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ABSTRACT

To mitigate excessive noise from highways, and high speed rail road. it is often
necessary to construct a noise barrier. Absorptive barrier attenuation solution is
obtained for the problem of diffraction of a plane wave sound source by a
semi-infinite plane. A finite region in the vicinity of the edge has an highly
absorbing boundary condition: the remaining portion of the half plane is rigid. The
problem which is solved is a mathematical model for a hard barrier with an
absorbing edge. If the wavelength of the sound is much smaller than the length
scale associated with the barrier, the diffraction process is governed to all intents
and purposes by the solution to a standard problem of diffraction by a
semi-infinite hard plane with an absorbent edge. It is concluded that the absorbing
material that comprises the edge need only be of the order of a wavelength long to
have approximately the same effect, on the sound attenuation in the shadow side
of the barrier. Traffic noise is composed of thousands of sources with varying
frequency content. To simplify noise predictions when barriers are present, an
effective frequency of 550Hz may be used to represent all vehicles. The
wavelength of sound at f=550Hz for traffic noise is about 2 feet. According to the
above conclusion, an absorptive highway noise barrier is only needed to cover
approximately a 2 foot length of absorbing material. It would be more economical
to cover only the region in the immediate vicinity of the edge with highly sound
absorbent material.
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1. Introduction

Many people in Korea live quite close to
high volume, high-speed highways and
thus are exposed to high noise levels. To
mitigate excessive noise from highways, it
is often necessary to construct a noise
barrier a device with sufficient mass and
configuration to provide transmission loss
and diffraction of noise propagating from
a highway to a receptor.

More than 200 linear kilometers of noise
barriers have been constructed in Korea
during the last 20 years by the government
authorities and the local government. The
vast majority of these barriers have been
vertical, reflective walls made of concrete,
aluminum alloy, or steel. Clearly, there
are many other options for noise barrier
shapes than vertical reflective walls with
knife-edge diffraction zones such as absorptive
barriers, T-top barriers, slanted-top barriers,
parallel barriers, Y-top barriers, etc.

For many years,
theoretical studies have been carried out

experimental and

on the effect of noise reduction by an acoustic
barrier and the efficiency of acoustical barriers
has been the subject of research. Today,
various models are available for calculating
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the insertion loss (IL) provided by thin
and thick barriers, shaped barriers, waveguide
barriers, and others. Some of this research
was related to the prediction of the insertion
loss of absorbent barriers. However, a review
of the literature on this subject shows
that there are still many uncertainties
about the usefulness of covering barriers
with absorbent materials.

The diffraction theory for half-planes with
non-ideal boundary conditions including
half-planes with impedance covered surfaces
and for absorbent thin-wall barriers were
developed by Senior,"” Rawlins,? Hayek,®
Pierce and Hadden.“” Yuzawa,® Kendig,'®
Nobile, Hayek and Lawther,m Kindig and
Hayek,(S) Fujiwara,(g) Hayek and Grosh.'!?

The solution of this research is obtained
for the problem of diffraction of a plane
wave sound source by a semi-infinite plane.
A finite region in the vicinity of the edge
has an highly absorbing boundary condition:
the remaining part of the half plane is
hard(rigid). The problem which is solved
is a mathematical model for a hard barrier
with an absorbing edge.

This research presents a method for
calculating the effect of a thin barrier
covered with highly absorbent material on
the both sides by the solution to a standard
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problem of diffraction by a semi-infinite
hard plane with an absorbent edge. It is
concluded that the absorbing material
that comprises the edge need only be of
the order of a wavelength long to have
approximately the same effect, on the sound
attenuation in the shadow side of the
barrier, as a completely absorbent barrier.
Traffic noise is composed of thousands
of sources with varying frequency content.
To simplify noise predictions when barriers
are present, an effective frequency of 550
Hz may be used to represent all vehicles.
The wavelength of sound at f=550 Hz for
traffic noise is about 2 feet ( 0.624 m =
343m/550Hz).
According to the above conclusion, an
absorptive highway noise barrier is only
needed to cover approximately a 2 foot
length of absorbing material. It would be
more economical to cover only the region
in the immediate vicinity of the edge with
highly sound absorbent material.

