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Abstract

This work presents sound insulation and sound reflection measurements conducted over sonic crystal noise barriers
according to the European standards EN 1793-2, EN 1793-5 and EN 1793-6. In most of the reference literature,
sound insulation and reflection properties of sonic crystals are measured or a diffuse sound field or in a direct sound
field including the top and side edge diffraction effects together with the transmitted (or reflected) components. The
aim of this work is to perform free-field measurements over a real-sized sample in order to window out all diffraction
components and to verify the points of strength and weakness of the application of standardised measurements to sonic
crystals. Diffuse field measurements in laboratory are also done for comparison purposes. Since the target frequency
range for traffic noise spectrum is centred at around 1000 Hz, a finite element based parametric investigation is
performed to design unit cells capable of generating band gaps in the one-third octave bands ranging from 800 Hz to
1250 Hz. Then, 3x3 m sonic crystal noise barriers are installed in the Laboratory of the University of Bologna and
sound insulation and sound reflection measurements are performed according to the mentioned active standards for
normal incidence. Sound insulation is measured for diffuse incidence too. The two methods give different results. The
method more directly comparable to calculations is the free-field one. However, if on the one hand the application of a
time window allows to compute the transmitted or reflected component only, on the other hand the time window itself
limits the maximum width of the sample for which all reflections of the n—rh order having a significant spectral content
are included, and thus results critical in the analysis of this kind of noise barriers. Nevertheless, the standardised
measurements allow a direct comparison between the performance of sonic crystals and common noise barriers.

Keywords: Sonic Crystals, Noise Barriers, Sound Insulation Index, Sound Reflection Index, EN 1793-6, EN 1793-5

1. Introduction inclusions as well as their spatial arrangement [4—10].
In this context, experimental results showing that sim-
ple lightweight sonic crystals are able to reduce sound

transmission up to 25 dB [2, 11] have led to a grow-

In the last two decades, many works have been de-
voted to the investigation of sound waves propagating

through a periodic distribution of solid elements, gener-
ally known as sonic crystals. The ability of sonic crys-
tals to act as stop-band filters in the audible frequency
range, i.e. to attenuate waves over frequency bands
called band gaps, is the most attractive and studied prop-
erty of such materials. In addition, sonic crystal barriers
leave air and light to flow trough, particularly suitable in
urban contexts. Since pioneering works showed the ex-
istence of band gaps in sonic crystals [1-3], there have
been efforts to search wider and frequency-tunable band
gaps by varying the mechanical properties of the solid
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ing interest in exploiting the potential of sonic crystals
as acoustic filters and noise barriers. To enhance sound
insulation properties of sonic crystals, researchers have
recently focused on systems in which both Bragg scat-
tering and local resonant phenomena apply [12-16], on
the application of absorbing materials to the scatterers
[17-20] as well as on the introduction of lattice defects
[21, 22]. These investigations showed that periodic ar-
rays of scatterers composed of a low number of ele-
ments are capable of achieving sound attenuation values
large enough to compete with other acoustic screening
techniques. On the other hand, the “intrinsic” acoustic
characterisation of a noise barrier in itself as a “prod-
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uct” requires assessment of the transmitted and reflected
sound properties [23]. In order to measure the effective
screening effect of the barrier, diffraction effects and all
unwanted reflections should be cut off from the mea-
surements. This is possible, even in a non-anechoic
environment, using transient sound signals and a suit-
able windowing technique, which is currently standard-
ised in EN 1793-5 and EN 1793-6 [25, 26]. In most of
the previous literature on sonic crystals, the existence of
band gaps is experimentally verified on finite size sam-
ples measured in anechoic chambers, see for instance
Refs. [2, 15, 20]. However, the relative source-sample-
microphone position does not allow to isolate the trans-
mitted component only; the sound diffracted over the
top edge of the sample and around its sides mixes up
with the sound field transmitted through the sample.
Thus, this kind of measurement yields a rough value of
insertion loss. Two significant exceptions to this mea-
surement method are Refs. [15, 11]. In Ref. [15] the
impulse responses are windowed in order to minimise
the reverberation effects, which were evident in the free-
field measurements. A window of 6 ms is used, but
since the rods were 1 m long, diffraction effects from
the top of the barrier were taken into consideration. In
Ref. [11] measurements were conducted over a 1.1x7.2
m sample. The width of the sample was kept large in or-
der to minimise the edge diffraction and measurements
were performed in open air. The work demonstrated that
the sound attenuation values provided by sonic crystals
are large enough to compete with standard noise bar-
riers; acoustic measurements were not performed un-
der the specifications of the direct field method [25, 26]
though. In more recent years, Castineira-Ibanez et al.
[8] characterised acoustic barriers based on fractal ge-
ometries to maximise the Bragg scattering and multi-
phenomena scatterers with several noise control mech-
anisms, as resonances or absorption, by acoustic stan-
dardisation tests according to EN 1793-1, EN 1793-2
and EN 1793-3, i.e. under diffuse field conditions.

