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EXECUTIVE SUMMARY

This report summarizes the results af on-board soundntensity (OB9) tire-pavement
noise study in North Carolina. Based on a thorough literature review and & efud
international experience tife-pavement noise measurement, an OBSI systasbeenset
up by the research team at East Carolina Unive(BiGU), Greenville,North Carolina KC).
The validity of the equipment and OBSI data have been proved bguttt natioal OBSI
rodeo conducted i&lkin, North Carolinaduring September 2010The North CarolinaOBSI
systemusedupdated software and equipment when comparedsaitilar equipmensetups
around the nation andorld. The equipment will be a useful tool for future traffic noise
managemenand researclor the North CarolinaDepartment of TransportatigtNCDOT).
To date, OBSI data for ningypes of pavementsn 61 highway sits, 153 test sections 30
counties have been collectedhe data wagategorizecbased orpavementype age,and
testing speedQuietpavement types can be adequately identified based on the assessment of
tire-pavement noise levels The results from this research will providecornerstone for
future utilization anddevelopnent of quietpavementand traffic noisemanagement The
resuts can beused bythe NCDOT, local officials and other agenciésr traffic noise
management From the resultsthe best pavement typesin be primarily determined for
future use near noissensitive areas along highways in North Carolina or for developaie
quig pavemeh Thedata collected¢an be presented the publicandalsocanbe usedn the
Federal Highway Administration (FHWADBSI database fanationwide quiepavement in
tire-pavemennoise modeling This databasean be usefor a future comprehensive study
in quiet pavement development analffic noisemitigation

This report describeim detailthe OBSIprocessestablishedn NC anda detailedprocedure
for OBSI operations The reportalso presents the results o literature study and
compilationof therelevant literature m traffic noise, which will be a valuable reference for
transportation environmennanagers engineers andesearchers for traffic noise related
study and research.

The OBSI dita collected fronthe ninedifferent types of pavements in North Carolimave
beenpresenédin the rankings based OBfavement noise level Based on the comparison
between thelata collectedn NC and thoseof the similar types of pavemenfiom other
statesjt can begenerallyconcluded thathe highway pavements in NC arelatively quieter
thanthose ofsomeother statesespecially in those low volume roads having dense graded
asphalt surfaces

Future OBSI datacollectionin NC is necessary tenhancahe NCDOT OBSI dtabase and
increase the samphkazes for eachtype of pavement Continuirg OBSI data collection can
alsobeter monitorthe trends opavemennoise changgalong the service life ggavements
The changesver timein sound intensityn a particular pavement reflect the tpavement
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from one pavementypet o anot her . @dh ebe ased as ram evaluation
parameter along with ¢hOBSI datacollectedwhen the pavement is new. Both of the
parameters should be used to comprehensivelyevauatd def paeemgquot ét

Futureresearch is necessary to investigaterelationshipdbetweertire-pavement noise and
natural environmentvariables such as temperature andisture It is also necessary to
investigate theelationships betweetire-pavement noisejehicle weight/type, construction,
age,and materialcharacteristics All this information canbe included in theire-pavement
noise databaseThe OBSI equipmentanbe used as powerfultool to generatea network
map of tire-pavementnoise leved in urbanor densely populatedreas in North Carolina.
These results can providealuableinformationfor traffic noise and pavement management.
With continued progress in thgavement noise research, future decisions for minimizing
traffic noise pollution can be scientifically basmad maden North Carolina

rate
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1.0 INTRODUCTION

In 1976, the US Congress passed legislation requiring the states to provide mitigation for
highway noise (considered an environmental impact) as a part of all Type | {faideral
projects at impacted locations where it is reasonable and feasible. Thel Fedhveay
Administration (FHWA) is the designated federal government agency for administering the
federalaid highway program. The FHWA regulation makes a distinction between projects
for which noise abatement is considered as a feature in a new or eagaglkway and those

for which noise abatement is consideredaastrofit feature on an existing highway. The
former are defined as Type | projects, the latter as Type Il. For Type | projects, the
consideration of noise abatement as part of the higle@agtruction project is mandatory if
federalaid funds are to be used and if a traffic noise impact is expected to occur. Type Il
projects are, however, completely voluntary on the part of the individual states, and such
projects compete for funds with alf the other construction needs of the states.

Since the legistion passed in 1976, theaffic noise has become a growing public concern
nationwide. In January 2005, the FHWA issued a letter to all state DOTSs reiterating that the
FHWA policy restrictsmaking adjustments for pavement type in the prediction of highway
traffic noise levels and using specific pavement types or surface textures as noise abatement
measures. This means the FHWA will not participate in the cost for pavement work done
solely for the purpose of reducing noise. In the letter, the FHWA also notes their support in
pavement noise abatement research.

In April 2006, as aresult of the FHWA TirePavement Noise Strategic Planning Workshop, a
Transportation Pooled Fund project (TPF)swested by the Washington StatepBement
of Transportation

Since 2007, the North CarolinaDepartment of Transportation (NCDOT) has beetively
participating in the FHWATire-pavementNoise Research Consortium, TBK135), with
other states, including California, Kansas, Minnesota, Montana, Ohio, Texas, and
Washington. The objectives of tpeoled fund studyre to(i) provide a forum for states t
discuss tirgpavement noise issuefj) develop a proposed researplan; and(iii) pool
resources and efforts of multiple state agencies and industry to pénfeqpavemennoise
research in a similar manner slaring data. The FHWA agreed to consider the use of
quieter pavements as a means of traffic noise abateifpeamid when sufficient data is
presented by the various states thatify such consideration. The NCDOT has been
actively involved in activitiesusing and developing quiet@avements and has playad
major rolein some national activities includingostingthe 4" national OBSI odeo in Elkin,

NC and organizingthe Transportation Research BoardRB) ADC 40 Committee
(TransportatiorRelated Noise and Vibratiolummer Conferende July 2012 in Ashville,
North Carolina



1.1 Traffic Noise and its Mitigation

Traffic noise is a combination of the noises produced by engines, exhaust, tires and
aerodynamic noise. It is impacted by traffic volumes, traffic speed and the percentage of
trucks in the traffic mix. Tirgpavement noise is defined as the noisettenhifrom a rolling

tire as a result of the interaction between the tire andl sagface. Bcause of this, the tihe

pavement noise is highly speddpendent. When traveling at highway speeds; tire
pavement noiseontributes approximately 90%, or the dominant component of the traffic
noise. Mitigation of traffic noise has become an increasingly important consideration for
highway agencies when constructing new highways or improving the existing systems.
Traditionally, construction of noise barriers is the most common method of traffic noise
abatement. The design goal for traffic noise barrieféarth Carolina is to provide AdBA

noi se | evel reduction in equi valasesensitive af f i c
receptors near or adjacent to the highway f &
limitations to buildng noise barriers, including)(high cost, which is between $1.3 and $3

million per mile; (i) unsuitability for some locatins such as hillsides and intersections, and

(i) noise reflections or echoes may occur for two or more opposing or parallel barriers. As

an alternatve for noise mitigation, quiepavement may provide advantages that noise
barriers cannot. As a resudigencies and researcheesek to investigate tipavement noise

at the source and further improve pavement surface structure and materials characteristics to
reduce traffic noise.

To reduce traffic noise levels, & critical b accurately capture thed-pavement noise s
source. This is because, firstht, highway speedsire-pavement noise has been proved to
be the dominant component of traffic noise; secondly, if the measuring method is not
accurate, i.e., excluding other interfering factohg data will not be comparabiler useful
identification ofquieter pavements and the mechanism of the causes-patiegnent noise.

Therefore,it is importantto accurately measutbe tire-pavement noise levebf different
pavements.The resultwill provide agencies with pertinent information developng quiet
pavementind managingraffic noise Accurate measuremerdspend oni) the selection of
the appropriate measuring methods and procedures to cap&ipavement noise while
excluding interfering factors during data collectiofii) the selection ofright pavement
candidates fodata collection; and ()i proper data analysis.

The FHWA has released its latest sien of Traffic Noise Model (TNN] Version 2.5 in

April 2004. This is the first version of thedtware with major improvements to the
acoustics since the original versiaras released in March 1998. TNM Version 2.5 is an
entirely new, statef-the-art computer program used for predigt noise impacts in the
vicinity of highways. The program uses advances in personal computer hardware and
sdtwareto improve upon the accuracy and ease of modeling highway noise. The current
function of the program includes the design of effectivet-eticient highway noise
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barriers. Most likl, upon inputting sufficient data from state DOTSs, future vessioin

TNM will allow the use of pavement types in project modeliBased on the data available
from some states in TNWersion 2.5, some pavemts are expected to be acoustically
Aqui etero than the FHWA fAaverageo0O pavement

1.2 Research Objectives

To suppor tpartibigaiivoT thesFHWA pooledfund study,it is imperative ta(i)
collect the current eboardsound intensity (OBSljire-pavement noise data frotgpical
highway pavements in North Carolinij) conduct analysisto determinethe quieter
pavement types) used in North Carolingjii) determine the most cesftfective, durable and
technical sound pavement noise abatement seaitable for North Carolina; ard/) to
include the informationinto the nationwide quietpavement database itmaffic noise
modeling.

Prior tothis projectthe NCDOT did not haveaccess t@BSI tire-pavemennoisemeasuring
equipment There washo OBSltire-pavement noise datllectedfor North Carolind soad
pavement To bettermanage tiffic noise and identify quighavement in NC,iie NCDOT
neecakd reliable andvalid datafor rankingthe typical highway pavemesnin North Carolina
based on te-pavement noise The datawill form a North CarolinaOBSI database and be
part of the FHWA OBSI database. The de#an also answer concerns from vocal groups
from densely populated and high traffic volume areRssidentsmotorists,andpassengers
will enjoy thebenefits from quieter pavemesiefined by OBSI results

Oneimportantobjective of this project was to establish the firstomard tirepavement noise
data collection apparatus in North Carolina. This is ctdorany futuredevelopmenbf
guietpavement andhanagement dfaffic noise in North CarolinaThe entireOBSI system
including hardwargesoftware and measurement process needed to be proved valedata
collected must be accurate andtlosely correlate tahose collected by otheDOTs and
researchers During the project, this was accomplished #@he 4h OBSI odeo that was
conducted in North Carolina.

Theobjectives of theroject alsanclude

) To collect onboard tirepavement acoustical noisita on theypical highway
pavementsn North Carolina;

(i) To aeate a database to serve as a baselipmf@mennoise study;

(i)  To compare the noise levetd North Carolina highway pavemerntsother states;

(iv)  To developan OBSI tirepavemennoise measuringnd operadbn procedurdor
future training purpos

(V) To conduct a complete literature study on traffic noise to retfiheomnost current
research levels around the world.
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To achievethe objectives statedbove it requiredthe researciieamto makeevery effortto
eliminate the possibility of obtaining imprecise or incomplete information. This intiide
strictly follow the test procedurs laid out in theAmerican Association oftate Highway
Agenci es (SraAd&rdiHAradt)ce for Measurement ok-PavemeniNoise Using the
On-Board Sound Intensity (OBS) Me t h o-1l19 (ji) validate ahd calibrate the OBSI
systemdeveloped by the tegn(iii) selectthe test sectionsasedon thepavement inventory
list provided bythe Pavement hagementnit and Construction Unit ahe NCDOTand
the best knowledgen highway pavemergndpavement surface characteristafsthe team;
(iv) eliminate any data that may not be accyréteremeasureany questionable datarhe
teamhascarefully and compently gathered and analyzetie datahroughout the project

Anotherimportant purpose of this research, upon submitting the sufficient acoustical noise
data collected from the pavememtd\C, is to obtain the FHWA approval fadding the NC
OBSI datanto the national OBSI database

1.3 Research Scope

The scope of this research is implementationthef OBSI program which includes the
establishment oan OBSI systemthe procedureof operation and the OBSI thigavement
noise data collection and analysis.

OBS methodwas used to measure the {pavement noisi this project. This methddavas
proposed byAASHTO andwasrecentlyapprovedn 2011

As approximately 93% of the pavemeint North Carolina is asphalt pavementghasisof
OBSI data collectiorhasbeen placed on variowsphaltpavements acrog$orth Carolina
Several concret pavemensites were also investigated.

1.4 Outcomes and Benefits

The research dam has successfully established the-bmard sound intensity measuring
programin North Carolna Thisis the first OBSIsystemin North Carolina andeflectsthe
most updated version d®BSI equipmentrunning PULSE® software among other state
departments of transportation or usrisities in the country. Theystem providgthe North
CarolinaDepartment of Transportationith a powerful toolfor evaluatingpavement noise
characteristics. It also can be usedht@stigatevarious external influencinfactors on tire
pavement noise such ddferenttires, vehicle weight ambienttemperature, riving speed,
pavemeninoisture etc.The system caalsobe used formonitoring purposesuch as urban
pavement noise mappingrhe OBSI systenand the collected data hatkeen provedialid

! During the project, the Method was in its proposed stage, it was design&ehdard Method of Test for
Measurement of TirePavemeniNoise ing the OrBoard Sound Intensity Method (OBSIAASHTO
Designation: TP 740 (Proposed).
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by the OBSI odeo conducted in September 2010 in ElkNorth Carolina andn the
subsequent field data collectiacross North Carolina.

Tire-pavement noise dataas collectedfor thefirst time in North Carolina, whichncluded

nine types of pavementsperated andnaintained by theNorth Carolina Departnm of

Transportation OBSI datacollected included typicgbavementn interstate US and NC

highways. Pavemesinvestigated includedurface courseS9.5 seriesS12.5series open
grade friction course (OBC), and alsoconcretepavenent with diamondyroundtextures

Based on the OBSI datihe testegpbavementsvereranked based on OBSI levend quieter
pavemerd wereidentified.

The overall OBSI results indicatéhat in the eighttypes of asphalt pavements tested, the
average sound intensitgnged fron98.3dBA to 99.7dBA, which aregenerallylower than
thosefrom some other statewith similar types of pavement§33). This result can be
interpreted that there ateq u i et e r dusegira NoghnGanmolingsespecially in volume
roads In this project, he highestaveragenoiselevel capturedor a singletest sectiorwas
105.1dBA?, this is also lower thathe high valuesollectedin other statefrom all types of
pavements. It has been found that the difference between the loawstagenoise level
(98.3dBA) and highest (103.8BA) is 4.9dBA. This proved that qeter pavements have
been usedonsistently in North Carolina recent yearsn low volume roads

OBSI data wasilso collected foselected pavement sections witarious driving speexito
compare theeffect ofdriving speed on the tirpavement noise level Results showed that
the relationships betweelniving speedand sound intensity level follad linear relationship
regardlespavement types For example, dr an S9.8 test section, sound ensityranges
from 86.8dBA at 25 mph to 98.8BA at 60 mph S9.5C followedhe same trend.

Based on the findingsecommendatiosn can be nde for further research opavement

noise In this projectone to three year olgavementsvereselectedor OBSI measurement

This will make the datacomparable to thosrom other states and thetional database.
However,it is known that tirgpavement noise levelsill be higherasthe pavemenages

andther el ati onships between sound i npawementty no
noise deteriorabnr at e 6 ) far@ngfor bikerert pavement It is recommended that
pawement noise levels at differeages bdurtherinvestigatedn future researh. This will

provide information on the change ratepavement noise leveturingthe entire service life

for a particularpavement. It is thea u t hapinien®f this report that whenlefining a

6gui eter pavement 6, both factors should be
sound intensity noise deterioratioate.

2 An average of 105.1 dBA was measured on an OGFC test section in this project. Refer to Chapter 4 for
detailed information.

19



The research resultBom this projectpresentthe NCDOT with a tire-pavementnoise
database in a format compatibéh the pooled fund studyResultsanddata analysisrein

a presentabland comparable formafThe data will be valuable fahe NCDOT/FHWA for
future research othe development of quieter pavemerithe resultsfrom this project allow
for an interesting comparisdretween the data collected in North Carolina &mnd other
states fowvarious pavement types

It was theresearchea a m6 s goal t o calecteduandacludet inthetrepartwad at a
accuratein reflecing the actual tirepavementnoise leved when captured,to ensure the
OBSI data from North Carala isidentical in terms of measuring proceduith other
states The OBSI data collectedo date is valid and reliabli®r use inestablising atire-
pavement naie databas as a baselineJthiough more OBSI data iseeded to enrich the
currentOBSI database in North Carolinavhich is recommended as one of future research
areas.

An operation procedur@éraining manualhasbeenprepared for trainingpurposes ofuture
OBSI users. The training manual is based on the most current versRfaKoPULSE®
system, and includes our firsthand experienceaiibration, measuringPULSE® software
usageandfield testingrelatedto the OBSkystem

Recommendations drawirom the resultsnclude (i) further OBSI datacollection isneeded
to enhance the OBSI data foew pavements (fo 2 yearsold) for enricing the NCDOT
OBSI databasegand increasingample sizes(ii) OBSI data for the entire paventeservice
life, for example 3 t20 yeas, for asphalt pavements, 330 years for concrete pavement;
(i) tire-pavementnoise mappingfor urban road netwoskin densely populated aredsr
traffic noise management purpose; (iv) various influencing factors opaiuementnoise
level. Detaled recommendations apeesented in Chapter 6.

In this report, conclusions on the quieter pavemard given and recommendations for
further research otire-pavement noisequieter pavement or potential quieter pavement in
North Carolhaareprovided.

1.5 Report Organization

The remainder of the report is organized into chapters that pteegmbjecb s maj or ar e
in detail Chapter2 covers the thorough literature study conducted by the team. ClBapter
introduces the on-boardsound intensityneasurememnrogramestablished by the teafB&K

PULSE® system installation, hardware asdftwareacquisition, in house anid-situ trial

testing, and national OBSbvdea Chapter 4 presents ti@BSI data collectionincluding the

summaryof tire-pavement noise lev&for eachtype of pavemerandeffect ofdriving speed

on the OBSI noise level Chaptes 5 and 6present conclusions for eaphvement typevith

analysis and recommendations ontdwe researchin development of quiet pavements.
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Chapter 7presents technology transfer plans of the research projdtapters 8 and lre
referencesitedand appendices for the report.
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2.0 LITERATURE REVIEW SUMMARY

As part of Task 1 of this projectt #he outset othe researclproject in August 2009, the
research tearnegan collectingll technical literature ancelevant documents fahe project.

The collectedliterature and documents includ@aformation ontire-pavement noise, traffic
noise, pavement charactstics, and quietepavementdevelopment The sources include
international journalsgonferencesand governments publications. Pavement materials and
specificatiors, including typical asphalt pavement typesedin North Carolina were also
searched.

The aboveliterature anddocumentswere carefully reviewed by theesearchdam The
literature reviewformedthe literature reporand a compilation of abstractelated tdraffic
noise (refer to Appendix 9.1 Compilation ofAbstracts related tdraffic Noise). This
documentontainsuseful referece material for traffic noise studies

2.1 Background Information

Noise is defined asnau nwant ed sound of any sort t hat a
detrimental to human health in several respects including widespread psychosocial effects,
reduced performance and increased aggressive beliayRy: In the world today, noise has

becane one of the most pervasive forms of environmental pollution.

Traffic noise is one of the major noise pollution sources. Mitigation of traffic noise can be
traced back to 18000s. British road buil de
tires atthat time to mitiga¢ the noise generated by traffic (3As more automobiles and

trucks took to the highways, traffic noise has become a major issue associated with the
design and construction of new highways and improvement of exiting systems.

In 1976 the US Congress passed legislation requiring the states to provide mitigation for
highway noise as a part of all fedeaadl new, i.e., Type |, highway projects at impacted
locations where it is reasonable and feas{dle For all new projects, it is andatory to
consider noise abatement as part of the highway construction if a traffic noise impact is
expected to occur. All states havebegun preparingheir statespecific policies and
procedures, CalifornigCaltrans)s one of the exampl€5s).

Traditionally, construction of noise barriers is the most common method of traffic noise
abatement. The design goal for traffic noise barrieféarth Carolina is to provide AdBA

noi se | evel reduction in equi v alnasesensitive af f i c
receptors near or adjacent to the highway f &
limitations to lild noise barriers, includingigh cost, which is between $1.3 and $3 million

per mike (6, 7) andunsuitability for some locations sudks hillsides and intersectians

Research revealed that tpavement noise is the damant component of traffic noise-(8L)

at highway speedsAs a result, civil engineers and acoustic scientists seek to invedirgat
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pavement noise at the source and further improve pavement surface structure and materials
characteristics to reduce traffic noise.

