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Abstract: The standards for the environmental tpalequired by the European
Community are very demanding in what concernsitraibise. The interaction tire/road
is undoubtedly one of the main sources of trafficsa. Nevertheless, standards do not
account for the increase in the noise level causedain falling onto road surfaces.
Therefore, the aim of this work is to study theeeté of water on pass-by noise since
the weather is rainy about 25 per cent of the yedortugal. Thus, it addresses two
currently used pavement surfaces, porous asphdltdanse asphalt, constructed in a
motorway. A version of the Statistical Pass-By Methwas used to assess noise levels
with dry and wet surfaces, using a selected sékeafy and light vehicles. The results
include analysis of the statistical pass-by indprgssure noise levels and noise
spectrum. Noise levels increase significantly vilte presence of water, shifting the
overall noise by 4 dB(A). The benefits of porouplredt are null for heavy vehicles,

particularly at high speeds.
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1 Overview

From a technical viewpoint, traffic noise may bensidered as the sum of the noise
produced by all types of vehicles on roads andvegts. The noise produced by the
tire/road surface contact is the predominant n@iserce when considering speeds

above 40 to 50 km/h (Bendtsen et al., 2006).

The tire/road surface noise generation mechanisensed from radial and tangential
vibrations of the tire tread as a result of theactpand the adhesion of the treads on the
surface along with air vibrations around the tirel an the grooves and cavities of its
treads. These mechanisms may be amplified by thedftect and by the acoustical and
mechanical impedance of the surface (Sandberg,&Qfl2), which are affected by the
following parameters:

surface characteristics — aggregate gradation @en®006), texture (Sandberg

et al. 2002), porosity, age (FEHRL 2006), surfaténess (Houari 2004),

distresses (Berengier 2005);

vehicles — type of vehicle (Descornet 2005), tireigher et al. 2006), speed

(Haberl et al. 2005);

weather conditions — wind (Watts 2005), temperaisefosso-Lédée 2001),

water on the surface (Sandberg at al. 2002);

drivers’ behaviour (Mancosu 1999).

Several studies carried out in roads with diffetgpes of surface and age have usually
shown that dense asphalt concrete, stone masti@alasnd surface dressings are the

ones that generate more noise contrasting with ldoaiod single porous asphalt, thin



layers and poroelastic surfaces (Anderson et aD62MDescornet et al. 2006;

Bartolomaeus 2006) when the surface is dry.

The performance of these surfaces, including thetnsdent, may considerably be

affected by the presence of water, which is a megatpect in rainy regions.

According to Sandberg et al. (2002) the followingt\wurface noise generation
mechanisms may exist:
the displacement of water in front of the contaath (bow wave and ejected
splash);
the compression of water (although water is noy wempressible) in the tread
pattern channels and following jet spraying outhef contact patch;
ejected water hitting objects on the vehicle badther in lump water “jets” or
in the form of droplets;
the impact of rubber blocks on the water surfadbeteading edge;

the breaking of adhesion bonds between rubber aterrailing edge.

Water may increase the vehicle noise emission laweler dry conditions up to 15
dB(A) in medium and high frequencies, but, accaydim Descornet (2000), in certain
cases there is a decrease in low and medium frespgeenvhen considering trucks
exclusively. Phillis and Abbott (2001) found thabtHRolled Asphalt, which is an
asphalt concrete with a very low macrotexture ugused as wearing course, did not
increase the noise level whenever there existe@rwat the surface. Later, Jiménez
(2006) concluded that for a speed of 80 km/h amdafavet surface dense asphalt is

about 4 dB(A) noisier than porous asphalt and SA)B{oisier than a gap graded



mixture. In its turn, the gap graded mixture isw@ibdB(A) more silent than the porous
asphalt.
Despite these results, the impact of water on tinase in relation to noise level has not

been studied in depth up to the present.

Since in Portugal the weather is rainy about 25%hef year and the most common
surfaces are dense asphalt concrete layers whiah Ibeen replaced lately by single
porous asphalt layers in motorways, namely at tbeemainy north (above Tagus river),
the study of the effect of the water on traffics@presented hereafter takes these two

types of surface into consideration.

