inter.noise 20141

MELBOURNE AUSTRALIA
16-19 NOVEMBER

Transformation of sound by a phononic crystal

Nicolas COTE; Jérdome VASSEUR Quentin SOURON Anne-Christine HLADKY-HENNION

Y IEMN, UMR 8520 CNRS, ISEN Department, 41 Boulevard Vaub£4 Lille, France
2 |IEMN, UMR 8520 CNRS, Cité Scientifique, 59652 Villeneuve gt Cedex, France

ABSTRACT

Several noise barriers made of phononic crystals (i.e. naglernomposite materials with a periodic structure)
have been designed over the last decade. The periodicstwaftphononic crystal avoids sound propagation
in a defined frequency range called Bragg band gap (i.e. varesm/anescent). This study aims at quantifying
the perceptual impact of a noise barrier based on a phonoystatin terms of noise annoyance attenuation.
First, a specific phononic crystal has been designed to siordlye modifications. Then, a combined acous-
tics/auditory analysis of noise barrier made of a phononyistal is employed. The acoustic analysis consists
in numerical simulations and measurements of acoustiealesc In addition, several psychoacoustics param-
eters are estimated from the synthesized/recorded acaigials. In details, two specific timbre features are
studied: the spectrum and temporal modifications of the dsonrce.

Keywords: Noise barrier, Phononic crystal I-INCE Classifion of Subjects Number(s): 31.1, 63.2

1. INTRODUCTION

Noise is an important source of annoyance and considerekieasfactor on public health. Noise has mul-
tiple effects on human general state of healjhi§oth psychological like stress or a lack of concentragind
physiological like sleep disturbances or cardiovasciianges. In particular, noise can aggravate serious pre-
existent physiological disorders. At the European leved,European Parliament adopted on June 25th 2002
directive 2002/49/CE to lay the basis for the fight againsirenmental noised). This European directive
has three main objectives: to carry out strategic noise nfajis the same acoustic indicatoidsygy and
Lnight, for the 25 European states), to inform the public, and tdément action plans at local level.

With the aim of reducing the resident noise exposure, théraoting authorities (state, regional author-
ities) can place noise barriers along ring roads, highwagkrailways, between the noise sources and the
exposed environments. However, such barriers are suledtardhitectural elements that can decrease land-
scape quality. Most of them employ non sustainable matelied concrete, metal or plastic, and have a
limited acoustical effect due to the reduced geometricablstv zone behind the barrier produced by the
diffraction of acoustic waves on the barrier top edge Barriers reduce the mortality of the small wildlife
populations whereas they exacerbate the habitat fragtremni@ffect of roads in particular on small ani-
mals @). Moreover, these noise barriers are basically continwealts that has a negative visual impact,
reduce sunlight for the surrounding residents and haverdfisignt resistance to the flow of air.

Within the last ten years, several studies described thestical effects introduced by Phononic Crystals
(PC) 6, 6). PCs are artificial materials (or structured materialsjienaf periodic distributions of inclusions
inserted in a matrix. Due to their periodic structure, PCy mi@sent, under certain conditions (geometry
of the array of inclusions, filling factor of inclusions, Insion shape ...), band-gaps where the propagation
of acoustic waves is forbidden. Such band gaps are eitheiudbsi.e. the waves are evanescent whatever
the incidence angle (called Absolute Band Gap, ABG) or fanasspecific angle, for example the normal
incidence (named Band Gap,BG 0).

This spectral property confers to PCs potential applicatim various fields such as sound insulation,
selective frequency filtering, or for the realization of mqrowerful transducers for nondestructive control,
medical imaging, etc. For PC applications in the audiblgudency range for traffic noise, various authats (

8) have considered periodic distributions of rigid solidtseers placed in the air background. However, PC-
based noise barriers attenuate a sharp frequency band mdrtpahe wideband noise emitted by cars and
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trucks. Therefore, researchers introduced several noigeat elements in such barriers: scatterers, resonators
and absorptive materials. An example of such a PC-based baisier has been developed by Romero-Garcia
et al Q). the scatterers are covered by 4 cm of porous material andlaited along its entire length. This
system called Sonic Crystal Acoustic Barrier (SCAB) ach®dB to 11 dB in absorption and 15dB to
24 dB in insulation (see the EN-1793 standards). Koussa(@Ophas proposed to combine a free-standing
noise barrier and a PC-based noise barrier with two lattzesi@ants (8.5cm and 17 cm). This association
increases the acoustic insulation by 2 to 6 dB (dependindnheriraffic configuration) of the free-standing
noise barrier alone. In a similar way but based on naturaérizf Lagarrigue et all(l) introduced hollow
bamboos as elements of the crystal. They made a hole in edelofithe bamboos to create resonator cavities.
Such resonators enable a significant attenuation of nofsecatencies around 340 Hz.

