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Summary
This research work aims at evaluating the acoustic performance of a noise reducing device which combines sonic
crystals with a conventional noise barrier. Numerical simulations, using a 2D Boundary Element Method (BEM),
are carried out to evaluate their acoustic properties in terms of insertion and reﬂection losses due to the addition
of the sonic crystal elements. The studied so-called sonic crystal assisted noise barrier is 3 m high and 1 m wide
and is composed of two periodic bands of scatterers combined with a rigid straight barrier. Resonant cavities are
used to produce extra insertion loss at some frequencies of resonance below the band gaps. Improved attenuation
properties are found when resonant scatterers (cavities) and absorbent materials are combined. Our results show
a signiﬁcant extra insertion loss due to the addition of the sonic crystal elements for middle and high frequencies
of typical road traﬃc noise. On the other hand, the extra reﬂection loss is limited.
PACS no. 43.50.Gf

1. Introduction
Sonic crystals (SC) are inhomogeneous materials made of
regular arrays of scatterers embedded in a ﬂuid medium.
An interesting property of these materials is the occurrence
of ranges of frequencies where no propagating modes
are supported by the periodic structure. These ranges are
known as band gaps (BG). The physical mechanism that
explains this phenomenon is the destructive Bragg interference. The central frequency of the band gap fBG is determined by the lattice constant α which presents the distance between adjacent scatterers for a square lattice,
fBG =

c
,
2α

(1)

where c is the speed of sound in air.
Three parameters play an important role in the band gap
creation. The ﬁrst one is the density ratio M = ρ/ρ0 where
ρ is the density of the material which constitutes the scatterers and ρ0 is the density of air. The second parameter
is the ﬁlling factor ff which expresses the ratio between
the volume occuped by the scatterers Vs and the total volume V .
ff =

Vs
πd2
= 2
V
4α

where d is the diameter of the scatterers.
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(2)

The third parameter is the topology used for the design
of the sonic crystal. A growing number of studies has been
presented in the last two decades analyzing the propagation of acoustic waves inside sonic crystals. Several predictions models for such studies have been used such as
the multiple scattering theory (MST) [1], the plane wave
expansion (PWE) [2] and the modal scattering method
(MSM) [3]. Sánchez et al. [4] studied the eﬀectiveness of
sonic crystals and showed that a two-dimensional arrangement of rigid hollow cylinders in air, with a small number of elements, can produce signiﬁcant values of acoustic attenuation. The cylinders constituting a sonic crystal
can be either hollow or solid. Vasseur et al. [5] showed
theoretically and experimentally that the sonic crystal attenuation is the same for hollow or solid cylinders. This
occurs for acoustic wavelengths that are larger than the
size of each cylinder. Rigid scatterers like wood or aluminum have been used to study the physical behavior of
sonic crystals when the reﬂection of acoustic waves becomes the mechanism of the band gap creation [6]. In addition, sonic crystals with mixed materials have been used
to study the double eﬀect of reﬂection and absorption on
the frequency response of the sonic crystal [7]. Indeed, the
use of soft cylinders is an alternative to solve the problem of the angular dependence of the acoustic attenuation. Resonant cylinders allow the sound to penetrate inside the elements of the periodic structure and as a consequence new acoustical properties can appear [8, 9, 10].
With this kind of scatterers a new attenuation band is obtained in the low frequency range which allows to reduce
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Figure 1. Scatterers arrangement in a sonic crystal in front of a
conventional straight barrier.

the width of the sonic crystal. Romero-García et al. [11]
studied theoretically and experimentally the acoustic performance of sonic crystals with added acoustical properties of resonance and absorption. They showed, for a periodic structure of perforated cylinders, that the periodicity
of the perforations in the axis perpendicular to the plane of
the crystal introduces a frequency band attenuation below
the band gap. This band attenuation depends on the size of
the interior cavity, on the radius of the perforation and on
the distance between perforations. When the cylinders are
ﬁlled with absorbent material, the authors showed that the
sonic crystal have angular independence while maintaining the band attenuation due to the perforations.
The previous research works on sonic crystals considered their acoustical performance in the absence of
a ground surface. In the presence of a ground surface,
Krynkin et al. [12] studied the acoustical eﬃciency of
regular arrays of cylinders with their axes parallel to the
ground plane. They used a semi-analytical model based
on multiple scattering theory and numerical simulations
based on a boundary element formulation for rigid and
impedance ground, respectively. The results of both methods were compared with experimental data. The authors
showed that the performance of an array of cylinders above
a rigid ground is similar to that of a doubled array composed of the original array plus an array corresponding
to its mirror image in a rigid plane. The authors showed
also that the ﬁrst band gap was much reduced when it coincides with the destructive interference minimum due to
the ground eﬀect for some source-array-receiver conﬁgurations. The band gap was maintained for an impedance
ground when ground eﬀect minima were shifted to lower
frequencies. These results are in agreement with those obtained by Romero-García et al. [13] showing the eﬀect of a
ﬁnite impedance surface on the acoustical performance of
a sonic crystal using a semi-analytical model based on the
multiple scattering theory and on the method of images.
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Sonic crystals appear to be relatively eﬃcient at some
frequencies bands but are far less eﬃcient than a conventional straight barrier. This is the reason why it is of interest to study their acoustical eﬃciency when they are
combined with a straight noise barrier. We suppose that
there is a suﬃcient space to insert a sonic crystal in front
of a straight barrier. In this paper we evaluate with the
BEM the extra insertion and reﬂection losses due to the
addition of a sonic crystal system. The reﬂection loss is
studied because of the higher levels experienced on the
road due to regular barriers. The paper is divided in two
parts: section 2 presents the sonic crystal assisted noise
barrier design. In section 3, the numerical approach with
the BEM is brieﬂy described and convergence properties
are discussed. Numerical results of insertion loss for realistic multi-lane traﬃc noise situations are presented for 2D
and 3D noise sources. Reﬂection loss results are then presented using an inverse Fourier transform of the frequency
BEM results.