In this scenario, the present work aims at designing
sonic crystal noise barriers based on uniform scatterers
and to determine experimentally their acoustic perfor-
mance according to the EN 1793-2, EN 1793-5 and EN
1793-6 standards [24—26]. These references were cho-
sen because they describe a method which allows one
to perform laboratory measurements returning results
which do not differ significantly from in situ measure-
ments [27]. As such, the analysis of standard sound in-
sulation index (S /) and reflection index (RI) values for
sonic crystals allows a direct comparison between these
barriers and the common ones, comparison which to the
authors’ knowledge has not been performed yet. The

©

Figure 1: (a) Air-PVC rod unit cell; (b) air-PVC hollow cylinder unit
cell analysed in the present work and (c) first Brillouin zone. Lattice
constant is 0.20 m, outer radius is 0.08 m and thickness is 3.2 mm.

study is organised as follows. First, single unit cells
are studied by means of finite element (FE) Bloch-type
analyses in order to investigate the band structure of the
unit cells able to generate band gaps in the one-third oc-
tave bands from 800 Hz to 1250 Hz. Next, full-scale
samples made of PVC cylinders are arranged varying
the number of rows and measurements are carried out
following the European standards EN 1793-2, EN 1793-
5 and EN 1793-6 [24-26]. Time harmonic FE analy-
ses of the full scale samples are performed to support
the experimental interpretation. In particular, the exper-
imental results are compared with the numerical ones
in order to prove the existence of band gaps in the tar-
geted frequency range and to determine the standardised
acoustic performance of the designed barriers. Finally, a
comparison between sound insulation and reflection in-
dices measured for a 3-rows sonic crystal and standard
noise barriers is presented; strengths and weaknesses of
sonic crystal barriers with reference to ordinary noise
barriers are highlighted and related to the measurement
system.

2. Extraction of band structures

Numerical analyses have been performed to design a
sonic crystal exhibiting a complete band gap in the one-
third octave bands from 800 Hz to 1250 Hz, i.e. the fre-
quency range in which tyre/road noise spectrum shows
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Table 1: Properties of the materials used in the FE analyses: density
p, longitudinal wave speed ¢y, and shear wave speed cs [30, 31].

Material o [kgm™] cr [ms™] cs [ms™]
Air 1.25 343 -
PVC 1400 2142 874

a prominent peak [28]. The lattice constant is set in ac-
cordance to the Bragg scattering theory; looking for a
band gap in the one-third octave band with centre fre-
quency at approximately 1000 Hz, the resulting lattice
constant is 0.17 m, given ¢, = 343 m/s the speed of
sound in air at 20 °C. Herein, a lattice constant of 0.20
m is chosen for the unit cell, expecting the first Bragg
frequency at around 860 Hz. Two different inclusions
have been considered: (i) a PVC rod of radius 0.08 m
placed at the centre of the unit cell and (ii) a hollow PVC
cylinder with outer radius 0.08 m and thickness of 3.2
mm.

Unit cells are presented in Fig. 1 (a) and (b) along
with proper periodic boundary conditions in terms of
pressure distribution, while the properties of the ma-
terials used in the calculations are listed in Tab. 1.
For both cases, band structures are computed along the
three high symmetry directions of the first irreducible
Brillouin zone I'’X, XM and MT using the FE method
and exploiting the Bloch-Floquet theorem with the aid
of the commercial software Comsol MultiPhysics 4.3©
[29]. The unit cell domains are modeled under 2D plane
strain assumption exploiting the “Acoustic-Solid inter-
action” module and meshed by means of 3-node trian-
gular elements of maximum edge length Lgg = 0.01 m
to provide accurate eigensolutions up to the maximum
frequency of 2500 Hz. Case (ii) required a mesh refine-
ment up to Lpgyi, = 3.2 - 1073 m for the inclusion. The
resulting Bloch-type eigenvalue problems are solved us-
ing the PARDISO algorithm for the I'X, XM and MT
paths. A detailed description of the procedure to extract
the band structures can be found in Refs. [30, 31].

Fig. 2 presents the band structures in terms of re-
duced wavevector K* = [k.a/n; kya/n], where k, and k,
are the wavevectors in the x and y directions, respec-
tively. At least one complete band gap (dark grey rect-
angle) as well as partial band gaps (light grey rectan-
gles) exist in the 0 — 2500 Hz frequency range for each
unit cell. In particular, a complete band gap extends
from 858 Hz to 1107 Hz for case (i) and from 867 Hz
to 1117 Hz for case (ii). In the latter case, an additional
lower complete band gap between 145 and 202 Hz is
generated. Fig. 2 suggests that, due to the high acoustic
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Figure 2: Band structures for (a) air-PVC bar unit cell and (b) air-PVC
hollow cylinder unit cell in the first irreducible Brillouin zone.

mismatch between air and PVC, the complete band gap
centred at around 1000 Hz mainly depends on the outer
shape of the inclusion rather than on the geometrical dif-
ferences of the considered inclusions (filled or hollow),
as already pointed out in Ref. [32]. Thus, in the fol-
lowing while barriers of hollow cylindrical pipes will
be tested experimentally, numerical FE harmonic sim-
ulations will consider filled pipes to alleviate the com-
putational needs. Finally, it is worth noting that some
waves coalesce at the high symmetry point M outside
the band gap boundaries, as it occurs between 2" and
374 curves for the case (i) or between 3’ and 4" curves
for the case (ii).

