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Abstract

Road traffic noise is associated with several heatoblems and welfare; such as sleep disturbances
and annoyance. Accordingly, it becomes essentiatht@racterize road noise not only based on
acoustic indicators, but also based on psychoacausticators. The acoustic indicators are required
to assure compliance with European legislation smdlefine vehicle detection thresholds, the
psychoacoustic indicators describe better annoyeates. In this context, this work aimed to explore
tyre-road noise measurements acquired on eight pagdments at eight speeds, from the point of
view of psychoacoustics. In the analysis three Ipsgtcoustic indicators (Loudness, Sharpness,
Roughness) and one acoustic indicator (LAmax) wiermined on 64 tyre-road noise samples
acquired through the Close Proximity Method (CPK)was confirmed that all psychoacoustic
indicators are appropriated to describe tyre-razigden
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1 Introduction

The road traffic noise is one of the major contriva to environmental noise with considerable
impact on public health and quality of life of pdgtions [1][4] and also on safety of road users [2,
3]. To adequately assess road noise, it is impbtamot only consider its level but also the
subjective sensation generated on people. Theratoeentroduction of noise perception indicators
on the traffic noise assessment procedure seeresteds

The subjective sensation of noise-induced discondan be described by various psychoacoustic
parameters such as Loudness, roughness and sharpnes

Some studies showed that loudness describes theatan with the subjective estimation of noise-
induced discomfort better than the A-weighted solew! [1, 4]. Roughness and sharpness were
also correlated with annoyance rates, with no g for outdoor measurements while for indoor
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measurements roughness was found significantlyetlziad with the assessment of ‘Noisiness of
Apartment’ [5].

The main source of the traffic noise at the moshmmon driving speeds is the noise generated from
the contact of the tyres with the pavement surfateDue to important methodological advantages,
some studies suggested to acoustically classifyffacer layers based on tyre-road noise
measurements through the Close proximity MethodX)C[?, 8] and also on loudness behaviour.

The validity of the approach to describe the namskiced discomfort was confirmed by correlating

the answer of a panel asked to respond to annoyasts with loudness, as discussed in [8].
However, none of the studies explored sufficiewmtiiyer subjective noise indicators to assess traffic
noise.

This paper examines the relation of noise indiGatauch as LAmax, loudness, roughness and
sharpness extracted from CPX measurement recortbngdstermine if they can be used to improve
tyre-road noise assessment.

Previous studies addressed mostly noise measurelbwatspeeds, in this work a complete
characterization from low to high speeds is presstand discussed.

Furthermore, in this study several types of urb@adrpavements are analysed, including not only
common asphalt concrete surfaces, but also conblettk and granite cube surfaces which are
expected to be highly annoying.

2 Psycohacoustic indicators

Sound perception is studied in the field of thegh®acoustics, addressing specifically psychological
and physiological responses associated with sowedidness, Roughness and Sharpness are
psychoacoustic measures often used to assess goalitg which, in the scope of this study, reflects
the road user’s reaction to how acceptable thédnabise is.

Zwicker and Fastl defined Loudness as the attrilofitauditory sensation in terms of which sounds
may be ordered on a scale extending from softud [8]. Loudness depends not only on the sound
pressure of the stimulus, but also on its frequen@veform and duration. The ‘loudness level' of a
sound is defined as 'the sound pressure levelldkttdz tone in a plane wave and frontal incident tha
is as loud as the sound; its unit is “phon” [9].

Sharpness is a measure of the high frequency doofea sound (over 1100 Hz), the greater the
proportion of high frequencies the ‘sharper’ tharsb[9]. A sound of sharpness 1 acum is defined as
a narrow band noise one critical band wide at #&redrequency of 1kHz having a level of 60dB [9].

High frequencies generated by traffic are deterthimyg aerodymanical noise generation mechanisms
which makes this indicator suitable to quantifyitimpact on annoyance.

Roughness is a complex effect which quantifiesstilgective perception of rapid fluctuations (15-300
Hz) in the sound received by auditory filters. Tmét of measure is the asper. One asper is defised
the roughness produced by a 1000Hz tone of 60dBhwki100% amplitude modulated at 70Hz [9].