Traffic noise is a combination of the noises produced by engines, exhaust, tires and
aerodynamic noise. It is impadtdy traffic volumes, traffic speed and the percentage of
trucks in the traffic mix. Tirgpavement noise is defined as the noise emitted from a rolling
tire as a result of the interactioptiveen the tire and road surface (12p improve the noise

level of road pavement, it is critical to accurately measurep@eement noise level of
different types of pavements, which includéstije selection of the appropriate measuring
methods and procedures to capture-pagement noise at the source) the ®lection of
appropriate procedures that should exclude interfering factors during data collection and
(iii) proper data analysis to provide pertinent direciodeveloping quieter pavement.

2.2 Tire-Pavement Noise Measurement Methods

Considerable research ttevelop alternative methods for measuring-pia@ement noise at
its source has been performed in the last decade. Following are descripttbesnobst
commonly used methods.

2.2.1 SPB and CPB Methods

The Statistical Passby Method (SPB) was initially useti¢asure traffic noise and included
evaluations of tirgpavement noise. SPB utilizes a random sample of typical vehicles
measured individually. The maximum sound pressure level is captured for each passby using
a sound measurement system such as a deuvelddmeter which is located 50(15 m) from

the center line of the travel lane. The speed and vehicle type of each event is recorded. A
statstically significant sample of light and heavy vehicles needs to be collected. The data is
used to compute atatistical passby index (SBBwhich is used to compare various
pavements. SPB results represent actual traffic noise emissions and provide the best
available measurement of the impact of traffic noise on properties adjacent to highways.
Since it meas@s all components of traffic noise alongside the highway, it does not strictly
measure only the tirpavement noise. Control passby (CPB) was then introduced by French
National Standard NF S S1 :P9which is similar to SPB, except that it involves aitéd

number of controlled vehicles. For CPB, relatively few selected vehicles are driven at a
controlled speed past the measurement location. The CPB method takes less time than the
SPB method, but it does not account for any variations that might oceehicles of the

same type. The CPB method has the same site limitations as SPB and requires a light traffic
density making it more suited to rural or test track conditions. There is ndad&asd
available for CPB. Figure 2.firesents a SPBaffic noise measuremenfby courtesy of

Mr. Gregory Smittof NCDOT).
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Figure 2.1  Statistical Passby ($B) Measurement Apparatus

2.2.2 CPX (Trailer) Method

I n the | ate 19900s, a mtodpaviensent interdacel neise wase t u p
developed in Eurap (12, 13). The Close Proximity Method (CPX) was the first to allow
focused measurement of tipavement interaction noise. A test tire is mounted within a
small trailer that is towed by vehicle suchasautomobile. Close to the test tire, generally
within 4-18 in (106450 mm), one or more microphones are located. Most trailers have an
enclosure around the microphones and test tire in order to provide screening from wind and
traffic noise. The noiskevel is measured as an average over a certain time interval, usually
4-60 seconds. Thus, the measurement can be made along the traffic stream. This method is
less sensitive to noise generated by other traffic, and is therefore more reliable-for tire
pavement noise measurement. The CPX method has been used in the US, Canada, Korea,
South Africa, and European countries for-{i@/ement noise measurerhéiv, 15). Figures

2.2 and 2.3 present theviews of the CPX towing vehicle and trail¢by courtesy o

Dr. UIf Sandberg of SwedishRoad and Transport Research Institute, VTI)
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Figure 2.2  Inside View of CPX Trailer

Figure 2.3  CPX Used By he Swedish National Roadand Transport Research
Institute

2.2.3 OBSI Method

The OnBoard Sound Intensity Method (OBSwas developed by GM for tire sound
research. The OBSI measurement hardware consists of a probe (microphone pair) held next
to the tirepavement contact patch by a fixture attached to the wheel studs of the test tire
wheel. The microphone is cabled tcetimterior of the vehicle where the signals are
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simultaneously captured on a recorder and processed by a reahn@yeer. The
specifically tuned microphones focus on the noistne tirepavement interface. dise from
other sources such as wind oheat vehicles should not significantly intervene. UfeR.4

gives the side and top views of the microphone positions in OBSI.

A thorough study has been conducted in the US in recent years to develop and modify a
rational test method for measuringetpavement noise at the source (18)o select the most
appropriate method, two potential methods were initially compared, the CPX and the OBSI.
Field testing was conducted to assess the two methods and compare their correlations with
controlled passby measments of a test vehicle. The twotla¢source measurements
correlated well with each other, and to a lesser degree, with the passby measurements.
Because the results indicated that OBSI data is slightly better correlated to controlled passby
data andhe CPX results had some distortion in the 1/3 octave band spectra in comparison to
both the passby and OBSI results, the OBSI method was selected for further development
into an atthe-source tirgpavement noise measuring method.

- & 3" (76 mm)
Tire patc
AARAARAA
A Centerline of tire
______________ ﬁ%_--—_---_.

1 3

| 4” (102 mm) from sidewall to
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Menter of hub

Figure 24  Sideand Top Views of Microphone Positions
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Both the AASHTO Designation TP: Measurement Bire-pavementNoise Using the On
Board Sound Intensity Method (OB&nd ASTM WK17029 New Practice for Measurement
of Tire-pavementNoise wsing the OrBoard Sound Intensity (OB Method have been
approved in 2011.

2.2.4 TPTA (Drum) Method

The Tire Pavement Test Apparatus (TPTA) is a labordtased tirgpavement noise
measurement that is also used for-pevemat noise leel assessment. TPTéan also be

used for testing the dusdity and friction of pavements (17, 18).he tester contains a drum

with a diameter from 1 m to 15 m, motor, gear box, and pulley that drives a steel plate above
the drum. Attached to the plasee two arms, with a tiretheel assembly attached to each.

Six curved samples are mounted around the drum. As the steel plate rotates, the two testing
tires roll along the outside of the samples. The microphones mounted to the arms capture the
tire-pavement noise. Figre 25 presents the view of TPTA.

Figure 25  View of the Tire-Pavement Test Apparatus (TPTA)

2.3 Considerations in Tire-Pavement Noise Measurement

Any interfering acoustic factors that could affect-fii@ement noise measurements must be
considered as soon as the appropriate test method is selected, when pavement sections are
chosen and during the noise level measuring process. Errors in -intamsity
measurements can occur for situations in which-hggtctive components are present. These
components summarized below should be considered.

27



2.3.1 Speed Effect

Research results indicated that during driving speeds inatigerof 55 to 65 mph (88 to
105kmph), on average, tippavement noise increases linearly and at a range of
approximately 0.18BA for every1.0 mph (or 0.114BA/1.0 kmph) (15) Other research has
reached similaconclusions (1619)

2.3.2 Pavement related Effects

Research has indicatatiat noise levels generally increase as pavement @§gs21).
O0Acoust i c orldd rpavemenmt tngise deterioratiorated describes how well a
pavement retains its original tigavement noise level over time. Normally as pavements
age, their texires are worn by traffic loading and winter maintenance operations. Their
surface features are altered as a result of distress from the environment and traffic.
Roughness index (llRand friction number also affect tqgavement noise levéR?2).

2.3.3 Temperature Effect

Temperature dependency affects -pevement noise generation, particularly asphalt
surfaces. A separate study on -fx@ement noise indicatedaththe variation can exceed
0.1dBA/°C within the range of % and 36C (23). It is recommended that measured-tire
pavement noise levels be corrected to a reference air temperaturCof 86ason related
factors are also reported. Data should be collected during the same time of the year to
minimize temperature differences. idtdesirable to factor the effects of temperature into the
results to improve the accuracy.

2.3.4 Wind Effect

Research found wind can affect noise in two wayswind noise in the microphones, and
(i) the tendency for wind to carry the sound, changing tlrece¥k distance between the tire
and microphon€24).

In addition to the above factors, other potential test variables that should be normalized are:
tire inflation pressure, test vele type and pavement moisture.

2.4 Data Analysis and Current Tire-PavementNoise Findings

Different analytical tools have been developed for identifying the appropriate practice to
assess and mitigate traffic noise. These include the US Federal Highway Administration
Traffic Noise Model (TNM); the SoundPLAN model that was depell in Germany25),

and the database lthye California Department of Transportati@a(tran3 (21).

TNM has the ability to consider different pavement types in a noise an@itbisugh it is

not allowed by FHWA) In TNM and in the SoundPLANKhodel, a 3dBA reduction at the
source results in 8BA reduction in noise at the receiver. The FHWA has released its latest
version of TNM Version 2.5 in 2004. This is the first version of sbféwvare with major
improvements to the acoustic predictiskgorithm since the original version released in
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March 1998(26). Most significantly, it includes the development of regression equations for
the resulting reference energy mean emission levels (REMELS) as a function of vehicle
speed and vehicle type.NM uses advances in personal computer hardwarsdivdareto
improve upon the accuracy and ease of modeling highway noise. The current function of the
program includes the design of noise barriers. For design of quieter pavement, further
sufficient daa is needed.

2.5 Findings of Tire-Pavement Noise Levels

Research conducted around the world has given some qualitative comparison conclusions on
different types of pavement or surface treatments. Research conducted in Europe concluded
that portland cement corete (PCC) pavement has higher -pavement noise values

(1to 2dBA) than does dense graded asphalt concrete pavement (reference pavement), and
that newly paved open graded asphalt pavement has lowegratiegnent noise values

(4to 5dBA) than thereference pavemelil2). Research conducted in Japan indicates that
tire-pavement noise is closely related to the index of porous asphalt pavement surface texture
and is reduced in proportion to the increase of total air voids volume per unit area of the
asphalt surfac€7).

Several states in the US and other countries have conducted research to gain an
understanding of tipavement noise characteristics. The sound level measurement data
collected and analyzed in California by Caltrans indicated tfgapavement noise levels of

dense graded asphalt course (DGAC) are approximately equal to the average pavement sound
levels contained in the TNM REMEL dat®pen graded friction course (OGFis 3dBA

lower and PCC pavement isdBA higher than the TNM\&erage level. Rubber asphalt
concrete (RAC) reduced the noise bglBBA between 16 monthand 6 yearsfter paving.

Figure 26 presents the two layer OGFstricture recognized as a quieter pavement structure.

Top layer
Small aggregate OGFC

Bottom layer
Large aggregate OGFC

Figure 2.6  Two Layer Open Graded Friction Course

29



Arizona DOT (ADOT) measured asphalt rubber friction course (ARFC) aged between 3 and

12 years using the CPX method. PCC pavement tining textures were also evaluated. The
results indiated that ARFC surfaces typically produced CPX sound levels between 94 and

99 dBA throughout their tetyear design period. The results indicated that the uniform
transverse tining produced levels&3 dBA hi gher than ARFCOs. Di a
pavemeh has been found to successfully reduce-pgmeement noise from PCQ7), and

presents good acoustic longevity. Research conducted in Kansas and California indicated
diamond ground concrete pavement exhibit little or no increase in noise over thgditst f

ten yearsaftergrinding (28).

Research in Texas showed that sound level differenceséetpavement types ranged to
7dBA. These results indicate that the noise characteristics of pavement surface types are
significant and should becnsideration before selection for highway surfa¢).

Research conducted in Colorado, lowa, Michigan, Minnesota, North Dakota and Wisconsin
found that if overall noise considerations are paramount, longitudinal tining that provides
satisfactory fricton may be consideredA spacing of 19 mm uniform tining will provide
adequate friction.

Tire-pavement noise levels for Ohio pavement types provide an additional criterion for
pavement selection in noisensitive areas. There was a difference ofd®A& between the
lowest (open graded asphalt) and the highest (random transverse tined concrete).

Other findings include polymer modified hotix asphalt (HMA) is quieter than normal
control HMA pavement (29). Pavement frictia improvement by shot peening
(Skidabrade®) did not significantly change the overall noise level, although the noise levels
at frequencies of 1600 Hz and above decreased with higher fr{86pn

Laboratorybased studies focusing on the sound absorption properties of various pavements
were investigated using impedance tube and potable reverberation chamber. PCC and HMA
pavement can absorb from05: 8.5% of sound(31). Constructiorrelated research
concluded that compaction methods used can affect the Ieeede For example, Marshall
compaction produces the most open (most permeable and sound absorptive) voids structure,
while rolling wheel compaction produces the least open voids stry8ixre
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3.0 EQUIPMENT ACQUISITION AND FIELD TEST PREPARATION

3.1 General Information

An important ask(Task?2) of this project is to establish am-board sound intensity system
that meet the current and futuré®©BSI| measurement needs tbk NCDOT. Therefore to
collect necessarynformationon the OBSI systemincluding auxiliary equipment and non
standird microphone mounting fixtui the outset of the researc¢he Principal Investigator
(P1, George Wanpvisited the California Department of Transportation Sacramento, CA
(Caltrans Mr. BruceRymen and lllingworth & Rodkin, Inc. in Petaluma, CA
(Dr. PaulDonavan)for a consultation of OBSI related issueghe Pl also consulted B& s
offices in the US, Canada, and Denmark for technical queries. Following ithitak
meeting and interactionsthe team preparea list of detailed instrumentatipmncluding
parts, fixture,calibrationequipment, tools, hardware asdtware selected for this project.
Furthermore the Pl communicated withthe Washington Dpartment of Transportation
(Mr. Tim Sexton) and Texas Department of Transportatdn JohnWirth) about the OBSI
apparatus used ithe WashingtonDOT and the TexasDOT respectively. The detailed
equipment list was verifiedgainwith manufacturers, supplie@ndagencies.

Based on the list of imimentation, before purchasirgglectedsuppiers weresolicited and
thar quotations and specifications of the equipment parts weatuatedby the PIl. The
productswereverified to ensure¢hat they werecompatible or consistentith the AASHTO
standard requirementand also compatible tahoseusel by other states for tigavement
noise measurementThe sales engineer froB&K (Mr. Will Kinard), the supplier of the
PULSE® analyzer met with the team on two different occasidosdetailed demonstrations
of the products.

3.2 OBSI Microphone Mounting Fixture and Fabrication

The microphone mounting fixture iscatical aspecbf the system which directly affects the
stability of the entire measuring hardware mounted outside of the test vehicle, adjacent to the
test tire. The fabricatingof the microphone mountindixture was accomplished through

special machine shagt ECU based on the shop drawsygrovidedby Dr. PaulDonavan of
lllingworth & Rodkin, Inc The nonstandardoarts of the mountg fixture are summarized

in Table 3.1 The sandardparts are summarized frable3.2
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Table 3.1 Non-Standard Parts for the Microphone Mounting Fixture

Part No. Part Materials Quantity
SI-2-001 S| Probe Holder Aluminum 2
SI-2-002 S| Probe MountindPlate Aluminum 2
SI-2-003 S| Vertical Back Plate Aluminum 1
SI-001 Vertical Slide Bar % in thick Aluminum 1
SI-002 Vertical Slideri Bearing Holder Aluminum 1
SI-006 Wheel Mounting Plate Aluminum 1
SI-008 Sound Intensity Probe Black Delrin 2
SI-009 Torque Restraint Bracket 0.25 in thickPolycarbonate 1
SI-010 Extended Lug Nut HT 4140 6

Table 3.2 Standard Parts for the Microphone Mounting Fixture

No. Part/Description Size Quantity
1 Allen Head Screw Ya-20 x 3/4 9
2 Allen Head Screw ¥%-13x1 2
3 | Allen Head ScrewFull Thread) 3/81 16x2Y40r 2 1/2 4
4 Flat Head Screw Ya-20x 3/4 2
5 Lock Nut %-13 1
6 Plastic Tubing 5/16 INx 12 (7/16 OD) 1
7 Threaded Rod 5/167 18x 12 1
8 Lock Nut 5/16- 18 1
9 Lock Nut 3/8-16 4
10 Washers 3/8 8
11 Washers 1/4 4
12 Washer 3/4 1
13 Nut 5/16- 18 1
14 | Plastic Sht. Collar (Grainger) Stock No. 1F496, % in dia. 2
15 | Mounted Ball Bearing (Graingerl  Stock No. 1F548), % dia. 2

3.3 Hardware Acquisition and PULSE® System Installation

Task 2 tarted at the same time aBask 1, and amtinued for approximately fivenonths.
When theacquisition of theéDBSI partsincluding Standard Reference Testing Ti&RTT),
was completedhe OBSI system was installazh theselectedestvehicle For this research
project,a 2008 Chevrolet ImpalaS passenger vehicias used The Impala isone of the
preferredpassenger carfor OBSI testing (others incledChevrolet Malibu, Toyota Camry,
Hyundai Sonata) The OBSIsystem was set ugnd adjusted to the requirementeded for
OBS tire-pavemenioisedata collection Trial testingfor sound intensity noise capturing
wasconductedn-houseat ECUin January2010.
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A PULSE® system training was conducted at the endJafuary2010 by an application
engineer(Mr. Joe Chou)from B&K O sAtlanta Office. The Pland graduate research
assistants attended the traingegsion conducted in the OBSI research room at ECU. Again,
the system was verifieahdcalibratedduring the taining process

The entireOBSI systemwascalibrated, verifiedand ready fotrial field testing in lateMarch

2010. Formal OBSI data collection started in June 2010. The data collected from June 2010
to mid-Septemberi.e., before the OBSlodeq wassaved separately amdrefully examined

for accuracyafterthe OBSlrodea

Forthe OBS measuringsystem, theselecedsound intensity analyzer asdftwareis aBruel

& K| B&K) sfystem The microphones ar&.R.A.S6 €lass 1 ANSI S1.@mplitude
response and phase matchet@lhe sound intensity calibrator i6.R.A.S& model and the
microphonecalibratorsare Larson Davis 369 calibratorsAll instruments(or equivalent)
usedin this projet meet ANSI Type | specifications (ANSI S1.16/IEC 616€l)2 The major
acoustical equipmenincludes 3050A-040 PULSE® mini-frame with 4ch input module
LAN-XI 51.2kHz sound intensity calibrator and correspondsafjware The st tre used

in this studyis a 16 inch ASTM Standard Reference Test Tire (SRTT) P225 60R16 97S (per
ASTM F 249306). The SRTT was manufactured in September 2008. It was first used on
March 26, 2010.Mileage used on th8RTT is recorded on each testing detailed list of
theinstrumentatiorwith brief specifications andescriptionss given in Table3.3.

Figures 3.1to 3.14present detailed images of thajor parts which foredthe OBSI system
and wereused inthis research
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Table 3.3 Major H ardware and Software in OBSI System used in the Research
No. Equipment Item Type | Specification and Description | Quantity
Hardware
1 Hardware Mount mcs 40 from thmicsBdorienwabove¢ NG 1
mics separatiod i st ance on probe = 0. 63
diaphragms)s paci ng bet ween t wo p;msideb €
of center hub (NO.250)
2 TestTire Uniroyal (BF Goodrich) P225/60R 16 97S Tiger PAWP (5 ribs) 1
Groove depth on SRTT should be
3 Wheel 6.50 + 0.5 inwide steel wheel (16 x 6.5 J wheel); open wheel well 1
Calibrator and Measuring Tools
4 Durometer Type Adurameterconfirming with ASTM D224Gspecifications, 1
measuring within a month of test
5 Radar Gun Accurate to £1 mph 1
6 Met Station Accurate ta2.0°F and 0.75 in Hg#25° mbar); 1
Measureair temperature pressure during the coursaedsurements
report in hourly;
Measure barometric pressure during the course aghtesurements
7 Pavement Temperature G| Accurate to 2.tF 1
pavement temperature hourly
8 Tire Tread Depth &uge 1
9 Tire Pressure @uge Inflate to 30+ 2 psi cold 1
10 Acoustic calibrator Class 1ANSI S1.40 1
Doneaftermanuf acturer specified fAwa3
1 h before and 1 hoaftermeasurements
11 Soundintensity Calibrator 1
Acoustical Equipment
12 Microphone Rirs (ideally | Class 1 ANSI S1.9 4
includes 2 back up pairs)| Amplitude responsand phase matched
13 | Preamps (ideally includes { Phase matched and gain matched 4
pack up preamps) The Type 4178 mics need external polarization
14 Microphone Extension
Cables
15 Power Sipply
16 Windscreens Opencell-structure foamspherical, 3-3.6 in in diameter
17 4-Channel Aalyzer Class 1 ANSI S1.9 1
Sound intensity level in 1/3 octave, 2000,000 Hz 400- 5,00 Hz
(required), Aweight, Overall sound intensity level; sound intensity
vector direction; LANXI hardware interfacing via atherret
connection to a PC
3560-B-0107 PULSE® Mini-Frame with 4h Input (LEMO)
18 7771:-N4 PULSE® CPB Analysis, 34 Channel Nodéocked License 1
M1-7771:N4 PULSE’® CPB AnalysisSoftware provides reatime sound intensity 1
calibrationsvia 1/1 octavel/3% octave, 1/12 octave, 1/24 octave,
and/or FFT. frequency analysis techniques
19 7708N5 PULSE’ Time Data Recorder 1
20 M1-7708N5 PULSE® Time Data RecordeBoftware 1
21 7789N PULSE’ Time NodeLockedSoftware 1
22 M1-7789N Software 1
23 3599 Sound Intensity Probe Kit 1
24 4297 Sound Intensity Calibrator 1
25 QB-0048 Rechargeable Battery 2
26 Laptop PC Dell XT2 Touchscreen, anlare, low voltage processor 1
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Figure 3.1 shows the microphone mounting hardware fabricated at ECU Rhgtioments
Machine Shop. The fixture was made based on the blugprmtided by Dr. Paul Donavan
of lllingworth & Rodkin, Inc. Some modificationsad madeto secure the microphone
during field testing which are presented in ChapterFsgure 3.2 shas 4ch Input Module
LAN-XI 51.2 kHz (Mic, CCLD, V)B&K Type 30®-A-040 Analyzer and Type 2831aBery
Module for LAN-XI.

