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ABSTRACT

The recent expansion of cities throughout the world meaastthffic noise is an increasing problem. The
area of land between the traffic source and the receivers maidp an appropriate space where a series
of low-rise roughness structures can be placed as an diterria conventional noise barriers and earth
berms. Through laboratory measurements, we have investighe effect of periodic roughness elements
on the sound propagation above a smooth hard surface. thegperiodicity-induced diffraction created by
an array of solid roughness structures was studied both mcalig and experimentally in the laboratory.
The effects of hollow resonant elements with slit openinggehbeen investigated also to add an additional
destructive interference below the first roughness-indulsstructive interference and thereby mitigate the
adverse effect of the low-frequency surface waves gerielstehe presence of roughness elements. Finally,
we have constructed and tested a nested configuration ¢dédliodllow roughness elements and measured
the effects of the associated multiple resonance phenameno
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1. INTRODUCTION

Traffic noise has been a constant source of a nuisance smaeséntion of the wheels even in the ancient
times. This has been further aggravated in the modern daysodiine introduction of the motorised means
of travel and the urbanisation of the population. This hasaaly reached a point where the traffic noise, in
conjunction with other types of acoustic noise, can affeetdaily lives and well-being of the people.

Several mitigation methods have been invented and implegdehhe latest motor vehicles are fitted with
quieter engines and more streamlined shapes than thegessbrs. Much research has been carried out on
the interaction of the tyres and the road surface. Regulati@ve been put in place, for example, to impose
speed limits, although the noise reduction may not be thearsi reason for doing so.

The most common ‘passive’ means of mitigation is the eraatiba high-rise noise barrier alongside a
busy road. This has been proven to be beneficial, when not frectand is available, for noise reduction and
hence to enhance the quality of the daily lives for the neagsidents. However, the barrier has been often
considered as an eye sore due to its hegative aesthetictimp#ue road users and residents so, sometimes,
local people oppose the introduction of a barrier. As a g@kremedy, modification such as transparent bar-
riers have been constructed. A barrier with partial opesingh as sonic crystals has been researched recently.
Combination of both conventional noise barrier and sonysted has been recently reported aléh (Vhen
sufficient land is present, high-volume and high-rise ebgims have also been built especially alongside
high-speed motorways. This is often preferred due to thgctieg of soils left over from a nearby construc-
tion site. Vegetation belts of 15 m width and various plagsehemes were also numerically studied, and it
was suggested that the acoustic performance of such viegeiatt could be comparable to a 1.5-m high thin
noise barrier?).

In this paper, as an alternative solution to the high-risecstire of conventional noise mitigation, we
explore the feasibility of noise reduction by a low-rise gbness structure on the ground. This approach can
be applicable as long as sufficient land is available betvieemoad and the nearby dwellings and can be
an interesting alternative to earth berms. Instead of cocisg a large structure of earth mounds, displaced
soil can be used to build a series of low-rise roughness elesm€his can be aesthetically more pleasing and
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reduce the cost of construction and maintenance compathaaith berms.

In the following section, we present laboratory study of gineund effect on the sound propagation due
to periodic and resonant roughness structures. Experinmewe been carried out at the anechoic chamber at
the Open University. These have been compared with the neahezsults obtained by the boundary element
method (BEM).

2. METHODS

We have built small-scale models of roughness structuregeplan an acoustically hard board inside an
anechoic chamber. An acoustic source and a microphone Waedoclose to the surface to investigate the
near grazing incidence.

A Briel & Kjeer (B&K) OmniSource type 4295 was used as an adowssturce. A B&K free-field half-
inch microphone type 4189 was used as a receiver. A maximogtiesequence (MLS) signal was generated
and fed into the source through an audio amplifier. The miwooe signal was conditioned and filtered
through a B&K measuring amplifier type 2636 and was digitisgé National Instruments 6259 data acqui-
sition unit which also digitised the output MLS signal. Thigin of the measurement was controlled through
Matlab data acquisition toolbox installed in a portable poiter.

The measurement was performed in two steps. First, the mespaf the bare board was measured. Then,
the response of the board with roughness elements was mdasiie actual sequence was not important as
long as the pair of measurements could be completed in avedlashort interval. During the measurements,
the position of the acoustic source and the microphone wad.fix

We then calculated the insertion loss (IL) of the roughnéssents referenced to a smooth surface by
calculating the transfer function between the responseadi measurement pair.

To validate the measurements, we used an in-house programtieo-dimensional boundary element
method. The numerical insertion loss corresponding to tmdiguration of each measurement was also cal-
culated through BEM.

