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RIASSUNTO

Il presente contributo riporta un'introduzioneexht della propagazione del suono nei cristalligoni
e un excursus sulla letteratura scientifica pilente. Si discutono i risultati di alcune indagini
sperimentali condotte presso I'Universita di Bolagnerenti misure di Insertion Loss, misure effatiu
all'interno del reticolo e misure di intensimetrimfine i valori di Sound Insulation misurati penu
cristallo sonico sono confrontati con valori migusa barriere tradizionali, evidenziando comeritallo
sonico permetta di raggiungere un isolamento cotditule con il valore soglia di Insertion Loss
raggiungibile a causa della diffrazione del bordpesiore della barriera.

ABSTRACT

This work reports an introduction to the topic cdwe propagation in sonic crystals and a review of
the recent scientific literature. The paper preséme results of some experimental investigati@arsied
out at the University of Bologna by discussing htise Loss measurements, measurements performed
inside the lattice and sound intensity measuremé&imslly, the Sound Insulation Index measured&or
sonic crystal is compared to the values measureddmmon noise barriers, pointing out that sonic
crystals reach insulation values comparable tarthgimum Insertion Loss achievable due to the taeed
diffraction.

Parole chiave: Cristalli sonici, mezzi periodisipiamento acustico, scattering di Bragg.
Keywords: Bragg scattering, sonic crystals, pedodedia.
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1. Introduzione

Wave propagation through periodic media is a reteheld that, starting from the
solid state physics, drew the attention of theaegein many areas; in the last fifteen
years acoustics has been one of the most pronssictgrs.

The first studies of wave propagation in periodra&ures relates to the propagation
of electromagnetic waves in solids [1]. From th&e I80's it became clear that also
classical waves supported the phenomenon of bandtwtes and pioneering works
investigated the propagation of electromagnetic esain media with periodically-
modulated refractive indices [2], opening the resedield of photonic crystals [3]. An
increase in attention on elastic band gap matepiaduced a wide literature on the so-
called phononic crystals, i.e. inhomogeneous elas@dia composed of n-dimensional
periodic arrays of inclusions embedded in a mgiix Band structures analysis for
elastic media have been investigated theoreticaitd numerically with methods
spanning from multiple scattering formulationshe plane wave expansion [5-7].

A great stimulus to the development of studies @moglic media was due to the first
experimental measurements on metamaterials. Tlet fireoretical reference to
metamaterials dates back to 1968, when Veselagani&stigated theoretically the
properties of materials where the real part of ¢lectric permittivity and magnetic
permeability are simultaneously negative, resultimgs in a negative refractive index.
He anyway could not demonstrate experimentallycthresequences he predicted as he
could not get any material to assume a negative@ability. More than 30 years after,
composite media displaying simultaneously negapeemeability and permittivity
brought the first experimental evidence of Veselagduitions [9, 10].

In recent years many works investigated metamddeioa acoustic applications, the
milestone being the work by Liu et al [11]. Theosig periodic modulation of density
and/or sound velocity forbids wave propagation attain frequencies in the long
wavelength limit, i.e., in the spectral regionsregponding to wavelengths much larger
than the size of the inhomogeneities. Below the dgemization limit, the medium can
be considered as homogeneous and theories relatedntposite medium hold, i.e.
properties such as density and bulk modulus ameleded to the emerging properties of
the composite material. This is the reason why tegalensities and bulk moduli
occur, which would not be conceivable for non-cosigmaterials. One of the most
interesting properties of such metamaterials is$ tiay proved to be effective at low
frequency as they break the mass law and provglefisiant acoustic attenuation even
in reduced thicknesses. The literature producexifgignt experimental proofs related
to acoustic metamaterials displaying negative dgnsiegative bulk modulus or a
combination of the two [12-18].

