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ABSTRACT
Several noise barriers made of phononic crystals (i.e. manmade composite materials with a periodic structure)
have been designed over the last decade. The periodic structure of phononic crystal avoids sound propagation
in a defined frequency range called Bragg band gap (i.e. wavesare evanescent). This study aims at quantifying
the perceptual impact of a noise barrier based on a phononic crystal in terms of noise annoyance attenuation.
First, a specific phononic crystal has been designed to studytimbre modifications. Then, a combined acous-
tics/auditory analysis of noise barrier made of a phononic crystal is employed. The acoustic analysis consists
in numerical simulations and measurements of acoustical scenes. In addition, several psychoacoustics param-
eters are estimated from the synthesized/recorded acoustic signals. In details, two specific timbre features are
studied: the spectrum and temporal modifications of the sound source.
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1. INTRODUCTION
Noise is an important source of annoyance and considered as akey factor on public health. Noise has mul-

tiple effects on human general state of health (1): both psychological like stress or a lack of concentrationand
physiological like sleep disturbances or cardiovascular changes. In particular, noise can aggravate serious pre-
existent physiological disorders. At the European level, the European Parliament adopted on June 25th 2002
directive 2002/49/CE to lay the basis for the fight against environmental noise (2). This European directive
has three main objectives: to carry out strategic noise maps(with the same acoustic indicators,LDEN and
LNight, for the 25 European states), to inform the public, and to implement action plans at local level.

With the aim of reducing the resident noise exposure, the contracting authorities (state, regional author-
ities) can place noise barriers along ring roads, highways and railways, between the noise sources and the
exposed environments. However, such barriers are substantial architectural elements that can decrease land-
scape quality. Most of them employ non sustainable materials like concrete, metal or plastic, and have a
limited acoustical effect due to the reduced geometrical shadow zone behind the barrier produced by the
diffraction of acoustic waves on the barrier top edge (3). Barriers reduce the mortality of the small wildlife
populations whereas they exacerbate the habitat fragmentation effect of roads in particular on small ani-
mals (4). Moreover, these noise barriers are basically continuouswalls that has a negative visual impact,
reduce sunlight for the surrounding residents and have a significant resistance to the flow of air.

Within the last ten years, several studies described the acoustical effects introduced by Phononic Crystals
(PC) (5, 6). PCs are artificial materials (or structured materials) made of periodic distributions of inclusions
inserted in a matrix. Due to their periodic structure, PCs may present, under certain conditions (geometry
of the array of inclusions, filling factor of inclusions, inclusion shape . . . ), band-gaps where the propagation
of acoustic waves is forbidden. Such band gaps are either absolute, i.e. the waves are evanescent whatever
the incidence angle (called Absolute Band Gap, ABG) or for some specific angle, for example the normal
incidence (named Band Gap 0◦, BG 0◦).

This spectral property confers to PCs potential applications in various fields such as sound insulation,
selective frequency filtering, or for the realization of more powerful transducers for nondestructive control,
medical imaging, etc. For PC applications in the audible frequency range for traffic noise, various authors (7,
8) have considered periodic distributions of rigid solid scatterers placed in the air background. However, PC-
based noise barriers attenuate a sharp frequency band compared to the wideband noise emitted by cars and
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trucks. Therefore, researchers introduced several noise control elements in such barriers: scatterers, resonators
and absorptive materials. An example of such a PC-based noise barrier has been developed by Romero-Garcia
et al (9): the scatterers are covered by 4 cm of porous material and are slotted along its entire length. This
system called Sonic Crystal Acoustic Barrier (SCAB) achieved 8 dB to 11 dB in absorption and 15 dB to
24 dB in insulation (see the EN-1793 standards). Koussa et al(10) has proposed to combine a free-standing
noise barrier and a PC-based noise barrier with two lattice constants (8.5 cm and 17 cm). This association
increases the acoustic insulation by 2 to 6 dB (depending on the traffic configuration) of the free-standing
noise barrier alone. In a similar way but based on natural material, Lagarrigue et al (11) introduced hollow
bamboos as elements of the crystal. They made a hole in each node of the bamboos to create resonator cavities.
Such resonators enable a significant attenuation of noise atfrequencies around 340 Hz.