2 Study methodology

The study was carried out in the A41-1C24 motorwaythe north of Portugal. As this
motorway was in construction, it was possible tot&® consecutive road sections, one
with a dense asphalt surface and the other witbraus asphalt surface. This allowed
the adoption of the Controlled Pass-by method, hit its turn, permitted the control
of several testing factors such as category, spaddoad of vehicles, number of tests
by each type of vehicle, type and the wearing eftites, noise generated by the engine
and the conditions of the surface (wet or dry). Tet condition of the surface was
achieved by spreading water with a water supptigkt A microphone was positioned
at 1.2 m above the pavement surface and 7.5 mtiensentre of the carriageway. For
each pass-by the maximum noise level, and noiserspe and the vehicle speed were

measured. The weather conditions (wind speed, tanpe) and the surface



temperature were measured every 15 minutes. Supfagerties such as mean profile

depth and friction were also measured.

3 Testing conditions

3.1 Road sections and surface characteristics

For the selection of the testing sites the recontagons of the ISO Standard 11819-
1:1997, such as the presence of high reflectiveatbjand the slope of the road, were
followed except for what concerns the age of thdase. In terms of security, due
attention was paid to the length required for ameging and breaking. Thus, two
consecutive road sections, whose surfaces are p@sphalt (PA) and dense asphalt
(DA), were built in the A41-IC24 motorway. The paso asphalt surface was
constructed over all the surface of the motorwdye tlense asphalt surface was
constructed for comparison purposes and removedwaftds. The total length of each
testing section was 40 m. Figure 1 shows the logatif the testing sites, the testing

geometry and the microphone position. Figure 2 shihve aspect of the surface.

The main properties of the mixtures, such as maxiraggregate size, porosity, binder
content, were provided by the Motorway Owner (TableThe Mean Texture Depth
was measured by the “Sand Patch Method” (NLT 385&J00) and Friction was
measured through the British Pendulum (ASTM E303:-2003), every 12.5 m at three

cross section locations. Table 1 shows the rangj@eafesults for these properties.

3.2 Testing vehicles and speed



The tests were performed by using six types of atehiFigure 3) grouped into the
following categories, as recommended by the stahk&® 118919-1:1997(E):
Category 1: cars and other light vehicleg) (£ 1 Citroén XSara, 1 Volvo S40,
1 Nissan Terrano, 1 Renault Traffic;
Dual-axle heavy vehicles £} — 1 Mercedes;

Multi-axle heavy vehicles {@y) — 1 Scania.

The testing speeds chosen considered the roadocatagd the legal speed limitations
for each type of vehicle. Therefore, two levels aveet in accordance with the road
speed categories recommended by ISO 118919-1:1997(E

Medium road speed — average speed of 65 km/h tar@B, associated with

suburban areas or rural highways;

High road speed — more than 100 km/h, associatddmotorway traffic in

rural or suburban areas.

For heavy vehicles the medium road speed level adapted. For light vehicles the
medium and high speed level were adopted. A tdtdDa@ valid vehicle pass-bys were

effectuated along the testing section.

3.3 Weather

Weather factors such as temperature, wind speedvater on the surface should be

considered when measuring traffic noise in relatorpavement surfaces. Generally,

temperature increases or wind speed decreaseseréukinoise levels measured. This



fact means that reference values need to be takemccount. Directive 2001/43/EC of
the European Parliament recommends the correcfitredemperature to the reference
value of 20°C and testing with wind speeds below/8&. Throughout the testing period
the wind speed was always inferior to 4 m/s andtéséing temperature range would
have implied a correction of +0.22 dB(A), which wast taken into account. In what
respects to water on the surface, despite its itapbreffect no corrections are

recommended.

4 Analysis of results

Three approaches have been considered in relatitimetanalysis of results: i) sound
pressure level versus speed (this analysis is i@pbfor the establishment of speed
limits in urban areas, which should take into aetdbe surface condition, dry and wet,
aiming at controlling the overall noise level); mpise spectrum (this analysis intended
to find possible improvements regarding design,pprtes of the materials and

construction quality of the mixes); iii) effect tfe water on the performance of dense

asphalt and porous asphalt mixes.

In order to facilitate the comparison of resultgp treference speeds were selected for
each type of vehicle. For light vehicles, referespeeds of 80 km/h and 110 km/h were
chosen within the medium speed level and the higled level respectively. For heavy
vehicles, reference speeds of 70 km/h and 85 knehe vehosen, both within the
medium speed level. These reference speeds wareusésl to estimate the overall
effect of water on the performance of the mixesaursiudy by means of the Statistical

Pass-By Index.