3. MATERIALS

Two metre long and 3.3 mm thick aluminium angles with two eli#nt sizes were used to construct
roughness elements. The lager angle has the outer dimesfs3@il mm (1.5 in) as shown in Figufle The
smaller one has the outer dimension of 25.4 mm (1 in).

For a smooth surface, we used a 10-mm thick plastic boardtivéldimension of 122 cnx 138 cm. To
accommodate the 2-m long angles, the sides of the plastid eere extended by 5-mm thick glass sheets.
Care was taken to ensure the smooth transition betweenaktgiboard and the glass sheets. This extended
board structure was elevated by several single bricks wini¢hrn were placed on top of the grid floor of
the anechoic chamber. The elevation of the board was negdesachieve a near grazing incidence due to a
rather bulky size of the B&K source.
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Figure 1 — Cross-sectional dimensions of aluminium anglectire. (a) a single structure. (b) a double
structure. The dimensions are in mm.
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4. NON-RESONANT PERIODIC ROUGHNESS STRUCTURE

The acoustical effects of a series of small-scale roughsiegstures periodically placed on a smooth
hard surface have already been studi@d To compare with data for the resonant structure disculsged
measurements have been made on roughness consisting lefiegpaced solid rectangular elements.

To be non-resonant, a roughness element has to be acdystalal. The composing material itself needs
to be acoustically hard and there is required to be no holfmeces inside which is partially open to outside.
Since we intended to investigate the resonant structunersimoFigurel, instead of acquiring a pure solid
element of the same outer dimension, we utilised the eleméfigurela The gap 1 was filled with a plaster.
Then, the now closed hollow space was filled with other malesuch as wooden bars and sand contained
by duct tapes.

We placed 6 of these fabricated non-resonant structureeaxtended board. The near side of the first
element was placed 5 cm horizontally from the exit of the atiowsource. Then, they were arranged axially
parallel to one another. The centre-to-centre spacing tasen to be 15 cm. The tip of the microphone was
secured horizontally 90 cm away from the source. The medsweights of the source and the receiver were
81 and 60 mm respectively. Both source and microphone wesitiqguoed horizontally that is parallel to the
surface of the board. An imaginary line connecting the Iped&er and the microphone was perpendicular to
the axes of 6 roughness components, which makes it possibiéetpret the measured data as if they were
obtained two-dimensionally despite the fact that the deheasurement was carried out using a point source.

Figure2 shows the insertion loss measured with 6 periodically mlaeetangular roughness components
on the hard surface. For the BEM calculation, we assumedlieatughness elements were entirely solid
so that in the boundary-only discretisation of BEM, two gt sides and the top side of each element were
made continuous with the ground surface. The overall ageaebetween the measured and predicted IL is
good. Although the line-of-sight between the source anddiceiver was secured for this configuration of
near grazing incidence, the insertion loss we can achiederonstrated to be significant depending on the
frequency range of interest. However, it is noted that threeliewill be reduced for higher source and receiver
positions, i.e., when the grazing angle is increased.

Since the agreement between data and predictions for therteal surface is encouraging, the BEM has
been used also to predict for an extended configuration af@ttical elements with the same centre-to-centre
spacing (thereby increasing the source-receiver distar®en) for which measurements were not possible in
the OU anechoic chamber. The simulated IL spectra prediotégland 20 roughness elements are compared
in Figure3. It is clear that for the most of the calculated frequendiesgredicted insertion loss is higher if
there are more roughness elements. However, there is opptext. For frequencies below 1 kHz, one can
see that the performance of 20 elements was worse than ttred l&fsser 6 elements.

This negative insertion loss below 1 kHz is evidence thatréasa wave is generated by the periodic
roughness structure. It is known that it takes some distéorca surface wave to develop. That is why we
did not witness the surface wave for the 6 roughness elemgltii®ugh this surface wave differs in nature
from a Rayleigh wave it is interesting to note that it has b&®omwn theoretically that a Rayleigh wave also
requires some distance from a source to appBaht fact, in Figure2, due to the lack of strong surface wave,
one can see a positive insertion loss , albeit small, in teigfency range which is well matched between the
measured data and simulation.

In the context of traffic noise mitigation, FiguBelemonstrates that a higher insertion loss can be achieved
when more land is available between the road and the neaslolerdial or industrial area. However, when a
very low frequency is of particular interest, this can bealydisadvantageous as the surface wave develops.
Therefore, it would be ideal if we can filter out some of theface wave while maintaining the positive
insertion loss at higher frequencies.