Psychoacoustics provides many models for predigtiegsubjective sensation of loudness, sharpness
and roughness.

Loudness models can be divided between the oneg Hsb auditory filters and Bark auditory filters
(or critical bands), and also between steady state dynamic models [10]. Steady state models
account for the effect of the spectra on loudnetde dynamic models also account for the effect of
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auditory temporal integration on loudness. Examplesteady state models are the Zwicker’'s model
[9] and Moore, Glasberg and Baer's model (MGB) [1@lasberg and Moore (GM) [12] and
Chalupper and Fastl (FC) [13] are examples of dyodmadness models.

Models of roughness are given by Zwicker and Hatlor simple stimuli. For arbitrary stimuli it is
applicable the roughness model adjusted by DangkVdeber [14].

Examples of models to calculate sharpness, aresAuf&é5] or Zwicker's and Fastl [9] models.
Zwicker and Fastl's model is a weighted centroidspécific loudness, while Aures’ model is more
sensitive to the positive influence of loudnessbarpness [10].

3 Materials and methods

This study is based on the extraction of four nars#icators from files registered during close
proximity tyre-road noise tests at several speeel$ecarried out in several road pavement surfaces.

3.1 Pavement surfaces

The types of pavement surfaces selected for thdy stiere: asphalt concrete (AC), which has been
used widely in several situations for many yearmctete blocks (CB), granite cubes (GC) and
granite slabs (GS), often used in urban contexgjqularly in city centres; slurry seal (SS), used
improve friction; and open graded asphalt rubbeBAR) with 10 mm and 8 mm grading size and
gap graded asphalt (GGA), which have been used quuoihrer things to reduce noise.

3.2 Tyre-road noise measurement

The "Close-Proximity (CPX) method", was specifigaleveloped to measure tyre-road noise. In the
CPX method the noise emitted by specified tyresna@asured over an arbitrary or a specified road
distance, together with the vehicle testing spemmhted close to the tyres.

The tyre-road noise was recorded with a Briel &efj@ulse Analyzer type 3560-C and two
microphones assembled according to ISO/CD 1181%He tyre used in the vehicle was the
ContiEcoContact3 195/65-R15, selected accordingtyhe performance comparison study carried
out by [16].

3.3 Testing procedure

The CPX measurements were carried out in eachgesiie at 8 testing speeds, from 20 km/h up to
90 km/h with a 10 km/h span.

In the urban sites, with concrete blocks, granitees and granite slabs, the noise measurements were
done only at the lower speed levels (up to 60 ki) to road geometry.

3.4 Analysis procedure

The quality of all files registered was checkeddnking for unwanted noises. Next, file sampleshwit
5 seconds long were extracted from each file. Taees of LAmax, Loudness, Roughness and
Sharpness were extracted with the Psysound3 applida 7].
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4 Results

Table 1 presents the LAmax, Loudness, RoughnesSharpness results for the eight pavements and
speed levels selected. In the following subsecttbasacoustic indicators are explored by analyzing

their correlation with speed and by comparing tipeirformance for each pavement. Also, aiming at

selecting the most relevant noise indicators fasealassification, the influence of pavement type

over noise indicators is analysed.

4.1 Noise indicator and speed

To analyse the relation of each indicator with slhpdeAmax, Loudness, Roughness and Sharpness
results were plot against speed (Figure 1). A limekation between noise indicator and speed @& cle
for Sharpness which showed the best fit €&0.92), and for Loudness {R= 0.86). As it is
acknowledged, LAmax has a logarithmic relation veiffeed, leading to a’Rf 0.88. Roughness does
not seem to have any type of relation with speexlieltheless, the scatter observed for each indicato
in Figure 1 suggests an effect of the pavement type

