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Figure 14. Scale model of the Waterwheel for three-dimensional experiments.

7. EXPERIMENTAL RESULTS

All of the above findings were determined from numerical analyses using
two-dimensional BEM. It has been already reported that the numerical analyses
assuming the two-dimensional sound field can provide a good indication of the
three-dimensional experiment using a point source when the point source and the
receiver in the experiment are in the vertical plane which is perpendicular to the
axis of the noise barrier [6]. In this section, three-dimensional experiments are
performed to confirm that the two-dimensional simulations accurately predict
three-dimensional sound fields.

A scale model of the Waterwheel was constructed as shown in Figure 14. The
dimensions in the experiments were reduced to a scale of one-tenth, and thus the
depth of the wells was 17 mm and the diameter of the core cylinder was 25 mm.
The core cylinder was made of a half pipe of 1·5 mm thick aluminum, and the rest
of the parts were 1 mm thick aluminum plates. Transmission loss (TL) of these
materials was large enough not to harm the sound field. The opening angle of the
wells was 36° by taking into account the results shown in Figure 12. The opening
width along the longitudinal direction of the cylinder was 14 mm, which is half
of the wavelength at 12 kHz, to make the Waterwheel surface (i.e., the open ends
of the wells) approximately locally reactive under the frequency. One unit was
301 mm long with a diameter of 59 mm. Twenty-four models were constructed,
thus obtaining a Waterwheel cylinder with a total length of 3·6 m.

Scale model experiments were carried out in a hemianechoic room. The
geometry of the barrier, point source, and receivers is shown in Figure 15. A
300 mm high noise barrier was sitting on the rigid floor, and the Waterwheel was
installed on the edge. The barrier was inserted between two half cylinders of the
Waterwheel, similar to Figure 7. Though the line source was on the ground surface
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calculated at a receiver located on the ground surface at a distance of 25 m behind
the barrier. The line source and the receiver were placed on the ground surface
to avoid complications due to interference resulting from ground reflections in the
monofrequency sound field. If the interference were to minimize the sound
pressure at a receiver o} the ground, one would not be able to distinguish the
sound shielding efficiency of the barrier and the e}ect of the interference. The
spatial distribution of the SPL was calculated in the receiver region as shown in
Figure 6, with the receivers set in an array (51� 26) at intervals of 0·2 m.

The Waterwheel cylinder was installed on the edge of a barrier. Figure 7 shows
the cross-section around the edge. Both of the barriers with and without the
Waterwheel were 3 m high, in order to exclude the e}ect of the extra barrier height
from the e}ect of the Waterwheel. The thickness of the edge actually increases even
if the height remains constant; thus, the geometrical boundary of di}raction moves
upward and the so-called ‘‘e}ective height’’ increases. This increase in height,
however, is sufficiently small, approximately 0·05 m. Thereby the efficiency
changes only slightly with the increase in height. As shown in Figure 7, the barrier
was inserted between two half cylinders of the Waterwheel. Thus, the cross-section
of the edge with the Waterwheel becomes an irregular circle, which a}ects the
sound field and the efficiency of the barrier only a little. The depth of the channels
was 170 mm, corresponding to a quarter of the wavelength at 500 Hz. Taking into
account the size of materials of the 1/10 scale model to be made later, the diameter
of the core cylinder was 250 mm and the thickness of the plates partitioning the
channels was 10 mm. Consequently, the diameter of the whole Waterwheel was
590 mm. The opening angle of the channels was 15 degrees. The channels must
be sufficiently narrow when compared to the wavelength, for the sound wave needs
to propagate only in the direction parallel to the radius. The 15° angle is the
minimum value that allows for easy construction of the scale model. All surfaces,
including the barrier with the Waterwheel and the ground, are reflective.

The frequency characteristics of the SPL behind the barriers with and without
the Waterwheel were calculated using the BEM. The complicated cross-sectional

Figure 7. Cross-section of the Waterwheel installed on the barrier’s edge.
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Figure 10. Di}erence of the Waterwheel’s e}ect caused by the variations of channel depth. ——,
110 mm; ----, 170 mm.

5.2. DIAMETER OF THE WATERWHEEL

The sound shielding efficiency of the barrier with Waterwheels of di}erent
diameters is discussed. The diameter of the whole Waterwheel varied from the
original size of 590 mm to 490 mm, 690 mm, and 790 mm, with the depth of the
channels kept at 170 mm. The ratio of the area of the open end of the channel
to that of the bottom is 5·6:1 for the 490 mm Waterwheel and 1·9:1 for the 790 mm
one; hence the channels of the 790 mm Waterwheel are fairly rectangular in shape
as compared to that of the 490 mm.

Results of the calculations are shown in Figure 11. The frequency width of the
improvement around 630 Hz is discussed below. It was expected that the whole
of the improved frequency band would shift to a lower frequency. Nonetheless,
only the lower limit of the band shifted to a lower frequency while the higher limit

Figure 11. Di}erence of the Waterwheel’s e}ect caused by the variations of its diameter. ——,
490 mm; ----, 590 mm; . . . . , 690 mm; –.–.–, 790 mm.

Fig. 6. Illustrations of noise barriers with various shaped edges and surface conditions installed on the
rigid flat ground. The barriers have infinite length and the cross section of each barrier is uniform along
the length.

Fig. 7. (a) Constitutions of a double-cylindrical barrier, (b) a branched barrier, (c) a double-edge barrier,
and (d) a barrier with side-panels.
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difference in sound pressure level is very small for the frequencies 100, 250, 500 and 1000Hz while it is 8 dB for
2000Hz. So the lonely square acts by improving the diffraction at 2000Hz and has no influence for the other
frequencies.

Another computation is made for a barrier meshed with 8! 20 rectangles over the rectangular surface such
that "0.4mpxp0.4m and 0mpyp2m, which is a little larger than before. The results are presented in
Fig. 13 for the frequency band 125–2000Hz and the control zone 1. The final value of the cost function is
44.9 dB which is not better than for the smaller size of the barrier where it was 41.8 dB. So it seems that
increasing the horizontal size of the barrier decreases the convergence speed of the algorithm rather than
improving the final result.