4.1 Sound pressure level versus speed

Figure 4 depicts the sound pressure levels measuthdh the speed levels adopted,
medium (m) and high (h), with dry (d) and wet (wiyfaces for each vehicle category
(L1, Loa Lob). A general approach to the results obtained shbuaisthe increase of the
sound pressure levels is not only a function ofedpéut also of the type of vehicle.
Noise increases for light vehicles more than favyevehicles as far as speed increases.
For light vehicles and both speed levels, four @devels can be distinguished in an
increasing order when the following combination tgpe of surface and surface
condition exists:

a) dry porous asphalt;

b) dry dense asphalt;

c) wet porous asphalt;

d) wet dense asphalt.

However, in relation to heavy vehicles porous akplhsers (PA) and dense asphalt
layers (DA) have similar results either with wetvaith dry surfaces. A more accurate
analysis of the effect of water when measuringenaias made based on the calculation
of the sound levels which correspond to the refsrespeeds adopted (Tables 2, 3 and

4).

The set of sound pressure levels on wet surfacditoams is clearly higher for all types
of vehicle and increases with speed. For light eleki the differences encountered for
the DA and the PA are, correspondingly, about 7B3Ad and 6 dB(A) for both

reference speeds. In relation to heavy vehicleshiamge in noise level is significant



only for vehicles of category L2a at 85 km/h, witl® dB(A) for the DA and 3.2 dB(A)

for the PA.

When sound levels of DA and PA are compared (T4hlelifferences at lower speeds
are generally significant for all categories of s and surface conditions (wet, dry).
At higher speeds (85 km/h and 110 km/h), only liglghicles had a significant

difference (about 3 dB(A)).

4.2 Sound pressure level versus frequency

Figures 5 and 6 depict the noise spectrum in 1{8vecbands for light vehicles at high
speed and medium speed levels correspondingly ange~7 for heavy vehicles at

medium speed levels.

When the surface is dry, approximately linear adoen segments and linear
descending segments may describe the spectrunatddas due to the tire tread impact
and noise absorption by the surface are fairly [dlve maximum noise level (“cross
frequency”) occurs within the frequency range d#J81000] Hz for light vehicles and
near 500 Hz for heavy vehicles. In this case tlsalte are in accordance with those
obtained by other authors, such as Olms et al. Q199andberg et al. (2002) and

Anfosso-Lédée et al. (2003).

When the surface is wet, the sound pressure |dadl ¢orresponds to the “cross
frequency” only increases significantly for lighehicles. The following decreasing

linear segment becomes generally non linear showaingry slight decrease at high



frequencies. In this case, an important scatteurscior light vehicles and the PA. This
might be the result of the variation of the amoahtvater inside the PA, due to the
techniqgue used (watering the surface) in conjunctrath speed variations, what
interferes with the sound absorption capacity & Hurface. Higher speeds show

slighter decreases at high frequencies.

For heavy vehicles category L2a and L2b, watereased the tire treads vibration,
whose effect on noise spectrum can be seen ond-iguat low frequencies (below

500 Hz). Furthermore, PA registered a flatter nnedr segment at high frequencies.

4.3 Statistical pass-by index

The relative influence of the road surface can b&ioed by the Statistical Pass-By
Index (SPBI), which provides a combined level of thad surface influence on traffic

noise considering different types of vehicle aredain level of speed (Equation 1).

SPBI=10log Wy~ 10%1 10 4 W (V1 1V 5) " 10522 20 4 Wiy (V4 /Vop)” 10520 10 (1)

where:
SPBI = is the Statistical Pass-by Index, for ad#ad combination
of light and heavy vehicles;

L1, Loa Lop are the Vehicle Sound Levels for vehicle categ 1, 2a

and 2b;
Wy, Wa, Wop = are the weighting factors, which are equivaterthe

assumed proportions of vehicle categories in @idr



V1, Voa Vo = are the reference speeds of individual velaategories.