The study of engineered composite materials alge gae to a research field related
to cloaking. The original idea is that since Maxwetjuations are invariant for a
coordinate change, it is possible to use singuéarsformations to achieve cloaking of
the electromagnetic waves [19, 20]. In recent ydéiton [21] transposed this concept
to the equations of motion for a general elasticlioma but found out that, in general,
they are not invariant to coordinate transformat@ommer et al. [22] showed that in
two dimensions, where the equivalence betweenrelaeignetics and elastodynamics
holds, the coordinate transformation holds alsaafusotropic media, opening a way to
acoustic cloaking [23].
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2. Sonic crystals: from the originsto the state of art

2.1 Theformation of band structuresin sonic crystals

Sonic crystals are arrangements of scatterers isgden air. In the space domain, a
direct lattice, or Bravais lattice, is defined asiafinite set of points generated by the
translation of a set of vectors which are lineanyependent. The physical arrangement
of the whole crystal can be defined by specifyihg tontents of a single unit cell,
whose repetition following the primitive vectorsngeates the crystal structure. The
reciprocal lattice is defined together with theedirlattice; it is the set of vectors in the
Fourier space that give plane wave with the sam®dieity of the direct lattice. As
wave functions are periodic in the direct lattittee solutions in the Fourier space are
periodic in the reciprocal lattice, and as well cadculation in the direct lattice are
constrained to the unit cell, in the reciprocati¢at calculations are constrained to the
first Brillouin zone. Each unit cell is charactexdz by a lattice constant and a filling
fraction. The lattice constant is a parameter eelaéb the physical dimension of the unit
cell while the filling fraction is the ratio of theolume occupied by the scatterer to the
volume of the whole unit cell.

.

Ny
o

S

By, /
LW
¥

Figure 1 - Lo scattering di Bragg - Bragg scatigrin

In 1913 Bragg gave an effective explanation to abserved angles of diffracted
beams from a crystal. He observed that for certaidence angles and wavelengths the
intensity of the reflected beams was strenghtedtenever the path difference for rays
reflected from adjacent planes is an integer nundfethe incident wavelength, the
reflections from all parallel planes add up in ghgs/ing a strong reflected beam. This
condition can be formulated as:

(1) 2d sin() = nA

where d the distance between two adjacent planagatfice (Fig. 1). The frequency
for which this condition is met is generally refsirto as Bragg frequency, and for
normal incidence it takes the forfia;age= c/2d, ¢ being the speed of sound in air.

Even though the physical problem that lies beyoraehB formulation (atoms placed
in a periodic potential) is totally different frothe problem of scatterers immersed in air
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some conclusions still hold; therefore an analogy te formulated. Assuming a
harmonic temporal dependence, the wave equatibeerfield

@) (0°+k*)p=0

has a solution of the typé‘zy‘, wherek is the wave vector. In a periodic medium,
one will have to solve

3) (0% +k?)p, =0

with the periodic condition (Bloch-Floquet theorem)
(4) p(r + |f€) = pke”zﬁ

where R is a vector of the direct lattice andepresents the wave vector inside the
periodic medium and its values lie within the fiBstllouin zone. Since in a 2D periodic
medium the eigenvalue problem is restricted tonglsiunit cell, the eigenvalues(k)
form a set of discrete frequencies which represieatfrequencies supported by the
lattice. Thus, for each value of wave numkethere is an infinite set of modes with
discretely spaced frequencies, which can be laligjeiband index. Since k enters as
a continuous parameter, we expect that the frequeheach band, for eaah varies
continuously ask varies. The band structures thus are a set ofintamts functions
wn(K) indexed in order of increasing frequency by thedoaumber [3].

The relation betweem andk is usually referred to as dispersion relation, enthe
free field the proportional constant is the spekdonind,c = w/k. The flattening of the
dispersion curves can be thought as a decrea$e aipeed of sound inside the crystal.
Since the periodicity of the medium in general aejseon the direction of propagation,
the dispersion curves are usually representedrattibn-dependent diagrams. For a 2D
square lattice, the frequencies at which Braggtestay occur are determined for
normal incidencel(X direction) and for an incidence angle of 46k direction) from:

5 V. = Csound , v - Csound
) o TN

At Bragg frequency, i.e. at the boundary of tfeBtillouin zone, a standing wave is
formed inside the crystal due to the interactiortha incident and the back-scattered
wave. Since standing waves have null group velpgify=ow/ok =0, the dispersion
curves will assume a horizontal tangent moving towahe boundaries of'Brillouin
zone, leading to the opening of a band gap. Thelepe of the standing wave which is
formed at Bragg frequency displays a maximum invBeh the scatterers, i.e. where the
material with higher sound propagation velocitysli&hus, for the same wave number,
two different frequencies are possible due to fifferént sound propagation velocities
inside the two media. The width of the band gapgsedds on the difference in velocity.
Band
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structures are thus the solutions of the eigenvatmblem plotted in direction-
dependent diagrams.