3.5. Position of the source

As a final test, the barrier in Fig. 11 is calculated for other positions of the source to see if the optimal shape
for a position of the source and a control zone is still interesting for other positions of the source. The cost

ARTICLE IN PRESS

Fig. 9. Final shapes of the barriers for the best runs and for the frequencies 125Hz (a), 2000Hz (b) and for 125–2000Hz (c).
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each step the algorithm selects which individual can reproduce and which individual disappears such that the
size of the population is constant. The creation of new individuals from the current population and the
evolution of populations can be obtained from two processes: crossing and mutation. In the crossing process
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Fig. 2. Building of the geometry from binary data.
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Fig. 3. Example for a rectangular barrier: (a) fill the 1 in the matrix to build the first step of the geometry, (b) remove the interior holes and
(c) build the boundary of the domains.
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4.3. Geometry of the noise barrier

The noise barriers studied in this work are T-shaped
barriers with wells at their tops (as shown in Fig. 4). The
number of wells and their depth can vary. Moreover, there
are two kinds of materials covering the noise protection:
one is perfectly reflective from an acoustical point of view;
the other is absorbent. The impedance model used to
describe this absorbent material is the semi empirical
Delany and Bazley model [30]. It is a two parameter model:
r is the flow resistivity and is expressed in kPa s m!2; and h
is the thickness of the absorbent material and is expressed
in metres.

The reference configuration used for all calculations is a
3 m high (overall height) and 1.5 m wide T-shaped barrier.
The top surface of the crowning is covered with a 0.1 m
thick layer of a mineral wool-like material. The crowning
thickness is 0.3 m including the absorbent material. This
reference configuration is detailed in Fig. 5.

The configuration of the barrier to optimise and the
varying parameters are given in Fig. 4. The varying param-
eters are the depths of the wells represented on the figure by
d1, . . .,d7 and also the flow resistivity r for some cases. In
the following parts, the vector of the depths is named
Depths and Depths = (d1, . . .,dn) where n is the number of
wells (in Fig. 4 n = 7). Because of the geometry of the
barriers considered in this work, the depths di are restricted
to the interval [0.0 m; 0.25 m] and are determined with a

precision of 0.01 m. When the flow resistivity is not a vary-
ing parameter, the impedance of the absorbent material
considered is defined by the Delany and Bazley model by
r = 30 kPa s m!2, which corresponds to mineral wool;
and h = 0.1 m which is the default value for the thickness
for all calculations.

4.4. Cost function and receivers

The cost function is the name for the function which has
to be maximised or minimised in the optimisation problem,
here the genetic algorithm search the global maximum of
the cost function. In our case, the objective is to have an
efficiency of the crowning as high as possible for a given
source-receiver configuration. The cost function is the
result of BEM calculations of the efficiency of the crown-
ing. This global efficiency Effglobal is given with a precision
of 0.1 dB and writes:

Effglobalðn; di; r; hÞ ¼ 10log10

P
Df

10
LwAðDf ÞþEADf ;T!shaped

10

P
Df

10
LwAðDf ÞþEADf ;wellsðn;di ;r;hÞ

10

0

BBB@

1

CCCA

ð1Þ

where EADf,wells is the excess attenuation for the T-shaped
barrier with varying well depths (referred to free field) in
the third octave band Df and EADf,T-shaped is the excess
attenuation for the reference T-shaped barrier (with a flat
top surface) of the same overall height (3 m) in the third oc-
tave band Df. LwA(Df) is the road traffic noise spectrum in
third octave bands (Df). It is calculated with the EN 1793-
3:1997 regulation [31] in all cases except in Section 5.1.6
where the influence of the road traffic noise spectrum is
studied. The spectrum calculated with the EN 1793-
3:1997 regulation is represented by the solid line in
Fig. 6. As shown in Section 5.1.6, the choice of the spec-
trum has a great influence on the global efficiency in dB(A).

The cost function does not have an obvious derivative.
This is why it has been chosen to use one of direct optimi-
sation methods presented in Section 3. The cost function is
also highly dependent on the position and the number of
sources and receivers.

σ

Fig. 4. Configuration of the barrier to optimise with absorbing materials (on the left) and with only rigid materials (on the right).

3 m 

0.3 m 

1.5 m 

Rigid material 

Absorbing material 
(  = 30 kPa.s.m-2)

Fig. 5. Reference T-shaped barrier.
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the number of wells, the higher the efficiency as confirmed
in the next section. Lastly, optimal shapes in each third
octave bands are rather original and would have been
hardly predicted without a systematic research based on
optimisation algorithms.

5.1.2. Global optimisation with absorptive materials
The barrier optimised is the one described left-hand side

in Fig. 4 (the reactive top surface of the T-shaped barrier is
covered with absorptive materials). Fig. 11 gives the results
for the global optimisation where the insertion loss is calcu-
lated in the frequency range 100-2500 Hz. The optimal bar-
riers are represented for the three global optimisation of
this section (n = 3, n = 5 and n = 9) and corresponding
optimal vector of depths and optimised efficiency are given.

The optimal global efficiency increases with the number
of wells on the top edge. It reaches up to 2.7 dB(A) when 9
wells are considered on the top surface. It appears that the
best shape is an alternation between deep wells and shallow
ones.

Other calculations have confirmed the fact the larger the
number of wells on the top surface, the higher the effi-

ciency. However, the optimisation for 9 wells needs already
several days of calculations (on a Pentium 4–2.66 GHz); as
a consequence, optimisation with a higher value of number
of wells is not achievable with reasonable calculation times
(the higher the number of wells, the longer the surface to
mesh, the higher the calculation time).

The efficiency of the optimal T-shaped barrier with 9
wells on the top compared with the reference T-shaped is
presented in Fig. 12. The map is 110 m wide and 30 m high.
The barrier is located at 0 on the x-axis and the source is
located on the ground at !8 m on the x-axis. The lighter
the area, the higher the efficiency (the colour bar on the
right of the map gives details for grey levels and values
of efficiency).

There is a zone of very slight degradation (darkest
part) but the loss of efficiency is smaller than 1 dB(A)
and the area of degradation is very restricted. On the
whole, one can see an improvement of the efficiency in
the shadow zone. The increase is up to 3 dB(A) but is
around 1 to 2 dB(A) in the major part. The improvement
is significant for heights lower than around 5 m behind
the barrier.
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Fig. 10. Optimal shapes in each third octave band for n = 9.
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EFICACIA	  DE	  LA	  PANTALLA	  ACÚSTICA	  

COEFICIENTE	  DE	  PÉRDIDA	  
POR	  INSERCIÓN	  (IL)	  

§  Diferencia	  de	  presión	  sonora	  
antes	  y	  después	  de	  introducir	  la	  
pantalla.	  

	  
§  Se	  mide	  en	  decibelios	  (dB).	  
	  
§  Ampiamente	  uRlizado	  en	  la	  
evaluación	  de	  medidas	  de	  control	  
de	  ruido.	  