Figure3.1 OBSI Microphone Mountingixture PartsFabricated at ECU

Type 3050-A-040

Brilel & Kjer :@"
STAHLULINL

Figure3.2 B&K PULSE® Type 3050A-040Analyzerand Battery
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Figure 3.3 showshe two pairs 0lG.R.A.S.i 6 condens esfor snind intengitly o n e
measuring. Figure 3.4 shows the sound calibsa®rl kHz, 94 and114 dBA, sound
intensity calibrato(Type 51AB, by G.R.A.S.), and type one durometer.

Figure3.3 Two Pairs 0fG.R.A.S.%2 in. Microphones

Figure3.4 Calibration Equipmenfor Microphone, Sound Intensity and Tire
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Figure 3.5 showshe % inchmicrophone preamplifieconnected to th& EMO-1B, 7pin
wiring installed on the mounting fixture the OBSI case. Figure 3.6 shows than8ard
Reference Testing Tinehich isto bemounted on P225/60R16 97S steel rim.

Figure3.5 Microphones on the Fixture witftpin Cables in the Case

Figure3.6 P225/60R165tandard Reference Testing Tire (SRTT)
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Figure 3.7 shows the test vehicle used in this project, 2008 Chevrolet Impala LS. This is one
of the typical testehiclesusedfor OBSI with a wheel size of 225/60/16. It was rented from
ECU motorfleet. Additionally the team found it is necessary to add a suspension stiffening
bracket onto the test vehicle for reducing suspension movement during teSiguge 3.8

shows theDell Laptop PC used in this projeet,processor for the dateansferredrom the
PULSE® analyzer. It has a Core 2 Duo 2.66 GHz Processor, 15.4 in Ultra Sharp Display, and
4GB RAM.

Figure3.7 TestVehicle, 2008 Chevrolet Impalzs

Figure3.8 Dell Laptop PC
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Figure 3.9 showthe PULSE Analyzerconnected tahe microphongand laptop PGvhich
was placed in the test vehicle. Figures 3.10 andshadv the tool cases containing all parts,
materials, toolsmeasuring and calibration equipment ressbduring the test. The tool cases,
OBSI equipment casandSRTT perfectlyfit in the trunk of the test vehickes seen in Figure
3.11.

Figure3.9 PULSE® Analyzer in the Backseat of the TeseMcle

'r
=

(@wxoBALr.

Figure3.10 Tool Cases

39



Figure3.11 OBSICases in th@runkof the Test Vehicle

Figure 3.12 showthefirst timeinstallation of the measing equipment on the test vehiate
March 2010 for the trial test. Figures 3.13 and 3.14 show the @@$bmentinstalled on
the test vehicle ready foine trial OBSI datacollection.

Figure3.12 Installation of the OBSI System ftre Rrst Field Trial Testing

40



Figure 3.14 OBSI TestVehicle and Microphone Mounting System
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3.4 Trial Field Testing

3.4.1 PULSE® System Training

As planned and indicated in the project proposaé of the importanstepsto successfully
operatethe requiredOBSI equipment wasn-house training prior to the trial field testing.
The inhouse training included seifaining and external training.

3.4.1.1 SelfTraining

BetweenNovember 2009 andianuary2010,the teanmembers conductesklf-training.
During the sekltraining process, the Pl assigned the training work to the team meniiers.
selftraining includedperusal of the literature in three parts

1 Study ofthe basics andundamenta of sound ad vibration. This includedive
major references, i.e., (i) Tyre/Road Noise Reference Book, by Ulf Sandberg; (ii)
Noise and Vibration Control, by Malcolm J. Crocker; (ifcoustics and Noise
Control, by B. J. Smith, R. J. Peters and S. Owen; (iv) Acustr Engineers, by
Jens Blauert and Ning &ing; (v)Environmental Noise report by B&

1 Study ofthe recent publications, training materjadsandard specificationsn tire
pavement noise. This mainly includ@pTire-Pavement Noise 101an Introdudbn
to TireePavement Noise, A Federal Highway Administration Workshop; (ii)
AASHOT Designation: TP 7#&1 - Standard Method of Test for Measurement of
Tire-Pavement Noise Using @oard Sound Intensity (OBSI) Method; (iii) National
Cooperative HighwayResearth Program (NCHRP) Report 6304easuring Tire
Pavement Noise at the Source; (iv) TiRavement Noise: Measurement and
Modeling US DOT Volpe Center; (Mraffic Noise Analysis, Caltrans.

1 Review of Instruction Manuals supplied by the equipment manufac$ for
example, PULSE system instruction manuals Bg&K.

The selftraining also included(i) assemblinghe microphone mounting fixture; (ii)
understandinghe connections of the fixture, microphones, batteries, analyzer, computer; (iii)
the inhouse operation of tHeULSE® system.

3.4.1.2 External training

The selftraining was an excellenireparationfor the external training by thequipment
manufactures and supplies. B&K PULSE® system trainingook placeon January 28, 2010
and administeredby B&K6&6 s  a p p éngireer t(MroJoe Chou) at ECild the OBSI

Research Room locatad Rawl Building 341 at East Carolina University The training

included:

T Review ofthe PULSE systemand detailed functions of the program;
1 Verification ofthe settings and calibrationenducted for the system;
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1 Demonstration of the instrumentsonnectios, operatios, and sound intensity
measurements;

1 Trouble shooting section

1 Questions section.

This training was one of the important activities in T&sk During the PULSE system
training the team members familiaed themselveswith the analyzer and theoftware
operating systemand had questions answered by tiRJLSE® application engineer. The
training was an excellent preparation forhouse practice and -gitu noise measurement.
The training was videotapeathich can be usefir future reviewpurposs, andwill alsobea
good reference fgoreparing an OBStaining manual Figure3.15shows the demonstration
given by theB&K application engineer in the PULSEraining session. Figui®16 preserst
theone onone question answsessiorby theB&K application engineer

"

Figure 3.15 PULSE® System Trainingby B&K at ECU
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Figure 3.16 PULSE® System Training byB&K at ECU

3.4.2 Preparation for the Trial Field Testing

During February and March 2010, the team pcad OBSI installatiorand operation before
the trial testing. Me practices took place in tB#CU parking lot, and on local roads. The
practicesncluded:

1 Switching the testing tire/wheelrdo the test vehiclesheckng balance, tire pressure
and hardnese®tc;

1 Mouning the microphonefixture onto the tire without microphones;

9 Driving the test vehicle omoads in thevicinity of the ECU campus from lower
speed to the maimum testing speed of 60 mpd checkfor any vibration observed,
and if so, the severity of the vibration anchake necessary adjustmerdf the
fixture/hardware;

1 As the fieldtrial progressegdthethreaded rod was cut approximately six inctueft
the test vehicléo reducevibration and the chance apparatus failure

Preparation also includethe design oftwo formsfor OBSI field testingby the research
team Table 3.4 presents tidCDOT-ECU OBSI Data Collectiofask Check Listwhich
had been used throughout the testing. All actual fieltbrimation was recorded on the
forms. Table 3.5presents th&lCDOT-ECU Standard Reference simmg Tire (SRTT)Use
Recorduseal for recordng purposes The mileages of the SRTT for (B testingincluding
warming up wee recorded o this form. All digital field information wasverified with the
hard copies of the filed recorfter each OBSI data collection trip frammefield.
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From &anuary to March, 2010, the researehrmalso continued focusingn in-house setup
of thePULSE® system and hardware adjustment.

3.4.3 Field Trial Testing

The field trial testing waslivided into three stepgi) to verify the microphone mounting
hardware without microphones and to ma&djustments if necessary; (ii) to verify the
stability of the fixture with microphones, preamps, probes, and cables connected to the
analyzerwhile keeping the microphonagbove the requiredround distancg3 inches) for
safety reasast; (iii) to conductOBSI data collection with all standard settings for practice
purposse. Steps 1 and 2 were conducted during March and April 2010. Steps3
conductedn May 2010.

In March, severalrial tests were conducted asrpaf Step 3 asgnentionedabove. hie main
purposeof these trial testsvas to test the microphone mounting fixture and minimize
vibrations when driving at full speed of 60 mphDuring this time other quality control
activities were also practiced such escordng field informationonto the newy designed
forms while monitoring and controlling driving speed&igure 3.17 presest driving test

with the microphone mounting fixture fixed on the test wheel, without microphones. The
purpose of the driving testas to make sure the hardwaerfecty fit the test wheel and the
driving speedlid not producesignificant vibration. Wherthis driving test was conducted

the micophone probes wernstalled.

After Steps Jand 3 of the triatests, on March 26, 2010, the research team first installed the
entire OBSI system onto the test vehicle and conducted a trial data collection. However, as
mentioned above, for safety reasothis trial test allowed the microphonts be placed

above the standard distance above grolarddr thar3 inches) for OBSieasuring. In the
meantime, the research team was getting familiar with the testing procedures. This included
using the radar gun to check speed, monitoring the temperature, calibrating the microphones;
recording the site information on the designedmir Figure 3.18 nesents a research
assistanthecking the speed of the test vehicle. Figure 3.19 preadn#s test onNC 11

near East Carolina Universityn March 26, 2010 It is noted that the microphones were
slightly higher than 3 inches. Tharéaded rod was cut 6 inches shoatealaterdate

3 In these trial tests, the fye was kept approximately twice the distance from the ground (6 inches).
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Table 3.4 NCDOT-ECU OBSI Data Collection Task Check List

NCDOT|

Connecting ped

OBSIraskCheclList

East Carolina

-Organization : East Camdi  University OBSI Researtham

Date:

Date and time of equipment calibration:

Test site data |

Location:

'Year Constructed:

Lane location:

Station Number:

Pavement Type:

Environmental Condition@atataken Eveng0.)

Recordedl Recorded Zif needed) | Retarded3 (if needed)
|Air Temperature
Road surface Temperature
Tire Temperature
\Wind Speed
Weather Condition
Time
Humidity
BarometricPressure
Was any moisture present (Y/M]
Pre tripchecklist
Tirecondition/ inflation Yes No
Cold tires shoultbe inflated to 30 psit 2psi X
Drivefor 15min. to get tires to normal operating temps. X
Drivefor extra 10 milessince SRTT hew. NA
OBShpparatus on vehicle
3 inches from the pavement X
4 inches from the tire X
level and in constant spot on car X
Test Data
IVehicle Speeds Testedthin =1 mph Run 1 Run 2 Run 3
ISpeed of vehicle
Noise level measureid dBA Run 1 Run2 Run 3
dB
Mic Calibration/ Gain adjust value Start reading End reading
Gain adjust values taken Hour before eachtest Mic 1
run andwithin one hourafter each testrun. Mic 2
Mic 3
Mic 4

Operators on site

Duties for test site




Table 3.5 NCDOT-ECU Standard Reference Tsting Tire (SRTT) Use Record

Standard Reference Testing Tire (SRTT) Use Record

Date Location Mileage | Mileage Total
(DD/MM/YYYY) (Start) (End) Mileage




Figure 3.17 Field Test of the Microphone Mounting Fixture

Figure 3.B presents that aesearch assistant wahecking the driving speed of the test
vehicle by using a radar gBushnelPVe |l oci t y E Sp e inthe rReardimahe Gu n )
research assistanbmmunicatd with the driver to adjust the speed within 60 niph mph.

The driver also checked tlufferencesamongthe readings from the spemdeter ofthe car
GPSand tle radar gun.

Figure 3.18 Checking theDriving Speed of Test Vehicle duringhe Trial Test
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Figure3.19 presergthe test vehicle with OBSI systeimstalledcollecting OBSI data during
the trial test. This initial trial test was to verify the entire systémensure it wasvorking
properly. The data collected wamt included inthe database for the project.

Figure 3.19 Trial Test on NC 11 on March 26, 2010

Figure3.20 presents the tealalying out the test sectismefore the trial test Thesetuptook
placeafter the teanmvisually inspected the entire highywvpavemensectionselected for the
trial testing.

Figure 3.20 Laying-Out the 440 Feet Testing Section
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Figure 3.21shows theDBSI test vehicldeing driven at apeed of 6Gnph and the research
assistanthecking the speed.

Figure 3.21 OBSI Trial Testing in Eastern North Carolina in March 2010

3.5 OBSI Rodeo in North Carolina

From March to June 2010, the research team conducted nunteabtests to collect OBSI
data, comparghe data, and check thepeatability of the datand to ensure the data
collected wasvalid and accurate. The results frahis period of timewere for the system
verification purposgand were not part of the OBSI database of the project

The formal OBSI data collecticstarted orJune 23, 2010 at all of the trial testing data was
repeated perfectly and the research team recearethventory list of typical asphalt
pavemerd in North Carolina fromthe Pavement Managesnt Unit of the NCDOT on
Junel6, 2010.

The OBSI data collected from June ®eptembeR010Q i.e., prior to the OBSI rodeowas
saved as aeparate folder for rexamnation dter the ugoming OBSI odeo in September
2010 The OBSI odeowas anmportantstep tolearn from othe©BSIteams and verify the
accuracy and validity of the data collected by the ECU research team.
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3.5.1 Background Information

The NCDOT (Mr. Gregory Smith)and the FHWA Pooled Fund StudyTPFR5 (135),
organized the # On-Board Sound Intensity Rodem September 1d4nd 15, 2010. This
rodeo was held in Yadkin Countpear the town of Elkin, dbrth Carolina The ECU
research team with fouother organizations Rutgers University, the US DOT Volpe
CentefFHWA, the American Concrete Pavement Association (ACPA), dmdjworth &
Rodkin, Inc. (&R) participatedn the rodeo.

The measurements were performed bmelve different pavement sectiorsf several
highways in the vicinity of EIKINNC. All testing was done following the current American
Association of State lghway Agencies (AASHTO) provisionaést procedure (Standard
Practice for Measurement dfire-pavementNoise Using the OiBoard Sound Intensity
(OBY) Me t h o d 0511, Anfericah BAssociation of State Highway and Transportation
Officials, 444 North CapitoBtreet N.W., Suite 24%Vashington, D.C. 20001

3.5.2 Pre-OBSI Rodeo In-House Verification and Calibration

Prior to the start ofodeoon September 14tt2010,Dr. PaulDonavan, the technical advisor
of TPF5 (135)visited ECU OBSlequipment and researécilities on September 12, 2010
Physicalinspections, verificatiorand calibration of the hardware aswftwarewere made. A
review of the data collecteilom March 26 to August 2010wvas conducted The results
verification and equipment setups and calibrati@re satisfactoryandthe ECUteam was
ready for the rodeo. Figures 3.22 and 3@@sent the preodeo verifiation of OBSI
facilities at ECU in the OBSI rese&wraoom. Figure 3.24 shows the sound intensity
calibration before the rodeo at ECU.

0

Figure 3.22 Pre-RodeoOBSI SystemVerification and Calibration
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Figure 3.24 Sound Intensity Calibration

3.5.3 Test Proceduresand Sites
All of the OBSI testing followed the AASHTO Standard Method of Test TPLZ’6

(proposedl Prior to thestart of testing on September™4hysical inspections of each

* The Method is approved in 2011 and now iRASHTO Standard P 7611.
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t e a sefup waonductedor dimensional accuracy with respect to the distance from the
tire, height above the pavement, and microphone separafimmvoid any site biasesaeh
vehicle was measured in the same parking stdie dimensions of attams were within the

+ 0.25 inchtolerance specified in the procedurélso prior to testing, the tireudometer
measuredardness, tread depth, and inflation pressure were neglabyrone operator and
one gage.The two rear ties of each vehicle were weighed the portable scales with and
without the operators in the vehicle. Larson Davis Model CAL200 acoustic calibrators were
used #er being verified to producethe samecalibration soundlevel. The test sections
included in the rodeo were located ttte north and east of Elkin, NC, on US 21 Bypass,
Interstate 477, and State Route 268 Bypass (CC Camp Roadg test circuit defined a loop
about 6% miles in length with a typictransit time of 7 minutes.Within the loop, 12 test
sections were defined on both hot mix asphalt (HMA) Radlandcement concrete (PCC).

Figure 3.25shows theECU team beginning toinstall the testire atthe rodeo. Figure 3.26
presentghe team membeigastalling the microphonesrdo the mounting fixturewhile checkng
the levelanddistance to the ground and the wall of the SRTT.

Figure 3.25 Preparation for Installing the SRTT
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Figure 3.26 Checking the Positions ofMicrophones

Figure 3.27showsthe weight of the test vehicle was checked and recorded as part of the
information at the rodeo The ECU test vehicléire weight wasapproximately 82db.
throughout the project.

Figure 3.27 Measuring the Weight ofthe Test Vehicle
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Figure 3.28howsthatthe ECU test vehicle with the entire OBS}stemwasinstalledand
ready for rodedesting.

Figure 3.28 OBSI Systeminstalled on the Test Vehicle Ready for Testing

Figure 3.29showsECU OBSI test vehicldNumber 3) in the rodetest nearElkin, NC.
Figure 3.30howsthe ECU researclieam members in the OBSI rodeo.

Figure 3.29 ECU OBSI Test Vehicle on Rodeo Test
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Figure 3.30 The ECU OBSI Rodeo Team

3.5.4 Test Resultsand Comparison

Throughout the rodeo, the rtio-run variation in overall Aveighted OBSI level for each
team was low. The average variation was 0.2 to 08 B each of the teams with standard
deviations about those averages of only 0.1 to 02 (8).

Comparisonof the overall OBSI levels for Volpe, ECU, Rutgers, and IR as measured
initially for the first testing on September®}£2010indicatedthe average difference between
teams on each of the pavements was 1.2 dith a standard deviation of 0.5 4B The
difference in levels for the individual sites spans from 0.3 @B Site 3 to 2.3 dB at Site

5A. For comparison, the results from the three test teams in the Texas Rodeo of February
2009 found a maximum range of 2.0 AlBvith an average range of 1.3 AB The 2008
Mesa Rodeo saw a maximum range of 2.Adi®tween four teams with an average range of
again 1.3 dB on nine pavement surfax€35). Two-team rodeos at Yuma and NCAT both
saw average ranges of 1.3AlB/ith maximum ranges of 2.1 dBand 2.9 dB\, repectively
Figure 3.31presents a@omparison ofsound intensity ata for 12 pvemat sites dring the
2010 OBSI odea A comparisonndicates that the ECU OBSI performed waatid the data
wasclose to the meaof the data from all teams the overall 1&ites testing.
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NC OBSI Rodeo 2010 Comparison
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Figure 3.31 A Comparison of OBSI Data for 12 Pavement Sitesn 20100BSI Rodeo

OBSI rodeo ield work was completed on September 15, 2010. Data analysis and summary
were presented in theporttitled Comparative OBSI Testing in North Carolina: The North
Carolina Rodeo (34)Theanalysis showed that ECU's data was consistent and comparable to
other team's data. The collected data was very close to the mean measurement of each
testing sié.