M U M

I X i X
Reduced Wave Vector k* Reduced Wave Vector k*

Figure 2 - Curve di dispersione calcolate con iltode PWE per tre distinti
reticoli quadrati di cilindri immersi in aria; laostante di reticolo &
L=0.1 m e la filling fraction & ff=0.01 (a), ff=0.fb), ff=0.6 (c) -
Dispersion curves extracted using the PWE methodhiee different
square arrays of cylinders immersed in air; thiéckatconstant is {=0.1
m and the filling fraction is ff=0.01 (a), ff=0.®), ff=0.6 (c).

Stop band phenomena occur when the sonic crystalssh certain filling fraction.
Fig. 2 depicts three band structures, for a sglatiee of circular scatterers in 2D, i.e.
an array of cylinders in 3D, calculated for a tconstant Lc=0.10 m, where the first
Bragg band gaps are expected at 1720 Hz for namoalence ['X direction) and at
1210 Hz for an incidence angle of 43°M direction). Three filling fractions are
considered, 0.01, 0.2, 0.6 which implies, leavihg tattice constant unchanged, the
radii of the cylinders to be 0.0056, 0.0252 andi®/0m respectively. The x-axis reports
the reduced wave vector k, while y-axis reportsftbguency. If the filling fraction is
small, as in Fig. 2 (a), the wave propagation iedite crystal is not affected by the
presence of the scatterers and the dispersionorel@ssumes linear values, according to
the law k=w/c. Increasing the filling fraction to 0.2, Fig.(), a band gap opens in the
I'X direction (dark grey shade), centered aroundBitagg frequency calculated above.
With a filling fraction of 0.6, Fig. 2 (c), the bdrgap in thd'X direction increases in
width and band gaps open also for ItM and XM directions (light grey shade), leading
to the formation of a complete band gap.

There exist five 2D lattices and fourteen 3D la&sicamong the different 2D lattices
(square, hexagonal, rectangular, oblique, and wmhteectangular), the hexagonal
showed to have the best insulation performance.

2.2Literaturereview in brief
The first formulation of multiple scattering specd#ily tailored for cylinders

arranged in air dates back to 1950, with the pabbo of the milestone work by
Twersky [24] but the first experimental evidencdésband gaps in sonic crystal date
back only to 1995, when Martinez et al. [25] meadusound attenuation across a
sculpture by Eusebio Sempere, exhibited outsiddila@ March Foundation in Madrid.
The sculpture basically consists of an arrangeroesteel cylinders in air mounted on a
circular platform. Measurements at different incide angles provided the first
evidences of the formation of acoustic band gageeiodic elastic media [5]. After this
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pioneering work, several studies reported measuresvand theoretical approaches to
characterize sonic crystals. Tests involved thetian of the spatial arrangement of the
cylinders and of the filling fraction, showing thsimple lightweight sonic crystals are
capable to reduce sound transmission up to 25 8B82%]. Closely related to the sound
attenuation provided by sonic crystals are theeotdince properties of such periodic
arrangements. Sanchis et al. [30] investigateddhd pressure field reflected from the
sonic crystal by means of multiple scattering folations which were verified by
measurements. They found out that the standing watve is enhanced in the same
frequency range in which stop-band phenomena oddw .reflectance properties were
further investigated and related to the band atrest of the sonic crystal [31]. Though
the early theoretical formulations of multiple deshg phenomena refer to rigid
circular cylinders, other kind of scatterers hawerb analyzed in the literature. In
particular, square scatterers rotated along thécekrplane have been investigated
leading to a modeling of negative refraction [3Bdao the optimization of tunable
acoustic waveguides [33].