2. Sonic crystal assisted noise barrier design
The geometry of the studied sonic crystal assisted noise
barrier is given in Figure 1. It consists of two periodic
bands of scatterers (BS1 and BS2) combined with a 3 m
high rigid straight noise barrier. The ﬁrst periodic band
of scatterers BS1 extend from x = 0 m to x = 0.30 m
with lattice constant α1 = 0.085 m. The scatterers used
have a diameter d1 = 0.05 m. The second periodic band
BS2 extend from x = 0.30 m to x = 0.80 m with lattice
constant α2 = 0.17 m. The diameter of the scatterers is
d2 = 0.13 m. The width of the straight noise barrier is
0.2 m. The ﬁrst band of the sonic crystal is constituted by
a periodic distribution of small scatterers. It increases the
reﬂection loss eﬀect when the wavelength is larger than
the size of the scatterers. Using equation (1), the band gap
of the ﬁrst scatterers band will be created around 2000 Hz.
The cylinders of the second band are larger than those of
the ﬁrst band. They are used to attenuate the frequency
band around 1000 Hz where traﬃc noise has its main ennergy contribution.
In the following paragraphs, we present the eﬃciency
results for diﬀerent types of scatterers. Scatterers can be
either rigid cylinders or resonant cavities. The cavities are
either rigid or covered with an absorbent material in the
interior. Results of reﬂection and insertion losses of the
sonic crystal assisted barrier are reported when the axes of
the scatterers are parallel to a reﬂecting ground.

3. Numerical approach for the assessment
of sonic crystal assisted barriers eﬃciency
3.1. Boundary element method
In this research we use the BEM which allows to study
complex shapes of scatterers combined with traditional
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In equation (3) the acoustic pressure p at any point M,
for a source at any point Q, can be represented as the sum
of a source term t and a radiated term. The radiated term
is represented by an integral over the boundary S and is
expressed in terms of the unknown pressure p, the Green
function G and the admittance Y (ratio of velocity to pressure). The Green function describes the propagation of
sound in the presence of an inﬁnite ground and in the absence of diﬀracting objects. In this case, it is the sum of a
direct term Gd , a reﬂected term Gr and a corrective term
Gc which includes ground eﬀects when the ground is not
rigid [16]. It is given by
(4)

where r is the (M, Q) distance, r− is the distance between
M and the image of Q with respect to the ground surface,
H0 is the Hankel function of the ﬁrst kind and order zero
and Pα is the correction factor for ground admittance.
The software MICADO uses a more complex approach
based on a variational formalism where equation (3) is
further developed and integrated a second time over S
thus leading to a functional. The minimum of this functional also leads to a square symmetric matrix system.
This approach provides a solution numerically more stable and the order of the singularities is reduced. Boundaries are meshed at each frequency automatically according to a criteria of minimum number of elements per wavelength and per segment, which greatly reduces computation times. The Hankel functions which appear in the
elementary Green’s terms are tabulated and interpolated
when needed, which reduces the computation time required to compute the matrix by a factor of more than 20.
The elementary integrations are done using Gauss integrations. In MICADO, the number of Gauss points NG may
vary depending on the distance between points. These aspects make MICADO a specially optimized software in
calculation time.
For sonic crystal elements, the objects to be meshed are
the scatterers. They are discritized by means of straight elements. Previous calculations were carried out to ensure
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noise barriers for diﬀerent impedance conditions. The
BEM is a technique developed in the early sixties and
is based on the integral equation theory [14, 15]. This
method appears more appropriate in an inﬁnite space than
the ﬁnite element method because only the surface of the
domain boundary must be discretized. Its main advantage
is that it allows any kind of shape and impedance condition
values on the surfaces to be accounted in a homogeneous
atmosphere. The numerical code, MICADO [16], which
we propose to use in this work is based on the direct integral equation formulation which can be expressed as
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Figure 2. Eﬃciency of sonic crystal assisted noise barrier: eﬀect
of the frequency resolution NF (a) and the number of Gauss
points NG (b) for convergence test.