The rodeo results indicated that tB8SI system andatacollection processised in North
Carolinawasvalid. After the rodeo, a systematic OB&ita collectiorwas continued The
data collectegbrior to the rodedrom June23, 2010 was also verified afokrmed part of the
OBSI database
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4.0 TIRE-PAVEMENT NOISE MEASUREMENT AND OBSI DATA COLLECTION

Once the pavement inventory list was received from the Pavement Managementtbait of
NCDOT (Mr. Neil Mastin, Pavement Manageme®ystem Engineer, for typical surface
asphalt courses, open grade friction course (OGFC) andthiltrdoonded wearingaurse
(UTBWC)), and later by Construction Unit ¢ie NCDOT (Mr. Nilesh Surti, for concrete
(diamond grinding) pavement (DGCP)), the teatarted the OBSI data collection. The
formal OBSI data collection ifNorth Carolina started on June 23 2010, shoatfter the
successful completion dhe trial noise measurement from March to May 20T@ble 4.1
presentan overview opavement typeprovided bythe NCDOT and the OBSI testing status
of each type of pavement

Table 4.1 Major Pavement Types in the Study

Typical Asphalt Pavements Used in North Carolina Special Pavements

Pavement| SF9.5A| S9.5A | S9.5B | S9.5C | S9.5D | S12.5C| S12.5D| OGFC | UTBWC | DGCP
Types

OBSI Tested | Tested| Tested| Tested| Tested| Not Tested | Tested| Tested | Tested
Data tested
Collection

OBSI data for b typesof pavementsn Table 4.1 wagollectedexceptfor Type S125C.
S12.C was not measured primarily due aocessibility difficulties encounteredat the
locationsand limited numbers of site locations

4.1 Test Equipment, Procedure, and Site Séection

4.1.1 Test Equipment

As indicatedin Chapter 3B&K PULSE® analyzer andsoftwarewas used in the project.
Table 4.2 presents the parameters of the tedticle used in this project. The tire load
measued represents the approximdtead when the OBSI testinggas conducted. Two
researchers wemormallyin the test vehicleluring daa collecion, ane was driving and the
other one was operating th&JESE® system Table 4.3 presents the information of the
SRTT used in the project (values collected in September 204dl0ing hardness artdead
depth.
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Table 4.2 Test Vehicle Parameters

Test VehicleType Test Tire Load (Ibs.) Bolt Circle Diameter

Chevrolet Impala LS 2008 ~820 115 mm

Table 4.3 Test Tire Information

Tire Build Date Durometer Tread Relative OBSI
Hardness Number Level
SRTT Week 36 2008 66.2 8.0 mm 0.1 dBA

4.1.2 Test Procedures

All OBSI testing followed the AASHTGstandard Method of Test TP -1@. Prior to the
data collection onaeh day,as indicated in Appendix 9.2, Proagées of Operating OBSI and
PULSE® Systemwere strictly followedncluding

1 Check the test sections laid out prior to the test;

Calibrate the microphones prior to ariteathe test on each day;

Check cold tiranflation pressurg

Conduct varmrup runs fothe SRTT &pproximatelylO miles);
Recordenvironmental conditions, includingmperature (air, pavement and tiaed
air pressurg

= =4 =4 2

4.1.3 Test Section &lection

Prior to each testa visual site survey was normaltonducted by the Pandbr a team
member(s). The purpose of this site visit was conduct a visual survey of theametric
shapes inthe pavement angavement surfaceharacteristicio ensire that the pavement
surface wasmooth, with no aggregate segregation, no patches and pothdles aracks or
other surfacalefectsof any type. During the site visit,a 440fed test sectiorwas selected
with approximately 1,000t. before andafter the test sectian Table 4.4 presentsthe
selection criteria for the test section§he pretestvisit and presdected test sections made
the OBSI data collection efficient and safer.

® The OBSI pdeo coducted in September 2010 shemhthathe ECU team put the actual values of temperature
and barometripressuren the PULSE® system at the time of tésg. The dher four teams used the default
values (26C and 1013.25hPa). Although the deviation wasmall (from 0.05 to 0.13 dBA) and it vga
swggestedno corrections were applied toetmesults. The ECU research team continued to itiutctual
parameters throughout the project.
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Table 4.4 Pavement Test Section Selection Criteria

Pavement ConditionCategory Visual Observation

PavemenSurfaceCharacteristics | Smooth, no transvee®r longitudinal cracks

observed
MaterialsProperties No surface segregation and asphalt bleec

observed
Geometry Straight drivihg lane, no uphill, downhill, fo

approximately 150@., (440ft. or 135 mfor
test section for 60 mph)

Thetypical pavement types found in North Carolfoathis study wee mainlythose surface
courses with 20 yeaof design life,andwith various traffic volumes< 0.3 million ESALE
(SF9.5A, S9.5A); 0.30 3 million ESALs (S9.5B); 3to 30 million ESALs (S9.5C); =8
million ESALs (S9.5D, S12.50) The pavements testedso included newlyresurfaced
surface courses. Surface treated pavenametsot commonly used in North Carolina, and
werenot tested

4.2 Asphalt Pavement

Typical asphalpavementsised in NorthCarolinawere provided byhe NCDOT Pavenent
ManagementJnit (Mr. Neil Mastin, Pavement Management Systems Engineer) on June 16,
2010 The asphaltpavements we located in approximately 46ountiesacrossNorth
Carolinaand includediinedifferent types oasphalipavements, which we SF9.5A,S9.5A,
S9.5B, S9.5C, 5D, S12.5C,S12.5D,0pen grade friction aurse (OGFC)and ultrathin
bonded wearing course (UTBWCEight out of he ninetypes ofasphaltpavements had
been investigad. The seleted pavements we 1to 3 years oldfor better comparison
purpose®.

Table 4.5 shows thgarticle size distributiomequirements for S9.5 series and S12.5 series of
dense gradedurface coursesTable 46 presents th&uperpave mix design criteria tife
selected asphalt pavement types

® If OBSI data were collected for various driving speeds, the distance of the sectivarwitir 5 second of
noise capturing. Th@ULSE® systemand driving speedill control the actual test distance.

7 ESAL stands for Equivalent Single Axlead

8 This is because the age of the pavement can impact its OBSI noise level.
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Table 4.5 AggregateParticle Size Distribution Criteria

Standard Percentage Passing Criterid Mix Type
Sieves (Nominal Maximum Aggregate Size)
9.5 mm(for S9.5 Mxes) 12.5 mm(for S12.5 Mxes)
(mm) Min. Max. Min. Max.
19.0 100.0
12.5 100.0 100.0 90.0
9.5 90.0 100.0 90.0
4.75 90.0
2.36 32.0(60.0Y 67.0(70.0)° 28.0 58.0
0.075 4.0 8.0 4.0 8.0

It is notedthatin Table 4.5 for SF9.5Amix, the percentage passing 2r8én sieve shall be a
minimum of 60% and maximum of 70%. Thimeansthat theparticle size of SF9.5A is
slightly finer thanthat of S9.5A. It will be seen later that thidid not make differences for
the OBSInoise level of SF9.5AndS9.5A.

Table 4.6 Superpave Mix Design Criteria

Design | Binder Compaction Volumetric Properties (c)
Levelsin Lab
Mix ESALs PG VMA VTM VFA %
Gmm
Type | Millions | Grade No. Gyrations Max. | % Min. % Min. i @ Ny
@ Rut Max.
Depth
Nini Ndes (mm) _
SF9.5A| <0.3 64-22 6 50 11.5 16.0 | 3.05.0| 7080 | O91
S9.5B 0.33 64-22 7 75 9.5 15.0 | 3.05.0| 6580 | 090
S9.5C 3-30 70-22 8 100 6.5 15.0 | 3.05.0| 6576 | O9 0
S9.5D >30 76-22 9 125 4.5 150 | 3.05.0| 6576 | O9 0
S12.5C| 3-30 70-22 9 100 6.5 140 | 3.05.0| 6575 | O9 0
S12.5D| >30 76-22 9 125 4.5 140 | 3.05.0| 6575 | 00.0

In Table 4.6the desigrESALsis based on 20 year design traffithe vast majority 089.5
mixesis designated aSF9.5A as that is what mosICDOT divisions use for lower ADT
resurfacing.The S9.5A is mucharely usedow.

4.2.1 SF9.5A

SF9.5A and S9.5A aralense gradedurface courseused onlow volume roadsn North
Carolina Compared to S9.5/F9.5Ais more commonly usedTable 4.7 summarizebe
sites tested for SF9.5A. Appendix 9.5 providhs detailed site informatiomcluding

° The number in parentheses is for SFIrBi.
©The number in parentheses is for SF9.5A mix.
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accurate locatios) satellite map, GPS locatioa and sound intensity tirgpavemenh noise
levels. Figures 4.1, 4.2 and 4.3 somarize the results for SF9.5A. The data was broken into
two graphs due tohe large numberof roads meased. The average sound intensifyr
SF9.5A wa 99.1dBA, which wasthe second lowest out tfie nine pavements investigated
in the project, includindpoth asphalt andoncrete pavements.

Table4.7  Summary of SF9.5A Site¥' for OBSI

Test Date County Highway
February 9, 2011 Edgecombe SR1105
February 9, 2011 Edgecombe SR1523
February 16, 2011 Martin SR1501
February 16, 2011 Martin SR1420
February 16, 2011 Martin SR1002
February 23, 2011 Nash SR1945

February 23, 2011 Nash SR1733
February 23, 2011 Nash SR1134
February 23, 2011 Nash SR1124
February 23, 2011 Nash SR1105
March 18, 2011 Washington SR1125
March 18, 2011 Washington SR1180
March 18, 2011 Washington SR1127
April 15, 2011 Franklin SR1425
April 15, 2011 Franklin SR 1456
April 15, 2011 Franklin SR1001
April 15,2011 Franklin SR1611
April 15, 2011 Warren SR1300
April 15, 2011 Warren SR1335
April 15, 2011 Warren SR1634
April 15, 2011 Warren SR1620
April 15, 2011 Vance SR1518
April 26, 2011 Hyde SR1104
April 26, 2011 Hyde SR1114
April 26, 2011 Hyde SR1304
April 26, 2011 Hyde SR 1305

! Refer to Appendix 9.5 Site Information and OBSI Data for detailed test sections and road surface data.
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Averaged SF9.5A Sound Intensity Spectrum
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Figure 4.3  Sound Intensity Spectrumfrom 400 o 5,000Hz Frequency

4.2.2 S9.5A

S9.5A is alsoa surface coursehich isusedonvery low volume roads North Carolinabut
it is notascommonly usedn NC asSF9.5Acurrently Table4.8 summarizethe sites tested
for S9.5A. Figures 4.4 and 4.5 summarize the results for S9.9Ae average of sound
intensity leveldor S9.5A is 9.1 dBA which is the same as SF9.5Appendix 9.5 provides
the detailed site information, including accurate location, satellite maf, IGfation and

sound intensity tirgpavement noise level.

Table 4.8 Summary of S9.5A Sites for OBSI

Test Date County Highway
February 11, 2011 Johnston SR1525
February 11, 2011 Johnston SR1168
February 11, 2011 Johnston SR1162
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S9.5A Collected Data
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4.2.3 S9.5B

S9.8 is a surface course used in North Carglwhich carriesaverage daily trafficADT)
approximately0.3 t0 3.0 million ESALS. Figures 4.6 and 4.7 summarize @8SI results
for S9.5B. The average of sound intensity levielsS9.3 is 98.4dBA. Although thisis the
lowest in this project it is very close to other dense gradadface courses Table 4.9

summarizeghe sites tested for S9.5B. Appendix 9.5 provides the detailed site infonmati

including accurate location ansatellite map, GPS locatiorand sound intensity tire

pavement noise level.

Table4.9  Summary of S9.5BSites? for OBSI

Test Date County Highway
June 23, 2010 Pitt NC 118EB
June 23, 2010 Pitt NC 118 WB
June 24, 2010 Lenoir NC 8 NB
June 24, 2010 Lenoir NC 58 B

July 1, 2010 Nash NC 43 B
July 1, 2010 Nash NC 43 NB
July 1, 2010 Nash NC 43 NB®
July 29, 2010 Tyrrel NC 94
February 112011 Johnston SR1182
February 182011 Craven NC 101
February 182011 Craven NC 118
February 182011 Craven NC 306
April 6, 2011 Green NC 58
April 6, 2011 Lenoir NC 58

12 Refer to Appendix 9.5 Site Information and OBSI Data for detailed test sections and roaddateace

13 Eight testing speeds were used for this site: 25, 30, 35, 40, 45, 50, 55, 60 mph.
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S9.5B Collected Data
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4.2.4 S9.5C

S9.8C is an HMA surface coursesed in North CarolinaTable 4.10 summarizdbe sites
tested for S9.5CFigures 48 and 49 summarize the results fo8%C The average of sound
intensity leveldor S9.8C is 99.3dBA. Appendix 9.5 provides the detailed site information,

including acurate locabn, satellite map, GPS locatioand sound intensity tirgpavement
noise level.

Table 410 Summary of S9.5C Sites for OBSI

Test Date County Highway
June 23, 2010 Pitt NC 118WB
June 23, 2010 Pitt NC 118 BB
June 23, 2010 Pitt NC11 8B
June 23, 2010 Pitt NC 11 N\B
June 23, 2010 Pitt NC 11 8"

March 25, 2011 Duplin NC 24
March 25, 2011 Duplin us421
March 25, 2011 Sampson uS421
April 6, 2011 Lenoir NC 118
February 18, 2011 Pamlico NC 55

S9.5C Collected Data
100.5

100.2

-
o
o
o

99.5

99.0

98.5

98.0

Average Noise Level (dBA)

97.5
NC24 us421 NC118 NC11 NC55

Road Number

Figure 4.8  Average Sound Intensity TirePavement Noise for Various S9.5C Sites

14 Six testing speeds were used for this site: 35, 40, 45, 50, 55, 60 mph.
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Average S9.5C Sound Intensity Spectrum
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Figure 49  Sound Intensity Spectrum from 400to 5,000 Hz Frequeng

4.2.5 S9.5D

S9.D is a surface course used in North Carolfoa high volume roads Table 4.11
summarizeghe sites tested for S5 Figures 4.10 and 4.11 summarize the results for
S9.5D The average afound intensity levels for S9.58 99.5dBA. Appendix 9.5 povides

the detailed site information, including accurate laratisatellite map, GPS locatioand
sound intensity tirgpavement noise level.

Table4.11 Summary of S9.B Sites for OBSI

Test Date County Highway
May 26, 2011 Orange 1-40
May 26, 2011 Alamance 1-40
May 26, 2011 Guilford 1-40
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S9.5D Collected Data
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4.2.6 S12.5D

S125D is adense gradedurface course useaxh high volume roads North Carolinaand
the average daily trafficADT) is larger tharBO million ESALs Table 412 shows the site
tested for S12.5[and the sound intensity levels for the test sectamesshown inFigures
4.12 and 4.13. The averageund intensity levelor S12.5D is 99 dBA. Appendix 9.5
provides the detailed site information, incluglimccurate locatn, satellite map, GPS
location andsound intenity tire-pavement noise level.

Table4.12 Summary of S12.50Sites for OBSI

Test Date County Highway
June 23, 2011 Robeson 1-95

S12.5D Collected Data
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Figure 412 Average Sound Intensity TirePavement Noise for Various S12.5D Sites
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Average S12.5D Sound Intensity Spectrum
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Figure 4.13 Sound Intensity Spectrum from 400to 5,000 Hz Frequeng

4.2.7 Open Grade Friction Course OGFC)

Open Gradd Friction Course QGFC)is a surface courssommonlyused in North Carolina
Various OGFC have been used since 1950 in different parts of the US to improve the
frictional resistance of asphalt pavements. However, the experience of states with this kind
of mix has been widely varied. While many states have reported good perfermearty

other states have stopped using OGFC duéowo durability or loss of the voidg36).
However, many improvements have been made during the last few years in the way OGFCs
are designed and constructe@lable 4.13 summarizabe sites tested for Ck&. Figures

4.14 and 4.15 summarize the results@BFC The average of sound intensity levels for
OGFCis 103.2dBA. Appendix9.5 provides the detailed site information, including accurate
location, satellite map, GPS locatiandsound intensity tirgpavement noise level.
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Table 4.13

Summary of OGFC Sites for OBSI

Test Date County and Site Highway
June 292010 Sampsori 1-40 BB
February 11, 2011 Sampson 2 I1-40 EB
February 112011 Sampson 2 1-40 WB
May 27, 2011 Forsyth I-40 Bus.
May 27, 2011 McDowell [-40
May 27, 2011 Burke 1-40
May 28, 2011 Haywood 1-40 Borderof TN/NC
May 28, 2011 Polk™ 1-26
May 28, 2011 Polk™® 1-26
May 28, 2011 Hendersof! 1-26
May 28, 2011 Hendersof? 1-26
OGFC Collected Data
< 1060
% 1055 105.1 1053
5 105.0
> 1045 104.1
9 1040
o 1035 102.9 102.9
2 igg'g 1023 1023 1023 ~02° 102.6
3 .
o 1020
o 1015
S 101.0
9 1005
< 1-40 I-40  1-26 Polk I-26 Polk1-26 HendI-26 Hend 1-40B 1-40 Burke 1-40 1-40
SampsonHaywood 2010 2005 2005 2008  Forsyth Mcdowell Sampson
1 2
Road and County

Figure 4.14 Average Sound Intensity TirePavement Noise for Various OGFC Sites

15 This site was constructed in 2005.
18 This site was constructed in 2010.
Y This site was aostructed in 2005.

18 This site was constructed in 2010.
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Averaged OGFC Sound Intensity Spectrum
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Figure 4.15 Sound Intensity Spectrumfrom 400to 5,000 Hz Frequeng

4.2.8 Ultra-Thin Bonded Wearing Course (UrBWC)

Use of an ultrghin bonded wearing course (UTBWC) is reported on as a pavement
preservation strategy for jointed plain concrete pavemed®BWC is aspecial treatment
surface courseecentlyused in North CarolinaConstruction of UTBWC is the application

of a warm polymer modified emulsion membrane followed immediately with antbitra
wearing course. Hot mix asphalt composed of about 6% asphalt binder GD-R&
Depending on the 3f@chgap graded coarse aggregate in the mix, the binder content slightly
varied from 6% binder content to mebe mix design. UTBWC can be usedn both urban

and rural sectionsOne of the benefits of the UTBWC is that the elevation change is small,
typically 5/8 irch. Expensesassociated with thick overlaysuch as adjustments to signs,
guardrails, bdge clearances, and shouldarg minimized(37). The effectiveness of the
UTBWC in improving ride quality and extending pavement isfevaluatedor five projects

(37). Table 4.14 sumarizesthe sites tested for UTBWCFigures 4.16 and 4.17 summarize
the results for UTBWC. The average of sound intensity levels for UTBWC is tiBAS8
Appendix 9.5 provides the detailed site informatiorgluding acurate location, satellite
map,GPS locationandsound intensity tirgpavement noise level.
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Table 4.14 Summary of UTBWC Sites for OBSI

Test Date County Highway
June 23, 2011 Cumberland 1-95
June 23, 2011 Harnet 1-95

UTBWC Collected Data
103.0 102.8

102.5

102.1

102.0

101.5

101.3
101.1

101.0

100.5

Average Noise Level (dBA)

100.0

I-95 Cumberland South 1-95 Cumberland I-95 Harnett North  1-95 Harnett South
North

Road, County and Travel Direction

Figure 416 Average Sound Intensity TirePavement Noise for Various UTBWCSites
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4.2.9 Effect of Driving Speed on the Sound Intensitylire-Pavement Noise Level

Two test site were selected toerify the effect of driving speed on sound intensity levels.
The test sites are summarized in Table 4.T&ble 4.16 shows the linear relationship for the
t wo sites investOB§ldevet d .wh i dGaddsfdr Hrivingspesd. fTher
two results are almost perfectly matchiedterms of sound intensity and driving speed
Figure 4.18 presents a view tife NC 11 Southboundsite tested to verify the effect of
driving speed on the sound intensity.