Table 1 — Noise indicators determined for each peare type and speed (part 1 of 2).
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O S0 Ex 3T 2% 80| 59 Ex 3T 2% 80
&2 |§5 3z 36 263 £5 ISz 35 &8 6=
20 7087 2451 008 2.99 7497 3179 060 317
30 7851 3467 014 3.20 8129 4240 078 338
40 8358 4241 012 3.46 8828 5634 082 369
50 87.62 5390 0.15 3.97 9285 6779 090 418
60 |AC 9156 6921 024 433 B

70 9275 76.06 023 4.62

80 9581 93.76 026 5.09

90 97.07 9614 025 538

20 7854 3819 1.03 2.95 76.66 3340 022 2.95
30 86.85 57.07 083 3.40 82.46 4456 029 3|28
40 92.08 7252 092 3.9 86.98 5394 039 364
50 9620 88.06 129 4.33 9140 6687 056 3|99
60 |CC 9071 10290 116 485 S 9480 7878 036 4|38
70 97.87 9178 039 485
80 10228 109.39 047 5.8
90 103.84 121.36 036 5.90




Table 1 — Noise indicators determined for each peere type and speed (part 2 of 2).
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3| § 52 58 5% 58| § 5% £8 ©S% 8%
SE| 5% 3 3. Sz fel 2% f@ 3. 3§ 2o
n< a2 INIRCH -0 xl n= o> INIRCH 0 xl n=
20 7707 3562 047 3.8 7508 2815 010 2.76
30 8461 49.90 041 3.68 81.72 3753 010 3|09
40 89.69 6346 037 4.13 8577 4501 011 344
50 93.07 7557 032 4.48 90.85 6051 014 3|95
60 GS OGRAI0 o562 6479 016 4.19
70 9436 7576 017 4.64
80 96.87 8475 022 4.83
90 9830 10151 027 541
20 7421 2556 017 287 76.04 3023 017 3.0
30 7895 3321 010 2.97 80.98 36.87 014 3[29
40 8315 4070 0.13 3.39 8551 47.86 016 3|57
50 8716 5139 0.14 3.88 89.97 5802 015 408
60 | OCRA8 9054 6570 023 389 CCA 9293 7362 02 443
70 9119 7438 024 433 94.04 77.80 019 477
80 9354 8651 026 4.86 96.93 9417 025 532
90 96.76 9750 027 528 9858 104.44 022 5|66

4.2 Noise indicator, speed and type of pavement

To assess the effect of the pavement type on eaisk mdicator, Figure 1 was replotted identifying
the pavement type (Figure 2). In this way it isgible to recognize those of which relation withespe

is different from the others. Granite Cubes (GC@anife slabs (GS), cement blocks (CB) and slurry
seal (SS) are remarkably distinguished from théalsgurfaces.

Sharpness fitting with speed was the best consiglepavement types in a whole, although for
individual fittings, this means, for each pavemensgjmilar fitting, according to Equation 1, wasifid
for Loudness (see Table 2).

NI =axspeed+b . 1)

WhereNl is the Noise Indicatomandb are the linear regression constantdlbiith speed at km/h.
The fit quality designated through the determimatioefficient (R) of roughness is bad for granite

cubes (GC) and slurry seal (SS) and fair for the graded asphalt (GGA). This is an indication that
there are other factors than speed explaining noesg
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Table 2 — Linear fit parameters of noise indicatdh speed.

Pavement LAmax Loudness CF Roughness Sharpness MG
type a b R a b R a b R a b R
AC 18,65317,569 0,997| 1,545 1,087 0,988| 0,039 0,003 0,871| 1,998 0,047 0,999
CB 15,19919,760 0,997| 6,901 1,219 0,997| 0,446 0,009 0,915| 1,973 0,042 0,989
GC 21,40219,145 0,9997 7,584 1,604 0,998| 0,758 0,007 0,383 2,250 0,046 0,994
SS 20,10118,432 0,989] 5,258 1,268 0,994| 0,270 0,002 0,223 2,015 0,037 0,993
GS 24.61117,574 0,9989 9,444 1,334 0,999| 0,564 -0,005 0,994| 2,042 0,034 0,977

OGRA_10| 27,87415,905 0,9649 6,849 1,007 0,989| 0,028 0,002 0,911| 2,181 0,038 0,990

OGRA_8 | 29,2034,793 0,991| 1,394 1,054 0,994| 0,067 0,002 0,733| 2,164 0,036 0,993
GGA 29,55015,328 0,995| 5,702 1,085 0,992| 0,117 0,001 0,657| 2,436 0,033 0,966

4.3 Type of pavement

To compare the results of each indicator by paveryge, all data were normalized through the z-
score method. In Table 3 are presented the lingarfameters of each normalized indicator accardin
to Equation (1).

