (30) into Eq. (8). Transforming back into the coor-
dinate system attached to the receiver is straightforward by
means of the relations in Eq. (14) and noting that'!

R R
Ry =y’R(1-M cos sin ¢), t,——=t——,
Co Co
cos ¢sin p— M
R=¢—¢.’ (31a)
1 —M cos ¢sin ¢
R, R’
R,=yR'(1-Mcos/ sing'), 1,——==t-——,
Co Co
cos ¢ sin @' =M
=~V sV M (31b)
1—M cos ¢ sin 0
and
cosg”"—=M  cos /' sin - M

O.= = . 31c
E 1—Mcose” 1—M cos ¢/'sin ¢’ (31c)

The pressure field for a source in uniform motion along
an admittance discontinuity is then expressed as

P =Ddic + QPren + (Q1 — Q2) Pt (32a)

where pgir, Prefs and pg;sr, represent the direct, reflected, and
diffracted waves, respectively,

exp(— iwt) exp(ikoR)

Pair=Po Y
47 R(1—=M cos ¢ sin ¢)
M i -M
X[l—, (coslﬁsm(b . )] (32b)
ikoR\ 1 — M cos ¢sin ¢

exp(— iwt) exp(ikoyR")

Prett= Py

47 R'(1-M cos ¢/ sin ¢')?

! !_M
Jit ()],
ikoR'\' 1 =M cos ¢/ sin ¢’

exp(—iwt) 1 +i exp(ikoL)
4 2 L(1 =M cos /' sin 0})?

X{l i( cos ¢/’ sin 0, — M )]
ikoL\ 1 —M cos ¢/’ sin 6y,
X
X [AD< = )

\/I—Mcos /' sin 6

X_
+ AD< : ) . (32d)
V1 =M cos ¢/ sin 6y,

Figure 8(a) shows the calculation of the SPL calculated
according to Eq. (32) as a function of the source position at
emission of the reflected wave xg(r)) with a 33%-hard
ground mix (when the proportion of hard ground below the
sound propagation path is 33%). The source is moving at
Mach number 0.3 with its track located 10 m away from the
admittance step at height 1 m above hard ground. The re-
ceiver is located 20 m away from the discontinuity, 1.2 m
above soft ground characterized by a two parameter model

Pdittr = Lo
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(m)

FIG. 8. (a) SPL (re. Arbitrary refer-
ence) for a source moving at Mach
number 0.3 parallel to an admittance
discontinuity, 10 m away from it, at
height 1 m. The receiver is 20 m away
from the step line at height 1.2 m. The

Emission position x(;)

10’ 10
Frequency (Hz)

10

admittance'” with flow resistivity o,=140 kPa's m™ and po-
rosity rate a,=35 m~!. Figure 8(b) shows the SPL for the
corresponding stationary source at offset 0—200 m and
allows assessing the effects of source motion. The corre-
sponding  instantaneous excess attenuation  EA
=10 log(|p(#)/ pgi(t)]) is shown in Fig. 9(a), for the source at
offset 100 m on approach [xg(r,)=-100 m, thick solid line]
and recession [xg(7,)=+100 m; thin solid line] and for the
corresponding stationary source (dashed line). In Fig. 9(a),
dotted lines of different thickness showing the calculation at
closet position [xs(z,)=0] for moving and stationary source,
respectively, are coinciding: effects of motion on ground at-
tenuation when the source is close to the receiver can be
neglected. Figure 9(b) shows the excess attenuation but for
the source track over hard ground 20 m away from the ad-
mittance step and receiver over soft ground 10 m away (the
proportion of the sound path occurring above hard ground is
66%).

As was noted previously in the case of homogenous
ground,11 the effects of motion are predicted to be small.
Again, it is predicted that the SPL shows a dissymmetry
along the source motion due to the Doppler shift and the
convection factor that affect the location and magnitude of
the ground effect dip. As clearly shown in Fig. 9, this is

10 (Instantaneous) Excess Attenuation

a) 33% Hard ground

-20
10

m Or
=
-10+
b) 66% Hard ground
-20 3 o
10 10 10
Frequency (Hz)

gy

=5

FIG. 9. Instantaneous excess attenuation (a) for the same configurations as
in Fig. 8, (b) for a proportion of hard ground over the propagation path of
66% (source path over hard ground 20 m away from the discontinuity, re-
ceiver 10 m away, over soft ground). (—) Approaching source xg(z))
=-100 m, (—) Receding source xg(,)=100 m, (---) stationary source at
offset xg=100 m, (- -~ +--) moving source at closest separation [xs(¢,)=0] and
coinciding with the calculation for a stationary source at closest separation
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(re. arbitrary reference)

103 104 ground on the source side is hard, the

Frequency (Hz)

.

ground on the receiver side is charac-
terized by ¢,=140 kPasm™ and a,
=35 m~!. The proportion of the sound
path occurring above hard ground is
33%. (b) SPL for a stationary source in
the same geometry as in (a), with off-
set varying from O to 200 m.

0 10

predicted to result in lower SPL than for a stationary source
when the source approaches the receiver [xg(r)) <0], up to
the frequency of the ground effect dip and higher levels from
the dip up to the interference in the high frequencies. This
trend is reversed when the source recedes from the receiver.
On source approach, the ground effect dip is slightly sharper
and deeper than that for a stationary source, whereas on re-
cession it is slightly broader and shallower. This is due to the
Doppler factor within the argument of the boundary loss fac-
tor as given in the Doppler-Weyl-Van der Pol formula [cf.
Eq. (29b)]: on source approach the absorbing ground is seen
as softer, whereas it is seen as harder on recession. On the
other hand, comparing Figs. 9(a) and 9(b), the sound field is
predicted to be little affected by the change of the proportion
in the ground mix covering the source—receiver path.