convergence of calculations. Each scatterer is automatically split into a number of elements according to a double
criteria (crit1,crit2); crit1 is the number of elements per
acoustic wavelength λ and crit2 is the minimum number
of elements per segment. In our case, the set (crit1,crit2)
leading to convergence was found to be (3,12). The calculation time depends principally on the number of frequencies per third octave band NF and on the number of Gauss
points NG for the computation of elementary matrices.
Figure 2 shows the insertion loss (deﬁned by equation (5)
in section 3.2) results for diﬀerent values of NF and NG.
It shows that 20 frequencies per third octave band and 15
Gauss points are suﬃcient to ensure convergence of numerical calculations.
3.2. Insertion loss
3.2.1. Numerical simulations
In this section, the acoustic performance of sonic crystal assisted noise barriers along two-lane road is studied
as shown in Figure 3. The width of each traﬃc lane is
4 m, both the street surface and pavement are modeled as
rigid. Four sources are considered: two located at a height
of 0.01 m (S2 and S4, representing light vehicle rolling
noise emission) and two located 0.3 m above the road (S1
and S3, representing light vehicle engine noise emission).
The noise sources are located in the middle of the road
lanes. To calculate the global insertion loss in dB(A), the
A-weighted road traﬃc noise spectra (for rolling and engine noises) calculated with weights according to the European Harmonoise model [17] are used.
The geometry of the problem is bi-dimensional: the
source is an inﬁnite linear coherent source and all the obstacles remain unchanged and inﬁnite along a direction
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perpendicular to the vertical section plane. A homogeneous and windless atmosphere is assumed since the area
of reception is close to the barrier. The reference case for
all tests is the conventional rigid barrier (RB) without the
sonic crystal. In this work, we investigate various sonic
crystal assisted barriers with diﬀerent properties. The scatterers of the two periodic bands are rigid cylinders, resonant cavities and absorbent cavities for sonic crystal assisted barriers SCAB1, SCAB2 and SCAB3, respectively
(see Figure 4). SCAB2 and SCAB3 are proposed to add
new acoustic eﬀects diﬀerent from those generated by the
periodicity phenomenon. The absorbent material used to
cover the interior of cavities in SCAB3 is a glass wool. It
is characterized by a ﬂow resistivity σ of 30 kPa s/m2 and
is described using the one-parameter Delany and Bazley
model [18]. For SCAB2 and SCAB3, the slot width (e1 ) of
the cavities of the ﬁrst periodic band BS1 and that (e2 ) of
the cavities of the second periodic band BS2, has been selected to maximize the eﬀect of resonance and absorption
into the cavities (see Figure 5). It is found that the higher
the slot width, the higher the insertion loss over the entire
range of frequencies. This behavior could be assimilated
to the Helmholtz resonators, where the resonant frequencies are proportional to the slot width and the size of the
resonator cavity.
Two regions of receivers are deﬁned behind the sonic
crystal assisted barriers. Region 1 begins 1 m behind the
barrier and extends 40 m at a height between 1 m and 2 m.
It is representative of pedestrians and cyclists. Region 2
begins 10 m behind the barrier and extends 30 m at a height
between 3.5 m and 4.5 m. It is representative of the ﬁrst
ﬂoor of a building. The two regions of receivers are deﬁned with a precision of four receivers per meter in both x
and y directions. The results are expressed as the average
insertion loss per third octave band in the two regions of
receivers.
3.2.2. Numerical results
Two types of results are presented here. First, the eﬃciency of sonic crystal assisted barriers is given as a function of frequency. Second, the results of the global eﬀectiveness in dB(A), using a road traﬃc noise spectrum, are
detailed.

402

Figure 3. Geometrical conﬁguration.

40m

Rigid material
Glass wool

e
(a)

(b)

(c)

Figure 4. Scatterers used in the design of sonic crystal assisted
barriers SCAB1 (a), SCAB2 (b) and SCAB3 (c).
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Figure 5. Eﬀect of slots widths e1 and e2 of the cavities of BS1
and BS2 on the acoustic performance of sonic crystal assisted
barrier SCAB2.