3. Measurement setup

The intrinsic properties of a noise barrier can be
characterised according to standardised criteria, which
have the advantage to allow a straightforward compar-
ison between sonic crystals and other acoustic screens.
Real-sized sonic crystal noise barriers have been set in
the Acoustic Laboratory of the University of Bologna.
Sound insulation measurements have been conducted
under direct sound field, following the EN 1793-6 [26]
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(a) SI setup (b) R setup

Figure 3: Sound Insulation Index (a) and Sound Reduction Index (b)
setups for a 3-rows sonic crystal barrier.

standard and under diffuse sound field conditions, fol-
lowing the EN 1793-2 [24] standard for the laboratory
characterisation of barriers. Reflection properties have
been characterised according to the standard EN 1793-5
[25] under direct sound field conditions.

As far as it concerns measurements under direct field
conditions, the sonic crystal was arranged in the main
hall of the laboratory, an industrial hall with a volume
of approximately 5000 m? (Fig. 3 a). The sample is
made of hollow PVC cylinders arranged in a square lat-
tice as shown in Fig. 4. The cylinders stand vertically
with a length of 3 m and have with an outer radius of
0.08 m and thickness 3.2 mm. The barrier is 3 m wide
and its depth varies from 0.4 to 0.8 m depending on the
rows of cylinders installed. The cylinders are fixed to
the ground by means of a multi-layer board (plywood,
plasterboard and polyester); the top fastening system,
made of thin aluminum profiles, was designed to pro-
vide weak diffraction. The sound source is placed in
front of the barrier at a height of 1.5 m, 1 m away from
the closest cylinders for sound insulation measurements
and 1.5 m away for reflection measurements [25, 26].
The microphones are arranged in a 3x3 square array
(M1-M9), spaced apart 0.40 m both in the horizontal
and vertical directions. This array is positioned parallel
to the sonic crystal at a distance of 0.25 m either on the
side of the loudspeaker (reflection measurements) or on
the opposite side (sound insulation measurements). The
loudspeaker always faces the central microphone of the
array, M5. Since the spacing between the microphones
is a multiple of the lattice constant and given the peri-
odicity of the sample, measurements were performed in
two configurations; in configuration a the central micro-
phone of the array faces the centre of a cylinder (see Fig.

0.250 O O

Source Source M4 O O M4

R)  (S) 88
M5 M5
L. see
vel OO0 M6

000

Figure 4: Experimental set-up for the barrier with 3 rows of cylinders
in configuration a: source and receivers positions.

4), while in configuration b it faces the interstice be-
tween two adjacent cylinders. The experimental appa-
ratus consists of (i) a 16-channel Analog to Digital con-
verter RME M-16 AD connected to (ii) an RME Ham-
merfall HDSPe MADI for the A/D and D/A section, (iii)
9 Briiel & Kjer 4935 microphones connected to (iv) a
16-channel Briiel & Kj®r 2694 preamplifier, (v) a Sam-
son Servo 201A power amplifier and (vi) a ZIRCON
loudspeaker. Since measurements were performed in
a laboratory and no impulsive background noise were
present, measurements were performed using ESS test
signals, which were proved to be better suited in these
conditions [33]. The frequency range analysed is 400-
5000 Hz.

Measurements under diffuse field conditions were
performed on a 3x18 sonic crystal characterised by the
same lattice characteristics tested for normal incidence
(Fig. 3 b). The sonic crystal was installed in the trans-
mission chambers of the laboratory and insulation mea-
surements have been performed according to the stan-
dard ISO 10140-2 [34]. The source and measurement
positions as well as the measurement procedure are de-
fined by the standard ISO 10140-4 [35] standard. The
measurement apparatus consists of (i) Larson&Davis
2900 B acquisition system (ii) L&D 2560 diffuse field
1/2” microphones (iii) L&D PRM 900C preamplifiers
(iv) 01 dB OMNI12 dodecahedron (v) Crown XLS1000
amplifier and (vi) noise generator. A pink noise was fed
to the dodecahedron and average sound pressure level
were acquired in the source and receiving room using
2 channels at the time. The reverberation time of the
receiving chamber has been measured with two tech-
niques: the interrupted noise method and the impulse
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Figure 5: Sound Reduction Index measured for a 3-row sonic crystal
in the transmission chamber of the University of Bologna.

response method. The two methods returned differences
which are not appreciable in the evaluation of the sound
reduction index and are thus not discussed in this paper.
The frequency range analysed is 100-5000 Hz.