5. RESONANT PERIODIC ROUGHNESS STRUCTURE

Resonators have been implemented in many applicationsteceethe sound at particular frequencies.
As an extension to a conventional sonic crystal, Krynkinle{3 demonstrated that the insertion loss was
markedly changed around the resonant frequencies inhieremt array of hollow cylinders with slit open-
ings positioned in air. They adjusted the resonant fregesrzy changing the dimension and number of
slits. We apply this mechanism of resonance to roughnesseeits placed on the base surface. Krynkin et
al. (5) restricted their investigation to ‘circular’ cylindersiel to the ease in handling them theoretically in
the cylindrical polar coordinate system. However, whena@ugd surface is involved to support the rough-
ness elements, we consider that the components with aircrdas-sections are not necessarily practical to
implement because additional supporting structure ha® timprovised. This may not be an issue during
a small-scale laboratory testing, but will have to be dedt whould its large-scale equivalent be installed
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Figure 2 — The comparison of the insertion loss measuredréy) @nd predicted by BEM (in black) for 6
non-resonant roughness elements periodically placed aca@umstically hard board.
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Figure 3 — The comparison of the predicted insertion los$ fmughness elements (in grey) and 20 elements
(in black) periodically placed on an acoustically hard lobar

outdoors. In addition, to keep the circular shape and requiimension, they could not carve the slit all along
the length of the cylinder: the slit was discontinuous inrg\v@) cm or so. Therefore, we have chosen the
angles shown in Figurg due to their availability and the ease in keeping the slifarm along the length
and also for adjusting the slit gap. We have also selectedrtee made of aluminium in place of other types
of materials such as PVC and wood because of its rigidneswaltdefined edge along the length.

For the resonant roughness components shown in Fiaimee have kept exactly the same geometry and
configuration as those of the non-resonant roughness etefimetie preceding section. Figudeshows the
BEM comparison between the resonant elements made of gaglef angles shown in Figurkaand the
solid rectangles whose insertion loss was already showigim€s2 and3. One can see the significant change
in IL at the frequencies where the surface wave is likely tounshould the number of elements be sufficient
to generate a surface wave. Just short of 1 kHz, the predictedlue is dramatically increased. However,
it is also noted that below those beneficial frequenciesithatfon gets worse. This so-called “double-edge
sword” phenomenon of resonant elements made of hollowtsirigvith slit opening was also demonstrated
by Krynkin et al. ). In both Krynkin et al. ) and here in Figurd, we observe that the level of the advantage
is more than that of the negative implication.

At frequencies higher than 1 kHz in Figudeone can notice that the overall level of beneficial insertio
loss is at least retained for the resonant structure wigndficrease in the frequencies likely corresponding
to the higher modes of the resonance. Therefore, it is chedrthe introduction of the resonant mechanism
to the roughness elements is largely beneficial.

We have also conducted the measurement correspondingstoefonant configuration. The positions
of the source and receiver were the same as those used fastirggtof the non-resonant elements in the
preceding section. Care was taken to place the resonanéelsrat the same position as the non-resonant
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components for a faithful comparison. Figueshows both the measured and predicted insertion loss for
this resonant arrangement. We are satisfied by the goodragre@ver the whole frequency range of mea-
surement. It is encouraging to see even the minor discrggmfrom the non-resonant spectrum shown in
Figure4 are well portrayed in the measured data.
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Figure 4 — The comparison of the predicted insertion los$ factangular roughness elements (in grey) and
6 resonant elements (in black) periodically placed on anstizally hard board.
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Figure 5 — The comparison of the insertion loss measuredréym) gnd predicted by BEM (in black) for 6
resonant roughness elements periodically placed on arst@cally hard board.

6. DOUBLE RESONANT PERIODIC ROUGHNESS STRUCTURE

Although it was demonstrated that the impact of the resomaauld be mostly positive, it was also shown
that the performance can get worse for a very low frequeniogrdfore, it would be ideal if there is a way
to improve or change the IL at frequencies where it is mades&orhe spectrum of the insertion loss due to
roughness elements can be designed by a different choicerafgters such as the number and dimension
of the individual element, the centre-to-centre spacimgl, #e slit gap and number for resonant elements.
These variations will, however, alter the IL spectrum tlyloout the broadband of the frequencies. Should
it be desirable to keep the response of the overall freqesranid a necessity arise to alter the spectrum at
particular frequencies, the introduction of additionalaeances at different frequencies may be considered.