Insertion loss spectra
In this section we present numerical results of sonic crystal assisted barrier’s insertion loss in real traﬃc noise situations. This insertion loss is the diﬀerence in received sound
pressure level between the situations without and with the
barrier, for the same source-receiver conﬁguration. It indicates the true noise barrier beneﬁt at the receiver.
Calculations are carried out taking 20 equally-spaced
frequencies per third octave band. Previous calculations
have shown that this is adequate to ensure convergence of
calculations (see section 3.1). The frequency range of calculations has been chosen between 50 and 4000 Hz. This
is a typical range used for road traﬃc noise studies.
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Figure 6. Insertion loss of the reference rigid barrier as a function
of frequency: Region 1 (solid line) and Region 2 (dashed line).
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2

,

(5)

where |Pref (Δf )|2 is the quadratic average over all receivers of the square acoustic pressure for the reference
conﬁguration without the noise barrier in the third octave
band Δf and |Pnb (Δf )|2 is the quadratic average over all
receivers of the square acoustic pressure for the conﬁguration with the noise barrier in the third octave band Δf .
For the reference rigid barrier (RB), the eﬃciency results
are presented using equation (5). The eﬃciency results for
sonic crystal assisted barriers (SCAB) are presented as extra gains for the insertion loss relative to RB. The extra
insertion loss ΔILSCAB,Δf is given then by
ΔILSCAB,Δf = ILSCAB,Δf − ILRB,Δf .

(6)

The global source strength is obtained by summing the individual source energies (sources are considered incoherent with each other). The insertion loss spectra (IL) of
the rigid barrier and the extra insertion loss spectra (ΔIL)
of the diﬀerent sonic crystal assisted barriers in the two
regions of interest are given in Figure 6 and Figure 7, respectively. For all barriers, the shielding eﬀect is higher
in region 1 than in region 2. For receivers in region 1
which stand for pedestrians and cyclists, one can ﬁnd only
diﬀracted sound energy. In region 2, the direct sound contributions from sources increase and degrade the acoustic
performance in comparison to region 1 especially when
the vehicles are situated in lane 2.
From the analysis of the extra insertion loss produced by
the sonic crystal assisted barriers, one can observe an increase in shielding with increasing frequency. For medium
and high frequencies, the eﬃciency diﬀerence between
the sonic crystal assisted barriers and the rigid barrier increases. The eﬀect of rigid cylinders in SCAB1 is observed
for some third octave bands. The extra insertion losses at
1000 Hz and 2000 Hz correspond to the band gaps created
by the ﬁrst and second periodic bands of cylinders. Indeed,
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Figure 7. Extra insertion loss of sonic crystal assisted noise barriers as a function of frequency in Region 1 (a) and Region 2 (b):
SCAB1 (solid line), SCAB2 (dashed line) and SCAB3 (dotted
line).

the acoustic waves are attenuated before being diﬀracted
by the top edge of the sonic crystal assisted barrier due to
the periodicity phenomenon.
When the scatterers present some resonance properties,
the performance of SCAB2 increases above the 250 Hz
third octave band. The improvement of the global eﬃciency, in comparison to SCAB1, can reach 7 dB at 1600
Hz third octave band. To separate the eﬀect of each band
of scatterers (BS1 and BS2), we present in Figure 8 the
results of insertion loss of each band by eliminating the
other band of scatterers and the straight barrier. For every
band, we compare the frequency response of both rigid
cylinders and resonant cavities in presence of a reﬂective
ground. When the cylinders are rigid, one can observe the
presence of two band gaps centered around 2000 Hz and
1000 Hz for the ﬁrst and the second band of cylinders, respectively. They are due to the multiple scattering by the
cylinders (see equation 1). For resonant cavities, the insertion loss spectra present an increase of shielding for
some third octave bands around 1600 Hz and 500 Hz for
the ﬁrst and the second band of scatterers, respectively.
Indeed, the apparition of an additional attenuation should
be result of a resonant behavior. This fact means that the
eﬀect of resonance and the Bragg’s scattering appear at
diﬀerent frequency ranges. For SCAB3, we take advantage of the absorbent properties of the glass wool to improve the acoustic properties of the resonant cavities. In
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The global eﬃciency results, for the rigid barrier (RB),
are presented using equation (7). Results for sonic crystal assisted barriers are extra gains for the global insertion
loss relative to RB.

BS1

The global traﬃc noise insertion loss values of the rigid
barrier and the global extra insertion loss values in dB(A)
of the diﬀerent sonic crystal assisted barriers are given
in Table I. This is for diﬀerent vehicles speeds (50, 70,
90 km/h) and for the two regions of reception. Three traﬃc
noise situations are considered: one vehicle in lane 1, one
vehicle in lane 2, two vehicles in lanes 1 and 2. The trafﬁc conﬁguration has an inﬂuence on the eﬃciency values
and has the same eﬀect for either receivers in region 1 or
in region 2. Noise sources in lane 2 can contribute directly
to the receivers of high altitude in region 2 and degrade
the acoustic performance in comparison to region 1. In the
two regions of reception and for all traﬃc noise situations,
a larger insertion loss is observed with increasing vehicle
speed when the rolling noise become more dominant.
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Figure 8. Insertion loss of the ﬁrst periodic band BS1 (a) and
the second periodic band BS2 (b): solid scatteres (solid line) and
resonant cavities (dashed line).