Another phenomenon called negative refraction is assatitit PCs. This occurs when the dispersion
curves of the periodic structure present branches withtivegslope. In this case, the sound “ray” at the
interface between the PC and its surrounding medium, iactfd with a negative angle. In other words, in
the frequency range of the band with negative slope, the P@vas as an effective medium with negative
index of refraction. Moreover, when the absolute value efitfdex of refraction of the PC is equal to that of
the surrounding medium for all incidence angles, one magmesocusing of the waves (all angles negative
refraction criterion): a point source located in front ofeaide of a PC-based barrier gives a point image at
the other side of the barrier. The distance between the poinice and the point image is twice as large as
the PC barrierl2, 13), see Figurd

Source image&’)/\

PC-based barrieB) ><

Sound sourceE{)v

Figure 1 — Negative refraction effect: the sound souBer( front of the PC-based noise barrier creates a
source imageS).

To the best of our knowledge one paper only describes theptve effects of PC-based noise barriers.
Spiousas et all@) studied the influence of a PC on the auditory distance p&ocepf sound sources. The
results of their auditory test show that negative refraciioPCs may artificially bring a sound source closer
to the listener.

This paper presents a combined acoustical/perceptual sfuadnoise barrier made of a PC. It is divided
in four sections. Sectio describes the studied PC and the protocol employed to eealua noise barrier.
Section3 presents the results of the numerical computations wheeeson4 presents the results of the
experiments. The last section (SectB)ranalyses the estimated psychoacoustic parameters oCtiased
noise barrier.

2. METHOD

This paper aims at analyzing whether a noise barrier madeledaonic crystal introduces audible effects
such as spectrum and temporal modifications. Such modditatnay affect the timbre of a sound source.
For this purpose a specific PC with three effects in the aadileiquency range has been designed. These
three phenomena are:

» a band gap at normal incidence (B0

* an absolute band gap (ABG),

« afrequency range where negative refraction occurs.

Each phenomenon and associated audible effects are gedmiith the use of both acoustic and perceptual
parameters. This specific PC is composed of rigid (filledincldrs of radius = 5cm arranged according to a
triangular lattice with lattice parametar= 12 cm (see figur@). This study employs the following approach:
 a description of the PC and an analysis of the dispersiovesithat shows the three phenomena intro-
duced above,
« a theoretical and an experimental studies of the PC-basisé barrier, for several sound scenes de-
scribed in Tablel, using
— numerical computations based on the finite element method,
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— acoustical measurements,
* the synthesis of a sound database based on the derivedsenmmsgponses for each sound scene and
reference sound files,
 a perceptual analysis of the impulse responses and thel slatabase based on several psychoacoustic

features.
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Figure 2 — Description of the phononic crystal designedtia $tudy (with associated axes).

3. NUMERICAL ANALYSIS

3.1 Dispersion curves

The dispersion curves are computed with the finite elemettiodeusing the ATILA softwarel(5). Since
the cylinders are considered as uniform and infinite inZligrection, a 2D mesh is employed only. First,
a single scatterer is meshed, composed of several elen@misaed by nodes where periodical boundary
conditions are imposed §). Quadratic interpolation elements are considered in tmeputation. The cylin-
ders are assumed as rigid and placed in air. Density and sfesalind in air argo, = 1.3kgm 2 and
Cair = 339ms!, respectively. The dispersion curves are presented irr&RjWe observe the three phenom-
ena detailed below.

40
3.5¢
3.0p it
2.5 T
" Air
i - CP
2.0 . )
E ."... ..'a-
: Lot ",
o2
o 1.57 ,.-""..
-"l.‘
-.-"'-a...
107
X J
0.5r
I
0.0 i
X T J X

Figure 3 — Dispersion curves of the phononic crystal desldoethis study (including the Brillouin zone).