Another phenomenon called negative refraction is associated to PCs. This occurs when the dispersion
curves of the periodic structure present branches with negative slope. In this case, the sound “ray” at the
interface between the PC and its surrounding medium, is refracted with a negative angle. In other words, in
the frequency range of the band with negative slope, the PC behaves as an effective medium with negative
index of refraction. Moreover, when the absolute value of the index of refraction of the PC is equal to that of
the surrounding medium for all incidence angles, one may observe focusing of the waves (all angles negative
refraction criterion): a point source located in front of one side of a PC-based barrier gives a point image at
the other side of the barrier. The distance between the pointsource and the point image is twice as large as
the PC barrier (12, 13), see Figure1

PC-based barrier (B)

Sound source (S )

Source image (S ′)

Figure 1 – Negative refraction effect: the sound source (S) in front of the PC-based noise barrier creates a
source image (S′).

To the best of our knowledge one paper only describes the perceptive effects of PC-based noise barriers.
Spiousas et al (14) studied the influence of a PC on the auditory distance perception of sound sources. The
results of their auditory test show that negative refraction in PCs may artificially bring a sound source closer
to the listener.

This paper presents a combined acoustical/perceptual study of a noise barrier made of a PC. It is divided
in four sections. Section2 describes the studied PC and the protocol employed to evaluate the noise barrier.
Section3 presents the results of the numerical computations whereasSection4 presents the results of the
experiments. The last section (Section5) analyses the estimated psychoacoustic parameters of the PC-based
noise barrier.

2. METHOD
This paper aims at analyzing whether a noise barrier made of aphononic crystal introduces audible effects

such as spectrum and temporal modifications. Such modifications may affect the timbre of a sound source.
For this purpose a specific PC with three effects in the audible frequency range has been designed. These
three phenomena are:

• a band gap at normal incidence (BG 0◦),
• an absolute band gap (ABG),
• a frequency range where negative refraction occurs.

Each phenomenon and associated audible effects are quantified with the use of both acoustic and perceptual
parameters. This specific PC is composed of rigid (filled) cylinders of radiusr = 5cm arranged according to a
triangular lattice with lattice parametera = 12cm (see figure2). This study employs the following approach:

• a description of the PC and an analysis of the dispersion curves that shows the three phenomena intro-
duced above,

• a theoretical and an experimental studies of the PC-based noise barrier, for several sound scenes de-
scribed in Table1, using

– numerical computations based on the finite element method,
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– acoustical measurements,
• the synthesis of a sound database based on the derived impulse responses for each sound scene and

reference sound files,
• a perceptual analysis of the impulse responses and the sound database based on several psychoacoustic

features.

Triangular

a = 12cm

θ = 60◦

r = 5cm

y

x

z

Figure 2 – Description of the phononic crystal designed for this study (with associated axes).

3. NUMERICAL ANALYSIS
3.1 Dispersion curves

The dispersion curves are computed with the finite element method using the ATILA software (15). Since
the cylinders are considered as uniform and infinite in thez direction, a 2D mesh is employed only. First,
a single scatterer is meshed, composed of several elements connected by nodes where periodical boundary
conditions are imposed (16). Quadratic interpolation elements are considered in the computation. The cylin-
ders are assumed as rigid and placed in air. Density and speedof sound in air areρair = 1.3kgm−3 and
cair = 339ms−1, respectively. The dispersion curves are presented in Figure3. We observe the three phenom-
ena detailed below.

Figure 3 – Dispersion curves of the phononic crystal designed for this study (including the Brillouin zone).

• In the directionΓX (0◦, normal incident), we observe a band gap in the frequency range 1080 Hz to
1610 Hz (in dark gray on Figure3). The band gap (BG 0◦) is not absolute since it is not observed in this
frequency range along the other directions of propagationΓJ andJX).
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• At higher frequencies, in the range 1610 Hz to 2500 Hz, the dispersion curves exhibit branches with
negative slope. The straight lines corresponding to the celerity in air cross these bands at two slightly
different frequencies along the principal directions of propagation namely at 1620 Hz alongΓX and
1550 Hz alongΓJ. That means that the effective index of refraction of the PC is not strictly equal to
that of air in theΓX andΓJ directions. However, some focusing effect is expected eventhough the PC
is not strictly isotropic.

• At even higher frequencies, in the range 2500 Hz to 2960 Hz, no propagation mode exists. In this abso-
lute band gap (ABG) the propagation of acoustic waves is forbidden whatever the incident direction.