IV. CONCLUDING REMARKS

It has been shown that the problem of diffraction of the
sound field due to a source in motion parallel to a semi-
infinite rigid wedge is strongly analogous to the case of a
stationary source, as a result of the conservation of the ge-
ometry in the cross-sectional plane of the obstacle. By means
of an auxiliary coordinate system and the formulations for
monopole and dipole sources, a closed-form formula for the
diffracted sound field due to a monopole in uniform motion
parallel to a diffracting edge has been derived that is similar
to Pierce’s solution for a stationary monopole and its exten-
sion to dipole sources.

Although motion results in dissymmetry of the dif-
fracted pressure along the source trajectory, its effects on
barrier attenuation are predicted to be limited. In particular
the effects on IL are predicted to be minimal so that design
schemes used for stationary sources are valid also for sources
in motion.

On the other hand, predictions for the absolute sound
pressure levels must account for the influence of the convec-
tion and Doppler factors on the resulting sound field.

New models have been derived for propagation of sound
due to sources moving parallel to barriers in the presence of
the ground and greater sensitivity to motion is predicted on
source approach and for softer grounds. De Jong’s semi-
empirical model for propagation in the presence of a ground
discontinuity has been extended also to the case of source
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motion along an admittance step. Sensitivity to source mo-
tion is also predicted to be stronger on source approach,
whereas it is predicted to be little affected by the proportion
of hard and soft ground covering the sound propagation path.

Further extensions of this work could include effects of
absorptive barriers and impedance strips parallel to the axis
of source motion.

ACKNOWLEDGMENTS

This work was prepared when one of the authors (M.B.)
was on study leave in the Department of Mechanical Engi-
neering, the Hong Kong Polytechnic University. The authors
would like to thank the Research Committees of the Open
University and the Hong Kong Polytechnic University for
their financial support in this project. M.B. was supported by
an Open University Competitive Studentship. One of the au-
thors (K.M.L.) gratefully acknowledges a generous donation
from MTR Corporation for partial support of this research.

1.1 Bowman, T. B. A. Senior, and P. L. E. Uslenghi, Electromagnetic and
Acoustic Scattering by Simple Shapes (North-Holland, Amsterdam, 1969).
u. Kurze, “Noise reduction by barriers,” J. Acoust. Soc. Am. 55(3), 504—
518 (1974).

3Z. Maekawa, “Noise reduction by screens,” Appl. Acoust. 1, 157-173
(1968).

“H. G. Jonasson, “Sound reduction by barriers on the ground,” J. Sound
Vib. 22(1), 113-126 (1972).

A. D. Pierce, “Diffraction of sound around corners and wide barriers,” J.
Acoust. Soc. Am. 55(5), 941-955 (1974).

°B. A. De Jong, A. Moerkerken, and J. D. Van der Toorn, “Propagation of
sound over grassland and over an earth barrier,” J. Sound Vib. 86(1),

J. Acoust. Soc. Am., Vol. 120, No. 3, September 2006

23-46 (1983).

"P. Koers, “Diffraction by an absorbing barrier or by an impedance transi-
tion,” Proc. InterNoise 83, 1983, Vol. 1, pp. 311-314.

M. Buret, K. M. Li, K. Attenborough, “Diffraction of sound from a dipole
source near to a barrier or an impedance discontinuity,” J. Acoust. Soc.
Am. 113(5), 2480-2494 (2003).

P, Menounou, J. L. Bush-Vishniac, and D. T. Blackstock, “Directive line
source model: A new model for sound diffraction by half planes and
wedges,” J. Acoust. Soc. Am. 107(6), 2973-2986 (2000).

0R. Makarewicz, J. Jarzecki, K. Berezowska-Apolinarska, and A. Preis,
“Rail transportation noise with and without a barrier,” Appl. Acoust. 26,
135-147 (1989).

M. Buret, K. M. Li, and K. Attenborough, “Optimisation of ground attenu-
ation for moving sources,” Appl. Acoust. 67(2), 135-157 (2006).

2K. M. Li, M. Buret, and K. Attenborough, “The propagation of sound due
to a source moving at high speed in a refracting medium,” Proc. Euro-
noise 98, 1998, Vol. 2, pp. 955-960.

P, M. Morse and K. U. Ingard, Theoretical Acoustics (McGraw Hill, New
York, 1968).

A typographical error in Eq. (11.2.15) of Ref. 13 should be corrected. The
denominator for the second term should read R*(1—M cos )* [in place of
R*(1-M cos 6)7].

BA. D. Pierce, Acoustics, An Introduction to Its Physical Principles and
Applications (Acoustical Society of America, New York, 1989).

"“The orientation of dipole missing in Eq. 14a of Ref. 8 has been added in
Eq. 11 where its direction cosines ({,,€,,€,) are given by (cos £,,0,0) in
the present situation.

"R, Raspet and J. M. Sabatier, “The surface impedance of grounds with
exponential porosity profiles,” J. Acoust. Soc. Am. 99(1), 147-152
(1996).

'8D. C. Hothershall and J. N. B. Harriot, “Approximate models for sound
propagation above multi-impedance plane boundaries,” J. Acoust. Soc.
Am. 97(2), 918-926 (1995).

K. M. Li, S. Taherzadeh, and K. Attenborough, “Sound propagation from
a dipole source near an impedance plane,” J. Acoust. Soc. Am. 101(6),
3343-3352 (1997).

Buret et al.: Sound diffraction for moving sources 1283

25:91:90 G20z Areniged 9z