4. Experimental results I: the standardised criteria

4.1. Sound Reduction Index

The sound reduction index can be evaluated accord-
ing to the ISO 10140-2 [34] as:

S
R=Li~Ly+10log~ (dB) (1)

where L; (dB) is the energy average sound pressure
level measured in the source room, L, (dB) is the energy
average sound pressure level in the receiving room, S is
the area of the free test opening in which the test ele-
ment is installed and A is the equivalent absorption area
in the receiving room. A can be evaluated from Sabine’s
law by measuring the reverberation time RT in the re-
ceiving room as A = 0.161V/RT, being V the volume
of the room. The EN 1793-2 allows also the calcula-
tion of a single-number rating, DLg, used to classify
noise barriers in a standardised way. This rating, which
must be rounded to integer values, does not keep the
frequency dependence information and assumes a fixed
reference traffic noise spectrum, so that it is mainly used
as a conventional reference. As derived from Eq. 1, the
sound reduction index show a slight dependence on the
reverberation time of the transmission chamber. Given
the peculiar characteristics of the sonic crystal of being
‘transparent’ at certain frequencies, RT measurements
were performed inside the transmission chamber by (i)
leaving the source and receiver chamber coupled, i.e.
leaving the bare cylinders only and (ii) installing a dry-
wall beyond the cylinders to measure the reverberation
time of the receiving room as a closed volume. Figure
5 reports the sound reduction index measured using the

reverberation time acquired in the two test configura-
tions. The results show that the reverberation time mea-
surements affect the sound reduction index only below
500 Hz, and that the differences are smaller than 1 dB in
almost all one-third of octave bands. As it concerns the
values themselves, measurements show that the sonic
crystal made of bare cylinders has poor sound insulation
properties under diffuse field conditions. Qualitatively,
this is in accordance with the results of Garcia-Chocano
et al. [17]. A local maximum of sound attenuation is
achieved at 1000 Hz, region slightly shifted with re-
spect to Bragg frequency, and is again followed by a
local minimum. At mid-low frequencies (250-500 Hz)
there is a region with negative values of sound reduction
index. Here, since the sonic crystal is almost transpar-
ent, the measurement of its transmission loss according
to this method looses its roots. However, it should be re-
marked that free standing noise barriers installed along-
side roads or railways are exposed to a direct sound field
rather than to a diffuse one, so that truly meaningful
measurements should take place under a direct sound
field (see next section).

4.2. Sound Insulation index

The sound insulation properties of the sample under
a direct sound field are evaluated according to EN 1793-
6 [26]. The sound components transmitted through the
barrier and the corresponding free-field reference mea-
surement are post-processed to compute the S 7 index:

L S IFlh@owa®IPdf
s1;=—-10log{~ 3% (dB)
"E [ IFhg@wiOIPdf
Af;

@)
where h;;(¢) is the free-field impulse response at the k-
th microphone position, A, ;(¢) is the impulse response
at the k-th microphone position with the barrier in be-
tween, w;(¢) and w,.(f) are the time windows (Adri-
enne temporal windows) [26] for the free-field and the
transmitted components respectively at the k-th micro-
phone position, F' denotes the Fourier transform, j is
the index of the j — th one-third octave frequency band,
Af; is the width of the j — th one-third octave frequency
band and n = 9 is the number of microphone positions.
A more detailed description, both relative to sound in-
sulation and sound reflection measurements, is provided
in [36]. The window functions w;;(¢) and w, () are ap-
plied to the impulse responses; this permits cancellation
of unwanted reflections (ground reflection amongst all)
as well as diffraction from the barrier top and side edges.
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(b) S1 configuration b

Figure 6: Sound Insulation index measured in settings a (the array
faces the centre of the cylinders) and b (the array faces the space be-
tween the cylinders). The different curves refer respectively to sam-
ples made of 2, 3, 4, or 5 rows of cylinders.

According to Ref. [26] (see in particular Fig. 13), the
lowest reliable frequency for a 3 m high barrier is about
260 Hz. Also EN 1793-6 allows the calculation of a
single-number rating, DLg;, used to classify noise barri-
ers in a standardised way: is has a conventional meaning
like DLg, as explained above.