Table 3 — Linear fit parameters of normalized nanskcators with speed for each pavement.

Noise indicato

r

AC
a b R

CB
a b =3

GC
b R

a

SS
a b =3

LAmax
Loudness CF
Roughness
Sharpness M(

N
D

-2,324 0,042 0,937
-2,3860,043 0,988
-2,2400,041 0,871

-2,392 0,043 0,993

-3,120 0,089 0,993
-3,127 0,089 0,997
-2,994 0,086 0,915
-3,076 0,088 0,966

-2,783 0,070 0,957
-2,825 0,071 0,997
-1,751 0,044 0,171
-2,827 0,071 0,994

-2,382 0,043 0,985
-2,393 0,044 0,994
-1,135 0,021 0,223
-2,388 0,043 0,984

Noise indicatoj

1

GS
a b R

OGRA_10
a b R

OGRA 8
b R

a

GGA
a b R

LAmax
Loudness CF
Roughness
Sharpness M(

\
D

-3,083 0,088 0,97(
-3,1280,089 0,994
3,121-0,089 0,994

-3,120 0,089 0,994

-2,261 0,041 0,887
-2,387 0,043 0,984
-2,291 0,042 0,911
-2,392 0,043 0,993

-2,359 0,043 0,964
-2,393 0,044 0,994
-2,055 0,037 0,733
-2,372 0,043 0,971

-2,350 0,043 0,958
-2,390 0,043 0,994
-1,946 0,035 0,657
-2,388 0,043 0,99(

While the relation of roughness with speed is dyedistinguished for some pavement surfaces,
LAmax, loudness and sharpness are hardly distihgdisas can be seen in Figure 3. However,
loudness and sharpness seem more sensitive to thageldAmax or roughness (see Table 3).

Statistic tests for equality between sets of couffits in two linear regressions were carried & th
dummy variables method [18] to verify these dedundi In fact, there are significant differences for
both coefficients between roughness and the otlrampeters only for granite slabs (GS).
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Figure 3 — Comparison of noise indicators for alvgments.
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5 Conclusions

This paper examined the relation of noise indicatsuch as LAmax, loudness, roughness and
sharpness extracted from CPX measurements recardiitly the objective of contributing to noise
classification. Tyre-road noise samples were aeguin several types of urban road pavements,
including concrete blocks and granite cubes arasslat a wide range of testing speeds.

The relation of each noise indicator with speed w@alysed. For the whole set of data, sharpness is
better explained by speed than LAmax, loudnessuglmess, despite the influence of the pavement
type. The noise roughness clearly reflects theianfte of the type of pavement.

The selection of one indicator to characterize asgkss tyre-road noise of a specific pavementisype
not obvious. Except for the granite slab, LAmaxidoess and roughness have a similar performance
with speed. Nevertheless, these noise indicatoexackerize different sound features, and are
influenced by the pavement type which makes thémpgropriated to describe tyre-road noise.

The questions that may now be raised are: whichabribem describes better annoyance?; do they
have different weights on annoyance ratings? Pusvgtudies showed that loudness describes better
annoyance ratings than LAmax. Future research dhexplore sharpness and roughness capacity to
describe annoyance.

Acknowledgements

This work was financed by FEDER grants through @werational Competitiveness Program —
COMPETE and ON.2 — Novo Norte (Programa OperaciBegjional do Norte 2007/2013) integrated
in the structural funds QREN and the project PEHSIETI/UI4047/2014 supported by Portuguese
Foundation for Science and Technology.