2. Hard Noise Barrier Attenuation

A solution of this research is obtained
for the problem of the diffraction of a
plane wave sound source by a semi-infinite
half plane. The mathematical problem which
is solved is an approximate model for a
hard noise barrier.

Figure 1 represents a sketch of the
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Fig. 1 Sketch of the geometry for a hard noise barrier
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geometry for a hard noise barrier.

A semi-infinite plane is assumed to
occupy ¥y = 0, x £ 0, ~0{z{+ . see Fig.
1. The half plane is assumed to be
infinitely thin. The perturbation velocity,
u, of the irrotational sound wave can be
expressed in terms of a velocity potential
¥ (x,y) by u = grad ¥(x,y). The resulting
pressure(p) in the sound field is given by
p = —p, a¥%x,y) /8t, where p, is the
density of the ambient medium.

Without going through the detailed analysis
the asymptotic far field expression ¢y x,y)
as kr — o is given below. Where k is
wavenumber. The technique for obtaining

these results can be found in the Reference. "
Thus if

X = rcos@, y = rsiné —7n< @<

F(Z) = e"izzfei'dl then, Hard far field

for 0 < G3< =
Ulr,0 = Dy (—ai8Gy—m (1)
where

Do £ ke ==/ v (1= cos )V (1 — cos )
H™ V (2x ikr) (cos 6+ cos 8y)

v kr (cos B+ cos 00)
Q= -
2 sin &

FIQ) = i/(@Qh + odQl™

21QIFIQN

The hard single noise barrier attenuation
in decibels given by Eq. (1) for an observer
in the far field is calculated by Eq. (2),

(AH)i = ZOIOgme( r,0) (2)

where
(4y) ; is the point source attenuation for

the i™ class of vehicles.
Thus, the hard barrier attenuation for
the line source may be written as:

A= 100g{[1/(6 g~ $ D1 [ 110 ~1dg)  (3)

where ¢ and ¢y are the angles at the
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Fig. 2 The Attenuation in the shadow region of a
hard barrier ( kr=10r and 6;=135")

receiver between the normal line to the
barrier and the left and right endpoints of
the barrier, respectively (as viewed from
the receiver), and 4y is the point source

hard barrier attenuation at any point i
along the line. Fig. 2 represents the
attenuation in the shadow region of a
hard barrier for kr=10a, the angle of
incidence is taken as 135" .

3. Absorptive Noise Barrier Attenuation

The Absorptive single barrier attenuation
solution is obtained for the problem of
diffraction of a plane wave sound source
by a semi-infinite plane. A finite region in
the vicinity of the edge has an highly
absorbing boundary condition: the remaining
portion of the half plane is rigid (hard).
The problem which is solved is a mathematical
model for a hard barrier with an absorbing
edge. If the wavelength of the sound is
much smaller than the length scale associated
with the barrier. the diffraction process is
governed to all intents and purposes by
the solution to a standard problem of diffraction
by a semi-infinite hard plane with an
absorbent edge. Under the above approximations
a mathematical model for a rigid barrier
with a highly absorbing edge is given by a
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Fig. 3 Sketch of the geometry for an absorptive
noise barrier

standard problem of diffraction by a semi-
infinite rigid half-plane with a highly absorbing
edge.

The aim here is to solve this mixed
boundary value problem. A semi-infinite
plane is assumed to occupy vy = 0, x <
0. see Fig. 3. The half plane is assumed
to be infinitely thin, and over the interval
(- £{(x{0) there is a highly absorbing
substance: the remainder, -(x{-{, of
the half plane is hard (rigid). The
perturbation velocity, u, of the irrotational
sound wave can be expressed in terms of
a velocity potential ¥(x.y) by u = grad ¥
(x.y). The resulting pressure(p) in the
sound field is given by P = —p, a¥%(x.y)