Figure 7, one can observe an increase in extra insertion
loss at medium and high frequencies when we combine
resonant cavities with absorbent material. We can notice
that the glass wool is eﬃcient for all third octave bands
above 250 Hz. The improvement due to the glass wool can
reach 9.5 dB at 1250 Hz third octave band.
At low frequencies less than 250 Hz, the scatterers of
the two ﬁrst bands do not lead to an increase in shielding. Indeed, the wavelength at these frequencies is very
large compared to the lattice constant and the propagation medium is considered homogeneous. However, low
frequencies have a low weight in the calculation of the
global eﬃciency (due to the road traﬃc noise spectrum).
The global values of insertion loss in dB(A) are given in
the following paragraph.
Global eﬃciency
The overall insertion loss in dB(A) is given by
ILA =



10 log10 

Δf
Δf

10(LWR +EAref,Δf )/10 +
10(LWR +EAnb,Δf )/10 +

Δf
Δf

10

(7)

(LWP +EAref,Δf )/10

10(LWP +EAnb,Δf )/10

,

where EAref,Δf is the excess attenuation calculated for the
reference conﬁguration without the noise barrier and for
the third octave band Δf and EAnb,Δf is the excess attenuation calculated in the conﬁguration with the noise barrier and for the third octave band Δf . LWR and LWP are
the road traﬃc noise sound power levels in third octave
bands due to rolling and propulsion noise, respectively.
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The shielding due to SCAB1, SCAB2 and SCAB3 in the
two regions of reception and for the three traﬃc noise situations is higher than that of the rigid barrier. As pointed
out in Figure 7, the global values of extra insertion loss
show that the acoustical eﬃciency of SCAB1 is not signiﬁcant in comparison to the rigid barrier (RB). SCAB2
and SCAB3 oﬀer more possibilities to improve the eﬃciency of a sonic crystal assisted barrier compared to the
reference traditional barrier. For SCAB3, the global extra
insertion loss can reach, for a vehicle speed of 90 km/h,
5.9, 4.8 and 5.8 dB(A) when considering one vehicle in
lane 1, one vehicle in lane 2 or 2 vehicles in lanes 1 and 2,
respectively. The absorption eﬀect of SCAB3, compared
to SCAB2, can reach 3 dB(A).
To sum up, Figure 7 and Table I show signiﬁcant values of global insertion loss of sonic crystal assisted barriers compared to the reference thin conventional barrier
located at x = 0.8 m. In this research work the insertion
loss of sonic crystal assisted barriers is compared also to
that of a rigid thick barrier positioned between x = 0 m
and x = 1 m. The eﬃciency results for sonic crystal assisted barriers are presented as extra gains for the insertion
loss relative to the thick barrier (ΔIL). The extra insertion
loss spectra are given in Figure 9 for the two regions of
receivers.
From the analysis of the extra insertion loss spectra,
one can observe that sonic crystal assisted barriers are also
more eﬀective than the rigid thick barrier at medium and
high frequencies. At low frequencies, a low degradation
of the insertion loss is observed. The overall eﬀectiveness
of sonic crystal assisted barriers is higher than that of the
thick barrier with a diﬀerence that can reach about 4 dB(A)
for SCAB3.
In this paragraph the 2D spectra are computed for inﬁnite coherent line source which does not describe a
real noise traﬃc situation where the noise sources are
rather incoherent. Therefore, in the following paragraph,
we present the eﬃciency results of sonic crystal assisted
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Table I. Global insertion loss of the rigid barrier RB and extra insertion loss of the sonic crystal assisted barriers SCAB1, SCAB2 and
SCAB3 in the two regions of interest: Vehicle speed is 50, 70, 90 km/h. L1 denotes traﬃc lane 1, L2 denotes traﬃc lane 2.
Traﬃc conﬁguration
Vehicle speed (km/h)

1 Vehicle in L1
70
90

50

1 Vehicle in L2
70
90

2 Vehicles in L1 and L2
50
70
90

RB (IL)

Region1
Region2

19.1
16.9

19.3
17.1

19.6
17.5

17.4
15.3

17.7
15.5

18.1
15.9

18.6
16.3

18.7
16.5

18.9
16.8

SCAB1 (ΔIL)