3.2 Harmonic analysis of the PC-based noise barrier in free- field
Since we observed these three effects in the audible frequency range for the phononic crystal, we now

would like to observe the same effects on a noise barrier madeof this PC. For this purpose we designed a
barrier composed of 5 rows of 11/12 cylinders. The mesh includes the barrier and a large region of air around
the barrier. An ideal point source (S) is placed at 0.05 m of the barrier and in front of a cylinder (y = 0cm,
see Figure4). The ATILA finite element code is employed to predict the acoustic pressure (p) around the
PC-based noise barrier. Figure5 shows the pressure field for three different frequencies: 1300, 1700 and
2700 Hz. Each figure shows one phenomenon described in the above sub-section. Figure5ashows the band
gap in theΓX direction (BG 0◦): the acoustic pressure is relatively low along thex line (see Figure4) whereas
the pressure increases in the oblique directions behind thebarrier. Figure5b shows the source image due to
the negative refraction and the focusing effect. Figure5cshows the absolute band gap (ABG): the pressure is
very low in all directions behind the barrier.

x
b bListener (L)

Barrier (B)

Sound source (S )

w

d

S B

y
0

Figure 4 – Position of the sound source (S), the noise barrier (B) and the pseudo-listener (L) for the different
sound scenes described in Table1.

To precisely localize the image point, the pressure field (p) along thex line (see Figure4) behind the
barrier and for the frequency range 1400 Hz to 2000 Hz has beenanalyzed. This line is perpendicular to the
barrier and pass through the sound source (S) and through the focusing area (y = 0cm). The results show
that the acoustic pressure is maximal for frequencies around 1700 Hz and at 60 cm behind the barrier. The
distance between the sound source and the image point is close to twice the barrier depth (1.166 m instead of
1.032 m) indicating that the all angles negative refractioncriterion is nearly satisfied.

3.3 Harmonic analysis of noise barriers with a pseudo-liste ner
The simulation applied in Section3.2 is repeated but with a pseudo-listener placed at 150 cm behind the

barrier, i.e. about 90 cm beyond the image point. We use a cylinder with a radiusr′ = 10cm as a model for the
listener. Figure4 presents the position of the sound source (S), the noise barrier (B) and the “pseudo”-listener
(L) for all sound scenes listed in Table1. The sound source and the listener are placed on each side of the
barrier. To quantify the performance of the PC-based barrier, three types of simulations are computed:

• in free-field: there is no obstacle between the sound sourceand the pseudo-listener (sound scenes 1
and 2),

• with the PC-based noise barrier described in Section3.2placed on the gray area (sound scenes 3 to 6),
• with the free-standing noise barrier (consider rigid) that has the same depth and width as the PC-based

barrier (sound scenes 7 to 10).

Page 4 of10 Inter-noise 2014



Inter-noise 2014 Page 5 of10

(a) f = 1300Hz (b) f = 1700Hz (c) f = 2700Hz

Figure 5 – Theoretical pressure field for three different frequencies.

Table 1 – List of the 10 sound scenes.

Num. Barrier type SB [m] w [m] d [m]
1 - 2 - 0.5
2 - 0.05 - 0.5

3 PC-based 2 1.4 0.5
4 PC-based 2 2.35 0.5
5 PC-based 2 1.4 1
6 PC-based 0.05 1.4 0.5

7 free-standing 2 1.4 0.5
8 free-standing 2 2.35 0.5
9 free-standing 2 1.4 1
10 free-standing 0.05 1.4 0.5
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Figure 6 – Insertion Loss (IL) introduced by the PC-based noise barrier for the signal obtained at the left “ear”
of the pseudo-listener.
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The harmonic analysis is applied in the frequency range 7.81Hz to 4000 Hz, with a step of 3.9 Hz (i.e.
1024 points). Both real and imaginary parts of the acoustic pressurep is predicted on each “ear” of the pseudo-
listener (left and right sides of the cylinder). They simulate the acoustic signals received at theEar Reference
Point (ERP) according to the classification of the International Telecommunication Union (ITU) (17). An
inverse Fourier transform is applied to obtain the 256 ms impulse response for each sound scene of Table1
(with a sampling frequencyFS = 8000Hz). The harmonic analysis is presented through the Insertion Loss
(IL) defined as the difference at the listener left “ear” of the pseudo-listener between the spectrum with and
without the system under study. Thus, a positive value corresponds to an attenuation of the pressure level at
the left “ear” of the pseudo-listener. Figure6 shows the IL introduced by the PC-based noise barrier (sound
scene 6 of Table1) compared to the respective free-field case (sound scene 2).The IL shows an attenuation
around 15 dB of the acoustic wave introduced by the PC-based barrier in the band gap 1080 Hz to 1610 Hz
(BG 0◦) and in the absolute band gap 2470 Hz to 2960 Hz (ABG). Even though the pseudo-listener is placed
behind the source image, we observe an amplification (up to 12dB) of the sound level in the frequency range
of the negative refraction, i.e. 1610 Hz to 2500 Hz.