Table4.15 The Sites for Various Driving Speed

Test Date County Highway Driving Speeds (mph)
June 23, 2010 Pitt NC11 B 35, 40, 45, 50, 55, 60
July 1, 2010 Nash NC 43 NB 25, 30, 35, 40, 45, 50, 55, 6(

Table 4.16 Linear Relationships between Sound Intensity and Driving Speed

Site Linear Relationship between
Driving Speed and OBSILevel
NC 11 Southbound &ne Y=0.3024 %79.895
R? = 0.9940
NC 43 Northbound Lane Y =0.3324 X + 78.501,
R?=09913
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Figure 4.18 A Site View of NC 11 Southbound

4.3 Concrete Pavement

Concrete has beensed to build some of the loAgsting highwaypavements airports,
roadways, and other pavements in the worliflany of these pavements are carrying
significantly more traffic, including largetrucks carrying heavier loadshan engineers
originally intended Across the USthere are concrete highways and roads that were
designed to last 20 years, lhatve lasted 30, 40, or 50 years

4.3.1 Concrete SurfaceTexture Treatment

Concrete pavements may receigious surface textuteeatmens which canaffect the tire
pavement noise The texturesan include burlap drag, astrturf, uniformly and random
transverse tined, longitudinally tined, and both profile andspdri diamond grinding
processes More recently longitudinal and transverse tining and diamond grinding are
commonly used. Tining can be exposed aggregate, dimpled or imprinted texture,
combination of longitudinal and transverse, sprinkled aggregate (e.g. aggregateasiroa
onto the surface)and drag texturesTransverse tining hagften been promoted due to its
advantage for draining the roadway quicker, and for higher friction vallegure 4.1
indicatesstandom spaced transversarg (courtesy by Mr. Larry Scofield of ACPA)
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Figure 419 Random Spaced Transverse Tining

Diamond grindingwas typically used for restoring pfile or making concrete pavement
smoother. A typical surface texture resulting from diachgrinding is shown ifrigure 4.2
(courtesy by Mr. Larry Scofield of ACPA)It is reported that diamond grinding can produce

the smoothest and quietestirfaces while also enhancing the friction characteristics. A
typical diamond grinding pavemeatftertrafficking mighthavea fAr i dge o-2mmi g h't
and is separated by 1/16 to 1/8 inch grooves.

Figure 4.20 A typical Diamond Ground Surface

In North Carolina during the testing periddere wa very fewnew concreteavailable to be
measured Several concrete pavement sections westedon the recommendation dfie
NCDOT (Mr. Gregory Smithand the collected datapsesented in the next section.
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4.3.2 Diamond Ground Concrete Pavemen{DGCP)

Diamond Ground Concrete Pament (DGCP)is a surface course used in North Carolina

Table 4.7 sumnarizesthe sites tested for ®CP. Figures 21 and 42 summarize the
results forDGCP. The average of sound intensity levelsDgsCPis 1®2.8dBA. 1-77 and
US 1 pesented uniforndiamond groundsurfaces. However bothl-73 and 185 had non
uniform groundsections which increased measured noise levdpendix 9.5 provides the
detailed site information, including accurate location, sagefiap, GPS locatiomndsound
intersity tire-pavement noise level.

Table4.17 Summary of DGCP Sites for OBSI
Test Date County Highway

June 29, 2010 Wake usi1
Longitudinal Diamond Ground

October 15, 2010 Greensboro [-73
Longitudinal Diamond Ground

October 15, 2010 Greensboro [-85
Longitudinal Diamond Ground

September 15 2010 Yadkin I-77

Longitudinal Diamond Ground

106.0
105.0
104.0
103.0

102.0

100.8

101.0
100.0

Average Noise Level (dBA)

99.0

98.0
US 1 Dia. Ground

Concrete Collected Data

102.1

|1-77 Dia. Ground

104.9

103.4

1-85 I-73

Road Number

Figure 4.21 Average Sound Intensity TirePavement Noise for VariousConcrete Sites
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4.4 Findings

Pavement noise results from eight types of asphalt pavementiaandnd groundoncrete
pavement are summarized in the followisgctions and figuresFigure 4.23 presents the
summaryof sound intensity levels for nine types pdvements Figure 4.24 presents the
average of sound intensity spectr for the individualtypes of pavements.Figure 4.25
presents ranges of soumdensitylevelsfor nine typesof pavements.Figure 4.26 presents
the soundntensitywith two standard deviation spread.

4.4.1 Typical Dense Graded Asphalt Pavement

It was found that thesix typical dense graded friction coursetested, i.eS9.5A, S9.5B,
S9.5C, 3.5D, SF9.5A, and S12.5had very closesound intensity tirgpavement noise
levels. Thelowest average number $8.4dBA for S9.5B, while the highest is 99dBA for
S12.5D. Thisindicatesthe difference of the sound intensity among the typical asphalt
pavements in North Cdlipa is very low which is1.3dBA based on the OBSI data obtained

4.4.2 Special Asphalt Pavements

4.4.2.1 OGFC

It was bund thathe OG-C tested in the project had the highest mesknoise level witlan

average sound intensitf 103.2dBA. This number is slightly highéhanthe average of
OGFC reported in some states. Howevenelman be variougeasons. This is discussied
Chapter 5 Conclusions.

4.4.2.2 UTBWC

The two highway sites {95) were two years old when tested. The average OBSI level is
101.8dBA, from 101.2 to 102.8BA. This is in the higher levelsf the OBSI levels of the
pavements investigated in the project. However, this is an acceptabléotethih overlays.
Thereasons for the sound intensity valuesdiseussed in Chapter-Zonclusions.

4.4.3 Concrete Pavement

The overall average OB3evel of the concrete is 208 dBA, from 100.8 to 104.2IBA.
This rangeis in the lowerlevel ascompared with other data from different stateBhe
detailed texturshouldbefurtherinvestigated from the construction plan to verify the reason.

4.4.4 The Effect of Driving Speed

Figure 427 presend the soundntensitylevels for different dving gpeeds Two linear
equationswhich arealmostperfectlyfitted were found. This is further discussed in Chapter
571 Conclusions.
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NC Roads - High, Low and Average Noise

106.0

§ 105.0

D 1040

> 1030 - T

B 1020 %

g 1010 : !

< 1000 ?

g 99.0 1 % é % ¢ o

2 980 %
970 5958 [ SFo.5A] S95A | 9.5 | S9.5D | S12.50] UBWC |Concretd OGFC
High 995 | 1005 | 99.7 | 1002 | 99.9 1025 | 1049 | 105.1
Low| 97.7 | 982 | 986 | 986 | 99.2 101.2 | 100.8 | 102.3
@Avg| 983 | 991 | 991 | 993 | 995 | 99.7 | 101.8 | 102.8 | 103.2
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5.0 CONCLUSIONS

This research investigated tipavement noise on various types of pavements across North
Carolina by usingan On-Board Sound Intensity (OBSI) method. Based on a thorough
literature review,a meaurementsystemusing OBSI equipmentvas established at East
Carolina University The OBSI systerwill be an important tool to investigate tigavement
noise andelated influencing factor®r years to come Sixty-onehighway pavementsom

30 countiesfor nine types of pavements were investigatéithe work of this project is a
cornerstone for future determinationtbe most coseffective, durable and technical sound
pavement noise abatement means suitable for North Carolina. The data have begtoprov
be valid and can be usedthe FHWA OBSI databaser presenédto the public. The results
indicate that at least in recent yearsome6 qui et er pavemenhkw have
volume roads ifNorth Carolina.

5.1 OBSI SystemEstablishedin North Carolina

The OBSlsystem established in this project has been proved to be valideoyal, external
verificationsand calibrations, andlso bythe 4" OBSI rodeo. The OBSI system MC

meets theequirements foOBSI measuremestand future needs tie NCDOT. The OBSI

equipment in NC representauaique and updated version sifnilar equipment in the nation

and the world. The team has accumulated firsthand experience on thstaodard fixture
fabrication, hardware ansbftwareinstallation ancoperation of the system in the process of

OBSI data collection. The firsthand experient¢ he t eam i s tocedufessoied i n
Operating OBSPULSE® systend in Appendix 9.2.

The assessment of tigavement noise levels at the source is necessadepuately identify

and develop quieter pavement types. The DB®&hod allows researchers to quickly
measure and compare pavement acoustics in great detail and has proven to be a reliable
method for tiregpavement noise measuremémbougtout this project For quieteor louder)
pavement identification anduieter pavementlevelopment purposes, raliable standard
measuring method should be identified and maintained so that the data can be compared
nationally and internationally.

The OBSImethod can beased forgeneralOBSI data collection to enhance tire-pavement
noise database in NC antb increase the samplgizes of each type of pavemenihe
equipment is also @ower tool to conduct resear@nd investigatevarious influencing
factors that affect tirpavement noise, which includbe effects of temperature, moisture,
vehicle driving speed, weight of vehicl@ydage of pavement. It can be used to map tire
pavement noise distributisnn densely populatedraoise sensitive areas for traffic noise
management purposélith this equipmentthe NCDOT carperform tire-pavementoise



investigatios andresearch in a similar manneith other agencies artie able tesharedata
with other agencies.

The data co#ictedby the NC OBSI equipment haveenvalidatedand compares closeljo
thedatacollectedby the participating members in the national OBSI rodeo.

5.2 Typical Asphalt Pavement

Six types of typical asphalt pavement surfaces have been investigatedpavéreent noise
levels. The pavemesinvestigatedvere SF9.5A, S9.5A, S9.5B, S9.569.5D,and S12.5D

The six typical pavements cover from verwl@olume traffic to very high volum#affic.

The results of OBSI data indicate that the-fismement noise levels of these six types of
pavements are ialower range, fron®8.2 to 996 dBA, comparing with other dense graded
surface friction coursel other stateS. The difference betvem the lowest (S9.5B) and
highest(S12.5D) is 4 dBA. The pavement selected ftris project is approximately 1 to
3.5 years old(2.5 years differenge Research by others (33) for the OBSI values changes
due to the age of the pavements indicate thatafthree year difference, the OBSI value
changes in the ranges of Wween-0.6 dBA to +2.0 dBA (positive sign means the OBSI
values increase with longefd). In the researcleonducted byColorado for 34 pavements,
the maxinum OBSI change in three years wa8 dBA (33). Thereforefor the eight asphalt
pavements investigated in this project, the age difference, i.e. approximately 2.5 ydaas can
one ofthe reasons that contributethe OBSI difference (1.4 dBA) between the lowest and
highest noise levels

Broken down by typeshe average OBSI value for surface course S%8B 98.2dBA,; the
average values for SF9.5 A and S9.5 A are very close which wagiB8;1S9.5 C and
S9.6D are very close, which was 99BA; and S12AD is slightly higher which was 99.6
dBA. The standard deviations of the dat@relow, whichproved the validity bthe data.

Comparing the data with OBSI data from other states, it can be concluded that the typical
friction mixes in North Carolina are quieter than some other mixes in other states. For
example, in Colorado, OBSI data were collected on 34 pavementrss for three years, i.e.,
2006, 2007, and 2009 (both asphalt and concrete). All dtee (@pproximately 100 OBSI
measurements), wagbove 1001 dBA in three yearg33). In WashingtonState sound
intensity measurementor %2 inch HMA in SeptemberOctober andecember2009 for 10

test sites indiged that one site is 98dBA, and the rest (9) were from 100.3 to 104BA

(38). It alsocan be concluded th#te typical pavements, S9.5 series and S12.5 series are
very consistent in terms of tigavement noise levels.

¥n Arizona, SAM and ARFC have noise levels of 99.6 dBA and 101.4 dBA (36); in Colorado, for ten asphalt
pavement sites, OBSI levels range from 101.4 to 104.3 dBA (33).
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However, some quieter pavements were observed for some special pavements in other states.
These quieter pavements includsphalt rubber friction course (ARFC) in California and
Arizona, which were in the rges of 96.6 to 97.8BA and dense grade asphalt friction
course (DGAC) in California, which were in the range of 96.7 to €88A (39). It can be
concluded that there i®om to improve the tipavement noise level of the pavements in

NC. To further investigate the root cassé is necessary textract pavemerdores from the
pavements to conduct a mix design study, udtlg aggregate shapgradation, asphalt
content(AC), and airvoids(AV).

5.3 Special Asphalt Pavement

Two special asphalt pavements were investigated 8 fhoject, i.e., open gradection
couse (OGFChand ultrathinrbonded wearing course (UTBWC)

5.3.1 Open GradeFriction Course (OGFCY°

Elevensites were tested for OGFOhe averagef the sound intensity value wd03.2dBA
(102.3 to 105.1BA). This result indicated that the OGFC tested in the prbiad8.6 dBA
differencegqhigher). This is somewhat different from the repdrsm other state€38). This
may come from the followingeasons,|j the mix designs of OGFC can be very different, for
instance, in Washington State, most of the OGFCs contain asphalt rubber and SBS modified
asphalt binder (38); (ii) the age of the OGHF®estigated in this project is approximately
four yearsor older whch may cause a couptd decibels loss; (iii) the detailed mix design,
and other parameters of the OGFCs, especially aggregate characteristics is not theaeand
is no comparisoramongthe OGFCs at this stage. Therefarmre information is needed to
identify the cause of the higheoiselevel of OGFCin the highways tested.

5.3.2 Ultrathin Bonded Wearing Course (UTBWC)

OBSI data wasollected folUTBWC in Cumberland and Harrte€ountieson Highway1-95.

The pavement watsvo years old when tested’he averag@oiselevel was 101.8dBA, from

101.2 to 102.5dBA. This was o the higher sideof the pavements investigated in the
project. The reasons for this may come from (i) the conditions and type of old pavement
overlaid was unknown; (ii) the gapagted, angular coarse particles (no fine aggregate) may
cause highenoiselevel. There is ot much literature regardirtge-pavement noise level for
UTBWC. Further researcbn UTBWC mix desigrs is needed to improve the pavement
noise level for UTBWC.

5.4 Concrete Pavement

OBSI data were collected doS 1 in Wake Munty, I-77 in Yadkin County)-73 and 185
nearGreensboro.The overallaverage OBSI level is 28 dBA, from 100.8 to 104.9BA.
Seven sites on13 were tested antthe values ranged from 1@0to 105.6dBA; three sites

2 OGFC is designated as opeade asphalt concrete (OGAC) in some literature.
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were tested on-85, thevalues ranged from 104.8 to 185IBA. However, theoverall
average, 102.8BA, is a promising number conmeal tothose of concrete pavement from
some other states (39).

5.5 Relationships between Sounéhtensity and Testing Speed

From the results indicated Bection4.2.9, it can be seen that the linear relationships exist
between sound intentgilevel and driving speed:

For NC 11 Southbound lané¢he relationship between driving speed (X) and nasell(Y)
is given by the following equatioBq. 1

Y= 0.3024 %79.895 R = 0.9940 Eq. 1

For NC 43 Nothbound langthe relationship between driving speed (X) and noise level (Y)
is given by the following equatigriEq. 2

Y =0.3324 X + 78.501, R= 09913 Eq. 2

This finding is similar to the reports in other literature (15, &6d 19. From the two
equations in Section 4.2.9, tpes of linear equations are 0.30 an830tespectively, it
indicated that if driving spee reduced by 10 mphhe sourd intensity can drop 3.0 to
3.3dBA. Thismay beafactor to considereducingtraffic noise in populated urbareas
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6.0 RECOMMENDATIONS

6.1 General Recommendations

NCDOT should consider utilizing th&lC OBSI system as a powerful tool to investigate,
monitor and manage traffic noise in the futuféne equipmenhasbeen well maintainetb

dateby the team at ECU. This equipmeapresents one of the newest OBSI systems in the
countryand the world. Anritensive use othee qui p me nctu r a te niintNerth® u e 6
Carolina withinthe near futurés imperative teenhance the OBSI databasEhis equipment

will not only be able to serve North Carolina, but may aow other statego collect

unique OBSUdata

Setting up ahort termutilization plan for the next three years, for instanisenecessarfor
theNCDOT to fully utilize the data collection potential of the equipm@ritis may include:

1 Routine OBSI data collection to enhance the current @RA&ibase;

1 Forfuture research, as indicated in next section;

1 Organize workshop®r demonstrations teariousNCDOT dvisions, local agencies,
andthe public whoareconcermred aboutraffic noise;

1 Condwt OBSI testing in other states countriesfor a particular quiet pavement
followed by detailed mix design and field material samplengd investigation. This
will help quieter pavement development from material and mix design aspects;

91 Utilize the opportunity in July 2012 ahe TRB ADC 40 Annwal Meeting in
Asheville, NC to make the participants and guests avedirthe OBSI equipment in
NC and further serve theooled Fund StudyPF5 (135)group

6.2 Future Research

Data analysis should be strengthened in the relationships between OBSI data and pavement
properties. Identified pavement types, locations, ages, mix designs, materials characteristics
and construction methods should be included in the-ptkement noise alabase.
Combination of &boratorybased studieand OBSI dataan play an important rol@ iquiet
pavement development. Continued research is crucial coimgjdéhe current OBSI
equipmentpoth hardware ansbftwareare inexcellentcondition.

6.2.1 Tire-Pavement Noise Mappingor Urban Road Network

It is possible @ conducthoise level mapping for major roads inisesensitive areasf NC.

A proposed team carollect OBSI data in the selected highways foruHean communities

and noise sensitive are#fsat are experiencing growing levels of annoyance franaffic.

This NoiseMapping project can include a visualization of changes in noise levels along a
particular road for ease in understanding pavement noise related problémsseries of
maps will dlow local government officials to better manage traffic noise and plan future
urban development. With multiple years of daallection the project can involve
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developing an optimization model for determining the most efficient program for
implementinglow volume pavements tensure the maximum reduction of impédor
residents within a city.This couldinvolve the application of a number of models, including,
noise prediction, network optimization and cost benefit analysis.

By usingthis well establifed OBSI systemNCDOT candeterminepavements noise levels

for roads in the major citiesf NC. The tirepavenent map can be updated every 23to
yeas. Transportation environmemhanagers, planners ardty officials can use this
information for future planning, selecting highway geometric design, highway pavement
types,andanswering public concerns.

This researclwill be highly beneficial for NCDOT to(i) obtain pavement acoustical data
from likely complaint areas(ii) mitigate noise indenselypopulatedareas.(iii) enrich the
OBSI pavemennoise database This research will provide useful information to further
develop nois&ompatible pavemenypes for use in urban areas.

6.2.2 Further Investigation of OGFC and UTBWC Tire-Pavement Noise

OGFC with gap graded coarse aggregaeusedin a few interstate highways in NC.
UTBWC is a special surface treatment for both asphalt concrete pawawtgaoh has been
usedin NC in recent yearsThe OBSldatacollected in this study for seven OGFC sites is
not quieter than the typical dense gradeghaltsurface course, i.e., S9.5 and S12.5 seses
identified in this study The OBSInoisedata forUTBWC is higher than the conventional
surface courses. Theasos for the higher noise levelsan bedue todifferentreasons such
as material selectionmix design parameters, asphalt rubkeerd rubber fiberadditionin
other states.t is critical for NCDOT to improve the sound intensity level for OGFC in NC.
This study will include the initial mixlesignand materials reviewexaminationfield sample
recovery and laboratory testing, and may include Rl testing It is expectedhat, from
this study, the noise level of OGFC and UTBWC can be improved.

6.2.3 Effect of Surface Texture of ConcretePavement on Pavement Noise

In this projectit is not possibleto conclude the effect of texture types oconcretetire-
pavements noisdue to thesmall sample size of the concrete textures testdd use and
producequieterconcrete pavements,ift necessary to investigate the pavement noise levels
of all concretetexturesusedin NC. These textusamay includeburlap drageéxtures broom
textures, diamond gooving, longitudinal and transversaing, Astro-Turf texture random
spacedtransversdining, exposed ggregate andliamond ginding (whisper ginding). It
should includepervious oncrete The shapes and dimensions of construction/estpan
joints should be included in this studiloise studyesultscombined with considerations of
skid resistancewill provide useful informationfor the NCDOT and other agencies in
selecting appropriateoncretesurfacetextures.
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6.2.4 Study on theEffect of the Vehicle Weighton Noise level

Increasing test vehicle weight magusemore noise. However, therelationships between
the weight of vehicle and pavement noise |€W8SI arenot reported by other researchers
This study willbe highly beneficial fothe NCDOT ta (i) obtain pavement acoustical data
due to heavy vehicleqii) to compare the data with the light passenger car data. This
research will prode useful information forfuture development of noiseompatible
pavementypes for use in urban areasd high volume roads

6.2.5 Tire-Pavements Deteioration Rate for Different Typesof Pavements

It will be beneficial to conduct a deterioratioste study for certain pavements proposed

team carcollect tirepavement noise data from pavements waiiervice lifeof 1 to 20 years

for asphalt pavement and 1 to 30 years for concrete pavements. The relationships will be
establishedind the deterioratiorates will be given for the selected pavemeritse results

will be fundanental and important in tHfatureto accuratef definea 6 qui et pavemen:!