Figure 6 reports the S/ values measured in configu-
rations a and b, together with the complete and partial

nj

1 < |Af

[ Fhei(t) - wik@OIPdf

RI; =

Afj

= f |FLhix(t) - wig(DIPdf

band gaps predicted numerically, represented as dark
and light grey-shaded rectangles respectively. A strong
attenuation can be observed in the frequency range 500-
1100 Hz in both configurations a and b, i.e. with mi-
crophones facing the centre of the cylinders or the voids
between cylinders. The highest S/ is measured in con-
figuration b. At twice Bragg frequency, the S assumes
values close to zero (setting b) or slightly negative (set-
ting a). This implies the presence of a constructive in-
terference mechanism which, given the fact that S7 is
averaged over 9 microphone positions, cannot be due to
a single-point localised anomaly. Further sound insula-
tion measurements of sonic crystals for different mea-
surement positions are available in [37]. The sound in-
sulation increases with the number of rows of the sam-
ple, even though with 4 and 5 rows of cylinders the value
saturates. This may be due to the limited size of the
time window; while it removes the unwanted sound, it
also cuts off higher order reflections from the sonic crys-
tal elements. This poses a problem when the number
of rows increases and some ‘useful’ signal is not cap-
tured. Indeed, for this kind of measurements the width
of the time window depends on the dimensions (width
and height) of the sample. For up to 3 rows of cylinders,
all the significant reflections up to the n — th order are
included in the time window for all rows of cylinders;
for deeper samples, the n — th order reflections coming
from the farther cylinders are windowed out from the
impulse response and thus do not contribute to its spec-
tral content. As a result, the S/ values saturate returning
misleading results.

4.3. Sound Reflection index

The Reflection Index (RI) is computed according to
EN 1793-5 [25] as follows:

* Cyeok * Cairk(Af}) - Coaini(Afe) 3
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Figure 7: Reflection index measured in settings « (the array faces the
centre of the cylinders) and b (the array faces the space between the
cylinders). The different curves refer respectively to samples made of
2,3, 4, or 5 rows of cylinders.

where h;;(¢) is the free-field impulse response at the
k — th measurement point, A, (¢) is the reflected compo-
nent of the impulse response at the k — th measurement
point, w;;(¢) and w,(¢) are the time windows (Adri-
enne temporal windows) for the free-field and the re-
flected components respectively, F is the symbol of the
Fourier transform, j is the index of the j-th one-third
octave frequency band (between 100 Hz and 5000 Hz),
Af; is the width of the j-th one-third octave frequency
band, » is the number of microphone positions on which
to average. With reference to the k — th measurement
point, Cge, is the correction factor for the geometri-
cal divergence, Cg;ri(Af;) is the correction factor for
sound source directivity, Cgqink(Af,) is the correction
factor relative to the loudspeaker amplification and the
microphones sensitivity and Af, is the frequency range
encompassing the one-third octave frequency bands be-
tween 500 and 2000 Hz.

Figure 7 shows the RI measured in configurations a
and b. There is a remarkable difference between the
RI evaluated in the two configurations, especially con-
cerning the general trend. Configuration a displays a
local maximum in the one-third of octave band centred
at 800 Hz, low values at 1250 Hz and increase at higher

frequencies. In configuration b the R displays a regular
trend in the Bragg frequency range, settling to 1. While
ST values do not change dramatically shifting between
configurations a and b, RI measurements are strongly
affected by the position of the microphone relative to
the sample. While the impulse response in transmis-
sion is representative of a multiple scattering process,
the impulse response measured in reflection is strongly
affected by the first reflections. The energy related to the
very first reflections determines significantly the spec-
tral content of the signal, while subsequent reflections
have smaller relative weight. This might explain both
the dependence on the position and the independence
from the number of rows. It is interesting to note that
the spacing between the microphones is a multiple of
the lattice constant, i.e. when the central microphone
of the array faces the centre of a cylinder, all micro-
phones face the centre of the cylinders, under different
incidence angles: this might have amplified this effect.
The Reflection Index seems not to be closely dependent
on the number of rows of the sonic crystal. Also this
issue might be related to the windowing procedure. For
the Reflection Index, the application of the time win-
dow is even more critical than in the calculation of SI;
here the time window is centred on the arrival of the di-
rect sound, thus multiple scattering components coming
from the farthest cylinders might be easily windowed
out.

5. Experimental results II: single point measure-
ments and FE predictions

5.1. Single point measurements

In order to investigate the local behaviour of the sonic
crystal, a single-point sound insulation index is com-
puted for microphone M5, located in the centre of the ar-
ray. A modified Adrienne window is applied to the im-
pulse responses according to the specifications reported
in EN 1793-5 [25] and EN 1793-6 [26] and the single
point S and RI are evaluated as the ratio of the power
spectra computed in narrowband, without considering
any correction factor. The results are shown in Figures
8 and 9. The insulation properties of the sample are not
strongly affected by the position of the microphone rel-
ative to the cylinders around the Bragg frequency, while
at higher frequency distinctions arise between config-
urations a and b. In particular, the region of null or
slightly negative S values is wider in configuration a.
It is worth noting that the barrier with only two rows of
cylinders already generates an appreciable mechanism
of wave interference responsible for the band gap. The
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Figure 8: Single point S/ measured at microphone M5 in configura-
tions a and b. The different curves refer respectively to samples made
of 2, 3, 4, or 5 rows of cylinders.

reflection index oscillates in frequency around the value
of 1 and shows to be strongly dependent on the position
of the microphone. It reaches a local maximum of 1.7
at around 700 Hz, significantly below Bragg frequency.