	  
§  Expresión:	  
	  

EVALUACIÓN	  DE	  LA	  EFICACIA	  

§  Se	  obRenen	  los	  valores	  de	  IL	  para	  
disRntos	  puntos	  del	  dominio:	  
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Rayco Toledo, Juan José Aznárez, Orlando Maeso y David Greiner

separados ∆x. Se proponen además tres regiones claramente distinguibles en términos de
su cercańıa a la mediana de la región factible donde se encuentra la pantalla (dr1) y de su
extensión (dr2), de modo que la separación entre receptores (∆x, ∆y) viene determinada
por la región que se pretende analizar (ver Tabla 1).

Tabla 1: Regiones objeto de estudio. Distancias expresadas en metros.

Región ds dp dr1 dr2 ∆x ∆y

1
10 1

0.5 10 2 1
2 10.5 40 8 2
3 50.5 50 10 5

Los resultados obtenidos están dados en términos del coeficiente de pérdida por inser-
ción (IL por sus siglas en inglés), definido como sigue:

IL = −20 · log10

(

PB

PHS

)

(dB) (1)

para cada frecuencia del espectro, y representa el nivel de presión sonora en los receptores
medido como la diferencia entre la situación considerando (PB) y sin considerar (PHS) la
inclusión de la barrera. Se trata de un estimador ampliamente utilizado para evaluar la
eficacia acústica de las barreras acústicas.

Figura 1: Configuración bidimensional para pantallas acústicas de pequeño espesor.
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Optimization design of thin cross-section road noise barriers
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Abstract

Do not forget to state the abstract of the article!!!!

Keywords: Thin noise barriers, Shape optimization, Genetic algorithms, Boundary Elements Method, Noise
attenuation, hyper-singular formulation, Dual formulation

1. Introduction

Acoustic barriers have been largely used for abating
the negative impact of road traffic noise on residential
areas.

2. Problem definition

The general problem configuration is shown in Fig. 1.
It deals with a two-dimensionalmodel concerning an in-
finite, coherentmono-frequency source of sound, placed
parallel to an infinite noise barrier of thin cross-section
that stands on a flat plane (ground) of uniform admit-
tance at ds. Both the ground and the barrier feature a
perfectly reflective surface (βg = βb = 0).
A trapezoidal section holds the area for feasible pro-

files, defined by the barrier projection to the ground, that
is constant and dp = 1 m, and the maximum effective
height to be achieved, that is heff = 3 m at the median of
the rectangle trapezium.

Table 1: Data concerning regions under study. Dis-
tances expressed in meters.

Region ds dp dr1 dr2 ∆x ∆y
A

10 1
0.5 10 2 1

B 10.5 40 8 2
C 50.5 50 10 5

Two different receiver configurations are studied. In
one configuration (Fig. 1), a group of four receivers

∗Corresponding author. Tel.: +34 928457403
Email address: rtoledo@iusiani.ulpgc.es (R. Toledo)

placed on the ground spaced equally apart ∆x from one
another is considered. In the other configuration, three
additional groups of receivers are added to the former
spaced equally apart vertically ∆y.
In addition to this, three clearly distinguishable re-

gions (A, B and C hereinafter) in terms of closeness to
the median of the feasible region are proposed for both
receiver configurations. Table 1 holds the data concern-
ing these regions.
The results achieved are given in terms of insertion

loss (IL), defined as follows:

IL = −20 · log10
(

PB
PHS

)

dBA (1)

on every frequency of the band spectra, and repre-
sents the sound pressure level at the receiver points as a
difference between the situation with (PB) and without
(PHS) considering the barrier. This parameter is a widely
used estimator to assess the acoustic efficiency of sound
barriers.

Figure 1: Two-dimensional configuration for thin
cross-section acoustic barriers.
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Título	  de	  la	  diapositiva	  El	  Método	  de	  los	  Elementos	  de	  Contorno	  

PROBLEMÁTICA	  GEOMETRÍAS	  REALES	  

ACÚSTICA	  EXTERIOR	  VS	  
ACÚSTICA	  INTERIOR	  

§  En	  acúsRca	  exterior	  pueden	  aparecer	  
fenómenos	  de	  amplificación	  de	  las	  
ondas	  sonoras	  a	  determinadas	  
frecuencias	  (resonancia	  acús0ca).	  

§  Estos	  fenómenos	  son	  inherentes	  al	  
carácter	  matemáRco	  de	  la	  definición	  
del	  problema	  exterior.	  

§  Las	  frecuencias	  a	  las	  que	  aparecen	  
estos	  fenómenos	  indeseables	  se	  
denominan	  frecuencias	  espurias,	  y	  
corresponden	  a	  las	  frecuencias	  de	  
resonancia	  del	  problema	  interior.	  

§  Estos	  valores	  de	  resonancia	  son	  los	  
autovalores	  de	  las	  matrices	  H	  y	  G.	  

Motivación del trabajo 3

En los problemas de acústica exterior a menudo aparecen fenómenos indesea-
bles que van unidos inherentemente al carácter matemático de su definición. Tal
es el caso de los fenómenos de amplificación de las ondas sonoras como consecuen-
cia de fenómenos de resonancia que aparecen a determinadas frecuencias. Dichas
frecuencias, frecuencias espurias de aqúı en adelante, no son más que los autova-
lores de las matrices H y G (ver Ec. 2.6), y se corresponden con las frecuencias
de resonancia asociadas al problema interior.

Figura 1.1: Problema de acústica exterior.

Figura 1.2: Problema de acústica interior.

§  Nuestros	  problemas	  son	  de	  acúsRca	  
exterior	  (el	  aire	  es	  el	  dominio).	  

	  

Motivación del trabajo 3
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es el caso de los fenómenos de amplificación de las ondas sonoras como consecuen-
cia de fenómenos de resonancia que aparecen a determinadas frecuencias. Dichas
frecuencias, frecuencias espurias de aqúı en adelante, no son más que los autova-
lores de las matrices H y G (ver Ec. 2.6), y se corresponden con las frecuencias
de resonancia asociadas al problema interior.

Figura 1.1: Problema de acústica exterior.

Figura 1.2: Problema de acústica interior.

§  Si	  el	  dominio	  es	  la	  pantalla,	  el	  
problema	  es	  de	  acúsRca	  interior.	  
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3. Dual BEM formulation for the analysis of thin
acoustic barriers

Fig. 2 represents a generic thin cross-section acoustic
barrier to be solved by dual BEM formulation. After a
discretization process, each node holds the values corre-
sponding to the primary variable and its derivative with
respect to the boundary normal, i.e., both the left and the
right (according to the direction of travel on the bound-
ary) values of potential and flux, denoted by p+, q+ and
p−, q− hereinafter, respectively.