In this project, pavements selected for OBSI data are generally one to three yedtssold.

known thatthe noise level will increase along with theciease of pavement life; however

the rate of noise increasevaried. Some pavements may have zero loss within 3 years in

terms of sound intedty, some pavements may have 23tdBA loss within the same time
Thedeterorationrate is not clear foilong term period When selectingr defining adquieter

pavemeni deterioratiora t ®@rd6 06 r e d u(thd sbumchintensityt ckafige tremslanother

factor to be consideredilong with the OBSI databtainedwhen the pavement is newly

paved. In thistudy,tire-pavemennoise datawill be collectedirom pavementsvith service

life of 1 to 20 years forasphalt paw@ent and 1 t80 years for concrete pavementshe

results will be fundamentand important fofuture accurately defining 6 qui et pavem
The changes of sound intensity of a particular pavement reflect theatiesnent noise
6deterioration rateo. This O6deterioration r
6Deterioration rateb6 @arametd alongiwith the @BS| datm e v a
collected when the pavement is new. The two parameters should be used to comprehensively
evaluate and define O6quieter pavement 6.

6.2.6 Comparison Study of Sound Intensity Pavement Noise Level

It is necessary to investigatee effect of construction related factors on-pesrement noise.

This study will focus on several parameters which may affect pavement noise from
construction. The parameters include pagement smoothne@fI) at each stagand micro

texture materal/surface segregationlIt also compares the deterioration rate of IRl and

OBSl. TheNCDOTO6s various wunits can usequietere r esu
pavement consideratien It will be highly beneficial forthe NCDOT to obtain pavement

acoustical data with differersurfacecharacteristicparameters The researchvill provide

useful information to furthermprove construction andevelopment of noiseompatible

pavement types.
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7.0 IMPLEMENTATION AND TECHNOLOGY T RANSFER PLAN

During the two year research period of tirties team leader and F)y. George Wang

T

1

Visited the California Department of TransportationCdltrang Environment
Department in Sarcomata, CAand interacted with Mr. BruceRymer, Senior
Managerand Analysin the Division of Environmental Analysi§n June 2009)

Visited lllingworth & Rodkin., Inc., inSouth PetalumaCalifornia, and interacted
with Dr. Paul Donavantechnical expert ofFHWA Pooled Fund StudyTPF5 (135),

(in June 2009)

Attended 2009 AC 40 meeting in Dayton, OHand me with FHWA Pooled Fund
StudyTPF5 (135) participantgin July 2009)

AttendedInter-Noise 2009 in Ottawa, Cangdandinteracted with Dr. Ulf Sandberg
of SwedishNational Road and Transport Resedrwtitute VTI (August 2009)
Attended TRB 2010 Winter meeting,DXX 40 meeting in WashingtorD.C. (in
January 2010)

Attended Asia Pacific Transportation Development Conference in Tainan, Taiwan
andpresented a tirpavement noise literature revigaper (in May 2010);

Attended 2010 AC 40 meeting in Denver, CQuly 2011)

Attended 2011 TRB meeting in Washingt@nhC. (January2011)

On March 38 and April 8" 2011 attended the Webinar on Concrete Pavement
Surface Characteristics and Noise Measurement Seminar sponsored by FHWA
Project TPF5 (135 (Marchi April 2011).

Attended TRB AC 40 meetig in Portland, ORandsubmitted a papédor including

in the Proceedings and presentafiionuly 201);

JoinedTRB ADC 40 Committeeasa rGfend 6. member

7.1 Research Products

The research project has produced research produfsrimajor areas: i) development of
OBSI system in North Carolina;ijidevelopment othe detailed operatioprocedures and
preparation of the detaileidstructionmanual for OBSI; (i) the first OBSI databasevas
established in NC, and therefdhee baseline and database of-pigvement noisin NC; (iv)
a thoroughtraffic noise literature review and compilation of the abstracbie research
products include:

T

= =4 4 A

A well maintainedOBSI system one of 23 most updated version of the similar
system among 6 other agengies

All auxiliary equipmentor OBSI operation;

A literature review and compilation report;

NC OBSI databasi a format compatible with the pooled fund staayl FHWA,

OBSI operation instruction manual;

92



1 Three papers submitted to peeviewed journals or conferences:

G. Wang, G. 8ith, Y. Wang,( 201 0) , i Rpawementmoise f t i r e

measurement and qui etTheSthsiRaeifcent devel o

Transportation Development Conferen€ajnan, TaiwanMay 2730.

G. Wang, G. Smith, R. ShoresBbtts,(2011)d P r e | i m-Hpawanenynoisei r e
study and measur e MdOISECONROINand TRBRCAA T ol i
ConferencePatland, Oregon, July 237.

G. Wang,G. Smith, R. Shoreg, 2 0 1ReYiew ofitirepavement noise
measurement and quieter pavement developimgmiirnal of Transportation
Research Part D: Transport and Environmentpe submitted.

7.2 Research Product Users

The following groups within the NCDOT can apply the research products to inform and
improve their decisions and policies:

Human Environment Unit
Pavement Maagement Unit
Materials and Tests Unit
Construction Unit

Transportation Planning Brandmd
Strategic Planning Office

= =4 4 A4 A 1

The FHWAPooled Fund taidy, TPF5 (135),can use the OBSI data as part of the national
tire-pavement noise ddiasein the latest versionof Traffic Noise Model (TNM in the
efforts of development of quieter pavement in the nation.

In addition, theresearchproducts can be useful to other departments of transportation, the
FHWA, andconsultantsnterested in the areas of highwanaterials pavementsand traffic
noisemanagementThe research products can be interesting to international researchers and
government agencies.

The authors plan to send the OBSWLSE® data, upon approval by the Research Project
Manager and Steering Committee Chairman, toRbeled Fund &dy, TPF5 (135),to be
added into the OBSI database.

Local officials, plamers,anddesigners can also use the research in public hearingsdagh
collectedcan be used to presemformation aboutquieter pavemestin general in the
country and understand the major traffic noise contributorpikement noise level
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7.3 Research Products Applications

The NCDOT can use the welstablished, calibratl and validated OBSI system as a
powerful tool to investigate, monitor and manage traffic noise in the future. The equipment
has been well maintained by the team at ECU. This equipment is one of most updated
versiors availablewith the same configuratmin the country, and probably in the world. An
intensive use of the O6current valued of the
enhance the OBSI database is imperative. This equipment will not only be able to serve
North Carolina, but may alsbe utilized inother states. The utilization may include

(i) routine OBSI data collection to enhance the current OBSI dataligger future research
applications as previously mentione(lj) organize workshops, make demonstrations to
NCDOT Divisions, local agencieand thepublic whoare concermd traffic noise;(iv) for

quieter pavement delopment, as a comparison studgnduct OBSI tdsg in other states,

or countriesfor a particular queter pavement(s), followed by detailed mix design and field
material samplingultimately to improve sound intensity levels of the pavements in NC;
(v) utilize the opportunity in July 2012 of the TRBDE 40 Annual Meeting in Astville,

NC to make the padipants and guests be awafe¢he OBSI equipment in NC, and further
better serve thBooled Fund StudyPF5 (135) groups.

Datafrom this project (digital data are not included in this repgaut,available in a digital
PULSE® or excelfile) arein a presentable formatuch asbar graphs and tablesThe data
represerd the relationship betweetire-pavementnoise and various pavement surface
types, speedand frequencies. The team is confident that the results from every site are
accurate and¢anbe included in a national databdee purposes otomparson and quieter
pavement development The data will be valuable fothe NCDOT/FHWA for future
research on development of quieter pavesient

The NCDQO can use the information tdentify the quieter pavements in NC atetermine
the best pavement thatssitable for use near noisensitive areas along highways, which is
an immediate benefit to the public in terms twé-pavementnoise level, durability and
safety.

Ultimately, it is hoped thathe collected information will be used to develop pavements that
are acceptable to the FHWA as viable traffic noise abatement measur®$/ in lieu of
expensive noise barriersSthe NCDOT can use the data and all technical informatiotine
research study for publication, prasgtion, and training purposes.

A draft training manua(OBSI Operation Procedure) hiaeen prepared for possible training
with the NCDOT. The NCDOT can use therpcedure with the (BSI equipment for
organiing workshops,making demonstrationgnd for public concern of traffimoise and
training forNCDOT Divisions and local agencies
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Clearly, thedata collectechasled up to the following two results in identifying quieter
pavementiMMor t h Car o lt iepaveinertt in Nortld Carolinaandthe rankings of
noise level of thgpavemerg in North Carolina to allowthe NCDOT to improvethe noise
levels of thepavements

The significance of this studglso includs providing the NCDOT with tirepavement

acoustical noise data for comparison with similar data from other states, and for inclusion in

a nationwide quieter pavement database for future comprehensive research. This study
involves development of noissompatible pavement types for use in urbagaarand that

may be used as a cestfective mans of traffic noise abatementhe NCDOT can further

use the information to determine the best suitable pavement for use nesemsitiee areas

along highways as an immediate benefit to the public mdesf tirepavement noise levels,

durability and safety. Ultimately, itthe NCDOT6s desire to devel op t
anal yti cal results to develop future fAqui et ¢
viable traffic noise abatement meass in lieu of expensive noise barriers to reduce
mitigation costs, and for use in future training and informational endeavddrs NCDOT

will use the data and all technical information of the research study for publication,
presentation, and training fuoses.
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9.0 APPENDICES

9.1 Compilation of Abstracts Related To Traffic Noise

Anderson, S., Lee, S., FleminG,. and Mengqge, W. (1998) : i FHW/
Version 1.0, Users Gui deo

This Usero6s Guide is for the Feder al Hi ghway
TNM), Version 1.0t he FHWAOGs computer program for hi
and analysis. Two companion reports, a Technical Manual and a data reportjuagpect

describe the acoustics and the vehicle naseissions data base within TNML he User 6s
Guide first | i sftwarereduiMments,hnatnuats\wavrtoeinstallshe program

and an optional di gi ti zer , exhitrpaviddsidefinitiossofe s T N1
commonly used terminology. Finally, it details each TNM menu item, including overviews

of all TNM procedures:setup, input, calculate, barrier analysis, parallel barriers, and
contours Also included are the following appdines: FWHA policy, details of allnput

types, input error messages, comparisohTNM with STAMINA 2.0/ OPTIMA, certified

output for the officialTNM test caseand REMEL Datadise.

Anderson, W.Pierce M., Uhlmeyer, S. and Weston,J ( 2 00 8 ) n of idagTarmu at i o
Pavement Performance and Noise, Characteristicsof-Gpem d ed Fr i cti on Cour

This experiment al project i s being conduct
pavements that reduce the noise generated atirthpavementinterface Experimental
sections of opegraded friction courses (OGFC) were built using asphalt rubber (AR) and
styrenebutadienestyrene (SBS) polymer modified asphalt bindersA section of
conventional Class %2 inch hot mix asphalt (HMA) serves as the contrarséatithe two
experimental sections. Sound intensity measurements were conducted using the On Board
Sound Intensity @BS) methods immediatehafter construction and monthly, weather
permitting, for a year following constructiofOBSI readings immediatghfter construction
indicated that the OGFBR and OGFESBS sections were 2.8 to 3.8 decibels, respectively,
quieter than the Class ¥z inch HMA control section. Data from one year later showed that the
AR and SBS modified sections were 1.5 to 3.3 decidpaister, respectively, that the control
section. Sound intenigy reading taken between whewsthsareat levelssimilar to the initial
readings #ier the sections were constructed indicating that studded tire wear is having a
negative effect on the souatisorbing qudtes of the opergraded mixes.

AnfosscelLedee, F. and Pichaud, Y2006 : ARTemper atur-Roabdf f it s eCn.
Section Acoustigue Routie’re et Urbaine, LCPC centre de Nantes, BP 4129, 44341
Bouquenais cedex, France

Tyrei road noise emigsn decreases when the outdoor temperature increases, with a variation
that can exceel.1dBA/°C. This effect depends on tyread combination, but sergieneric
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corrections an improve the accuracy of tyread noise measurements$n this paper, the
variation of pas$y noise leel of a passenger car at 90 Kmmith temperature is
investigated, on seven types of road surfaces, under different temperature conditoos
correlation between air, road surface and tyre temperature is outbnédear relationship
between noise level and air temperature variations is observbeduinous pavements, of
about 0.1 dBA/°C, but reduced t0.06 dBA/°C for pavements having porosity.No
temperature effect is observed on cement concrete paverdegpeetral analysis shows that

the temperature effect is highest in low and high frequency range, what can be explained by
generating mechanisms rather than propagation.

American Association of State Highway and Transportation Officials (AASHTZDI1):
fn S tdarchMethod of Test for: Measurement Tife-PavementNoise Using the OiBoard
Sound Intensity (OB Method TP 76110

This test method describes the procedures for meastimgqgavementoise using the en

board sound intensity (OBSmethod and the procedures for verification of the measurement
system. The test method provides an objective measure of the acoustic power per unit area at
points near théire-pavemeninterface. The o#board sound intensity measurement method
describedherein permits thdire-pavementsound intensity to be measured directly and
allows various pavements and textures to be directly compdieid. method is expected to

be subject to revision as experience increases and research results are implemented. Th
standard may involve hazardous materials, operation, and equipment. This standard does not
purport to address all of the safety concerns associated with its use. It is the responsibility of
the user of this standard to consult and establish appmgaétty and health practices and
determine the applicability of regulatory limitations prior to use.

Ashammed, M.and Tighem S.(2009) : AnSound Absorption Ch:
Pavements: An Ontario Stualy

Traffic noise is a growing problem throughatie world. Pavement with high acoustic
absorption capabilities can significantly reduce the roadway traffic ndike. durability of

such acoustically absorptive pavements is however major concern for highway application.
The sound absorption capabég of typical Portland cement concrete (PCC) pavements that
were surface texture in different configurations and different asphalt concrete (AC)
pavements, typical to Ontario, Canadeere measured in the Centre for Pavement and
Transportation TechnologCPATT) laboratory at the University of Waterloo, Ontario using
the CPATT impedance tube and a custom designed portable reverberation ch&nber.
average, regular Superpave (SP), stone mastic asphalt (SMA) and fin graded SP mixes were
shown to absorb 6.3%7.5%, and 8.5% of sound, respectivelyextured PCC surfaces were
shown to absorb 5% to 6% of the sounthe varying thickness has shown no significant
effect on the variation of sound absorption of conventional AC and PCC pavenidmgs.
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variation of bulk relative density (BRD) was shown to affect significantly the sound
absorption capabilities of conventional dense AC paveméisvever, the effect of the air

void contents in the dense AC pavements was shown to be insignificant or minimal for the
variation of sound absorption capabilities of the tested AC pavements.

Barrett, D. and Johnston, 12010} APort Columbus International Airport Southwest Noise
Berm/ Wall Project: Comparison of General Prediction Method and ISO -3613
Computationso.

The Columbus Regional Airport Authority (CRAA) plans to relocate Runway-28IRat

Port Columbus International Airport (CMH) in Columbus, Ohio 702 feet south exigsing

location This action would require the acquisition and removal of 35 housesdbFederal

Aviation Administration(FAA) airport design standardsSt he Ai rport 6s most r
Aviation Regulations (FAR) Part 150 e Compatibility Plan (NCPjpcludes an approved

noise abatement measure to construct a noise berm/wall to Helgereoise and minimize

the visual impacts caused by removal of the housBse CRAA retained Harris Miller

Miller & Hanson Inc. (HMMH) to conduct a noise mitigation study to determine the final
location, length, height, and composition of the berm/walladdition, the study sought to

confirm whether the proposed measure would comply with FAA mrreidection standargs

thereby making it eligible, as an approved NCP measure, for FAA fundidiyiMH

conducted the evaluation using the &eh Prediction Metbd (GPM)as implemented irhe
SoundPLAN® computer modelOn pr evi ous projects, HMMH ha
implemenation of ISO Standard 9613 For this project, however, the authors found the

GPM to provide results that were more uniform and alsolosec agreement with prior
measured and predicted results than those computed by IS 9a@18s paper provides a
comparison of relevant aspects of the two standards and suggests explanations for the
differing results.

Bekhor, S.and Iscovitch, O(2010: i AModel to Minimize Road Traffic Noise in the
Planning Phase @New Neighborhood

Noi se is an environment al problem that affec
annoyance, sleep disturbance, and reduction of property values. A doremace of
environmental noise in urban areas is the motorized vehicle traffic flow of the transportation
network. The purpose of this paper is to determine, for given noise level limits and total trip
demand, the optimal trip distribution in the plampiphase of a new neighborhood. An
algorithm to solve the combined traffic assignment and noise problem is developed. A key
feature of the algorithm is a method to find the equivalent maximum traffic volume for each

road segment without exceeding thesaocriterion for each of the designated receivers. The

results of the process aee modified OD matrix which could be used for neighborhood
planning. The paper shows an implementation of the algorithm for a real case.
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Bendtsen, H., Kohler, E., Lu, Q. ai®iymer, B (2010): iCalifornian and Daniskstudy on
Acoustic Aging olRB®blAdnudPMeetmgne nt s O .

It is the experience by noise technicians that the traffic noise emission of a given asphalt
pavement changes over time. Knowledge on acoustical aging is importambafbr
administration when developing policies and strategies for noise abatement. It iamhpo

to know how noise reducing as well as fAnor m;
aging is important information iorderto achieve good accuracy when noise is predicted
with methods like the American TNM method or the Nordic NORD2000 methdiae like.

Noise performance models for road pavements are necessary if noise is to be integrated as an
active parameter in Pavement Management Systems. The purpose of this current paper is to
contribute to the ongoing international development in ftekel of acoustical aging by
performing a comprehensive analysis of four existing Californian and Danish results from
long time noise measurement series on asphalt pavements. For porous pavements (built in
air void over around 15%) it is a known phenonretttat the voids of the pavements tend to

clog and that this increases the nose generated from air pumping. But for other dense and
open graded (but not real porous) pavement types there is not much knowledge on which
changes in the surface structure tbatise this increase in noise in the period in between
when the bitumen film is worn off and when the pavements begins to deteriorate with
distresses like raveling, cracking etc. The objective is to analyze and compare trends in the
development of noisever time. A comparison of the actual nominal noise leigt®t the

main objective of this study buatherthe change in levels over time. The development of

the noise spectra over the years is also analyzed in order to investigate which mechanisms of
noise generation might be changed over time. The increase of noise has normally been
analyzed in relation to the age of pavements. In this paper this is supplemented by also using
the traffic load as well as an artificial indicator defined as the chahgeise predicted as
combination of actual physical age and traffic load.

Bendsen, H., Kohler, E., Lu, Q. and Rymer,(B011) fiTire Road Noise Measurements and
Temperature

The On Board Sound Intensity (OB$nethod is used by University of Clalinia Pavement
Research CentgftJCPRC) as well as by other researchers and consultants in the USA to
perform detailed measurements of tire noise emission from road pavenherarope the

Close Proximity method (CPX) is currently used. International expersemclicate that the
temperature is a factor which has some influence on the results of measurements of road
traffic noise. The objective of this paper is to analyze how the temperature affects the OBSI
results. The results presented here are also reletathe CPX method because the Standard
Reference Test Tire (SRTT), which is the test tire for the OBSI, is being studied as a
possibility for the CPX methodThe analysis is based on a unique series of detailed noise
measurements performed on the @ahifa Department of Transportation (Caltrans) test
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sections with 5 different pavements at highway LA138 in the Mojave Desert in Southern
California. The measurements were carried out in the desert within three consecutive days in
the wintertime where theariation of the air temperature over the day was from to 2 to 22°C.
This ensures that the primary variable parameter during these measurements is the
temperature.Based on this project the air temperature correction fact€).027 dB/°C for
asphalt pgements can be suggested for the SRTT tire used in the OBSI method and other
noise measurement methods using this tifee temperature mainly influences the noise at
frequencies above 1008z; therefore it could be relevant to apply frequency dependent
correction factors.

Bennett T., Hanson, D., Maher, A. anditally, N. (2005 : il nfluence of Pav
Type onTire-Pavement Generated Noise J o af Testny and Evaluation; March 2005,
Vol. 33 Issue: Number 2 pi, 7p.