5.2. FE predictions accuracy

The band structure analysis shows that filtering prop-
erties exist in an infinite sonic crystal barrier made of
hollow PVC cylinders with a proper spatial arrange-
ment. However, in order to quantify the magnitude
of such attenuation, the finite length of the sonic crys-
tal must be taken into account. To this end, FE time-
harmonic analyses are performed on a finite-size sonic
crystal. The sound source (S), the evaluation point (M5)
and their relative positions with respect to the barrier un-
der test are set in accordance to EN 1793-6 [26] and EN
1793-5 [25]. Perfectly-Matched Layers (PML) with a
thickness of 1 m are symmetrically set around the com-
putational domain in order to avoid sound reflections
from the boundaries. Due to the similarity in the band
structures of Figs. 2a and 2b, in these simulations the
hollow PVC cylinders are modeled as filled to ease the
generation of the FEM mesh. Neumann boundary con-
ditions (acoustically hard surfaces) are applied to their
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Figure 9: Single point R/ measured at microphone M5 in configura-
tions a and b. The different curves refer respectively to samples made
of 2, 3, 4, or 5 rows of cylinders.

perimeter. In order to provide accurate results up to
2500 Hz, a mesh made of constant strain triangular ele-
ments of maximum edge size of 0.01 m is set. Sound at-
tenuation, evaluated as the difference between the spec-
tra with and without the barrier, is extracted at point M5
in the two testing configurations a and b.

The match between FE predictions and single point
measurements is presented in Fig. 10. The single point
ST shows a good agreement with the numerical cal-
culations, locating accurately the band gap frequency
ranges. In particular, configuration b shows the best fit.
The constructive interference that was detected in the
S I evaluation (Fig. 6) and here, is also clearly predicted
by FE calculations in the single point measurements.
The behaviour of the sample in reflection is accurately
predicted at Bragg frequency, while differences increase
shifting towards higher frequencies.

The comparison between numerical predictions and
experimental measurements is made consistent by a
combination of assumptions adopted in the FE mod-
els and in the experimental acquisition procedure. In
particular: (i) the single point S/ is computed at point
M5, that lies at the same height of the sound source;
(ii) the frequency steps in the time harmonic analyses
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Figure 10: FE-computed sound attenuation (a) and sound reflection
(b) at microphone M5 for a 3-rows sonic crystal in configurations a
and b.

are set in accordance to the maximum frequency reso-
lution achievable due to the aforementioned windowing
procedure over the impulse responses; (iii) the exper-
imental windowing procedure is mimicked in the nu-
merical model introducing PMLs (which neglects the
reflections from the boundaries), limiting the domain in
width (thus preventing edge diffraction effects) and as-
suming a 2D plane strain domain (to avoid ground and
top barrier edge reflections). The sound source used to
perform experimental measurements behaves as a point
source; this explains the good agreement which was
found between measurements and FE simulations per-
formed with a point source. While band structures and
FE calculations performed on finite size samples with a
plane wave source show an attenuation at twice Bragg
frequency [40], measurements and predictions involv-
ing a point source do not display a Bragg band gap at
this frequency but a pass band occurs instead.

5.3. Top diffraction effect

Another interesting feature of the sound insulation is
the effect of the diffraction from the top of this periodic
structure: can it be considered negligible? A further set
of measurements was conducted on a sonic crystal by
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(b) Configuration b

Figure 11: Insertion Loss measured at different heights from the bar-
rier. The insertion loss measured at a height of 3 m, i.e. the height of
the barrier, is represented as a thicker dashed line while the IL mea-
sured at other heights are reported in grey scale starting from the lower
(black) to the highest measurement point (light grey). The mic height
relative to each curve is reported in the legend (h 240 for instance).

shifting the source and the receiver upwards and leav-
ing the time window unchanged. This excluded ground
reflections and side diffraction and to compute the com-
bined effects of sound transmission and top diffraction.
The insertion loss is presented in Fig. 11 in configura-
tions a and b. A huge difference is found for top diffrac-
tion between the two configurations. When the micro-
phone faces the cylinder (config. a), the shift of the mi-
crophone causes a drop in S/ in the Bragg frequency
and a peak around 2000 Hz. A component emerges at
1600 Hz, the region in which the SI displays negative
values. Higher frequency S I values are less affected by
the shift, except for the heights at which the source and
the microphone are sensitively higher than the barrier.
In configuration b the drop around Bragg frequency oc-
curs as well, and the dip at 1250 Hz is identified equally
from all measurements, irrespective of the diffraction
effect. The behaviour at higher frequency is also more
homogeneous than in case a, except again for the last
configurations.
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Figure 12: Comparison between the sound reduction index measured in coupled laboratory reverberation rooms (EN 1793-2) for a 3-rows sonic
crystal (SC 3R) and standard noise barriers: metallic barrier (MET), concrete barrier (CON), timber barrier (TIM), plastic resin barrier (RES),
mixed metallic and acrylic barrier (MIX). The dashed line (IL) is the insertion loss due to the top edge diffraction over a noise barrier 3 m high
calculated according to [39]. The values of DL are reported in brackets.