Figure 2: (a) Thin cross-section of a generic barrier
profile. (b) Strategy to overcome the singularity at the
collocation point.

In order to overcome the singularity problem caused
when handling with elements under integration, an in-
finitesimal increase with a circular boundary of radius ε
towards the domain is made (Fig. 2).
Therefore, the matrix equality of the singular BEM

formulation for thin cross-section barriers can be writ-
ten as:

ci
(

p+i +p
−

i
)

+

NE
∑

j=1

(

H+j p
+
j +H

−

j p
−

j

)

=

NE
∑

j=1

(

G+j q
+
j +G

−

j q
−

j

)

(2)
being NE the number of elements on the boundary.

As n+=-n− at the collocation point, it is easily shown
that:

H+j = −H−j ; G+j = G
−

j (3)

For internal noise sources and smooth boundaries, the
final expression can be expressed then as (see [1]):

1
2
· Σpi +

NE
∑

j=1
H+j · ∆p j =

NE
∑

j=1
G+j · Σq j + p

∗

0 (4)

where

Σpi = p+i + p−i
∆p j = p+j − p

−

j

Σq j = q+j + q
−

j

(5)

By deriving (2) with respect to n+i the integral equal-
ity of the hyper-singular BEM formulation for thin
cross-section barriers is obtained:

ci
(

∂p+i
∂n+i
+
∂p−i
∂n+i

)

+

NE
∑

j=1

(

M+j p
+
j +M

−

j p
−

j

)

=

NE
∑

j=1

(

L+j q+j + L−j q−j
)

(6)

where

∂p−i
∂n+i
= −qi ; M+j = −M−j ; L+j = L−j (7)

For internal noise sources and smooth boundaries,
this yields:

1
2
· ∆qi +

NE
∑

j=1
M+j · ∆p j =

NE
∑

j=1
L+j · Σq j +

∂p∗0
∂ni

(8)

being

∆q j = −ikβ+p+j + ikβ
−p−j

Σq j = −ikβ+p+j − ikβ
−p−j

(9)

After some operations, (9) can be written as follows

∆q j = A− · Σp j + A+ · ∆p j
Σq j = A+ · Σp j + A− · ∆p j

(10)

being

A+ = −(1/2) ik (β+ + β−)
A− = −(1/2) ik (β+ − β−)

(11)
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By substituting (10) into both (4) and (8) leads to

1
2
Σpi+

NE
∑

j=1
H+j ∆p j =

NE
∑

j=1
G+j (A+Σp j+A−∆p j)+p∗0 (12)

1
2
(A−Σpi + A+∆pi) +

NE
∑

j=1
M+j∆p j =

NE
∑

j=1
L+j (A

+Σp j + A−∆p j) +
∂p∗0
∂ni

(13)

The former system of equations can be expressed ma-
tricially as follows:
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(14)

For cases when the boundaries of the barrier are ab-
sorbent and equal at both sides of the thin cross-section
(β+ = β−), (14) becomes
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(15)

Here, a system of independent linear equations of di-
mension 2Nx2N is formed, being N the overall number
of nodes on the boundary.
For cases when the boundaries are perfectly rigid

(β+ = β− = 0), (8) yields an expression where ∆p j is
obtained directly

NE
∑

j=1
M+j · ∆p j =

∂p∗0
∂ni

(16)

By substituting (16) into (4) leads to obtain Σpi and,
therefore, p+ and p− at each node. In this case, two
independent linear systems of equations of dimension
NxN are solved, meaning that the speed of calculation
is slightly higher than in the remaining cases.

3.1. Singular BEM formulation
Fig. 1 shows a two-dimensional configuration for

scalar wave propagation problems in the frequency do-
main. The integral equation for the boundary point i to

be solved numerically by using the singular BEM for-
mulation can be written as follows:

ci · pi = p∗0 −
∫

Γb

(

∂p∗

∂n j
+ ikβb p∗

)

p dΓ (17)

being p the acoustic field pressure on the barrier sur-
face and p∗ the half-space fundamental solution (acous-
tic pressure field due to a source placed at the collo-
cation point i over a plane with admittance βg (ground
admittance)).
For perfectly reflecting surfaces (barrier βb or ground
βg), β = 0. For partially absorbent surfaces the complex
admittance β is obtained using the model of Delany and
Bazley [2] knowing the covering material thickness and
its air flow resistivity. ci is the local free term at col-
location point i: ci = α/2π, where α is the angle sub-
tended by the tangents to the boundary at this point in
radians. ci = 0.5 for smooth boundaries. k = ω/c is
the wavenumber (c: sound wave velocity, ω: angular
frequency) and i the imaginary unit. The numerical so-
lution of (17) is possible after a discretization process.
A system of equations is obtained from this process
and leads to values of acoustic pressure over the barrier
boundary. The BEM code in this paper uses quadratic
elements with three nodal points. The acoustic pressure
along this boundary element can be written in terms of
their three nodal values as follows:

ci · pi = p∗0 −
NE
∑

j=1

3
∑

k=1
(hi jk + ikβ jg

i j
k ) p

j
k (18)

where

hi jk =
∫

Γ j

∂p∗

∂n j
φk dΓ j ; gi jk =

∫

Γ j

p∗ φk dΓ j (19)

are the integrals along the generic element j calcu-
lated by using a standard Gauss quadrature (see [3]). A
system of equations in matrix form after applying the
discretized equations at each node in the boundary suc-
cessively is obtained as follows:

(H + ikβG)P = P∗0 (20)

whereH,G are square matrices (N x N) and P, P∗0 are
(N x 1) vectors, being N the number of nodes.

3.2. Hyper-singular BEM formulation
The integral equation for the i boundary point to be

solved numerically by using the hyper-singular BEM
formulation can be written as follows:

3

FORMULACIÓN	  SINGULAR	  

PRESIÓN	  Y	  FLUJO	  A	  AMBOS	  LADOS	  
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Figura 2: (a) Perfil genérico de pantalla de pequeño espesor. (b) Estrategia empleada para
evitar la singularidad en el entorno del punto de colocación de la carga en la formulación
del MEC.