The most limiting property of sonic crystal is treibp-bands are constrained to a
narrow band; thus an extensive literature focuseavimlening the frequency range of
attenuation by associating separate attenuatiorhaméxms to Bragg scattering. The
infinite possibilities of combination of these ploemena gave rise to several design
optimized to provide a broadband attenuation. Rstance, Romero et al. [34] designed
an array of scatterers characterized by multipomances of different nature and
material with different mechanical properties amometries which provide attenuation
effects in the long wavelength limit. Similarly,f&ld et al. [35] proposed matryoshka
resonant sonic crystals, i.e. concentric configonat of slotted cylinders that provide
sound attenuation below Bragg frequency. Krynkinakt proved that the periodic
concentric arrangement of cylinders with slits ameer elastic shells provided
attenuation below the first Bragg band gap [36].other solution to render sonic
crystals effective broadband is the applicationsotind absorbing materials to the
scatterers. Umnova et al. [37] provided theoretical experimental evidences about the
benefits achievable by the adding porous matettatbe cylinders. Sanchez-Dehesa et
al. [38] tested sonic crystals consisting of cyéirglarranged in three layers and filled
with rubber crumb. Sound attenuation was testexhianechoic chamber and compared
to the attenuation provided by plain rigid cylinsletGarcia-Chocano et al. [39]
performed measurement on the same two configusatraeasured in transmission
chambers, i.e. in a diffuse field.

The application of sonic crystals as noise barsias further developed by studying
the effect of the ground where the scattererdigee and its interfering behavior with
respect to the formation of band gaps. Kryinkirakt[40] combined the effects of a
two-dimensional (semi-infinite) periodic array oylioders and a impedance ground
where cylinders would be installed. The theoreteradl experimental analysis showed
that, while a rigid ground would mine the positikerelated to Bragg band gap, an
impedance ground shifts the ground effect minimboweer frequencies, not interfering
with the Bragg band gap. With a specific attentiowards sustainable application as
noise barriers, works have been devoted to quatitdyattenuation produced by trees
arranged in a periodic lattice [41] and by bambodsr[42], both plain and drilled in
order to couple resonance phenomena.

The inclusion of defects into sonic crystals ha® dleen investigated, where these
anomalies were for instance due to vacancies oifroaibn of the dimensions of some
scatterers [43, 44]. Evolutionary algorithms haeerb developed within the multiple
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scattering theory to allow a controlled manipulata waves inside the sonic crystal by
introducing vacancies in the lattice [45]. The easoent behavior of modes in the band
gap has been theoretically and experimentally detnated in the presence of lattice
defects as well [46].

Some comprehensive works included many of the feataxposed above, both in
terms of design of the scatterers and measurenetugr.SOne amongst all, Castineira-
Ibanez et al. [47] characterized acoustic barrieased on fractal geometries to
maximize the Bragg scattering and multi-phenomecatterers with several noise
control mechanisms, as resonances or absorptioracbystic standardization tests
according to EN 1793- 2 [48], i.e. under diffusaldiconditions.

Sonic crystals with a low filling fraction were ted in a impedance tube in order to
determine the reflection and absorption coefficiait sonic crystals below the
homogenization limit [49]. By tuning the width dfié cavity below the sample, the
authors measured an absorption coefficient up&o O.

2.3 Theoretical models

Three methods are generally used to investigate sogstals and to support the
experimental evidences: the Plane Wave Expansiothade (PWE), the Multiple
Scattering Theory (MST) and the Finite Element (Ftethod.

The Plane Wave Expansion method is based on tbémobf the wave equation by
applying Bloch-Floquet theorem and expanding theperties of the media in Fourier
series [5]. In its basic formulation, it allows talculate the band structure of the
medium. The PWE medium can be applied to arrayangfkind of scatterers but only
infinite arrays can be modeled. Local defects cannestigated using the PWE with
the supercell approximation.

The Multiple Scattering Theory is a formulation ttikamputes the pressure field as
a sum of the multiple scattering process [50, B7¢enerates when a wave impinging
on a scatterer produces a scattered wave whiehnng scattered by the other scatterers
and so on. The implementation of this methods alda compute the sound field
generated by any array and no constrain on thedieity or regularity of the array is
required. Multiple scattering formulations can alke used to compute the band
structures of periodic acoustic composites [7, 51].