/8t, where py is the density of the ambient

medium.
It is assumed that a given incident

sound source potential field, ¢,(x,y)e ™,

is diffracted by the semi-infinite plane. In

what follows the time harmonic variation

factor, e ™, is omitted. Then the boundary

value problem becomes one of solving the
wave Eq. (4)

(0% ax*+ 3%*/ayt+ k3 ¥(x,y)=0 (4)
subject to the boundary conditions

AT (x,0%)/9y=0 x{(- 2, (5)
(3/dy = ikB) Wx,0")=0 -L (X0 (6)
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T(X,0+) = w(X 0~ ) (7)
dWx,0M)/dy = aW(x,07)/dy x>0

where B =p4c/z, Re(z)>0. z is the acoustic

impedance of the half plane.
It is assumed that a solution can be
written in the form

P(x,y) = ¢(x,y) + ¢(x,v), (8)

where ¢(x,y) represents the perturbed
field due to the presence of the half
plane. For analytic convenience one can
write k = k, + ik;(k, k;>0). in which

case for a unique solution of the boundary
value problem of Egs. (4)~(8), one also
requires the satisfaction of the radiation
condition

¢( X Y) 0(6 kir/\/_) (9)

as (X + y2)1/2 00

and also the “edge condition”

¥(x,0) = 04) and

oW(x,0)/3y = 0(x"¥%) as x - 0"

®x,0) = 0@) and

AWx,0)/oy=0(x+ £) Yas x > — ¢ (10)

In the case for which k¢ = (0 and
k¢ = o, each corresponds to the hard
and absorbing half plane solutions, respectively.

Solution of the boundary value problem,
which is used the spatial Fourier transform
of the velocity potential.(Z)
and its inverse as

(a,y) = fm¢(x,y)e’”’dx (11)

#(x,y)= f_mm+::r¢(a,y)e"i“"da (12)

Where a@=o¢+iz. The transform (11) and
its inverse (12) will exist provided —k;<z<k;;

this follows from the radiation condition(9).
The solution to the boundary value problem
is now known and is given by
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oo + fr
P(x,5)= ¢ (Jr.y)+—21—,r f_w+,~,

A(a)e "t ™dg  (y > 0) (13)
_ D B
= ¢0(I.y)b+ 2” f_mﬂ.t (14)
B(a)e " ™da (y < 0)

For the purposes of plotting the polar
diagram of the scattered far field, the
expressions (13) and (14) are approximated
kr — oo,

asymptotically evaluated for

This is achieved by using the result:

o+ ir ﬂa)e i(ax— Ayl
271’ f°°+xr k(a— kcos 8,) da

~ (= kcos6) 2INIF(ND e"“'“f’
(B 2nkp) | (cos 8+ cos 6,)

+ sgn( cos 8y) H[ — cos 6y( cos 6, ;. cos 8)]
f(kcosﬂo) — ik(xcos 8, — |yl sin 8;)

klsin 6,1 € (15)
as ko — oo, where
x = pcos®, y = psin®, (0< O
® is a function of 6, ® = £ (7 - @)

cos 6+ cos 0,
sin

FON)=e~™ [ ar, M= 42

The above result is obtained by an
application of the saddle point method,
modified slightly because of the presence

of the pole @ = kcos§, [reference(11)].
When N is large the above result (15) can
be simplified by using the asymptotic
expansion for the Fresnel integral:

F(N]) = i/(2IN]) + O(IN|7% (16)
Where, |N| — o

Finally, Expression (16) can be used in
expression (15) if no pole occurs at
a = kcosd, in the integrand. Thus, upon

using the results(15) and (16), for 0{8y<x,
expressions (13) and (14) yield (2).(11),
(12), and (13)

¥Ya (1,0) = Da(—a8b—m), (17)
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where x = rcosd, v = rsinf, —a<6f<m,

DA =
e i(kr — x/4) .