6. Discussion

The standards EN 1793-5 and EN 1793-6 determine
the measurement procedure to characterise sound reflec-
tion and sound insulation of acoustic screens for normal
incidence excluding any diffraction component. Con-
sidering the lattice under study, the Bragg scattering is
expected to occur around 860 Hz. This is the region
in which the insulation and reflection indices should
display a local maximum, in the first case due to the
interference occurring between incident and backscat-
tered waves inside the crystal and in the second case
to the constructive interference occurring between inci-
dent and scattered waves with a phase shift comparable
to the lattice constant.

The S values identify Bragg scattering clearly, lo-
cating accurately the stop band as predicted from the
band structure. The application of the time window on
one side allows to neglect ground reflection and edge
diffraction; on the other hand it limits the possibility to
investigate these structures when the number of rows
increases. With the lattice constant of 0.2 m, this signif-
icance threshold was identified in 3 rows of cylinders;
after this number, an increase in depth did not corre-
spond to an increase in insulation. While Bragg band
gap is well identified, at twice Bragg frequency no in-
sulation properties are found as predicted by the band
structures and by FE computation. Instead, a null or
negative S/ settles, that is related to a constructive in-
terference which emerges even if averaged over the 9
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microphone positions. This fact should be further inves-
tigated. It may be due to the fact that at this frequency,
where the wavelength is equal to the lattice constant,
the gap between cylinders acts as a sort of wave guide
producing some amplification.

Reflection index shows to have a strong dependence
on the position of the microphone. The values of the
RI averaged over 9 microphones and the single point
RI show that, apart from correction factors, the oscillat-
ing behaviour is depending totally on the position of the
microphone; in fact it settles to regular trends when av-
eraged. The reflection coefficients were found to be also
quite independent of the number of rows of the crystal.
This might be explained considering that in reflection
measurements the direct sound is a key component in
the spectral content of the impulse response, as well as
the early reflections; subsequent n — th order reflections
play a minor role. The application of the time window
for reflection impulse response is also more critical, be-
ing the direct sound involved, as all useful multiple scat-
tering components are shifted forward in time.

The analysis on the top diffraction effect provided by
sonic crystals was meant to understand the effective-
ness of the application of the time window in the de-
termination of the insulation properties of a sonic crys-
tal. By using the same time window and shifting the
source and the microphone upwards, the intent was to
exclude the side diffraction and ground reflection and
to consider increasingly the top diffraction effect. As
a general trend, by increasing the height the insulation
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properties dropped quite linearly. When the source and
the receiver were set at the same height of the cylinders,
the sound attenuation at grazing incidence is about 7 dB
at Bragg frequency, greater than the 5 dB predicted by
Kurze and Anderson [39], which might suggest an inter-
esting effectiveness of sonic crystals used as low-height
noise barriers.

The main strength of using standardised indices is
that they allow comparisons between different samples.
In Figures 12 and 13 the performance of a sonic crys-
tal noise barrier is tested versus common noise barriers
(some of them were already presented in Ref. [27]).

Fig. 12 reports the sound reduction index values for
lightweight and heavyweight noise barriers existing in
the market together with the values measured for a 3-
rows sonic crystal. In a diffuse sound field the perfor-
mance of the sonic crystal made of rigid cylinders are
not comparable with the usual noise barriers. Anyway,
it should be considered that a diffuse sound field is not
totally representative of the real in situ performance of
a noise barrier, as previously discussed. The poor insu-
lation provided under these test conditions agrees with
the results reported in a previous work [17]. In that
work, the calculation of the transmission loss generated
by rigid cylinders shows a flat trend up to 300 Hz, an in-
crease in insulation that reaches its maximum at 600 Hz
and settles around 5 dB for increasing frequency, return-
ing a DLg = 4 dB. The frequency trend highlighted in
the present work differs significantly; as shown in Fig.
5 the high frequency attenuation is very low and sound
insulation at Bragg frequency is more evident, though
shifted towards higher frequencies. Moreover, the DLg
measured for this array is 2 dB. This might be due to
the different modulation in lattice constant alongside the
depth of the sample to which Ref. [17] refers. Improve-
ments of the sound insulation performance under diffuse
conditions can be achieved by adding absorptive mate-
rial, i.e. making sound absorption in a reverberant space
the dominating attenuation mechanism.