Elford et al. ) proposed a modification to a conventional sonic crystal dgpéing a concentrically
repeated arrangement of circular hollow cylinders withagienings, a resemblance to the nested arrangement
within a Russian doll. They numerically studied, by usingfihite element method (FEM), an array of a sonic
crystal each of which was composed with up to 6 or 7 nestedlairshells. No measurement was attempted,
however. It was concluded that their design could produckiptel resonance band gaps which could be
potentially beneficial in an application to the road traffaise.

In this paper, we apply the same strategy of placing a smaemant structure within a larger one. We
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do this in the context of a roughness element in contact wiffoand surface. To demonstrate the feasibility
of this idea we have investigated a double structure oniy.dtso noted that our proposal of using L-shaped
angles is easier to be implemented and hence validated lpthesponding measurement than the circular
counterpart.

We tested the configuration shown in Figdtefor a double resonant roughness elements. All the dimen-
sion of the outer element including the slit gap are the santlease of a single resonant structure in Figiae
The slit gap of the inner element was chosen to be 1 mm. Fgsh®ws the numerical comparison of the in-
sertion loss between single and double-resonant elemertte@mooth surface. It is observed that in higher
frequencies the overall spectra are similar each other evith occasional changes. In terms of the amount
of the difference, the variation at the lower frequency rtbarfundamental resonance may not necessarily
differ from the rest of frequencies. However, the shiftirfghe first resonance and the introduction of the
second resonance are certainly of interest in case evena fosgquency needs to be addressed. It is also
noted that, just below the frequency of the second postitisertion loss, there appears negative insertion loss
as discussed for the single resonant elements.

Figure7 compares the measured and predicted insertion loss. Yet ihgmfound that the overall agree-
ment is good. However, the measured separation of the figstrensecond resonance does not seem to be as
pronounced as predicted.

In Figure 8, the measured insertion spectra for both single and doeslenant configuration are com-
pared. Throughout the displayed frequency range, the émecyuresponses are similar except for some minor
changes due to modes of resonances. As shown so far in Figaret’, even these smaller change are well
described by the corresponding BEM calculations. Periibpdpwer-frequency variation is more of interest
as shown in Figur@&b. In comparison with Figuréb, it gets clearer that the IL maximum at around 1060
Hz of the double element may represent the second resonaadmuom predicted by BEM. As predicted
numerically, the measured results also confirms that thedkimum of the fundamental resonance for the
double structure shifts towards a lower frequency comptrebat of the single roughness element. There
are discrepancies between measurements and predictemesiireless the measured insertion loss illustrates
that the double resonant structure can provide a higherdép®sitive insertion loss around the fundamental
resonant frequency. That is, for example, there is morerdedyga than disadvantage in the frequency range
from 600 to 1000 Hz due to the introduction of the second snafisonant component.
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Figure 6 — The comparison of the predicted insertion los$feingle resonant roughness elements (in grey)
and double resonant elements (in black) periodically mlame an acoustically hard board. (a) frequency
range up to 10 kHz. (b) frequency range up to 2 kHz.
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Figure 7 — The comparison of the insertion loss measuredrég)gnd predicted (in black) for 6 double
resonant roughness elements periodically placed on ars@cally hard board. (a) frequency range up to 10
kHz. (b) frequency range up to 2 kHz.
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Figure 8 — The comparison of the measured insertion loss $ardle resonant roughness elements (in grey)
and double resonant elements (in black) periodically mglame an acoustically hard board. (a) frequency
range up to 10 kHz. (b) frequency range up to 2 kHz.

7. CONCLUSIONS

We have investigated the interaction between the rougteiessents and the ground during sound prop-
agation. Rectangular elements were placed periodicallgroacoustically-hard smooth surface and were
studied by both measurements and BEM predictions. Firgtilae or complete rectangles — without hollow
space — were studied. We reiterated what has already be@&mksach configuration can produce a signif-
icant amount of positive insertion loss near grazing incagde However, it was also re-confirmed that the
acoustic performance can be affected adversely by the gi@goeiof an unwanted surface wave at low fre-
quency. As a potential means of mitigating the surface wéfeets, we have investigated propagation over
resonant rectangular elements with slit openings conddot¢he interior hollow space. We demonstrated
that the additional structural modification worked as a nesor to reduce some of the surface wave energy.
To investigate tuning the resonator mechanism further,xpéoeed a nested configuration of resonant rough-
ness elements and confirmed that a double structure cowdpromore benefits than a single structure. Our
results suggest that such single and multiple resonarmtstas could be designed to alter the response of the
frequency range prone to the surface wave while maintaitiaegerformance for the rest of the frequencies.
The results reported here obtained with laboratory scalfigurations can be used as the basis for designing
larger scale systems for reducing outdoor noise.
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