20F(g) . {L.(kcosfp)} ™

v 2rkr (cos @+ cos 8y) KL . (cos 8)

(1+ JI—COS 00\/1-—c050) ei(kx—n/d)
B Varkr (1)

i(kR — 7/4)
Gy( 0,8y + %m— - Gy( 9, 8y)

In the above expressions for D4 the various

quantities appearing are given by

vV kr (cos 8+ cos 6)
Q = ,
2 sin

R =124+ ¢%24 2 ¢cos @

9 = sgn(@cos '[(2 + rcos §)/R]
F(Q) = i/2Q) + odQ™

L,(k cos @)=

VJ_)_VH’B exp { 8
(1+ cos 8) o2V (1— 82+ M?8?)

[(M—Vl)f: p—(cos MV (1—vD)]sinp) du
2

(1= cosp)

del}

[e—(cos /N (1—18)]Isinu)dp
*(M_ Vz)

(v, — cos )

(X1

(19)

Li(k cos 8y) =

v{(+8) exp { B
V (1+ cos 8y) 22V (1— 82+ M?28%)

(M- L= oo N (L= Dsingd a
7

(vy— cos 1)

(v~ cosps) dul)

o [y -1 i
‘(M_Vz)_!f [u—(cos " '(vo)/V (1 —v3)]sinp)du
7

(20)
v, = 1/(1+ 8*MH{MB?**V 182+ M?8?) }
v, = 1/(1+ BM?{ MB2—V 1 — 82+ M?B?) }
B=8(1—M?
B=00 ¢/Z, ¢ is the velocity of sound.

M (=U/C) is the Mach number.
B is complex.

Go( 8, 6) =
k2 ~"4sin AL (k)L _(kcos 0){ S,( k)
=Sk + ¢+ (k) +w.(k}IW(—kcosd) (21)
~V Klsin 8L . (K)L _( kcos BV (1— cos 6)

A_(— K)W(—kcos /(iR)
G, (8,8,)=Isind L, (k)L (kcosd)

{k/2L 4 (k)(S; (k) + S, (k) + ¢, (k) (29)
— w4+ (k)}ti/ B {sin By/(1 — cos 8y)
+ 2R 2 AL (B>} W kcos 9)
The expression for the total acoustic far
field, given by the expressions (17) to
(22). together with Fig. 4, gives a picture

of the physical fields. The term D,

represents the fields diffracted from the
edge x = — ¢. The terms involving r
and 6 represent the contribution to the
diffracted field from the edge x=0. The
terms involving R and &8 give the field
diffracted by the joint x=—¢.

In the numerical calculation of D, the last
two terms involving G, were dropped.

This was done because of the considerable
amount of numerical calculation required
for these terms which have a negligible
effect on the far field for k¢>1.'¥
This research for the k¢ (27/2x2=6.28) is
mush larger than 1.

This result is achieved by the following

Im(r)

&
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iz ('I//////////////////////////I/I/;?/
_ g 4 tos 6

Re (1)

«-ten 8o

Fig. 4 Illustration of locations of the poles in the
complex plane(
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Eq. (23):
Da_ g - md 21QIF QD
A= V2rkr (cos 8+ cos ;) (23)
) {L,(kcos 8y)} !
KL ,(cos 6)

V1—cos 00\/1—c050)
(H 8

As the reactive part of the specific

impedance increase L,(cos®) for a fixed

value of M: there is no noticeable change
to the lobe in the region —=a¢ 6<0.*?
Equation (23) is presented by the
research as the solution to the single
absorptive barrier problem. The parameter
L,(kcos®, 8y in Eq. (23) is calculated as

part of this research. The computer

(14
reference ¥

program shown in  the
calculates the parameter for automobiles,
medium trucks, and heavy trucks.

Figures 5, 6, and 7 give the attenuation
of the sound field, 20 log i l¥ (1, §)I, in the

(—7<{08<{8y— 7)., in the shadow region of
the screen for kr=10r, 6,=135", k¢ =0,

27, and various values of impedance ({).