The Finite Element method is a numerical methodsatve partial differential
equations. The domain is discretized into smalliorg) in which the differential
equations are approximately solved. This meshiraggaure allows to describe also
complex geometries. This method is not widely usedcoustic scattering problems
due to the computational costs and to its intrirtificulty to cope with unbounded
domains. PMLs or NRBCs can be used to emulate Sofeldis radiation conditions at
infinity but still present critical issues when tieg with plane waves for boundaries
normal to the wave vector of the travelling waveisl though a robust method to
calculate sound pressure fields through sonic alystnd can be used in combination
with other programs to calculate the band struoct@iige given array.

Recently a method has been developed [52] thatased on the Method of
Fundamental Solutions formulated in the frequenagnain. Solving a 3-dimensional
problem as a discrete summation of 2-dimensionablpms, the authors could
determine the sound field scattered by sonic dsg/staducing dramatically the
computational costs if compared to the Finite EleMethod or the Boundary Element
Method.
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3. Experimental measurements

3.1 The sound field across sonic crystals

The Acoustic Laboratory of the University of Bol@gis a large industrial hall with
a volume of about 5,000 rurrently used to test noise barriers accordingh®
standards EN 1793-5 [53] and EN 1793-6 [54]. Mearsiants were performed over a 3
x 3 m sample consisting of PVC pipes 3 m long, withouter diameter of 0.16 m and a
thickness of 3.2 mm. The cylinders were arranged itb x n square lattice, where n
varied from 2 to 5. The lattice constant was Lc80m2 and has been chosen to test a
configuration which could be effective for trafiimise; Bragg scattering occurs at 860
Hz, i.e. close to the maximum of the normalize@hwad noise spectrum [55].

Figure 3 - Allestimento della catena di misura poe8 Laboratorio di Acustica
dellUniversita di Bologna - Measurement setup &t tAcoustic
Laboratory of the University of Bologna.

The cylinders were fixed to the ground by means dtratified board (plywood,
plasterboard and polyester) and the top ends weed by some aluminum profiles.
The source and the microphone were set at an heighb m from the ground, half the
height of the sample, the microphones lying onubeical axis. Figure 3 displays the
measurement setup inside the facility.

Since measurements were performed in a laboratayna impulsive background
noises were present, Impulse Response (IR) measuatswere performed using 128k
Exponential Sine Swept (ESS) test signals sampldd.A kHz, which were proved to
be better suited in these conditions [56].

In the field of sonic crystals studies, the souradfis often characterized by the
Insertion Loss (IL), defined as:
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(6) IL = —20log, P (dB)

w/o

where R, is the pressure field measured with the sampled®t source and receiver
and pyo is the pressure field measured in the same pwiitit®ut the sample. When the
receiving microphone is on the rear side of thecsorystal, this IL is equivalent to a
transmission loss; when the microphone is on tlmtfr(source) side this IL is
equivalent to a reflection factor on a logarithredale.

To characterize sound transmission through the kantipe source was set at a
distance of 1 m from the closest cylinder, pointeigthe centre of the array. The
microphone was placed on the opposite side of #mepke, at a distance of 0.25 m.
Three measurement positions were tested, spacetllgpa/4 of the lattice constant,
and the sound source was shifted along the sancglerdingly, in order to keep the
source/receiver alignment. In position (a) the mptrone and the sound source faces
the centre of a cylinder; in position (c) the minone faces the interstice between two
adjacent cylinders and position (b) is intermedimtveen the two.

Sound reflection was evaluated by placing the samdce at a distance of 1.5 m
from the sample and the microphone at a distand@2¥ m from the sample, on the
same side of the sound source. Measurements wefi@ped on three measurement
positions as well, respectively a, b and c.
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Figure 4 - Curve di dispersione per un reticolodyato di cilindri con Lc=0.20 m
e r=0.08 m calcolate con il metodo PWE - Dispergiorves for a square
array of cylinders with Lc=0.20 m and r=0.08 m ewdéd using the
PWE method.