References

[1] Raggam, R.; Cik, M., Holdrich, R.; Fallast, K.; Gakh, E.; Fend, M.; Lackner, A.; Marth. E.
Personal noise ranking of road traffic: Subjectestimation versus physiological parameters
under laboratory conditiondnternational journal of hygiene and environmentaalth Vol
210(2), 2007, pp 97-105.

[2] Mendoncga, C.; Freitas, E.; Ferreira, J.; RaimuridoSantos, J. Noise abatement and traffic
safety: The trade-off of quieter engines and pavesmen vehicle detectiodccident Analysis &
Prevention Vol 51(0), 2013, ppl11-17.

[3] Soares, F.; Freitas, E.; Lamas, J.; Silva, C; Mo8ta Santos, J. Perce¢do do risco para pedes
através do ruido rodoviaril8° Congresso Rodoviario Portugyésaboratério Nacional de
Engenharia Civil, Lisboa, Portugal, 2016.

[4] Freitas, E.; Mendonga, C.; Santos, J.; Murteira,Rerreira, J. Traffic noise abatement: How
different pavements, vehicle speeds and trafficsfies affect annoyance level&ansportation
Research Part D: Transport and Environmdfal, 17(4), 2012, pp 321-326.

[5] Mahbub Alam, S.; Eang Lee,S. A psychoacoustic ass&st of road traffic noise for indoor aural
comfort in high-rise built environmentINTER-NOISE and NOISE-CON Congress and
Conference Proceeding¥ol. 249 (7), 2014.



EuroRegio2016, June 13-15, Porto, Portugal b

[6] Sandberg, U.; Ejsmont, Xyre-road noise reference baokformex SE-59040 Kisa, 2002,
Sweden.

[7] Licitra, G.; Cerchiai, M.; Teti, L.; Alfinito, L. Bad pavement description by psycho-acoustical
parameters from CPX dat&dNTER-NOISE 200%0ttawa, 2009.

[8] Freitas E.; Cunha C.; Lamas J.; Mouta S.; Santdspdychoacoustic based approach to pavement
classification Euronoise2015Maastricht, Netherlands, 2015.

[9] Zwicker E.; Fastl HPsychoacoustics: Facts and Moddiew York: Springer, 1999.

[10] Cabrera D.; Ferguson S., Schubert E. ‘Psysound&ware for acoustical and psychoacoustical
analysis of sound recording4&3th International Conference on Auditory Displayiontréal,
Canada, 2007.

[11] Moore, B.; Glasberg, B.; Baer, T. A model for thregiction of thresholds, loudness, and patrtial
loudnessJournal of the Audio Engineering Socie®ol 45, 1997, pp 224-240.

[12] Glasberg, B.; Moore, B. A model of loudness apjlieao time-varying soundgournal of the
Audio Engineering Society/ol 50, 2002, pp 331-342.

[13] Chalupper, J.; Fastl, H. Dynamic Loudness Model NDlfor Normal and Hearing-Impaired
Listeners Acta Acustica United with Acustic¥ol 88, 2002, pp 378-386.

[14] Daniel, P.; Weber, R. Psychoacoustical roughnesgleimentation of an optimized model.
Acustica Vol83, 1997, pp113-123.

[15] Aures, W. Berechnungsverfahren fir den sensorisdiemlklang beliebiger Schallsignale.
Acustica Vol 59, 1985, pp 130-141.

[16] Morgan, P.; Sandberg, U.; Blokland, G. The selectibnew reference test tyres for use with the
CPX method, to be specified in ISO/TS 11819N[ER-NOISE 2000ttawa, 2009.

[17] Cabrera, D.; Ferguson, S.; Rizwi, F.; SchubertP§&/Sound3: A Program for the Analysis of
Sound Recording#coustics'08Paris, 2008.

[18] Gujarati, D. Use of Dummy Variables in Testing tequality Between Sets of Coefficients in
Two Linear Regressions: A Notéhe American Statisticiaiv,ol 24.1. 1970, pp50-52.

10