Pavement noise evaluations were conducted on 42 pavement surfaces in New Jersey using
the Close Proximity Method (CPX) via the NCAT Noise Trailéfhe CPX Method is a
current ISO Standard that measures sound levelseofirdiipavementinterface, thereby
providing a method to evaluate solely the influence of pavement surface on traffic noise. The
surfaces were comprised of both hot mix asphalt (HMA) and Portland cement concrete
(PCC). The HMA surfaces consisted of dergmded asphalt mixes (DGA), opgraded
friction course (OGFC) with and without crumb rubber, storastic asphalt (SMA)Nova
Chip®, and amicro surfacingslurry mix. The PCC surfaces, pavements and bridge decks,
had varying surface treatments consistofgtransversetining, sawcut tining, diamond
grinding, and broom finishThe main focus of the research was to: 1) Evaluate how different
pavement surfaces influence the generatiotirefpavemennoise, 2) Evaluate the effect of
vehicle speed on th@re-pavementgenerated noise, and 3) Provide guidance as to the
repeatability of the CPX method and optimal test distance on the roadway to aid in
maximizing testing efficiencyResults of the testing indicated that the aspbadted surfaces
provided tle lowesttire-pavementnoise levels. Of the HMA surfaces tested, the OGFC
mixes modified with crumb rubber provided the lowest noise levels @@/ at 60 mph

(96.5 km/h)). However, not only were these mixes modified with crumb rubber, but they also
had the finest aggregate gradatioi.he loudest HMA surface was a 12.5 mm SMA mix
(100.5dBA at 60 mph (96.&%mph)). The PCC surfaces had the highest noise levels. Of all
PCC surfaces tested, the transverse tined surface obtained the loudest noise lévels (10
dBA at 60 mph (96.&mph)). It was found that if the PCC surface was diamond ground, the
noise levels could be comparable, and sometimes lower, than typical HMA pavement
surfaces. Typical noise levels of the diamond ground PCC surfaces were apptekima
98.7dBA at 60 mph (96.5 knip. To evaluate the effect of vehicle speed, noise
measurements were conducted at 55, 60, &ahph (88.5, 96.5, and 104.6 khp Test
results within this range indicate that on average titbgpavemenioise increaseknearly

and at a rate of approximately 0.dBA for every 1.0 mph (1.6 knty). The Nova Chi®
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mixes were less susceptible to the increase in vehicle speediBAlifcrease for every 1.0
mph (1.6kmph) increase), while the PCC broom finish (no treatment) surfaces were affected
the greatest by vehicle speed (OdBA increase for every 1.0 mph (1kénph) increase).

The CPX method was found to bepeatable;with an average standard deviation of
approximately 0.13dBA, as long as the test distance was greater than 0.2 miles (0.32 km).
This is most likely due to the sensitivity of the test method being influenced by the ability to
track the identical whegdath in successive test runs.

Bernard Jand Sadberg, U (2005):i T irPavement Noise, Where Does It Come Fram?
TR News 240 SeptembeOctober 2005.

Highway traffic noise is generated from four vehicle sub sources: the edgwetrain, the
exhaust system, the aerodynamics, and the interactidredfreés with the pavement. Tire
pavement interaction is the predominant ssuyce of noise from properly maintained
automobiles traveling at speed above 30 kilometers per hour (20 miles per tinrr).
properly maintained trucks without engine compression brakes, tire pavement interface noise
is similarly predominant, but at higher speeds. Pavements that produce less noise from the
tire interface are a strategic solution for addressing highway.n@ise interaction of the tire

with the pavement generates sound that radiates away from the tire neahdeld the
acoustic transition zonsurrounding the source. Timavement noise is complex, and
different mechanisms prevail on differentvpmens surfaces. At the tirpavement
interface, several mechanisms create energy that radiates as sound. These are called sound
generation mechanisms. In addition, some characteristics of thedwvement interface

cause the energy to be converted tonsloand to radiate efficiently. These characteristics are
called sound enhancement mechanisms.

Bowlby, W.,Wayson, R. Chiguluri, S. Martin, Mand Herman, L{ 1 99 7 ) : Al nterrurg
Reference Energy Mean Emission Levels for the FHWA Traffic Noise Model

During the period November 1994 through January 1996, the U.S. Department of
Transportation, Research and Special Programs Administration, Johviolpe National
Transportation Systems Center (Volpe Center), Acoustics Facility, in support of the Federal
Highway Administration (FHWA) and 25 sponsoring State transportation agencies,
conducted the Natioh&ooledFund Study (NPFS), SP&R 00123 6, t i tl ed AHi gh
Mo del Dat a B a s eThisDrepuredreseptenthen resiilts of one portion of that
study the measurement, data reduction, and analysis of individual vehicle sound level and
speed data for interrupted flow traffic (accelerating from stop signs, toll booths, and on
highway ramps). Also presented is the development of regression equatidres fesulting
Reference Energy Mean Emission Levels (REMELSs) as a function of vehicle speed and
vehicle type. These REMELs are part of the data base that is the foundation around which
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t he acoustical al gorithms in tOEFHWATWNAGS Tr a
are being structured.

Calamia, P., BuscKishniac, I., Turen, T. andMcNerney, M (1997) i On t he Us e
Pavement Suaices To Attenuate Traffic Noige The Jour nal ofoft he Ac
America, 101 (5)

Efforts to limit the propagation of traffic noise tend to focus on the use of noise barriers and

their associated insertion los8earing in mind that the source which contributes most to
roadside automobile noise at highway speedsr@ésgpavementinteraction, an investigation

into the wuse of 0 0 q tire-pavemdntintpractioe noese, tarsd thuso r e d
attenuate traffic noise at the source, has been undertélsng the trailer method, onboard

and roadside measurements have been matieegfavementinteraction noise on various
pavements currently in use in the state of Texas, as well as in the Western Cape and Gauteng
provinces, South Africa.Preliminary results obtained with a testhicle speed of 60 mph

show that reductions in roadsideise levels from4to15d8c an be achi eved wi
pavements.

Chalupnik J. D. and Anderson D. S. (19984 Roadsi de Tire Noi seo0,
Transportation Center (TRAC)

This study investigated the noise produced by a single passenger tihitieard at the
roadside. This report presents the study's equipment and the development of the data
reduction techniques. To choose test sites, selection criteria were applied that would prevent
extraneous artifacts from influencing the results of shely. Special care was taken to
minimize microphone wind noise caused by the f{sgbed turbulent flow of the
measurement procesMeasurements were taken on both old and new Class B asphalt, Class
D asphalt, andPortlandcement concrete pavement. The results are presented in graphical
form. The results indicated that the class D asphalt surfaces measured in this study did not
produce lower roadside tire noise, and these surfaces were no more acoustically absorbent
than te other road surfaces.

ChengH., Harris, R and Yin, M.(2010):AiUsing Micro Data to Assess Traffic Noise Impact
on Residential Property Value; an Application of the Hedonic Midel

This research examined the impact of highway traffic noise on residprajaérty values.

Micro level data were used to control for the characteristics of the properties, and FHWA
TNM V2.5 was used to calculate the traffic noise level for each selected sahhgdionic
methods were employed to decompose property value tcags bharacteristicsLinear
regression models were constructed to estimate the Noise Depreciation Sensitive Index
(NSDI). By applying the data from Jefferson County, Kentucky, a correlation coefficient of
0.0034 was obtained for the traffic noise vamghlwhich means a unit increase in the traffic
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noise level dBA in Leq) will cause a depreciation of a property by 0.34% of its sale price.
The procedure presented in this research could thus provide state transportation agencies with
hard data for estalshing cost criteria for noise barrier construction decisions.

Dae S., Cho. and Mun, S. (2008)St udy t o Analyze the Effects
Surface Types on Noiée

The effects of vehicles and pavement surface types on noise have been investigated at the
Korea Highway Corporationds Test Road al ong
Expressway, South Korea.The study was conducted in 2005 and 2006 through field
measurements at nine surface sections of asphalt concrete and Portland cement concrete
pavements using eleven vehicles. For the road noise analysis, the sound power levels (PWLSs)
of combined noise (e.gire-pavemeninteraction noise and powsnain noie together) and
tire-pavementinteraction noise using various vehicles were calculated based on the novel
close proximity (NCPX) and pags/ methods. Then, the characteristics of the PWLs were
evaluated according to surface type, vehicle type, and vedpeled. The results show that

the PWLs of vehicles are diversely affected by vehicle speed and the condition @adhe r
surface.

Donavan, P. (2010)A T h e Ac oust from PRem@nt ddint Graoves Between
Concrete Slabs6 TRB 2010 Annual Meeti ng

The sound generation and radiation from grooves in the joints between concrete slabs were
modeled using relationships previously established for tire groove resonances and groove air
pumping. Resonance behavior was clearly established from beliibiand onrroad on

board sound pressure level data. The strength of the noise source was found to be
proportional to 20 times the logarithm of the groove csesdional area. This relationship
along with the accounting of residual texture, background noise wad toureplicate that
measured in the lab testingThe model was then calibrated using the lab results and
extended in speed range using a theoretical calculation of the sound radiation from the end of
the joint groove. The predicated level produced bysalated joint of specified dimension

was then used to model the average sound intensity level for a pavement with a user specified
distance between joints, vehicle speed, and pavement texture generated level. For smaller
groove cross sectional areas @9in2), the contribution of joint grooves was found to be on

the order of 1 dB for quieter pavement textures. For larger cross sectional areas, such as a
groove width of ¥z in and depth of 1 in, the contribution increases almosA3 dB

106



Donavan, P(2008): A Acoustics2008/1818: Eval uati on of
Test Tire forPurposes of Standardized Measurement eBOuandTire-PavemenhNois&

Currently in the US, efforts are underway to develop standard methods-faaah sound

intensity OBS) measurement dfre-pavementoise. Up until recently, the default standard

tire was the Goodyear Aquatred 3 tire originally selected due to its apparent similarity to Tire

a specified in the ISO CPX procedure. Because of loteyen availability,the ASTM

Standard Reference Test Tire (SRTT) is the primary candidate for replacement of the
Aquatred 3. Issues of concern for the SRTT includettitire variation, the relation of the

SRTT to preciously wused-i me&f peagaradofa stable test, and
tires. Toaddresstiw®-t i re variability, six SRTTb6s were
and Portlandcement concrete (PCC) surfaces. These included four new tires and two that

had been in use for some time. Two of the niegstwere retested with increasing use to
examine any break period effect. For comparison, the older Aquatred 3 was also tested on
these same surfaces using both OBSI and controlledbyasgeasurements. The results of

these measurements are preseatedg with their implication to for reference tire selection.

Donavan, P. (1993 A Ti r e Pavement |l nt eracti on Noi se
Operating Conditi ons ,odener@lrMotors Hoiseaand Vibfatoo e | e r &
Center May 1993 Document Number: 931276

In previous literature, sound intensity has been used to quantify the strengtkpaf/graent
interaction noise sources very near an operating tire undedmam, cruise caditions as
measured on trailers or actual vehicles. In the current investigateoreldtionship between

such onrboard sound intensity data and ceagtsound pressure levels measured 7.5 meters
away from the centerline of vehicle travel were examindfthen compared either in terms of
overall Aweighted levels or 1/3 octave band spectra, there data demonstrate a strong
correlation between the two types of measuremer@ven this correlation, the sound
intensity techniqgue was then used to quantify tinepavementinteraction noise for the
driven tires of a passenger car under accelerating conditions such as those specified in the
ISO 362/SAE J1470 or SAE J986 passhy noise procediitesse data indicate that in some
cases, the strength of the tpavement noise produced under acceleration on an overall A
weighted sound pressure level basis can be as mucldBA @igher than those measured
under cruise conditions. This effect has been investigated for several different tiers covering
several differenicceleration rates in the speed range from 48 tox§th The results of this

study are examined in detail with attention given to differences in performance between tires
and to exterior passby noise contributions.
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DonavanP. R, Schumacher R. Fand Sott J. R.(1998) i A s s e sof hire-lRavement
Interaction Noise mder Vehicle PasBy Test Conditions Using Sound Intensity
Measurement Methodsthe Journal of the Acoustical Society of America, Vol. (503

Over the past several years, sound intensity measurement methods have become an
increasing valuable tool in isolatirige-pavemeninteraction noise when a vehicle is tested

under full throttle acceleration conditions such as the ISO 362 R15 proceduszalSe
investigations have been conducted and reported which demonstrate the relationship between
00-bnardé6d6é6 sound intensity measured close to
level measured by a stationary microphone 7.5 m away from theflireevel of the vehicle.

Using these relationships, the contributiorticd-pavemennoise can be assessed relative to

other noise sources associated with a vehicle under acceleration as measured &t thism.
application, it has been determinedttsame tires can produce significantly higher noise
levels under the torque of acceleration than under cruise condisasd intensity has also

been used to separate sound propagation from sound generation effects in the assessment of
test surfaces sticas those specified by SAE and ISO. This paper reviews the various
applications of sound intensity in the assessmernir@pavementinteraction noise issues

related to vehicle passby noise, the implication of recent findings on noise reduction
strategis, and the potential for standardization of sound intensity techniques.

Donavan, P. R. and LodicD. M. (2009):i Me a s u r -Pavement Noiseita t he Sour ce€
NCHRP Report 630

Tire-Pavement noise has become an increasingly important consideration farayigh
agencies. However, there are no widely accepted procedures for measuring selely tire
pavement noise under-gervice conditions. As a result, this research was undertaken to
evaluate potential noismeasuring procedures anlentify or develop appramte
procedures applicable to light and heavy vehicles and all paved surfaces. Such procedures
will provide highway agencies with an appropriate means for (1) measuring and rating tire
pavement noise levels on existing pavements, (2) evaluating new gatgeimcorporating
noisemitigating features, and (3) identifying design and construction features associated
with different noise levels. The objectives of this research were to (1) develop rational
procedures for measuring tipgvement noise at the soa and (2) demonstrate the
applicability of the procedures through testing os@rvice pavements. To achieve these
objectives, (1) a literature search was conducted to gain understanding of what approaches
have been used in the past to quantify-pa@ement noise source levels, (2) evaluation
testing was conducted to assess candidate methods and select the most promising one, (3) the
effect of test parameters of the selected method were examined to develop parameter limits,
and (4) field test were penfimed on irservice pavements to demonstrate the applicability of

the proposed measurement method for different pavement types. This report presents the
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results of the research, the information obtained, implications for developing a rational test
procedue, and the proposed test method.

Donavan,P. (1997) ifAn Assessment of the Tire Noise Generation and Sound Propagation
Chaacteristics of An I1SO 10844 Road, SAHI rdbcameato from
http://www.sae.org/technical/papers/97199ocument Number: 971990

A road surface complying with the new International Standards Organization (ISO)
specification was installed at an Arizona test facility (DPG site) in the winter of 199846.

part of he acoustic qualification of this site, comparative tests were conducted between this
new surface, a Society of Automotive Engineers (SAE) sealed asphalt surface and an existing
ISO surface in Michigan (MPG site). Initial testing with one vehicle andctirabination
indicated that the new 1SO surface produced ISO133 passby and coastby levels about 2
dBA lower than sealed asphalRelative to the Michigan surface, the levels for the new
Arizona ISO surface were 3 to 3 and 1/2AdBwer. These diffeneces were much greater

than expected based on previously published studies of these two test surfaceStypes.

the new surface was constructed to the ISO specification and meets the physical requirements
for sound absorption coefficient, porosity, asdrface texture, further investigation was
conducted to determine if sound propagation or tire noise generation differences accounted
for the differences.Experimental work to understand this difference included the use-of on
board sound intensity measnrents to isolate tire noise generation under both acceleration
and coast and static sound propagation tests to isolate surface reflective properties.
Analytically, a sound reflection model was developed to predict differences in attenuation
based on meased surface impedance datdaken together, the results of this investigation
support the conclusion that a majority of the differences observed are due to tire noise
generation. However, in comparing the new ISO surface to the SAE, a significant portion
was also found to be attributable to sound propagation differences.

Donavan, P(2003): fAssessmendf Highway Pavements for Tire/Road Noise Generation
From SAE websitéhttp://www.sae.ordéchnical/papers/20031-1536 Document Number:
200301-1536 lllingworth and Rodkin Inc

With the growing recognition that pavement selection can be an effective traffic noise
abatement tool, there has been increased need for developing methods tcercraract
tire/road noise generation for existing and experimental highway surfd@esddress this

need, sound intensity measuredbward a test vehicle has been developed as an alternative
techniqgue to wayside, passby, or trailer method&s part of this development, the
relationship between sound intensity measured close to a moving tire contact patch and coast
by sound pressure data measured at stationary point 7.5 meters away has been demonstrated
for different tires and road surfaceA. protocol for sound intensity measurement on existing
highways in traffic has also been developddsing these, a library of the tire/road noise
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levels has been assembled for California State Highways and experimental highway test
sections. The goal ofthis work is to aid in the decision process for determining when and
how effective pavement selection can be used to reduce highway noise lavibis. paper,

data relating the sound intensity and coast by measurements, data from a range existing
highway pavement surfaces, and data from experimental test sections are preseatad.

these, the potential for using "quiet" pavements to abate noise and the effect of pavement
parameters such as surface texture and porosity are examined.

Donavan, P(2009):iUs e o f the ASTM St anmsaBendhmdleférer e n c ¢
OnBound Tirel Pavement, locdtedi atethe VBAB swelbbséeme nt 0
http://www.sae.org/technical/papers/260B2108 Doaiment Number: 20091-2108

lllingworth and Rodkin Inc.

There is a growing interest in using a standard reference tire for both assessing changes in
test track pavement over time and rank ordering of the performance of different highway
pavements. Becaus® longerterm availability, the ASTM Standard Reference Test Tire
(SRTT) is the primary candidate for these applications. Issues of concern for the SRTT
include tireto-tire variation, the relation of the SRTT to other tires currently in use, and the
"break-in" period required for stable test tires. To addressttitare variability, seven
SRTT's were tested on variety of asphalt concrete (AC) and Portland cement concrete (PCC)
surfaces on two occasiong.hese included five new tires and two that hadnbim use for

some time. Two of the new tires weretested with increasing use to examine any birak
period effect. For comparison to other tires currently in uséoand sound intensity (OB)S

and controlled passy measurements were conducted with SRTT and compared to pass

by levels measured for light vehicles operating on actual highwagdurther evaluate the

SRTT for use as a reference tire in OBSI measurements, its sensitivity to variations in
temperature, tire inflation pressure, teshieke type, perturbations in test speed, and load
were also measured. Based on the evaluations performed, the SRTT appears to be well suited
to be used as loAgrm reference tire for tracking pavement changes and comparing different
roadway surfaces.

Donavan, P. (2005 T h e Effect of Pavement dleyNmise 0 n L c
Emissiom, located at SAE websitehttp://www.sae.org/technical/papers/20062416
Document number: 20081-2416, lllingworth and Rodkin Inc.

At speeds of 5&mph or greater, the exterior noise emission of light vehicles is typically
dominated bytire-pavement noise for operating conditions of cruise and moderate
acceleration.At a test speed of 5kmph it has been found that pavement type can create a
10 dBA or more variation irtire-pavemennoise. This has significant implications for both
community noise and vehicle noise emission testirg. this paper, the results dire-
pavementnoise measureemts for over 80 different pavements in Europe and the United
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States are reportedlhese pavements include research surfaces, existing roadways, and 1ISO
10844 passhy test surfaces. Measurements were conducted usingaardeound intensity
methodologythat has been correlated to cruiBenoise levels.These results are discussed

in terms of the revisions being considered for the ISO 362 passby test procedure and the ISO
10844 test surface specificatiomAdditionally, a case history of community traffnoise
reduction achieved by use of a quieter pavement is reviewed to demonstrate the importance
of the pavement in lovgpeed vehicle noise emissions.

Donavan,P( 1 9 9 5) :- InténSitg Measdirement Errors in the Presence afjd¢ &ressure
to Intensity Ratio®, located at SAE websitdnttp://www.sae.org/technical/papers/951334
Document number: 951334, General Motors Corp.

Errors in soundntensity measurements are examined for situations in which ardagtive
component is preseniThis occurs when the indicated sotintensity level is much smaller

than the soungressure level.In these situations, significant errdrs the sounentensity
measurement can occur for even very small phase mismatch between microphone channels.
High-reactive components may be encountered in the near field of an extended source such
as a body panel, when the intensity vector does notideivgith the sensitive axis of the
probe, or when measurements are made in the presence of high background noise,
reverberant sound fields, air flow, or standing wavé&xpressions for calculating sound
intensity error due to phase mismatch with highdive components present are developed

and examples of calculated error for common instrumentation are proviiéesgs of sound
intensity measurements with known amounts of phase mismatch are also examined.