The presence of an acoustically absorbing
lining on a surface is usually described by
an impedance relationship between the
pressure (P) and the normal velocity
fluctuation on the lining surface. This
gives rise to a boundary condition on the
absorbing lining of the form

dp/dn=ikAp, [ Re (B)>0 ]

where the sound wave has harmonic
time variation e ™ and k=w/c, ¢ is the
velocity of sound, n the normal pointing
into the lining, and B the complex specific
admittance of the acoustic lining. An
acoustically hard (or perfectly reflecting)
surface has a vanishing admittance, |8 — oo,

and an acoustically soft surace is given by

152 /82422 XS24 X|/4 8 A A 1 &, 19984
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Fig. 5 Attenuation given by a hard half plane with an
absorbent edge[ kr=10n 6,=135", k¢ =2n
real impedance (¢ =0.5), and various of
image impedance ()]

Hard Screen

B b 58 &8 8

45 60 75 B0 -105 -120 -135 -150 -165 -1IS
0/ deg

Fig. 6 Attenuation given by a hard half plane with an
absorbent edge [ kr=107, 6,=135", k¢ =2=x
real impedance (¢ =1.0), and various of
image impedance (&)1

|8} — oo,

From Figs. 5, 6. and 7, it can be seen
that the level of attenuation, compared to
that of a hard half plane, in the shadow
region is greater the larger [8| = 47! is.
It has already been shown in reference
(13]) that provided k¢ >1 the field in the
shadow of the screen is to all intents and
purposes the same as for k¢ =00,

For an absorbing material the following
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Fig. 7 Attenuation given by a hard half plane with an
absorbent edge [ kr=107 8,=135", k¢ =2z

real impedance L(&) =2.0), and various of
image impedance ()]

values of specific impedance ¢=&+in (=1/8)
seen to be of practical importance: fibrous
sheet, £=0.5, -1{(7<3; perforated steel,
0<&<2, -1{(7{(3. Where 7 is the real specific
impedance. The impedance ¢ of the lining
at the edge of the screen is chosen to give
the softest lining ¢ -—=0 mechanically
possible.

From the graphical results one can
conclude that the sound attenuation in
the shadow region increases as |A8| increases;
the softer the absorbent material becomes,
which makes up the edge, the greater the
attenuation. It is only necessary to apply
the absorbent material to
wavelength of the edge of the rigid screen
to have the same effect, on the sound
attenuation tin the shadow region, as a
screen covered completely with absorbent

within a

material.

Traffic noise is composed of thousands
of sources with varying frequency content.
To simplify noise predictions when barriers
are present, an effective frequency of 550
Hz may be used to represent all vehicles.
Also, the wavelength of sound at f=550

Hz for traffic noise is about 2 feet (0.642
m = 343m/55 Hz). According to the
above conclusion, an absorptive highway
noise barrier is only needed to cover
approximately a 2 foot length of absorbing
material. It would be more economical to
cover only the region in the immediate
vicinity of the edge with highly sound
absorbent material.

Experimental work by Fujiwara(g‘w), Butler''?,
Dagile,!!” (18)
fully support the above conclusions.

Thus, the attenuation of absorptive
single noise barrier can be calculated by
Eq.(24),

and Maekawa would seem to

(4a) i = 20 logy [Falr, )] (24)

(4,4) ; is the point source attenuation for

the i class of vehicles.

Thus, the absorptive barrier attenuation
for the line source may be written as:

Aap= 10log {[1/(dr — )] (25)
[ a0 -oxm0)ag

where ¢; and ¢z are the angles at the

receiver between the normal line to the
barrier and the left and right endpoints of
the barrier. respectively (as viewed from
the receiver), and 4 . is the point source

absorptive barrier attenuation at any point
i along the line.

4. Effects of Absorption

The Effect of Absorption EA is found
through the difference in the sound pressure
level in the shadow zone resulting from
the replacement of a hard barrier with an
absorbing one: that is, the difference between
the excess attenuation by the hard barrier
(Att)u and the excess attenuation by the
absorptive barrier(Att)a. Then this effect
is expressed by:
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EA=[Att], — [Attly (dB) (26)
=201log [ Fa(r, )] —20l0g , ¥ u(r, 6)

where [Att)a is attenuation by absorptive
barrier, and [(Att)y is attenuation by the
hard barrier.