The dispersion curves of the array (Lc=0.200 m far®.50) are reported in Fig. 4.
The first Bragg band gaps are expectedadqix=858 Hz for normal incidence and at
feraggrm=606 Hz for an incidence angle of 45°. The bandcstires calculated with the
PWE method spot a complete band gap in the ran@el 880 Hz. In thé X direction,
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the width of the band gap is greater and goes dows20 Hz. A second band gap is
clearly visible orT"X in the range 1370-2090 Hz.

In order to investigate the effect of the additiehmultiple layers of cylinders,
sound insulation and reflection properties havenlbreeasured by varying the depth of
the sample from 2 to 5 rows of cylinders [57, 5Bhe IRs were windowed using a
modified Adrienne time window made of (i) a leadirglge having a left-half
Blackman-Harris shape and a total length of 0.5 (isa flat portion having a total
length of 4.26 ms; (iii) a trailing edge havingight-half Blackman-Harris shape and a
total length of 1.74 ms. In each configuration, thiative distance between the sound
source, the sample and the microphone was kesatine, and so was the time window
applied to the IRs, whose length is determined upmom cancellation of ground
reflection and diffraction. The IL measured in ilaion and reflection is reported in
Fig. 5 for sonic crystals made of 2 and 3 rows glinders and for the three
measurement positions mentioned above.

RRRRRRR

IL dB]
3

IL [aB)
2

10 10
Frequency [Hz] Fraquency (Hz]

Figure 5 - Insertion Loss (dB) misurato in trasnoss (linea continua) ed in
riflessione (linea tratteggiata) per un cristallonigo costituito
rispettivamente da 2 (a) e 3 (b) file di cilindrilnsertion Loss (dB)
measured in transmission (solid line) and in reibec(dashed line) for a
sonic crystal made of 2 (a) and 3 rows of cylindejs

Insertion Loss in transmission displays valuesa@3 dB at Bragg frequency for a
3-rows sonic crystal, while IL measured in reflentreaches the values of zero, i.e. the
sound energy incident on the sample is totallyestéid. At higher frequencies, the
behavior of the sample depends significantly onntierophone position. It is to notice
that positive IL values in transmission correspododslightly) negative IL values in
reflection, pointing out a phenomenon of constugtnterference.

3.2The sound field inside sonic crystals

In order to verify the scattering process occurringide sonic crystals, a set of
measurements has been conducted by placing th@phmne inside a 3-rows sonic
crystal and moving it along the transverse (SWTJQ &ngitudinal (SWL) directions
with a spacing of 1/4 of the lattice constant.

The results of the measurements inside the sopstads are reported in Fig. 6 on a
flattened 3D graph, having position and frequenayh® x- and y-axis respectively and
Insertion Loss on the z-axis. A cubic interpolatisas made over the y-axis (position)
in order to smooth the surface and ease the uladeisg of the plot.

Rivista Italiana di Acustica
Vol. 40, N. 4, p. 10



Federica Morandi et al.
| cristalli sonici come barriere antirumore
Sonic crystalsastunable noise barriers

0 40
3
0z
30
04
25
I -
08
08 | B

a) it

500 1000

E

Distance SWT |

16

2500 3000 o 500 1000 2600 3000

1500 2000
Frequency [Hz]

1500 2000
Frequency [Hz]

Figure 6 - Insertion Loss (dB) misurato all'intermiel cristallo sonico nelle
direzioni trasversale (a) e longitudinale (b). krexga sull’asse X,
spostamento all'interno del cristallo sull’asse ynsertion Loss (dB)
measured inside the sonic crystal in the transv@psand longitudinal
(b) directions. Frequency on the x-axis, displacg@meside the crystal
on the y-axis.

In the transverse direction, the Bragg band gapghaI'X direction is clearly
detected around 800 Hz and at twice that frequevioying away from the source, both
the maxima and the minima of the IL increase, bemawhich is related to the
exponential decay of the evanescent mode insideb#mel gap [46]. After Bragg
frequency, a region occurs in which the field ised®ined by constructive interference
(negative IL) that repeats according to the Blotdgket theorem with the periodicity
of the crystal.