En la Figura 2(b) se puede visualizar la estrategia para aislar la singularidad del Método
en este tipo de dominios. De este modo, la igualdad matricial resultante de aplicar la
formulación singular del MEC a pantallas de pequeño espesor puede ser expresada como
sigue:

ci
(

p+
i +p−

i

)

+
N
∑

j=1

(

H+
j p

+
j +H−

j p
−
j

)

=
N
∑

j=1

(

G+
j q

+
j +G−

j q
−
j

)

(8)

siendo N el número total de nodos de la discretización sobre el contorno. Teniendo en
cuenta que n+ = −n− en el punto de colocación j, se demuestra fácilmente que:

H+
j = −H−

j ; G+
j = G−

j (9)

Para fuentes internas de ruido y contornos suaves, la expresión final puede ser escrita
como sigue (ver [1]):

1

2
· Σpi +

N
∑

j=1

H+
j ·∆pj =

N
∑

j=1

G+
j · Σqj + p∗

0 (10)

donde:

Σpi = p+
i + p−

i ; ∆pj = p+
j − p−

j ; Σqj = q+
j + q−

j (11)

Derivando (8) respecto de n+
i se obtiene la igualdad integral de la formulación hiper-

singular del MEC:
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Título	  de	  la	  diapositiva	  Presentación	  del	  Problema	  	  

DEFINICIÓN	  DEL	  PROBLEMA	  

CONFIGURACIÓN	  DEL	  PROBLEMA	  	  

POSICIONAMIENTO	  RECEPTORES	  

§  Superficie	  de	  la	  barrera	  y	  el	  suelo	  
reflejantes	  (βs=βp=0).	  
§  Región	  facRble	  marcada	  por	  una	  altura	  
efecRva	  de	  heff=3	  m	  y	  una	  proyección	  
horizonatal	  dp=1	  m.	  
§  Fuente	  a	  ras	  de	  suelo	  a	  ds=10	  m.	  
§  16	  receptores	  en	  la	  zona	  de	  sombra	  de	  
la	  pantalla,	  separados	  Δx	  e	  Δy	  .	  
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separados ∆x. Se proponen además tres regiones claramente distinguibles en términos de
su cercańıa a la mediana de la región factible donde se encuentra la pantalla (dr1) y de su
extensión (dr2), de modo que la separación entre receptores (∆x, ∆y) viene determinada
por la región que se pretende analizar (ver Tabla 1).

Tabla 1: Regiones objeto de estudio. Distancias expresadas en metros.

Región ds dp dr1 dr2 ∆x ∆y

1
10 1

0.5 10 2 1
2 10.5 40 8 2
3 50.5 50 10 5

Los resultados obtenidos están dados en términos del coeficiente de pérdida por inser-
ción (IL por sus siglas en inglés), definido como sigue:

IL = −20 · log10

(

PB

PHS

)

dBA (1)

para cada frecuencia del espectro, y representa el nivel de presión sonora en los receptores
medido como la diferencia entre la situación considerando (PB) y sin considerar (PHS) la
inclusión de la barrera. Se trata de un estimador ampliamente utilizado para evaluar la
eficacia acústica de las barreras acústicas.

Figura 1: Configuración bidimensional para pantallas acústicas de pequeño espesor.

3

§  Se	  estudian	  tres	  regiones	  en	  términos	  
de	  cercanía	  a	  la	  barrera:	  
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3

Introducción 

Estado del Arte 

Protocolo de 

Optimización 

Método de los 

Elementos de 

Contorno 

Presentación del 

Problema 

Resultados 

Conclusiones 

Desarrollos 



Inserta	  la	  
tabla	  

Título	  de	  la	  diapositiva	  Presentación	  del	  Problema	  

ESPECTRO	  UTILIZADO	  

§  Espectro	  normalizado	  de	  ruido	  de	  
automóviles,	  ponderado	  A,	  
empleado	  por	  el	  CTE	  (ISO	  717.2).	  
	  
§  Estudio	  realizado	  para	  frecuencias	  
centrales	  de	  tercio	  de	  octava	  en	  el	  
rango	  100-‐2000	  Hz.	  

FUNCIÓN	  DE	  AJUSTE	  

§  La	  opRmización	  de	  forma	  se	  lleva	  
a	  cabo	  basándose	  en	  la	  media	  de	  los	  
valores	  de	  IL	  para	  todos	  los	  
receptores	  estudiados:	  

	  
§  Se	  busca	  maximizar	  el	  valor	  de	  FA,	  
de	  manera	  que	  cuanto	  mayor	  sea	  su	  
valor	  mayor	  será	  la	  eficacia	  acúsRca	  
de	  la	  barrera	  propuesta.	  
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4.2. Estimación de la pérdida por inserción

Considerar el valor de IL asociado al espectro de banda de frecuencia para cada receptor
resulta ser un estimador más realista a la hora de evaluar la eficacia de una pantalla
acústica. De este modo, (25) representa el valor promedio del IL frecuencial para cada
receptor.

IL = −10 · log10















NF
∑

i=1

10(Ai−ILi)/10

NF
∑

i=1

10Ai/10















(dBA) (25)

donde NF se trata del número de frecuencias del espectro analizado (NF = 14 en este
art́ıculo), Ai es el nivel de ruido ponderado del espectro e ILi es el coeficiente de pérdida
por inserción para fuentes pulsando a cada una de las frecuencias del mismo. El espectro
empleado en este Trabajo se corresponde con el espectro normalizado de ruido de au-
tomóviles, ponderado A, empleado por el Código Técnico de la Edificación (CTE) (ISO
717.2), definido para frecuencias centrales de tercio de octava en el rango de 100 a 2000
Hz [8].

4.3. Definición de la función de ajuste

La optimización de forma se lleva a cabo basándose exclusivamente en la media de los
valores de IL para todos los receptores analizados (26).

FA =
NR
∑

i=1

ILj/NR (26)

siendo ILj el valor promedio de IL para cada receptor y NR el número total de receptores.
Como es fácil entender a estas alturas esta función buscará ser maximizada en el proceso
de optimización, de manera que cuanto mayor sea su valor mayor será la eficacia acústica
de la barrera.

5. Resultados y discusión

La Tabla 3 muestra los valores de la eficacia acústica de los mejores individuos (FAmejor)
de las ejecuciones llevadas a cabo para cada región y modelo aśı como longitud de los
contornos de cada caso (Lc). Asimismo, recoge los resultados comparativos de la ganancia
de eficacia acústica del mejor individuo de cada modelo, respecto de una pantalla simple
de 3 m de altura situada en la mediana del área de la región factible para cada región
(∆FAmejor). Además se incluyen los resultados relativos al modelo B*, el cual tiene como
contornos el pie y los brazos principales del modelo B (ver Figura 4). Se pretende de este
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φ1 =
(1

2
− ξ

)(

1− η
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; φ2 =
(1

2
+ ξ

)(

1− η
)

; φ3 = η
(1

2
+ ξ

)

; φ4 = η
(1

2
− ξ

)

(23)

donde se demuestra fácilmente que:

xm1 = xm4 = −

dp

2
; xm2 = xm3 =

dp

2
; ym3 = heff

(

1 +
1

2

dp

ds

)