For the calculation of the SPBI the proportion bé thumber of vehicles pass-bys
recommended at ISO 118919-1:1997(E) for each wehteltegory was taken into
account. The vehicle sound levels (L) for eachgate were determined based on the
regression line of the maximum A-weighted soundsguee level versus the logarithm
of speed for the adopted reference speeds. Thaudathfor the calculation of the SPBI
are presented in Tables 2 and 3. For heavy vehitiessame data set was used for the
estimation of the noise levels at reference speddg0 km/h and 85 km/h, which
correspond to the medium speed level and the hpgleds level respectively. The
weighting factors which correspond to vehicles Ly, Lo, were: 0.8, 0.1 and 0.1 for
medium speed levels and 0.8, 0.075 and 0.225 fgin Bpeed levels (ISO 118919-

1:1997(E)).

Table 5 presents the calculated Statistical Paskwgxes and the differences found for
the SPBI considering the same type of surface afidreht surface condition and

different type of surface and the same surface idond

For both speed levels and type of surface, watershawn to originate an increase of

4 dB(A) on the SPBI.

In what concerns medium speed levels, there exiatedference of 3 dB(A) when
comparing dense asphalt and porous asphalt undédrwesurface conditions This
means that using a porous asphalt surface insfeadense asphalt surface provides an

acceptable overall noise reduction under wet/drgdaemns. Regarding high speed



levels, the differences encountered were not sagmf. Regardless dry or wet surface
conditions the reduction of the overall noise byameof a porous asphalt layer is very

limited.

The analysis provided by the SPBI clearly shows wWeter has a major impact on the
overall traffic noise and, therefore, it shouldibeluded in methodologies used for the

assessment of environmental noise, particularhimy countries.

5 Conclusions

This paper aimed at better understanding the efiEetvater on noise by making an
enhanced analysis of the noise results which imduds spectrum. This study was
carried out in a motorway in which two road secsiowhose surfaces were made of
dense asphalt and porous asphalt, were newly catetr. The testing methodology was
based on the Controlled Pass-by method and thégegere analysed considering three
approaches. The following main conclusions have la¢&ined:

The increase of the sound pressure levels is difumof the speed and the type of

vehicle. Light vehicles show a higher increaseigiiér speeds;

All types of vehicle show high sound pressure levat wet surfaces, at medium

and high speed levels. However, heavy vehicles skigwificant differences in

noise levels in relation to dry surfaces only gihhspeed level, increasing noise by

5 dB(A).

For light vehicles and both speed levels, four @olsvels can be clearly

distinguished in an increasing order of noise potida which correspond to the



following combination of surface condition/type sfrface: 1 - dry porous asphalt;
2 - dry dense asphalt; 3 - wet porous asphaltyét-dense asphalt.

Heavy vehicles are less sensitive than light vekitb the type of surface and have
fairly similar results either for wet or dry surécat medium speed level. At high
speed level differences can reach 4.9 dB(A).

The noise spectrum for dry surfaces can be destblgdwo approximately linear
segments with a “cross frequency”, whose range8®0,[ 1000] Hz for light
vehicles and near 500 Hz for heavy vehicles;

When the surface is wet, the “cross frequency” dopressure level increases
significantly only for light vehicles. The followgnlinear segment becomes non
linear being responsible for noise increase.

The scatter of the non linear segment is higheligbt vehicles on porous asphalt
(PA).

For heavy vehicles, there are no differences onnthe linear segment when the
surface is wet;

Water causes an increase of 4 dB(A) on the SPBIotim surfaces;

The SPBI can change by 7 dB(A) when the conjurfeices of water and the type

of surface are taken into account.

This paper clearly showed to what extent waterhenrbad surface affects traffic noise,
considering that the flow of heavy and light veeglis different in rural and urban

areas. Further research should focus on innovataéd surfaces capable of mitigating
traffic noise, particularly in heavy trafficked @t roads under wet conditions, when the
noise increase really affects life quality of ndaghrhoods, supporting environmental

management strategies.
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Figure 1 — Location of the sections and layoutheftests



Figure 2 — Aspect of the wearing course (DA — Dehsghalt, PA — Porous Asphalt)



Figure 3 — Testing vehicles
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Figure 4 — Maximum sound pressure level for vekieemedium and high speed levels
with dry and wet surfaces
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Table 1 — Main properties of the surface