In the longitudinal direction a similar pattern acg An increase in IL is visible at
around 800 Hz and a second region of positive lheaps at slightly higher frequencies,
and shifts to lower frequencies moving away from slource. This phenomenon is due
to the fact that as the microphone shifts all altmgcrystal away from the source, the
periodicity of the crystal increases, and as a equsnce Bragg frequency shifts to-
wards lower frequencies.

3.3Sound intensity measur ements

It is a long debated topic whether there is any plthe sound field which travels in
the longitudinal direction of sonic crystals. Inder to evaluate the entity of sound
emission from the side and front of the samplendomtensity measurements were
conducted on a 3-rows sonic crystals with thedatpiroperties discussed above.

The sound source was placed at a distance of lom fne sonic crystal and the
intensity probe at a distance of 0.5 m. The regwmiuthosen is of two measurement
positions per lattice constant, i.e. two conseeutheasurement points are spaced apart
by 0.10 m, and the probe was placed at three diitdneights: 1.4 m, 1.5 m and 1.6 m.
In the following, only the measurements performed &eight of 1.5 m are presented.
Fig. 7 shows the measurement setup. In order tarmmze the effects of lateral
diffraction and of the direct component, absorhingterial was placed on the sides of
the barrier.
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Figure 7 - Misure |nten5|metr|che sul lato (a) éretro (b) deI cristallo sonico -
Sound intensity measurement setup on the sidenajree rear (b) of the
sonic crystal.

The results are reported as contour maps, whemdsatensity and sound pressure
levels are interpolated along the “side” and “badiSplacement axes in one-third of
octave bands ranging from 200 to 3150 Hz (Fig.@Fig. 9).
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intensity and sound pressure levels (dB) measuredhe side of the
sample. The source is to the left of the plot areas
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Figure 9 - Livelli di intensita e di pressione soaddB) misurati sul retro del
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intensity and sound pressure levels (dB) measuredhe rear of the
sample. The source is to the right of the plotsarea
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The sound intensity levels plot in Fig. 8a showaareith negative values around the
first Bragg band gap. The appearance of negatileesauggests that the field detected
by the intensity probe is severely affected by dbie-of-phase noise coming from the
surrounding environment, being the front componeeagligible compared to that.
Moving along the side of the sample, these darkgions are concentrated around 800
Hz, with no significant shift in frequency. The swu pressure level (Fig. 8b) is
homogeneous with the distance and shows a regioamca#mented values in the one-
third of octave band of 1250 Hz, region which atseorespond to high sound intensity
levels. This matches perfectly the pattern of thensl field inside the array displayed in
Fig. 6b, providing an additional evidence of soympagation in the longitudinal
direction.

Measurements in the rear of the sample were madshiftyng the intensity probe
parallel to the sample. In this configuration, somgions are detected between the 315
and the 1600 one-third octave bands which displghdr sound pressure levels
compared to the surrounding areas (Fig. 9b). A hEnslightly lower sound intensity
level is found between 800 and 1000 Hz, at Bragguency. At twice Bragg frequency
there is a sudden increase in sound pressure amakity level at the measurement
position closer to the sound source.

3.4 Standardized indices

The measurements conducted so far were aimed atimgpiout the multiple
scattering process and to detail the sound fiedtfidution inside the sonic crystal. At
the University of Bologna the Sound Insulation k@8l) and the Reflection Index (RI)
of sonic crystal noise barriers have been thus aredsaccording to the EN 1793-6 [54]
and EN 1793-5 [53] standards, which describe a atetivhich allows to perform
laboratory measurements on noise barriers returmesylts which do not differ
significantly from in situ measurements [59]. Thedth and height of the sample
determined the characteristics of a time windowt twas used to cancel ground
reflection and edge diffraction, thus computing ttesmitted sound component only,
as previously discussed.