; ym4 = heff

(

1−
1

2

dp

ds

)

(24)

siendo ym1 y ym2 valores que dependen del modelo analizado (ver Tabla 2).
Se estudian en este Trabajo dos modelos de pantallas acústicas (Figura 4). El punto

que yace en el suelo (0) es fijo, y tanto la proyección horizontal (dp) como la altura
efectiva (heff) son idénticas en ambos modelos. El modelo A se trata de una configuración
en Y ampliamente estudiada, generada a partir de tres puntos (1, 2 y 3) que disponen
de completa libertad de movimiento en el interior de la región factible. El modelo B
representa una evolución del modelo anterior al incorporar dos brazos adicionales a cada
brazo de la configuración en Y. Uno de estos brazos se sitúa en el punto medio de los brazos
principales de la barrera, mientras que el otro lo hace en el extremo. Las variables de diseño
que definen la inclinación de los brazos principales tienen su movilidad condicionada a
desplazamientos verticales (η1 y η6) a lo largo de los ĺımites laterales de la región factible.
La Tabla 2 muestra las variables de diseño y las restricciones impuestas a cada modelo.

Figura 4: Variables de diseño y perfiles de los modelos que se estudian.

Tabla 2: Variables de diseño y restricciones de los modelos a estudiar.

Modelo ym1 (m) ym2 (m) Variables de diseño Restricciones

A 0.0 0.0
ξ1, η1, ξ2, Ninguna
η2, ξ3, η3 (región factible)

B 2.5 2.5
η1, ξ2, η2, ξ3, η3, Evitar cortes entre los
ξ4, η4, ξ5, η5, η6 contornos de la barrera
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modo determinar cuál es la pérdida de eficacia acústica asociada a la eliminación de los
contornos interiores de éste modelo.

La Figura 5 muestra los perfiles de los mejores individuos de los modelos estudiados,
en términos de su eficacia acústica, aśı como la evolución del IL frecuencial promedio de
todos los receptores con la frecuencia en cada una de las regiones consideradas y para
cada modelo estudiado. Por último, la Tabla 4 muestra las coordenadas de las variables
de diseño de los mejores individuos para cada región y modelo.

Tabla 3: Eficacia acústica de los modelos analizados, expresada en dBA.

Región Modelo Lc(m) ∆Lc(m) FAmejor ∆FAmejor

1
B 4.8052 +1.8052 21.3830 +6.8418
A 5.8848 +2.8848 19.2943 +4.7531
B* 3.7398 +0.7398 17.4048 +2.8636

2
B 4.8050 +1.4805 17.4996 +4.0581
A 5.8969 +2.8969 16.6120 +3.1705
B* 3.6790 +0.6790 13.4767 +0.0352

3
B 4.9896 +1.9896 16.2552 +3.4976
A 5.8984 +2.8984 15.4795 +2.7219
B* 3.6296 +0.6296 12.7967 +0.0391

Tabla 4: Coordenadas en el dominio transformado del mejor individuo para cada región
y modelo.

Región 1 Región 2 Región 3

Variable A B A B A B

ξ1 0.12353 - -0.12745 - -0.17450 -
η1 0.05882 1.00000 0.05882 0.05882 0.05098 1.00000
ξ2 -0.30784 -0.28205 0.44510 -0.45500 -0.43726 -0.27500
η2 1.00000 1.00000 0.98039 1.00000 1.00000 1.00000
ξ3 0.50000 -0.20147 -0.36275 -0.22500 0.36667 -0.17716
η3 0.96471 1.00000 1.00000 0.77647 0.97647 0.96471
ξ4 - 0.15363 - 0.09951 - 0.04931
η4 - 0.88628 - 0.87843 - 0.93726
ξ5 - 0.27500 - 0.32971 - 0.48941
η5 - 0.88235 - 0.82353 - 0.83529
η6 - 0.58823 - 0.70588 - 0.21569
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Inserta	  la	  
tabla	  

Título	  de	  la	  diapositiva	  Resultados	  

DISCUSIÓN	  DE	  RESULTADOS	  

EFECTIVIDAD	  DE	  LAS	  BARRERAS	  

§  Más	  efecRvo	  actuar	  en	  la	  zona	  de	  
coronación	  de	  la	  barrera.	  
§  El	  modelo	  B	  es	  el	  más	  efecRvo	  en	  
todas	  las	  regiones	  analizadas.	  

COMPORTAMIENTO	  ACÚSTICO	  

§  Convergente	  conforme	  la	  región	  
objeto	  de	  estudio	  se	  aleja	  de	  la	  
barrera.	  
§  Necesidad	  de	  estudiar	  perfiles	  
alternaRvos	  a	  la	  pantalla	  simple,	  
incluso	  en	  regiones	  distantes.	  

ESTUDIO	  ACÚSTICO	  DEL	  MODELO	  B	  

§  Los	  contornos	  interiores	  mejoran	  
significaRvamente	  la	  eficacia	  
acúsRca.	  
§  En	  regiones	  distantes,	  el	  modelo	  
B*	  y	  la	  pantalla	  simple	  poseen	  
eficacias	  similares.	  
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§  Se	  ha	  presentado	  un	  protocolo	  para	  la	  opRmización	  de	  perfiles	  que	  posibilita	  
la	  idealización	  de	  pantallas	  acúsRcas	  reales	  como	  geometrías	  de	  espesor	  nulo.	  	  
	  
§  Se	   han	   presentado	   dos	   modelos	   de	   perfiles	   de	   pantallas	   acúsRcas	   para	  
validar	  el	  método.	  
	  
§  El	  rango	  de	  aplicabilidad	  del	  protocolo	  es	  amplio	  y	  permite	  estudiar	  diversas	  
soluciones	   topológicas,	   incluidos	   aquellos	   diseños	   basados	   en	   geometrías	  
curvas	  (curvas	  Bézier	  o	  curvas	  spline).	  
	  