« In the direction X (0°, normal incident), we observe a band gap in the frequenoyerd®80 Hz to
1610Hz (in dark gray on Figur®. The band gap (BGY is not absolute since it is not observed in this
frequency range along the other directions of propagdtibandJX).
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* At higher frequencies, in the range 1610Hz to 2500 Hz, tispefision curves exhibit branches with
negative slope. The straight lines corresponding to theritglin air cross these bands at two slightly
different frequencies along the principal directions abgmgation namely at 1620 Hz alog and
1550Hz alond™J. That means that the effective index of refraction of the P@at strictly equal to
that of air in thel’ X andl"J directions. However, some focusing effect is expected dveagh the PC
is not strictly isotropic.

» At even higher frequencies, in the range 2500 Hz to 2960 Blpropagation mode exists. In this abso-
lute band gap (ABG) the propagation of acoustic waves iSdddn 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 freguamge for the phononic crystal, we now
would like to observe the same effects on a noise barrier métids PC. For this purpose we designed a
barrier composed of 5 rows of 11/12 cylinders. The mesh @edithe barrier and a large region of air around
the barrier. An ideal point sourc&)(is placed at 0.05m of the barrier and in front of a cylindes=(0cm,
see Figured). The ATILA finite element code is employed to predict the @stec pressured) around the
PC-based noise barrier. Figuseshows the pressure field for three different frequencie®013700 and
2700 Hz. Each figure shows one phenomenon described in tive abb-section. Figurgashows the band
gap in thel X direction (BG 0): the acoustic pressure is relatively low along tHime (see Figurd) whereas
the pressure increases in the oblique directions behinbaher. Figuresb shows the source image due to
the negative refraction and the focusing effect. Fidagshows the absolute band gap (ABG): the pressure is
very low in all directions behind the barrier.

X

Listener () FN

—— = ———

Barrier (B)

Sound sourceS)

Figure 4 — Position of the sound sour&, the noise barrier) and the pseudo-listendr)(for the different
sound scenes described in Tahle

To precisely localize the image point, the pressure figldalong thex line (see Figuret) behind the
barrier and for the frequency range 1400 Hz to 2000 Hz has &eelyzed. This line is perpendicular to the
barrier and pass through the sound soueafd through the focusing arep-€ Ocm). The results show
that the acoustic pressure is maximal for frequencies ardT®0 Hz and at 60 cm behind the barrier. The
distance between the sound source and the image point estoldsice the barrier depth (1.166 m instead of
1.032m) indicating that the all angles negative refractioterion is nearly satisfied.

3.3 Harmonic analysis of noise barriers with a pseudo-liste ner
The simulation applied in Sectidh?2is repeated but with a pseudo-listener placed at 150 cm dé¢hin
barrier, i.e. about 90 cm beyond the image point. We use adgtiwith a radius’ = 10cm as a model for the
listener. Figurel presents the position of the sound souiSethe noise barrier®) and the “pseudo”-listener
(L) for all sound scenes listed in Takle The sound source and the listener are placed on each sitle of t
barrier. To quantify the performance of the PC-based hatheee types of simulations are computed:
* in free-field: there is no obstacle between the sound socamdethe pseudo-listener (sound scenes 1
and 2),
 with the PC-based noise barrier described in Se@i@mplaced on the gray area (sound scenes 3 to 6),
« with the free-standing noise barrier (consider rigid) thas the same depth and width as the PC-based
barrier (sound scenes 7 to 10).
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Figure 5 — Theoretical pressure field for three differengfrencies.

Table 1 — List of the 10 sound scenes.