Fig. 13 reports the S/ values for lightweight and
heavyweight noise barriers existing in the market to-
gether with the values measured for a 3-rows sonic crys-
tal. The barriers are the same tested under diffuse field
conditions reported in Fig. 12 but now the free-field
method allows separate measurements across the acous-
tic elements (panels) and across the posts. Data accord-
ing to EN 1793-6 are available on the full frequency
range 100 Hz - 5000 Hz but as far as it concerns the
sonic crystal, only data measured in the range 400 Hz -
5000 Hz should be considered to account for the mod-
ified Adrienne time window used to characterise the
sample. The measurements across the post for the plas-
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tic resin barrier (RES), the metallic barrier (MET) and
the mixed metal/acrylic barrier (MIX) display sound in-
sulation values which are of the same order of mag-
nitude of the maximum S/ measured for a sonic crys-
tal, while the heavy metal and concrete elements show
higher sound insulation values. For the mixed barrier,
the S1 values measured across the posts (MIX P) drop
dramatically (9 dB) in comparison to the values across
the elements (MIX E); for the concrete barrier the drop
is 19 dB [27]. This suggests that the actual sound insu-
lation behind a real road barrier may be severely limited
by the sound leakage at the panel-post junction. More in
general, the sound insulation of the marketed noise bar-
riers seems to exceed the real needs. In order to high-
light the point, the black dotted line in Fig. 13 shows the
theoretical insertion loss achievable for a given geome-
try of the barrier due to the top diffraction according to
Ref. [39]. Following the analytic expression proposed
in that work, the insertion loss has been calculated con-
sidering a point source placed at a height of 1.5 m and
at a distance of 3 m from the barrier, while the receiver
is a point located at a height of 1.5 m (approximately a
window at the ground floor) and at a distance of 10 m
from the barrier. This theoretical value of insertion loss
shows to be interesting for pointing out the effectiveness
of sonic crystal noise barriers. The overall effect of any
noise barrier is dominated by the sound diffracted over
the top edge and the results show that in fact, all other
kinds of barrier are oversized with respect to their in-
sulation properties. With a proper enhancement of the
sound insulation properties of such crystals, achievable
by all methods reported in the above literature review,
sonic crystals might turn out to be an interesting substi-
tute for common noise barriers.

7. Conclusions

In this work, the existence of band gaps in sonic
crystal noise barriers has been numerically investigated
and experimentally validated for multiple configura-
tions. Sound insulation and reflection properties have
been performed according to the European standards for
in situ measurements on road traffic noise barriers for
normal incidence, EN 1793-5 and EN 1793-6 and for
laboratory measurements under diffuse field conditions,
EN 1793-2.

The measurements performed for free-field condi-
tions show sound insulation values up to 24 dB in the
target frequency range and reflection values around 1,
with a strong dependence on the measurement position.
The processing procedure that characterised free field
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Figure 13: Comparison between the Sound insulation index measured in free-field (EN 1793-6) for a 3-rows sonic crystal (SC 3R) and standard
noise barriers: metallic barrier (MET), concrete barrier (CON), timber barrier (TIM), plastic resin barrier (RES), mixed metallic and acrylic barrier
(MIX). The letter E or P after the barrier label denotes a measurement across the acoustic elements or a post, respectively. The dashed line (IL) is
the insertion loss due to the top edge diftraction over a noise barrier 3 m high, calculated according to [39]. The values of DLg; are reported in

brackets.

measurements allows to compute only the sound com-
ponents transmitted through the sample by windowing
out the ground reflection and the edge diffraction, lead-
ing to an intrinsic characterisation of the screen. On the
other side, when evaluating the sound insulation prop-
erties of sonic crystals composed of increasing number
of rows, what was considered an advantage becomes a
constraint. In fact, the finite size of the time window
excludes higher order reflections and early reflections
coming from the farthest cylinders. This translates into
a saturation of the S/ value after 3 rows of cylinders for
the lattice under study and on a poor dependence of the
RI on the number of rows.

The stop-band properties of sonic crystals have been
further investigated locally. Sound attenuation and re-
flection have been computed on a single measurement
point and the results were compared with the attenua-
tion predicted by a finite-size FE model. Experimental
results are in very good agreement with the numerical
ones, locating accurately the band gap frequency range
and capturing the sharpening of the transmission power
spectrum as the considered number of cylinder rows in-
creases.

The availability of standardised values allowed a di-
rect comparison of the sound insulation and reflection
properties of the sonic crystal noise barriers related to
other classical screening techniques. This comparison
was held considering metal, concrete, timber, plastic
resin and mixed metal/acrylic “common” noise barri-
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ers compared to sonic crystal noise barriers. The results
showed a good performance of the sonic crystal in the
designed stop band, especially considering the compar-
ison between the S/ values and the maximum achiev-
able values of insertion loss due to the top diffraction.
The measurements performed under diffuse field condi-
tions identify poor insulation properties of sonic crystals
compared to other noise barriers, but since barriers are
mounted in free field, the characterisation under diffuse
field conditions is less crucial.
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