The results of the measurements have been presentkdail in Ref. [60], where
standardized transmission and reflection measuresmér normal incidence are
discussed together with measurements performediffase incidence and compared to
the performance of other noise barriers. The Sdoadlation index (Sl) is computed
as:

. I | F[h, ©)w,, (D] df

14
(7) S, =-10log; = ) (dB)
" [IFIh, w, ©IF of

Af

where h(t) is the free-field impulse response at the kaitbhrophone position,:R(t)
is the impulse response at the k-th microphonetipasivith the barrier in between,
wi k(t) and w(t) are the time windows (Adrienne temporal windpy&t] for the free-
field and the transmitted components respectivéltha k-th microphone position, F
denotes the Fourier transform, j is the index efjtth one-third octave frequency band,
Afj is the width of the j-th one-third octave frequgrdiand and n=9 is the number of
microphone positions.
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Figure 10 - Confronto fra gli indici SI misuratepun cristallo sonico da 4 file di
cilindri (SC, [60]) e per barriere tradizionali 61 Comparison between
the Sound Insulation index measured for a 4-rowscsarystal (SC, after
[60]) and standard noise barriers, after [61].

Figure 10 reports the Sl values for lightweight dmehvyweight noise barriers
existing in the market together with the values soead for sonic crystals. The barriers
used for the comparison are taken from Ref. [61inetallic non-flat barrier (MET
sample n. 7), a timber barrier (TIM sample n. 9 arconcrete barrier (CON sample n.
13), measured across the acoustic element andsattiesposts. The timber barrier
displays sound insulation values which are of thmes order of magnitude of the
maximum S| measured for a sonic crystal, while ingtal and the concrete barriers
show higher sound insulation values. For the cdacterrier, the Sl values are
measured both across the elements (solid linejrengosts (dashed line). For the latter
case the Sl value drops dramatically, suggestiagttie actual sound insulation behind
a real road barrier may be severely limited by sbend leakage at the panel-post
junction. Fig. 10 also reports the theoretical tthi@vable for a given geometry of the
barrier due to the top diffraction according to RéR]. The effectiveness of any noise
barrier finds its limit in the top edge diffractiothe maximum theoretical value of IL is
generally smaller than the insulation performanfceoise barriers.

As a consequence, the high sound insulation vahasthey provide are equally
effective if no treatment of the top edge is preddSonic crystals achieve this upper
limit in the stop-band regions, and thus can besictamed valuable alternatives to other
acoustic screens, as discussed in [60] relatiothter sets of barriers.
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Conclusions

This work presented a first literature review omisocrystals together with the
results of an experimental measurement campaigmnuobed at the University of
Bologna. A brief review of the literature highligik the state of art of the research on
the topic, together with the most commonly usecsatigation methods, both analytical
and numerical. The experimental results showed ligrtion Loss in transmission
through the sonic crystal can achieve up to 25 dBragg frequency, while the sound
field displays a local maximum in reflection. Meemments inside the sonic crystals
showed that the pressure field repeats periodicatiyording to the Bloch-Floquet
theorem and that, moving away from the sourcedeway of the sound pressure field
relates to the presence of an evanescent modeviee Bragg frequency, a region of
constructive interference is spot; the space-frequelistribution of the Insertion Loss
spot in the interpolation map inside the crystaltahawith the results of the sound
intensity measurements, suggesting a flow of energlye longitudinal direction of the
lattice in the region immediately after Bragg freqay. Finally, the comparison of
standardized Sound Insulation indices measuredsémic crystals and other noise
barriers showed that sonic crystals provide amattBon comparable to the theoretical
Insertion Loss limit due to the top edge diffrantidhe potential applications for these
periodic arrangements are many and exploit the ligeities of the phenomenon. The
selectivity in frequency can be used to preveatgpread of highly tonal components,
typical for instance of the machineries in indwdtglants. The addition of resonators, of
sound absorbing material or of lattice defects vadloto extend the band gap in
frequency and elect sonic crystals to candidateshi® construction of urban barriers.
Among the advantages related to the use of thisntdogy, it is worth recalling the
limited weight of the structures, which allows &luce the foundation costs; the free air
flow, which also reduces the loads acting on thenftations by reducing the tilting
moment due to wind or the shock wave from high dptains; the continuity of
visibility and lightning; finally and not least,crtain aesthetic appeal.
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