Num. Barriertype 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 14 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@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 Hz3tb 4000 Hz, with a step of 3.9 Hz (i.e.
1024 points). Both real and imaginary parts of the acousésgurep is predicted on each “ear” of the pseudo-
listener (left and right sides of the cylinder). They sintalthe acoustic signals received at Bee Reference
Point (ERP) according to the classification of the Internatiorele€ommunication Union (ITU)1{7). An
inverse Fourier transform is applied to obtain the 256 msuisgresponse for each sound scene of Table
(with a sampling frequenclfs = 8000Hz). The harmonic analysis is presented through thertioe Loss
(IL) defined as the difference at the listener left “ear” of fpseudo-listener between the spectrum with and
without the system under study. Thus, a positive value spords to an attenuation of the pressure level at
the left “ear” of the pseudo-listener. Figueshows the IL introduced by the PC-based noise barrier (sound
scene 6 of Tabld) compared to the respective free-field case (sound scefi@@)L shows an attenuation
around 15 dB of the acoustic wave introduced by the PC-baagittbin the band gap 1080Hz to 1610Hz
(BG °) and in the absolute band gap 2470 Hz to 2960 Hz (ABG). Eveaghthe pseudo-listener is placed
behind the source image, we observe an amplification (up t8)2f 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 thedislement method, we carried out an experiment
with a demonstrator of our PC-based noise barrier. We matwried the barrier described in Secti8r2
57 hollow cylinders arranged in 5 rows of 11/12 cylinders={ 1.4m andd = 0.5m) with a period of the
triangular latticea= 12cm. The cylinders (in PVC) have an outer radias5cm and a thicknesy = 2mm.
The choice of hollow cylinders rather than filled ones doesimituence the experimental results because
inclusions are surrounding with air)( The tubes of length=200cm are fixed at one end on a large slab (in
plywood) with the other end remaining free, see Figur& Gallien Krueger 410RBH loudspeaker amplified
by aB& K type 2716 audio power amplifier connected tBaland Quad Capture sound card is employed
to produce the incoming acoustic wave. The transmitted visvecorded by &ennheiser MKE2-P-C mi-
crophone connected to the same sound card. Here, no dumrdyfdrelainaural recording was employed.
A sampling frequency oFs = 48kHz was used. The incoming signal is a logarithmic sweee-sf 5 sec-
onds between 100 and 4000 Hz repeated 10 times to reducedc¢kgrbund noise. The measurements are
conducted in free-field (sound scenes 1 and 2) and with thbd3@d barrier (sound scenes 3 and 6).

Figure 7 — Picture of the demonstrator of our PC-based naisgeh.

Figure8 shows the measured and predicted Insertion Loss introduc PC-based noise barrier (sound
scene 6 of Tablé) compared to the respective free-field case (sound sceB&2k the loudspeaker is 61 cm
wide and the numerical computation considers an isolateddeource, the theoretical curve on Fig8ris
an average of 5 computations where the point source wasdoicel6.7, —8.3, 0, 83 and 167 cm along
they axis {f = 0cm stands for the center of the PC-based barrier front seke Figured). Predictions and
measurements present an overall agreement especiallg @600 Hz although the simulation process con-
siders an array of infinite cylinders along the vertical disienz. Both measured and predicted IL show the
two band gaps (BGUand ABG) with similar width and attenuation. However, thereo amplification due
to the negative refraction for the predicted IL and this &ffgopears around 2200 Hz only for the measured
IL. This difference comes from the average over the 5 pointaes and their position.
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Figure 8 — Measured and theoretical (predicted throughefiglément 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 timbr@a sound source, the impulse responses
obtained in Section8 and4 are convoluted with 22 third-octave band white noise anddeband signals
(OHz to 4000 Hz). The central frequency of the noise corredpdo third octave between 25 Hz and 3150 Hz.
Overall, the database includes 684 sound signals. Thetlsiae band white noises enable a detailed anal-
ysis of the frequency modifications introduced by the PGebdsarrier whereas the wideband signals are
employed to compare the three situations: free-field, P&&thadarrier and free-standing barrier.

5.2 Psychoacoustic features

Since a PC introduces both a spectrum and a temporal mottifisave employed a temporal quality pa-
rameter, the reverberation time at 60 dgg (here given in ms). This parameter is estimated from the isgu
responses obtained from the numerical computations aratctigstical measurements. It corresponds to the
time for the sound level to decrease by 60 dB after the sounts@eases and quantifies thus the multiple
reflections in the PC. Figui@shows the reverberation time estimated for the 10 predsitedd scenes and
the 15 third-octave bands with central frequencies 125 FsA&D Hz. The reverberation time decreases with
the central frequency for all sound scenes. For the soumesc:to 6, the reverberation time increases for the
third-octave band with the central frequency 1000 Hz, spoading to a gray zone in Figuge This effect
is exacerbated for sound scene 5 at 1250 Hz, i.e. with a d&&pérased barrier. Similar results are observed
for reverberation times estimated from the acoustical measents. The PC-based barrier introduces thus a
significant temporal modification (i.e. a lower celerity)tire first band gap.