In the practice of traffic noise control, it
is useful to obtain the effect of absorption
EA for an incoherent line source. The
effect of absorption for line source may be
written as:

(EA)L=[Attlix — [Att]y
= 10log {[1/(6g— ¢ [} (10 44 ag

10108 ([1/(4 5= ¢ DI [ (10~ #*™)ag)

(27)

where (Att)ia is attenuation by the absorptive
barrier for line source, and [(Attlus is
attenuation by the hard barrier for line
source.

The excess attenuation of noise by an
absorptive barrier (Att)a is given by the
sum of the excess attenuation by a hard
barrier (AttJu and the effect of
absorption, that is:

(Att]a=[Attlu+ (EA) (dB) (28)

where EA is effect of absorption ( (Att)a -
(Attln).

The excess attenuation of noise by an
absorptive barrier for line source (AttlLa
is given by the sum of the excess
attenuation by a hard barrier for line
source [Attliun and the effect of absorption
for line source (EAJL, That is:

[ Attla=[Attlin +[EA]L
= Att]+[(At)Ln — (AtD) 5]
= 10108 ([1/(¢ x~# D [ (10 ~*")ag)
+110 log{(1/($r—9 Q]j:'(lo“" AD)dg)
10108 ((1/(6 x— ¢ ) [ (10 ~#5/*)agh]
(29)
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where [Att)La is excess attenuation by the
absorptive barrier for line source, and [(Att)w
is excess attenuation by the hard barrier
for line source. [(EA)L is effect of absorption
( (Att)ia - (Attlin).

5. Summary

The use of absorptive materials in single
barriers is an effective way to increase
the insertion loss of the barrier. The
absorptive material is only needed in the
upper zone of the barrier., which is the
size of the dominant wavelength (generally
about 2 feet = 0.624 m = 343m/550Hz).

The use of absorbent material can also
help reduce the height of a barrier in
order to achieve the desired insertion loss.
According to this research, Single-wall
absorptive barriers may provide up to
approximately 4 dBA in additional insertion
loss for receivers deep in the shadow zone
when the distance between source position
and receiving position from the barrier is
approximately same, which is used in
highly absorbent material.

The provision of a completely absorbent
screen presents several difficulties, among
them the cost of construction and maintenance.
However, this research since diffraction
phenomena are governed in general by
conditions at the diffracting edge, proved
that the improved attenuation for the absorbent
screen could be obtained simply by treating
a region in the neighborhood of the edge
(2 ft for transportation noise) with highly
absorbing material. It would be more
economical to design for highway absorptive
noise barriers than the other types of
design.

In addition, barrier performance can
generally be improved by the use of
absorptive treatments. When sound absorptive
materials are used outdoors in highway
situations. they must be resistant to weather
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conditions, which are particularly severe
when there are freeze-thaw cycles, acts of
vandalism, impacts from vehicles, and the
presence of chlorides from snow plowing
operations and spray. From an acoustical point
of view a relatively high sound absorption
would be desired in the range 500 to
2000 Hz. where the A-weighted traffic
noise contains much of its energy.

6. Research Findings

This research has resulted in the
following findings:

(1) The Effect of Absorption (EA) is
found through the difference in the sound
pressure level in the shadow zone resulting
from the replacement of a hard barrier
with an highly absorbing materials.

(2) It is only necessary to apply the
absorbent material to within a wavelength
(about 2 ft) of the rigid screen to have
the same effect, on the sound attenuation
in the shadow region , as a screen covered
completely with absorbent material.

(3) The results show that, when the
angles of diffraction are significant, the
insertion loss (IL) of a hard barrier can
be substantially increased by covering with
highly absorbent material.

(4) From Fig. 2, 5. 6, and 7. it can be
seen that the level of attenuation., compared
to that of a hard half plane, in the
shadow region is greater larger angle 6.

(5) The use of highly absorbent material
for highway noise barriers can also help
reduce the height of a barrier in order to
archive the desired insertion loss. It
would be more economical to design for
highway noise barriers than the other types.
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