Region1
Region2

2.1
1.9

2.3
2.1

2.5
2.3

1.4
1.3

1.7
1.6

1.9
1.8

1.8
1.7

2.1
1.9

2.3
2.2

SCAB2 (ΔIL)

Region1
Region2

2.8
3.3

3.1
3.7

3.3
3.9

2.3
2.8

2.6
3.1

2.8
3.4

2.6
3.1

2.8
3.4

3.1
3.7

SCAB3 (ΔIL)

Region1
Region2

4.6
5.4

4.9
5.7

5.1
5.9

4.1
4.6

4.3
4.6

4.5
4.8

4.3
5.2

4.6
5.5

4.9
5.8

15

(a)

SCAB1
SCAB2
SCAB3

10
ΔIL (dB)

50
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5

0

-5

15

63

125

(b)
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Frequency (Hz)
SCAB1
SCAB2
SCAB3
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of an incoherent line source. It was demonstrated in the
literature [19, 20] that it is possible to obtain the pressure
ﬁeld for point sources or incoherent line sources by simply
post-processing 2-D results via a Fourier-type integration.
Therefore, the aim of this section is to study the importance of source types when assessing the acoustic performance of sonic crystal assisted barriers in the case of road
traﬃc noise. Point sources are used to estimate the oblique
incidence eﬀects whereas incoherent line sources are used
to present the realistic case of traﬃc noise.
In a ﬁrst step, the pressure ﬁeld is obtained in the 2D domain. In a second step, a Fourier integral is used to calculate the 3D pressure ﬁeld from the 2D pressure ﬁeld [19],

Region 2

P (x, y, z) =

1
2π

∞
−∞

p x, y, z, Z(k)

K
k

e−iaY da,

(8)

3.2.3. Inﬂuence of the source type and the direction of
propagation

A(x, y, z) =

Numerical simulations in the 2D domain imply that the geometry is two dimensional. In practice, the cross section
of noise barriers does not vary in the third direction and
the end diﬀraction eﬀects are negligible. However, using
a two dimensional excitation with an inﬁnite coherent line
of sources emitting in phase is not very realistic when the
traﬃc noise sources are rather incoherent. A continuous
sum of independent point sources is a good approximation

In the case of a ﬁnite line of uncorrelated point sources,
contributions computed using equation (8) are simply
summed in energy. When all of the boundaries are rigid,
the computation of the 2-D spectrum needs only be calculated once. However, whenever impedances are introduced, either on the ground or on the obstacle, the modiﬁcation of the Z spectra by the K/k factor implies the need

ΔIL (dB)

barriers for incoherent line sources. The eﬀect of oblique
incidence is taken into account using point sources.

where P is the 3-D pressure at wave number K and position (x, y, z), p is the 2-D pressure at wave number k, and
position (x, z), k = K 2 − a2 , Y = y − ys , where ys is
the y co-ordinate of the point source. Z(k) represents the
various impedances of the boundaries, including the inﬁnite ground, at wave number k. The 2-D frequency spectrum necessary to compute the solution at K is limited to
k which is less than or equal to K. When k becomes imaginary (a > K) the imaginary pressure solution decreases
very rapidly with frequency and needs only be computed
for the lower part of the 2-D spectrum.
In the case of an inﬁnite continuous incoherent line
source, the solution is obtained by integrating an inﬁnite
set of uncorrelated point sources. The squared ratio of total pressure to free ﬁeld pressure is given by
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Figure 9. Extra insertion loss of sonic crystal assisted noise barriers as a function of frequency in Region 1 (a) and Region 2 (b):
the refrence barrier is 1 m wide and 3 m high rigid thick barrier.

1
2π

∞
−∞

p x, y, z, Z(k)

K
k

2

da

(9)
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Figure 10. Eﬀect of the source type on the insertion loss of the
rigid barrier RB: point source (a) and ﬁnite incoherent line source
(b).

Figure 11. Eﬀect of the source type on the extra insertion loss
of the sonic crystal assisted barrier SCAB2: point source (a) and
ﬁnite incoherent line source (b).