Property Porous Asphalt Dense Asphalt
Maximum aggregate size 15 mm 16 mm
Binder content 4.5 % 5.1 %
Porosity 22.0% 4.8%
Mean texture Depth 1.2-1.6 mm 0.7—-1.0 mm
Friction (British Pendulum) 0.65 - 0.80 BPN 0.68.#0 BPN




Table 2 — Regression parameters used for the agiim vehicle sound levels for the

reference speeds within the medium speed level
Dense asphalt — dry Porous asphalt — dry Dense asphalt — wet Porous asphalt — wet
Parameter (DAd) (PAd) (DAW) (PAW)

L1 L2a L2b L1 L2a L2b L1 L2a L2b L1 L2a L2h
Number of vehicles 24 8 8 23 6 8 19 9 7 1P 9 v
Reg. line intercept 21.6 49, 10.0 -22 57 -67.6 9.31| -44.4 -15.8 22.1 -125.7 -75/6
Reg. line slop 28.0 184 40. 398 40{3 80 38.29.56 54.6 30.2 1114 85.9
Correlation coefficient 0.6 0.6 0.8 0.7 0.7 0.7 0J7 0.9 0.6 0.6 0.7 0.7
Aver. sound level (dB) 75.60 83.§ 863 76|1 828 187, 84.6 | 89.0 89.7 81.5 88.8 89.8
Std. dev. of sound level 1.5 0.4 1.2 1 0|8 0, 80 1.1 0.6 1.0 1.5 0.6
Average speed (km/h) 85 75 80 93 82 86 93 83 8 92 84 86
Std. dev. of speed 7.0 3.0 5. 6.0 30 1. 4.0 .0 1.0 4.0 2.0 1.0
Reference speed (km/h) 80 7( 7 8D 70 7 80 70 10 0 |8 70 70
Vehicle sound level at 74.9 83.3 83.9 73.5 80.( 80.1 82)5 838 84 79.6 0.38| 82.1
ref. speed




Table 3 — Regression parameters used for the agim vehicle sound levels for the
reference speeds within the high speed level

Dense asphalt —dry | Porous asphalt—dry| Dense asphalt — wet Porous asphalt — wet
Parameter (DAd) (PAd) (DAW) (PAW)

L1 L2a L2b L1 L2a L2b L1 L2a L2b L1 L2a L2h
Number of vehicles 21 8 8 11 6 8 16 9 7 1p 9 4
Reg. line intercept -66.3 49.3 10.1 27{0 5[7 -67.43.1 -44.4| -15.8 55.8] -125.2  -75
Reg. line slop 71.3 18.4 40. 244 40|13 8Q.0 36.09.56 54.6 13.3 111.4 85.5
Correlation coefficient 0.9 0.6 0.8 0.6 0.7 0.y 0/6 0.9 0.6 0.6 0.7 0.7
Aver. sound level (dB) 79.7 83.9 86.8 775 82.8 187. 86.8 89.0 89.7 83.] 88.8 89.B
Std. dev. of sound level 2.0 0.6 1.2 0.8 08 o5 11 11 0.6 0.6 15 0.6
Average speed (km/h) 111 75 8( 119 8p 86 112 33 86112 84 86
Std. dev. of speed 6.0 3.0 5.0 6.0 30 110 5.0 3.01.0 6.0 2.0 1.0
Reference speed (km/h 110 85 8b 110 g5 5 110 85 5 [8110 85 85
Vehicle sound level af 79.3 84.8 87.3 76.8 83.5 86.8 8616 89.7 89. 8B8.0 9.7 8| 89.4
reference speed




Table 4 — Differences of the sound level at refeeespeeds

Ref. PAW DAw DAd DAw
Vehicle | speed - - - -
(km/h) PAd DAd PAd PAW

L1 80 6.1 7.6 14 2.9
L2a 70 0.3 0.5 3.3 25
L2b 70 2.0 1.0 3.8 2.8
L1 110 6.2 7.3 2.5 3.6
L2a 85 3.2 4.9 1.3 0.0

L2b 85 2.6 2.2 0.5 0.1




Table 5 — Variation of the SPBI

Speed SPBI (dB(A))

level PAd DAd PAw DAw PAw — PAd DAw — DAd DAd — PAd DAw RAw
Medium 76.1 78.9 80.2 83.1 4 4 3 3

High 82.9 83.9 86.8 88.3 4 4 1 15