§  El	  estudio	  de	  pantallas	  acúsRcas	  mediante	  la	   idealización	  de	  su	  perfil	  como	  
espesor	  nulo	   facilita	   enormemente	   la	   comprobación	  de	   la	   validez	   topológica	  
de	  los	  perfiles	  propuestos	  por	  el	  AG,	  permiRendo	  obtener	  diseños	  de	  pantallas	  
que	  serían	  dizciles	  de	  estudiar	  de	  no	  ser	  por	  esta	  consideración.	  
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Título	  de	  la	  diapositiva	  Desarrollos	  en	  curso	  

TRABAJO	  A	  PUBLICAR	   EVOLUCIÓN	  IL	  ESPECTRAL	  

§  A	  comparaRve	  study	  on	  design	  
opRmizaRon	  of	  polygonal	  and	  Bézier	  
curve-‐shaped	  thin	  noise	  barriers	  using	  
dual	  BEM	  formulaRon.	  EUROGEN	  2013	  
(pendiente	  de	  publicación).	  
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Título	  de	  la	  diapositiva	  Desarrollos	  en	  curso	  

GEOMETRÍAS	  RECTAS	   GEOMETRÍAS	  CURVAS	  

§  Diseños	  basados	  en	  curvas	  spline,	  
tanto	  para	  contornos	  convencionales	  
como	  para	  contornos	  idealizados	  con	  
espesor	  nulo.	  

§  Configuraciones	  enfocadas	  en	  la	  
actuación	  sobre	  la	  zona	  de	  coronación	  
de	  la	  barrera.	  

0.5

1.0

1.5

2.0

2.5

3.0

3.5

-0.5 0 0.5

y 
(m
)

x (m)

 MODEL A 

 FF=19.17 (dBA)

-0.5 0 0.5
x (m)

 MODEL B 

 FF=27.25 (dBA)

0.5

1.0

1.5

2.0

2.5

3.0

3.5

-0.5 0 0.5

y 
(m
)

x (m)

 MODEL A 

 FF=21.75 (dBA)

-0.5 0 0.5
x (m)

 MODEL B 

 FF=18.71 (dBA)

Introducción 

Estado del Arte 

Protocolo de 

Optimización 

Método de los 

Elementos de 

Contorno 

Presentación del 

Problema 

Resultados 

Conclusiones 

Desarrollos 



Inserta	  la	  
tabla	  

Título	  de	  la	  diapositiva	  Desarrollos	  futuros	  

PANTALLAS	  HÍBRIDAS	  

QUADRATIC	  	  RESIDUE	  
DIFFUSER	  (QRD)	  

§  OpRmización	  de	  configuraciones	  
para	  un	  nº	  de	  pozos	  determinado.	  

OTRAS	  TIPOLOGÍAS	  
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tion of the deeper half of the 430-mm channel is rectangular
because keeping a channel wedge shaped as it becomes
deeper results in the bottom of the channel becoming too
small. Thus, neither the volume of the air in the channel nor
the frequency minimizing of the open-end sound pressure are
affected, even by large changes of channel depth. Therefore,
the channel bottom must be large enough to relate the change
of the depth with the change of the frequency that is devel-
oping the soft surface. Figure 15 shows the effect of a
waterwheel-shaped edge that has channels of four different
depths. The two peaks that remain with uniform channels of
130 mm are reduced although the improvement between 630
Hz and 1 kHz that is obtained by uniform channels is de-
creased. Consequently, the shape of the noise spectrum be-
comes rather flat and the improvement in overall SPL
changes from 2.8 to 4.3 dB by the additional channels.

As discussed previously, shallow channels should be as-
signed near the top of the barrier, so BEM calculations were
performed by switching 80- and 130-mm channels at the top
of the barrier in Fig. 14. The resulting spectrum of improve-
ment is not the expected shape, probably due to either the

strong effect of the 80-mm channels or the decrease in the
improvement by the 130-mm channel. Although this result
suggests that the channel on the highest position of the
waterwheel-equipped barrier affects efficiency improvement
very strongly, it must be remembered that this discussion is
based on the assumptions that each channel independently
affects the improvement of the efficiency, and that the inter-
action between adjacent channels of different depths is not
considered.

C. Minimum number of channels
The discussions in the previous section show that four

kinds of channels are needed on the top of the waterwheel-
shaped barrier. Now it is investigated how 130-mm channels
other than the four kinds of channels ~i.e., five channels on
the source side and six channels on the receiver side! affect
the efficiency of the waterwheel shapes, in order to deter-
mine the minimum number of the channels to obtain the
same improvement. Change in the improvement by the
waterwheel-shaped edge is calculated by filling up the chan-
nels one by one, starting with the channel furthest from the
top of the barrier, as shown in Fig. 16. Six channels on the
receiver side are not filled up when the source side channels
are filled up, and similarly five channels on the source side
are not filled up when the receiver side channels are filled up.
Figure 17 shows the change in the overall SPL of the noise
spectrum as a function of the number of filled channels. As
regards both source and receiver side channels, the overall
SPL remarkably increases when the fourth channel is filled
up. Namely, the channels arrayed on the upper half of the
cylinder surface are necessary and those on the lower half do
not affect the efficiency. In other words, even if all channels
of the source or receiver sides are filled up, the SPL behind
the waterwheel-equipped barrier increases by only 0.8 dB.

III. WATERWHEEL FOR PRACTICAL USE

When one applies the waterwheel investigated in this
paper to the practical noise barrier, some modifications are
still needed. The horizontal width of the cylinder sticking out
of the barrier must not exceed legal building restrictions on
expressway facilities. The cylinder had better weigh as little

FIG. 14. The waterwheel-shaped edge with the basic 130-mm channels and
the additional channels of 80, 260, and 430 mm.

FIG. 15. Improvement of the negative effect by the combination of the
channel depths.

FIG. 16. Channels filled up gradually to determine the minimum number of
channels to obtain the same improvement.
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as possible for the structural strength of the noise barrier.
Furthermore, a smaller cylinder can suppress the cost of its
material. These imply that the waterwheel of 800-mm diam-
eter is not practical enough to be applied.

Thus, the cross-sectional design is based on the discus-
sions in the previous section: the combination of various-
depth channels at the top of the barrier, and the omission of
the channels arranged on the lower half of the cylinder. Fur-
thermore, the minimization of the overall volume of the
waterwheel-shaped edge is considered. The decrease in over-
all SPL of the noise spectrum shown in Fig. 4 was evaluated,
resulting in the cross-section diagram shown in Fig. 18.
There are five kinds of channels, 90, 160, 260, 340, and 430
mm; they correspond to a quarter of the wavelength at 940,
530, 330, 250, and 200 Hz, respectively. This combination of
channels is obtained by the procedure described in the pre-
vious section: the remaining peaks from a waterwheel-
shaped edge with uniform 160-mm channels are reduced by
the addition of four kinds of channels. Three of these addi-
tional channels are bent to minimize the volume of the wa-
terwheel. Results of some numerical calculations indicated
that it is appropriate for the channels to be bent twice to
avoid reflection in the channel. If the channel is bent only
once, the bending angle becomes acute and the reflection
caused around the bend harmfully reduces efficiency; if the
channel is bent more than three times, the results are the

same as bending it twice. By bending the channels, the size
of the waterwheel can be minimized to 530 mm wide and
330 mm high. This width is almost the same as the absorbing
cylinder already being used, thus it will not be against the
building regulations of expressway.