for a full computation of the 2-D solution, up to K, for
every K. For this reason which implies an important increase in computation time, we present in this section results only for the thin rigid barrier RB located at x= 0.8 m
and the sonic crystal assisted barrier SCAB2 and for a reduced frequency range between 50 and 2000 Hz.
For point sources and ﬁnite incoherent line sources, we
represent in Figure 10 and Figure 11 the insertion loss of
RB and the extra insertion loss of SCAB2, respectively.
The results are presented for a receiver situated 10 m behind the barrier at a height of 1.5 m.
In the left graph in Figure 10 we compare the insertion
loss of RB for four angles of propagation (four y positions between the point source and the receiver). It should
be noted that the insertion loss with point source at normal incidence is very close to that with inﬁnite coherent
line source. The direction of propagation does not aﬀect
the eﬃciency for angles up to θ = 30◦ . At θ = 50◦ , the
degradation, in comparison to the normal incidence, is not
very important and does not exceed 3 dB(A). Beyond this
angle the degradation becomes signiﬁcant but the overall
eﬃciency is still satisfactory.
In the right graph in Figure 10 we represent the insertion
loss results in the case of a ﬁnite incoherent line source. A
distribution of 120 point sources between −88◦ and +88◦
are suﬃcient to ensure convergence of results. A lower
and smoother IL than that obtained with point sources is
observed. It behaves like the average of all insertion loss
spectra obtained for diﬀerent angles (see Figure 10a). The
global eﬀectiveness is 19 dB(A) for 2D inﬁnite coherent
line and 15 dB(A) for 3D ﬁnite incoherent line.

In the left graph in Figure 11 we compare the extra insertion loss of SCAB2 for the four angles of propagation.
An improvement of the acoustical eﬃciency, in comparison to the reference barrier (RB), is observed for some
third octave bands for the diﬀerent angles of incidence.
Some peaks of extra insertion loss appear at diﬀerent positions as a function of θ. Indeed, the position of the band
gap depends on the lattice coeﬃcient which varies depending on the direction of propagation.
In the right graph in Figure 11 we show the extra
insertion loss spectrum of SCAB2 in the case of a ﬁnite incoherent line source. The eﬀectiveness improvement increases with frequency with a maximum of 5 dB
at 2000 Hz. At low frequencies, as demonstrated for coherent line sources, the eﬃciency diﬀerence between the
sonic crystal assisted barrier and the reference rigid barrier is weak. The global extra insertion loss reach 3 dB(A)
for 3D ﬁnite incoherent line.
Sonic crystal assisted barrier SCAB2 shows interesting
values of attenuation whatever the source type or the direction of propagation. This show that sonic crystals can
be used in combination with conventional noise barriers
and oﬀer high shielding. The following section shows the
results of reﬂection loss which is an important parameter
also in the assessment of noise barriers eﬃciency.
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3.3. Reﬂection loss
3.3.1. Geometrical conﬁguration
In this section the sound absorption of the sonic crystal assisted barrier will be studied by analyzing the tem-
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3.3.2. Reﬂection index
The expression used to compute the reﬂection index RIj
as a function of frequency, in one-third octave bands, is
given in the CEN/TS 1793-5:2003 standard [21] by
1
RIj =
nj

nj
k=1

Δnj

FFT thrRB,k (t)wrRB (t)

df

2

df

. (10)

In this formula, j is the index of the one-third octave band
and nj ≤ 5 is the number of receivers, hrSCAB,k (t) and
hrRB,k (t) are the reﬂected signals at the k − th angle by
the sonic crystal assisted barrier and the rigid barrier, respectively. wrSCAB (t) and wrRB (t) are the sonic crystal assisted barrier reﬂected component time window and the
rigid barrier component time window, respectively. The
single-number rating of sound reﬂection DLRI , in decibels, is given by [21]
DLRI = −10 log10
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Figure 12. Geometrical conﬁguration for the reﬂection loss assessment of the sonic crystal assisted barrier.
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Figure 13. Impulse response (solid line) obtained by inverse
Fourier transform and temporal windowing (dashed line) of the
reﬂected ﬁeld.

2
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Conventional barrier
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poral ﬁeld in front of the barrier in presence of a rigid
ground. The temporary signals are obtained using an inverse Fourier transform of the pressure ﬁeld calculated by
the BEM sofware MICADO.
The conﬁguration used to evaluate the reﬂection loss of
the sonic crystal assisted barrier is given in Figure 12. The
source is positioned 2 m from the barrier at the ground. On
one hand, positioning the source at the ground presents
a realistic case of road traﬃc noise, precisely the rolling
noise. On the other hand, including the ground eﬀect in
the impulse response overcomes the problem of eliminating the reﬂections on the ground. Five point receivers are
placed on an inclined line behind the sound source. This
provides a path diﬀerence equal to or higher than 3 m
between each point source and receiver. In this case, we
can easily separate the incident and the reﬂected components of the impulse response. The temporal window can
be long enough to contain almost all the reﬂected energy
and to improve the low frequency limit. Indeed, the low
frequency limit of sound reﬂection index is inversely proportional to the width of the analysis window.
In the following paragraph, the reﬂected signal by the
sonic crystal assisted barrier is compared to that reﬂected
by the rigid straight barrier without the sonic crystal.