4. EXPERIMENT
4.1 Protocol

To check the theoretical predictions obtained with the finite element method, we carried out an experiment
with a demonstrator of our PC-based noise barrier. We manufactured the barrier described in Section3.2:
57 hollow cylinders arranged in 5 rows of 11/12 cylinders (w = 1.4m andd = 0.5m) with a period of the
triangular latticea = 12cm. The cylinders (in PVC) have an outer radiusr = 5cm and a thicknessδr = 2mm.
The choice of hollow cylinders rather than filled ones does not influence the experimental results because
inclusions are surrounding with air (7). The tubes of lengthl = 200cm are fixed at one end on a large slab (in
plywood) with the other end remaining free, see Figure7. A Gallien Krueger 410RBH loudspeaker amplified
by a B& K type 2716 audio power amplifier connected to aRoland Quad Capture sound card is employed
to produce the incoming acoustic wave. The transmitted waveis recorded by aSennheiser MKE2-P-C mi-
crophone connected to the same sound card. Here, no dummy head for binaural recording was employed.
A sampling frequency ofFS = 48kHz was used. The incoming signal is a logarithmic sweep-sine of 5 sec-
onds between 100 and 4000 Hz repeated 10 times to reduced the background noise. The measurements are
conducted in free-field (sound scenes 1 and 2) and with the PC-based barrier (sound scenes 3 and 6).

Figure 7 – Picture of the demonstrator of our PC-based noise barrier.

Figure8 shows the measured and predicted Insertion Loss introducedby the PC-based noise barrier (sound
scene 6 of Table1) compared to the respective free-field case (sound scene 2).Since the loudspeaker is 61 cm
wide and the numerical computation considers an isolated sound source, the theoretical curve on Figure8 is
an average of 5 computations where the point source was placed at−16.7, −8.3, 0, 8.3 and 16.7cm along
the y axis (y = 0cm stands for the center of the PC-based barrier front side,see Figure4). Predictions and
measurements present an overall agreement especially above 2500 Hz although the simulation process con-
siders an array of infinite cylinders along the vertical dimensionz. Both measured and predicted IL show the
two band gaps (BG 0◦ and ABG) with similar width and attenuation. However, thereis no amplification due
to the negative refraction for the predicted IL and this effect appears around 2200 Hz only for the measured
IL. This difference comes from the average over the 5 point sources and their position.
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Figure 8 – Measured and theoretical (predicted through finite element code) Insertion Loss (IL) introduced
by the PC-based noise barrier.

5. PERCEPTUAL ANALYSIS
5.1 Databases

To quantify the influence of a phononic crystal on the timbre of a sound source, the impulse responses
obtained in Sections3 and4 are convoluted with 22 third-octave band white noise and 4 wideband signals
(0 Hz to 4000 Hz). The central frequency of the noise corresponds to third octave between 25 Hz and 3150 Hz.
Overall, the database includes 684 sound signals. The third-octave band white noises enable a detailed anal-
ysis of the frequency modifications introduced by the PC-based barrier whereas the wideband signals are
employed to compare the three situations: free-field, PC-based barrier and free-standing barrier.

5.2 Psychoacoustic features
Since a PC introduces both a spectrum and a temporal modifications we employed a temporal quality pa-

rameter, the reverberation time at 60 dB,T60 (here given in ms). This parameter is estimated from the impulse
responses obtained from the numerical computations and theacoustical measurements. It corresponds to the
time for the sound level to decrease by 60 dB after the sound source ceases and quantifies thus the multiple
reflections in the PC. Figure9 shows the reverberation time estimated for the 10 predictedsound scenes and
the 15 third-octave bands with central frequencies 125 Hz to3150 Hz. The reverberation time decreases with
the central frequency for all sound scenes. For the sound scenes 3 to 6, the reverberation time increases for the
third-octave band with the central frequency 1000 Hz, corresponding to a gray zone in Figure9. This effect
is exacerbated for sound scene 5 at 1250 Hz, i.e. with a deeperPC-based barrier. Similar results are observed
for reverberation times estimated from the acoustical measurements. The PC-based barrier introduces thus a
significant temporal modification (i.e. a lower celerity) inthe first band gap.