Figure 19 shows the change in the noise spectrum that
results from installation of the practical waterwheel-shaped
edge on the barrier. The spectrum with the waterwheel
~dashed line! becomes rather flat and the negative effect of
the waterwheel, which had harmed overall efficiency, is
completely removed, resulting in an improvement of 4.7 dB
in overall SPL. This improvement is approximately twice
that of the uniform depth waterwheel with a 590-mm diam-
eter ~2.3 dB; see Fig. 9!. The dotted line in Fig. 19 shows the
spectrum behind a simple barrier of 6.2-m height. The 6.2-m
simple barrier is less effective than a 3.0-m barrier with the
waterwheel around 1 kHz, although it is efficient in the lower
frequency range. Its decrease in overall SPL is almost the
same as that of the practical waterwheel, thus installation of
the waterwheel is equivalent to 3.2 m of extra height of a
simple barrier. Notice that the cross section shown in Fig. 18
is designed only to control the noise source which has the
spectrum shown in Fig. 4, and that a different cross section
would be needed for a different noise spectrum. In other
words, precise prediction of the traffic noise spectrum to be
suppressed is quite significant in designing a noise control
device, such as the waterwheel-shaped edge, whose effect is
strongly dependent on frequency.

Spatial distribution of the effect of the practical
waterwheel-shaped edge was calculated in the back of the
barrier. The calculation was carried out in the region of 5–30
m horizontally from the barrier and ground surface to 5 m
high, as shown in Fig. 20, with the receivers set in an array
~2636! at intervals of 1.0 m. Figure 21 shows the results
behind a barrier of 3.0-m height placing a line source in front
of the barrier at a horizontal distance of ~a! 20.0 m, ~b! 12.5
m, and ~c! 5.0 m. Positive values in Fig. 21 indicate improve-
ment of the sound shielding efficiency, i.e., decrease in over-
all SPL. The source positions correspond to the farthest lane,
the central reservation, and the nearest lane, respectively, of
an expressway with four traffic lanes. The improvement by

FIG. 17. Effect of the filled channels: change in the overall sound pressure
level of the expressway noise.

FIG. 18. New waterwheel-shaped edge designed for practical use.

FIG. 19. Improvement by the practical waterwheel-shaped edge.
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ceiver were placed on the ground surface to avoid complica-
tions due to interference caused by reflections from ground
surface in the monofrequency sound field. Were the interfer-
ence to minimize the sound pressure at a receiver above the
ground, it would be impossible to distinguish the sound
shielding efficiency of the barrier from the effect of the in-
terference.

The shape of the spectrum of the noise targeted for sup-
pression by barriers appears considerably significant when
designing a frequency-dependent noise-control device, such
as the waterwheel-shaped edge. In general, the traffic noise
behind a noise barrier can be predicted by subtracting the
numerically calculated efficiency of the barrier from the
power level spectrum of the noise source. However, in a
realistic sound field, the predicted spectrum sometimes dif-
fers from the measured spectrum, probably because proper-
ties of the field, such as the effect of the ground surface, are
not dealt with successfully in the numerical simulations.
Therefore, the traffic noise spectrum measurements were
taken behind noise barriers that had been built along express-
ways, and were used in this paper as the target of barrier
noise control. Measurements of 1

3-octave-band SPLs were
taken at five points along the Kyushu expressway, which is
in southwestern Japan. A microphone was placed on the
ground at a distance of 25 m behind a 3-m-high noise barrier.
The ground surface was asphalt at four of the observation
points and grass at the fifth. Two spectra of five differ from
the others obviously: at a point on the asphalt ground SPL
around 500 Hz is emphasized by the sound of engine braking
from large vehicles running down the long slope, and at the
point on the grass SPL in higher frequency range decreases
because of the ground absorption. Thus the two spectra were
not considered and three other spectra were averaged to rep-
resent the traffic noise. The solid line in Fig. 4 shows aver-
aged results of the three spectra as a 1

3-octave-band SPL rela-
tive to the noise level at 1 kHz, and the variation of the three
spectra is indicated by error bars. The broken line shows the
spectrum simulated by the combination of a measured power
level spectrum of vehicles11 and the BEM calculation; the

curve is adjusted to equal its overall SPL to that of the mea-
sured spectrum. It is shown that the peak of the measured
spectrum is narrower as compared with the simulated spec-
trum. In the following sections, it is assumed that the traffic
noise spectrum of solid line in Fig. 4 was observed at a
receiver that was 25 m behind the 3-m-high barrier, as shown
in Fig. 3.

II. RELATIONSHIP BETWEEN THE PROFILE OF THE
WATERWHEEL-SHAPED EDGE AND ITS SOUND
SHIELDING EFFICIENCY

The frequency characteristics of the SPL behind barriers
with and without the waterwheel-shaped edge were calcu-
lated using the BEM. The complicated cross-sectional shape
of the barrier with the waterwheel was divided into many
straight-line elements, and the admittance is zero on the sur-
face of all elements. Both of the barriers with and without
the waterwheel were 3 m high in order to exclude the effect
of extra barrier height from the effect of the waterwheel-
shaped edge. The waterwheel increases the thickness of the
edge, even as the height remains constant; thus, the geo-
metrical boundary of diffraction moves upward and increases
the so-called ‘‘effective height.’’ This increase in effective
height, however, is sufficiently small that its efficiency
changes only slightly with the increase in height.

The SPLs behind the barriers were calculated using the
BEM at 1

15-octave frequency intervals. The five results
around a 1

3-octave-band center frequency were averaged en-
ergetically to approximate 1

3-octave-band SPL. The SPL dif-
ference between barriers with and without the waterwheel-
shaped edge is referred to as the effect of the waterwheel.
The traffic-noise spectrum observed in back of the
waterwheel-equipped barrier was predicted by subtracting
this waterwheel effect from the representative spectrum of
road traffic noise shown in Fig. 4.

A. Waterwheel diameter and channel depth
A waterwheel cylinder with a diameter of 590 mm and a

channel depth of 170 mm, evaluated in previous reports, was
installed on the edge of a 3-m-high barrier as shown in Fig.
5. The opening angle of the channels is 15 degrees ~the cir-
cumference is divided into 24 arcs!. Figure 6 shows the
analysis based on a 70 dB SPL at a 1 kHz band before

FIG. 4. Road traffic noise spectrum observed at the receiver behind the
barrier shown in Fig. 3.

FIG. 5. Waterwheel cylinder installed on the edge of a barrier.
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