,

(11)

where Lj is the relative A-weighted sound pressure level
(dB) of the normalized traﬃc noise spectrum, as deﬁned in
the EN 1793-3:1997 standard [22], in the j − th one-third
octave band. m is the index of the low third octave band
limit. An example of the impulse response and the temporal window applied to the reﬂected component are given
in the Figure 13 for sonic crystal assisted barrier SCAB2.
The reﬂected signal contains a number of reﬂections by the
scatterers, a peak corresponding to reﬂection by the rigid
straight barrier (peak at 27 ms) and some attenuated peaks
corresponding to a reﬂected energy after the penetration

of the acoustic waves into the periodic array of scatterers. The temporal window must be long enough to contain
almost all the reﬂected energy. In our case, the length of
the temporal window is equal to 36 ms. This allows to reduce the low frequency limit to less than 50 Hz. The eﬀect
of diﬀraction by the top edge of the sonic crystal assisted
barrier on the reﬂected ﬁeld was studied by comparing the
results for 3 m and 6 m high sonic crystal assisted barrier.
The diﬀerence in terms of global pressure level does not
exceed 0.1 dB(A). This allows to study subsequently the
reﬂection properties of the sonic crystal assisted barrier
with a low value of incertitude.
The results of the reﬂection index as a function of frequency for sonic crystal assisted barriers SCAB1, SCAB2
and SCAB3 are given in Figure 14. For SCAB1, the variation of the reﬂection index as a function frequency is almost constant. High values of reﬂection index (low reﬂection losses) for all third octave bands are observed. Indeed,
the reﬂected signal contains a large number of reﬂections
by the rigid cylinders. In addition, the straight rigid barrier
returns a signiﬁcant energy to the source side. The reﬂection response of SCAB2 is not very diﬀerent from that of
SCAB1. Low values of attenuation and insigniﬁcant improvement due to the resonance eﬀect are observed. The
dotted line in Figure 10 shows an increase in reﬂection
loss at medium and high frequencies when resonant cavities and absorbent material are combined in SCAB3. The
single number ratings of reﬂection loss DLRI are 1 dB,
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Figure 14. Reﬂection index as a function of frequency: SCAB1
(solid line), SCAB2 (dashed line) and SCAB3 (dotted line).

2 dB and 4 dB for sonic crystal assisted barriers SCAB1,
SCAB2 and SCAB3, respectively. These values show, in
this case, a weak eﬀect in reﬂection for rigid cylinders and
resonant cavities. For absorbent cavities, the reﬂective performance is average.

4. Conclusions
In this work, the evaluation of the extra insertion and reﬂection losses due to the addition of a sonic crystal elements to a straight noise barrier has been carried out numerically using a 2D BEM. Rigid cylinders, resonant cavities and absorbent cavities are used in the design of the
sonic crystal. The sonic crystal assisted barrier insertion
and reﬂection losses are studied and compared to those of
the conventional barrier without the sonic crystal. 2D Insertion loss results showed high shielding of sonic crystal
assisted barriers over the entire frequency range of road
traﬃc noise when the sources are inﬁnite and coherent.
The improvement of the attenuation by diﬀraction, in comparison to the traditional barrier, can reach 6 dB(A) when
sonic crystal assisted barrier present additional acoustic
properties of resonance and absorption. Fourier-like transformation allows point sources or incoherent line sources
to be considered simply by integrating the 2D results.
Point sources are used to estimate the oblique incidence
eﬀects whereas incoherent line sources are used to present
the realistic case of traﬃc noise. Sonic crystal assisted barriers present a non angular dependent insertion loss and
high values of extra attenuation have been found even for
very large angles. When line sources are incoherent, a
lower and smoother insertion loss than that obtained with
coherent line sources is observed. However, sonic crystal
assisted barriers show high values of attenuation whatever
the source type or the direction of propagation.
The reﬂection loss of sonic crystal assisted barriers have
also been studied in this paper including the ground effect. Sonic crystal assisted barriers with added acoustical
properties of resonance and absorption can attenuate the
reﬂected acoustical ﬁeld toward the source side in a quite
limited range.
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Our results show that sonic crystals can be used to improve the acoustical eﬃciency of traditional noise barriers. There is a wide choice of existing materials to construct sonic crystals like natural materials such as wood or
recycled materials. These results open new perspective to
the designing of sonic crystal assisted barriers. Using optimization algorithms, we could improve the attenuation
capability of these noise barriers by using new arrangements of scatterers, changing the size and the shape of the
scatteres or by creating a number of vacancies inside the
sonic crystal assisted barrier. It could be also of importance to study whether sonic crystals may act as windbreaks when combined with straight barriers. It is what
Van Renterghem and Botteldooren [23] showed in the case
of a noise barrier combined with a row of trees behind: the
modiﬁcation of wind proﬁles induces a better performance
of the barrier. Because sonic crystals are diﬀusers like trees
are, it could therefore be interesting to check if we observe
the same positive eﬀect in the case of sonic crystal assisted
noise barriers.
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