To check the audibility of the spectrum modification in the two band gaps (BG,0◦ and ABG), the loudness
(perceived level) of the 684 signals has been estimated using the Zwicker model (18). This model takes
into account the frequency masking effect and is optimized for signals with a continuous level such as the
third-octave band white noises. The sound pressure level atthe pseudo-listener is fixed toLp = 66dBSPL
for the third-octave band of central frequencyfc = 1000Hz in free-field condition (sound scene 1). Several
speech signals were considered in the databases: 4 talkers (2 males and 2 females) and 4 sentences per
talker, an environmental sound signal and a musical recording (with percussive sounds). Figure10shows the
estimated loudness of the 16 speech signals for the sound scenes 1 (free-field), 4 (PC-based barrier) and 8
(free-standing barrier), i.e. with the same position of thesound source and the same depth (d = 0.5m) and
width (w = 2.35m) of the two barriers. We observe that the overall loudness is attenuated when a noise barrier
is introduced between the sound source and the listener. Even though this attenuation appears for both PC-
based and free-standing barriers, the loudness is two timeshigher with the PC-based noise barrier compared
to the free-standing barrier. However, speech signal is wideband and the PC-based noise barrier used in this
study was not designed for the attenuation of wideband signals.

Figure11 shows the estimated loudness (at the right ear of the pseudo-listener) of the 14 third-octave
band white noises with central frequencies 160 Hz to 3150 Hz for the 10 sound scenes. We observe a clear
attenuation of the loudness for the sound scenes 7 to 10, i.e.when the free-standing noise barrier is placed
between the sound source and the listener. The loudness is the lowest when the sound source is very close to
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Figure 9 – Estimated reverberation timeT60 of the third-octave band white noises with central frequencies
125 Hz to 3150 Hz for the 10 sound scenes listed in Table1.
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Figure 10 – Estimated loudness at the right ear of the pseudo-listener of the 16 speech signals for the three
sound scenes 1 (free-field), 4 (PC-based barrier) and 8 (free-standing barrier), see Table1.
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the free-standing barrier (sound scene 10) and for frequencies above 1000 Hz. The loudness is higher with
a PC-based barrier except for the frequencies near 1250 Hz (sound scenes 3 to 6, corresponding to the two
band gap BG 0◦) and 3150 Hz (sound scenes 3 to 5, ABG) where both barriers show the same attenuation.
For the sound scene 6, the loudness increases compared to thereference scene (in this case sound scene 2)
for frequencies near 2000 Hz. A noise barrier made of this specific phononic crystal enables a noise control
equivalent to a free-standing noise barrier for frequencies close to the band gaps and introduce an artificial
amplification of the loudness for a specific frequency band due the negative refraction: this is the focusing
phenomenon.
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Figure 11 – Estimated loudness at the right ear of the pseudo-listener of the 14 third-octave band white noises
with central frequencies 160 Hz to 3150 Hz for the 10 sound scenes of Table1.

6. CONCLUSION
The phononic crystal designed for this study presents threedifferent characteristics in the audible fre-

quency range: a first band gap at normal incidence in the frequency range 1080 Hz to 1610 Hz, negative
refraction in the range 1610 Hz to 2500 Hz, and an absolute band gap in the range 2500 Hz to 2960 Hz. These
three effects are observed either in simulations with a finite element method and in an experiment with a
demonstrator of a PC-based noise barrier. The perceptual analysis shows that a noise barrier made of a PC
is able to attenuate the loudness of a noise source in the bandgaps in the same level as a usual free-standing
noise barrier. In addition to the spectral modification, a temporal modification is also introduced by the PC
in these frequency bands. A focusing phenomenon introducesan increase of the loudness for a specific fre-
quency band, around 2000 Hz for this PC. This phenomenon creates an image of the sound source behind the
noise barrier, i.e. on the resident side. Its seems that focusing phenomenon is detrimental for noise control
applications of PCs.

However, auditory tests are required to quantify the auditory impact of a PC. In a first test, we will ask the
test subjects to compare the loudness and the timbre of different types of signals (narrow-band and wideband
signals) for the sound scene listed in Table1. Then, in a second test, we will quantify more precisely the
impact of the negative refraction on the perceived distanceof sound source.
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