To check the audibility of the spectrum modification in thetwand gaps (BG;0and ABG), the loudness
(perceived level) of the 684 signals has been estimated) ubm Zwicker model 18). This model takes
into account the frequency masking effect and is optimizedsignals with a continuous level such as the
third-octave band white noises. The sound pressure levitleapseudo-listener is fixed 1g, = 66 dBsp
for the third-octave band of central frequenigy= 1000Hz in free-field condition (sound scene 1). Several
speech signals were considered in the databases: 4 tatkenslés and 2 females) and 4 sentences per
talker, an environmental sound signal and a musical reegr@vith percussive sounds). Figut® shows the
estimated loudness of the 16 speech signals for the soundsde(free-field), 4 (PC-based barrier) and 8
(free-standing barrier), i.e. with the same position ofsbend source and the same demth=(0.5m) and
width (w=2.35m) of the two barriers. We observe that the overall lougiigeattenuated when a noise barrier
is introduced between the sound source and the listenen theeigh this attenuation appears for both PC-
based and free-standing barriers, the loudness is two timéer with the PC-based noise barrier compared
to the free-standing barrier. However, speech signal igladd and the PC-based noise barrier used in this
study was not designed for the attenuation of wideband Egna

Figure 11 shows the estimated loudness (at the right ear of the psi&idoer) of the 14 third-octave
band white noises with central frequencies 160 Hz to 3150ddzhfe 10 sound scenes. We observe a clear
attenuation of the loudness for the sound scenes 7 to 1@vhen the free-standing noise barrier is placed
between the sound source and the listener. The loudnesslmabst when the sound source is very close to
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Figure 9 — Estimated reverberation ting of the third-octave band white noises with central frequiesnc

125 Hz to 3150 Hz for the 10 sound scenes listed in Table

12 T T T T T T T T T T T T T T T T
S [CIFreefied
10} - [ 1PC-based ||
Il Free-standing

Loudness [sone]
o
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the free-standing barrier (sound scene 10) and for fredesm@bdove 1000 Hz. The loudness is higher with
a PC-based barrier except for the frequencies near 1250ddndsscenes 3 to 6, corresponding to the two
band gap BG® and 3150 Hz (sound scenes 3 to 5, ABG) where both barriems g same attenuation.
For the sound scene 6, the loudness increases comparedradahence scene (in this case sound scene 2)
for frequencies near 2000 Hz. A noise barrier made of thisiipghononic crystal enables a noise control
equivalent to a free-standing noise barrier for frequenclese to the band gaps and introduce an artificial
amplification of the loudness for a specific frequency banel tthe negative refraction: this is the focusing
phenomenon.

N [sone]
Free—field PC-based Free-standing Lo 111
3150 "
- 410
2500
2000 e
1600 L dg
1250
7
1000
N
L. 800 6
L
630 5
500
4
400
315 3
250 2
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1 2 3 4 5 6 7 8 9 10
Sound scene

Figure 11 — Estimated loudness at the right ear of the psésigner of the 14 third-octave band white noises
with central frequencies 160 Hz to 3150 Hz for the 10 soundesef Tablel.

6. CONCLUSION

The phononic crystal designed for this study presents tlifferent characteristics in the audible fre-
quency range: a first band gap at normal incidence in the émgurange 1080 Hz to 1610 Hz, negative
refraction in the range 1610 Hz to 2500 Hz, and an absoluté ap in the range 2500 Hz to 2960 Hz. These
three effects are observed either in simulations with adfislement method and in an experiment with a
demonstrator of a PC-based noise barrier. The perceptabisi®m shows that a noise barrier made of a PC
is able to attenuate the loudness of a noise source in thedzgin the same level as a usual free-standing
noise barrier. In addition to the spectral modification, mpgeral modification is also introduced by the PC
in these frequency bands. A focusing phenomenon introdarcéscrease of the loudness for a specific fre-
guency band, around 2000 Hz for this PC. This phenomenotesraa image of the sound source behind the
noise barrier, i.e. on the resident side. Its seems thasfogiphenomenon is detrimental for noise control
applications of PCs.

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