Donawn, P.and Rymer, B(2010: A Ef f e ¢ tng on difePageghéent Noise Generation
forConcreteRBvement s of Di fferent Textur eso

Between 2003 and 2010, research on the changes-pavemennoise generation over time

was conducted on eleven different textures applied to Portland cement concrete TREC).
initial textures included longitudinal tining, burlap drag, and longitudinal broAdditional
texturing was applied to these surfacethim form of longitudinal grooving of varying depth

and spacing and diamond grinding with varying spacer dimensions as well as a combination
of the two. Since their application, these sections have been routinely monitored for tire
noise performance usinthe onrboard sound intensity (OBS method. As originally
measured in June 2003, the range in level between thecesin@as relatively small at
2.7dBA. At 5 years, the range is slightly smaller at 2. RdBDver the total 7% years of the
study, the oerall noise performance has increased at an average rate of about A.p@rdB
year. Considering different frequency ranges, the change in noise level has displayed some
variation with the lower frequency levels actually decreasing for some pavementsneith

while the higher frequencies were found to increase at a rate higher than the overall levels for
all pavements.For the higher frequencies, findings suggest that the increased noise is due to
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polishing the surfaces. For the lower frequencies, tliicteon in noise level is less
pronounced with more variability between textur€ar the ground surfaces, some evidence
was found indicating that the reduction may be linked to some loss of larger scale texture as
the surfaces are worn down.

Donavan, P(2010)iTi r e Noi se Generation dNRNatPoPusopagat
Asphalt Pavementso

Acoustic measurements were made on a number of asphalt test pavements at the National
Center for Asphalt Technology Test Track including five porous paveme@tsboard

sound intensity (OB} measurements were taken to quantifytitreepavemennoise source
strength as function of pavement parameteffie OBSI results fell into three pavement
groupings based on spectral shap®lore than other parameters thegmupings were
determined by whether the pavement was porous or not and whether it was new or older. The
OBSI results also indicate that porous single porous layer pavements are particularly
effective at reducingire-pavementoise source strength at fresncies above 1250 Hz for
designs 18 to 38m thick. For a thicker, double layer porous pavement, source strength
reductions extended down to 630 HRorous pavements were also found to be effective in
reducing the source strength of ttie-pavementinteraction by reducing some tire noise
mechanisms and by reducing the sound power level of the source through local sound
absorption. Testing was also conducted to evaluate the additional attenuation for sound
propagating over porous, sound absorbing pagsncompared to nguorous pavements.

From the propagation measurements, all of the porous pavements produced additional sound
attenuation over that produced by the 1pamous pavementsThe additional attenuation also
increased with distance from theusce.

Fakhri, M. and Naderi Ai The Rol e of Porous Asphal't Pave
Improving Driving Safety in Urban Areas, Tehr an, | r an

One of the important factors to design modern urban roads is prediction of road traffic noise
and reducing ito an acceptable standard level. The major type of asphalt concrete pavement
which has been widelysed in urban and nasrban roads in Iran is dense graded asphalt. In
this research a comparative study was carried out by the authors to investigate the effects of
porous asphalt in reducing the traffic noise in an urban area where a heavy traffic road pass
through overpoputad region of the city of Amoul in north of Iran. In this road geometric
design, vehicle type and environment was the same while the asphalt pavement was different,
one with dense graded, the other with porous asphalt. The result of this study shawed tha
porous asphalt improving driving safety in wet weather as well as reducing the traffic noise.
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De Fortier S.Prozzi,J. and Bianchini, A(2010): AiEvaluation of the OBSI| Meth@d TRB
paper: 163599. TRB 2010 Annual Meeting.

This paper reports the rdmiof sound pressure and intensity measurements collected at the
National Center for Asphalt Technology (NCAT) Test Track. For evaluation of the on
board sound intensity (OBSmethod, the sound intensity measurements are compared to
corresponding soungbressure measurements. The Test Track coewpra variety of
different hotmix asphalt (HMA) sdface mixtures including densgraded Superpave and
open graded friction course mixtures that were evaluated as part of the noise study. Sound
testing was doe using the NCAT close proximity (CPX) noise trailer and the OBSI method
was used to measure sound intensity levels with different vehicles and tires. All the noise
testing was done at a speed of ki@ph (45mph). An analysis of variance (ANOVA) was
doneto determine the significance of mixture type, vehicle and test tire on the noise levels.
It was found that each of these statistically significantly influenced the noise levels. The
analyses identified and quantified the differences between soundtiyeems pressure levels

on the different asphalt mixtures evaluated allowing a ranking of these in terms of noise
performance. The data suggest that the type of vehicle used to measure sound intensity is not
as critical as the tire used.

Fleming, G. and Rkley, E. (1994):i P e r mhae rEwaluation of Experimentalidgthway
Noi se Barrierso

During the period October 1986 through April 1994, the U. S. Department of Transportation,
Research and Special Programs Administration, JohnVAlpe National Transportatn
Systems Center, in support of the Federal Highway Administration and 17 sponsoring State
transportation agenaeconducted the National Pool&édind Study (NPFS), HP&R 0002
136, AEval uation of Performance oThe fiskper i m
publication supporting the NPFS, FHWWRD-90-105, Parallel Barrier Effectiveness, Dulles
Noise Barrier Project, presented the results for parallel barriers subject to controlled traffic
conditions. The second publications, FHWRD-92-068, Parallel Barar Effectiveness
Under FreeFlowing Traffic Conditions, presented the results for parallel barriers located
along Interstate 495 in Montgomery County, Marylanthis report is the third and final
publication supporting the NPF3n addition to presentinthe results of additional analyses

of previously collected data, it summarizes the findings of the 1yedtr study.

Giorjao C., Tatiana, CAndrae M. and Yoneda, R2005 :TirefContribution for PasBy
Noise oOocated at the SAE websitdattp://www.sae.org/technical/papers/20064165
Document number: 20081-4165

A major concern on product development is to meet local markets legal requirements. Pass
by noise (PBN) test istandardized and is used to homologate vehicMsin contributors
are powertrain, exhaust, air intake system and tifidse objective of this paper is to show
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tires contribution in final results of paby noise measurement$ests were done using tires
of different suppliers (brand), origins and specifications.

Golebiewskj R., Makarewicz, R., Nowak, M. and Preis, A. (20G8)Y r aNoifei Reduction
Due to the Porous Road SurfacApplied Acoustics 64 (2003) 48494

Porous road surfaces reduce road traffic nos&ew method of noise reduction assessment

is proposed. The noise generated by a few vehicles was measured two times: on an old
surface with the dense asphalt and on a new surface with the porous aSpigdictive
assessments of drim®y noise suggest that the sound exposure and the road surface
coefficient can be used as the acoustical characteristics of a road suffaeie.average
values, with the average number of vehicles passing the receiver dutaygor night, makes

it possible to predict the equivalent continuousvéighted sound pressure level for the new
road surface.This is the main objective of this paper. # 2003 Elsevier Science Ald.

rights reserved.

Haider, S., Chatti, K., Baladz. and Sivaneswaran, K010} A T Hnepacts of Pavements
Monitoring FrequencyoR av e me nt Management Deci si onso

Pavement performance monitoring is an essential part of a pavement management system
(PMS). Therefore, highway agencies collect pavement d¢mmdidata, containing various
structural and functional distresses, on a regular basiewever, the frequencies of
pavement condition data collection vary among highway agendibs study explores the

effect of pavement monitoring frequency on pavempearformance prediction and its
consequence at the network level PMS decisidghstatistical methodology was developed

to investigate the impact of monitoring frequency on the performance prediction using
different model forms.The results of the anags showed that performance predictions are
impacted by the monitoring intervakurthermore, different types of distress to be collected
may need different monitoring intervals because of their unique growth over time and
associated uncertainty in pretiom. When cost consequences and prediction uncertainties
are combined, it seems that monitoring cracking (irdaaged) at dyear interval will be

more appropriate while for roughness (serdAsased) a monitoring interval of 1 toyRar

could be suitable. The results of network level analyses demonstrated that monitoring
interval may significantly impact the shodnd longterm network conditions for various
preservation strategies. Increasing the monitoring interval may have a consequence on the
PMS decsions. Longer intervals for crack monitoring (imagased) may cause an
overestimation of an agency costs for pavement repair at the network {@uethe other

hand, longer intervals for IRl monitoring (sens@sed) will results in an underestimatidn o
repair costs at the network level.
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|l noue, T. and | har a, T. | NSt ud vAspbhalt onTile-e Ef f e

pavemeniNoise®

Porous asphalt has been well known as a noise reduction surface course compared to a
conventional one. Air void content of porous asphalt also contributes to the reduction of
noise generation due twe-pavemeninteraction. It is important to understheffect of the

surface texture of porous asphalt on noise reduction and which index of surface texture is
appropriate. This paper presents an adequate index of surface texture which is afitzined
numerous noise measurements on an experimental pavemaele of different maximum

size of coarse aggregate produced from the same source. This experimental pavement has
several porous asphalt surface sections both given thicknesses and air void contents. Mean
Texture Depth, Mean Profile Depth, Standard @gen of Surface Profile and Ratio of
accumulated length of 2 mm Texture Depth (hfiexr RAL2) are examined as an index of
surface texture. As a result of this examination, RAL2 is found to be an effective index for
noise generation measured by CPX mdthdrhis index has been verified in the existing
porous asphalt pavements, which were made of different aggregate resources. Noise
reduction is maximized as RAL2 approaches 1.0. We found a good correlation among these
RAL2 of coarse aggregate, laborat@myecimen and actual pavement surface. Therefore,
using this method it is possible to predict a noise generation value at the porous asphalt mix
design stage. We recognized that the difference in surface texture affects the analysis results
of sound presure level of noise and PSD of surface profile texture appears in the wave
number less than 200 c¢/m. And an analysis of the correlation between sound pressure level
of 1/3 octave band and PSD of 1/3 octave band of texture profile has shown that wave
numbe from 20 to 250 c/m has positive effect in noise reduction on the sound pressure level
within 200 to 800Hz. This result of analysis has also demonstrated that the index of RALZ2 is
adequate for evaluation of noise generation. When thickness and agowbéht of porous
asphalt are different from the above value, it is necessary to add the factor of total air volume
per unit area. This modification also demonstrated the effectiveness of evaluation of noise
generation for other type of hot asphalt migtsuch as dense graded and SMA.

International Organizain for Standardization, (2003)d T v-CeastBy Methods for
Measurementof Tyreo-Road Sound EI8325, §si editioo | | SO

ISO (the International Organization for Standardization) is a workelwigteration of
national standards bodies (ISO member bodies). The work of preparing International
Standards is normally carried out through ISO technical committees. Each member body
interested in a subject for which a technical committee has beehststdlhas the right to

be represented on that committee. International organizations, governmental and non
governmental, in liaison with 1SO, also take part in the work. 1SO collaborates closely with
the International Electrotechnical Commission (IEG) all matters of electrotechnical
standardization. International Standardsdraited in accordance with the rules given in the
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ISO/IEC Directives, Part 2The main task of technical committees is to prepare International
Standards. DfaInternational Standards adopted by the technical committees are circulated
to the member bodies for voting. Publication as an International Standard requires approval
by at least 75% of the member bodies casting a vote. Attention is drawn to thelipossibi
that some of the elements of this document may be the subject of patent rights. 1SO shall not
be held responsible for identifying any or all such patent rights. ISO 13325 was prepared by
Technical Committee ISO/TC 31, Tyres, rims and valves.

lwao, K and Yamazaki, . (1995%A Study on the Mechanism of TilRo a d Noi se.

Vehicle Research Laboratory, Nissian Research Center, Nissian Motor Co. Ltd.
Natsushimecho |. Ydosukashi. Kanagawa. 237 Japan

This paper describes the mechanism of generatiagroad noise.Which contributes very
much to the vehicle exterior noise, by dividing the factors of the tire/ road noisexattng

force, vibration characteristics and acoustic radiation characterisdhca@dition, it show the
effectiveness ofuppressing the distinctive tread vibration mode, which is the main mode of
vibration radiation noise of around 1 kHz with a high sound pressure level in radial tires for
passenger cars.

Jones, W. (2008)i kyhway Noise Controwith H M A 6The Journal of théAcoustical
Society of America; May 2008, Vol. 33ssue: Number 5 p3390

Tire-pavement noise is a major contributor to traffic noise at highway spe€uls. &
pavement noise is affected by different pavement propertiés.study conducted in
California measured the noise levels of different mix types and the mix characteristics
affecting noise levels. In this study, tire & pavement noise was measured usingbibardn

sound intensity (OBI$ method. Data was collected on four different types of pavement
mixes: conventional open graded asphalt concrete (OGAC), rubberized asphalt concrete that
are open graded (RACO), rubberized asphalt concrete that are gap graded (RACG), and
dense graded asphalt concrete mixes (DGAC). A total of 72 field pavement seai@ns
included in the study, all of which were less than 8 years old at the time of the measurements.
This paper evaluates the pavement characteristics affecting noise levels using principal
components regressiornthis technique was used due to the ngoltinearity found among

the variables.Two principal components were extracted from the measured parameters such
as air void content, gradation properties, pavement roughness, age, and pavement surface
condition.
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(2008):f Eval uati on o fdRefterenceAT8sT Tie f&r tpurpoststndardized
measurement of ehoardtire-p a v e me n t the dauinad efdhe Acoustical Society of
America; May 2008, Vol. 12 Issue: Number 5, p3390

Currently in the US, efforts are underway to develop standarboaetfor orboard sound
intensity (OB$) measurement of tire & pavement noisélp until recently, the default
standard tire was the Goodyear Aquatred 3 tire originally selected due to its apparent
similarity to Tirea specified in the ISO CPX procedure. Because of lotgen availability,

the ASTM Standard Reference Test Tire (SRTT) is the primary candidate for replacement of
the Aquatred 3.Issues of concern for the SRTT include -tiodtire variation, the relatioof

the SRTT to previously used reference tire, and the "brégderiod required for stable test
tires. To address ti&toZ tire variability, six SRTT's were tested on variety of asphalt (AC)
and Portland cement concrete (PCC) surfacBsese included far new tires and two that

had been in use for some tim@wo of the new tires were retested with increasing use to
examine any breaik period effect. For comparison, the older Aquatred 3 was also tested on
these same surfaces using both OBSI and coatkq@hssy measurementsThe results of

these measurements are presented along with their implication to for reference tire selection.

(2008:A Low Speed Exterior Vehicl e Ndhesleuimand t h
of the Acoustical Society of Amiea; May 2008, Vol123 Issue: Number 5 p3133

For operating conditions of cruise and moderate acceleration, the exterior noise emission of
light vehicles is typically dominated by tire & pavement noise at speeds &mpb or
greater. At a test speed of 56mph, it has been found that pavement type can create a 10
dBA or more variation in tire & pavement nois&his has significant implications for both
community noise and vehicle noise emission testing. In this paper, the resul& tire
pavement noise measurements for over 40 different pavements in Europe and the United
States are reportedlhese pavements include research surfaces, existing roadways, and 1ISO
10844 passhy test surfaces. Measurements were conducted usingaardeand intensity
methodology that has been correlated to crhbis@oise levels.These results are discussed

in terms of the revisions being considered for the newly revised ISO 362 passby test
procedure and the ISO 10844 test surface specificatiddditionally, a case history of
community traffic noise reduction achieved by use of a quieter pavement is reviewed to
demonstrate the importance of the pavement in low speed vehicle noise emissions.

(2008): A Eval uati on o f effects ¢ OB®lalevelsnesimg c ha
Pr i n cthepJadrnal of the Acoustical Society of America; May 2008, \¥aB Issue:
Number 5 p3390

Tire-pavement noise is a major contributor to traffic noise at higlspagds. Tirgpavement
noise is affected by different pavent properties A study conducted in California measured
the noise levels of different mix types and the mix characteristics affecting leoisls. In
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this study, tiregpavement noise was measured using théaard sound intensity (OBS

method. Data was collected on four different types of pavement mixes: conventional open
graded asphalt concrete (OGAC), rubberized asphalt concrete that are open graded (RACO),
rubberized asphalt concrete that are gap graded (RACG), and dense graded asphi@t concre
mixes (DGAC). A total of 72 field pavement sections were included in the study, all of
which were less than 8 years old at the time of the measuremiEnispaper evaluates the
pavement characteristics affecting noise levels using principal comgor@gnession. This
technique was used due to the multicollinearity found among the variabkes.principal
components were extracted from the measured parameters such as air void content, gradation
properties, pavement roughness, age, and pavementescofadition.

(1 9 9léght Vehitle Exterior Noise: MeasuremeRe qul at i on, Ti rhes, And
Journal of the Acoustical Society of America; April 1996, Vol. 99 Issue: Number 4 2508
2529, 22p Ttle: ISSN: 00014966; 15208524

Exterior noise is therdy acoustic attribute regulated for passenger cars and light triitles.
primary procedure used to quantify this noise is an outdoor passby test conducted under
full Zthrottle acceleration.Unless specified noise levels are met under this procedure, a
vehicle may not be sold in a given market jurisdictioRecent reduction of European
regulatory limits by 3 dB has reinforced many of the technical challenges faced in
designing and testing vehicles to meet these new requirem&htese challenges include

better understanding and control of test and environmental variables, more accurate methods
of noise prediction, and improved techniques for isolating and reducing individual source
contribution. In recent investigations, sound intensity has been eragldy isolatetire-
pavementinteraction noise for vehicles under passby conditioriis has led to the
determination that tires can produce significantly higher noise levels under the torque of
acceleration than under cruise conditiodss a result, tires areften the major noise source

when the total vehicle noise approaches the new regulatory lififiss paper reviews the
variables associated with the passby test procedure, the effects of vehicle acceletaon on
pavementnteradion noise, and the needs for improved predictive methods.

Khazamvich, L. and lzevbekhai, B. (2008Jimplication of TimeDependent Texture
Degradationon Pavement GnBoardSoundl nt ensi t vy Patterns, i n M
http://www.mrr.dot.state.mn.us/research/pdf/all mnroad reports.html

Pavement texture is an important parameter inp@neemeninteractionnoise (TPIN). As
pavements carry traffic lobover the years measurable degradation occurs in texgréhe
pavement is exposed to environmental and traffic elements, changes occur in ride quality
measured by the International Roughness indeX @R well as the Surface Rating (SR).
Researchinvestigated the correlation between TPIN measured with th&dand Sound
intensity (OB3) Protocol, Estimated Single Axle load (ESAL); SR and age of pavement in
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MnROAD test cells. General observation shows decrease of OBSI with respect to traffic
evidert in the relative values of driving and passing lane in the rigid pavements and
conversely an increase in OBSI in the bituminous segments with tAneinitial overall

model of all the cells was not feasible as various pavement types exhibited unique
chamlcteristic residuals.This led to the development of individual models for each surface
type. Although hysteretic effects are implicated in both parameters, no tenable relationship
between Friction Number (FN) and TPIN was yet establisnBEIN exhibitednonlinear
characteristics with respect to the Pavement age ESALS IRl and SR using the universal
Levenberg Marquardt hybrid of steepedescent and leasfjuares nofinear model fitting
technique.

Kowalski, K., Dare, T., McDaniel, R., Olek, J. and Baarth R.(2010) A Ex pl orat i on
Laboratory Technique for Tire/ Pavement Assesmsinof Hot MixAsphalts HMAS)

Experimental techniques to measure-fieyement noise generation from asphalt pavements

in the laboratory have been limitedPavement samples are typically constructed from
different materials from those used in the field, or else construction is sadimseming that

only oneor two asphalt samples are constructédseries of experiments were conducted to
determine if Purdué&J n i v e r s iPavendest Tékti Apparatus (TPTA) could be used to
overcome these limitations. One porous friction course mixture, one stone matrix asphalt
mixture, and four Superpave defggaded asphalt mixtures were designed &abricated

using a speally developed compaction procedura&lthough the produced samples had low
onboard sound intensity levels, their also had higher than design values of the air voids. The
elevated levels of the air voids were a direct consequence of the inability antipaction
method used in this study to produce the required compaction leveéspite these
difficulties, the sampletechnique and the TPTA testing protocol were shown to offer
effective approach for of quick laboratory assessment epavement noiseharacteristics.

Kuemmel, D. Jaeckel, J. Satanovsky, 8honber,S. and Dobersek, M( 1 99 6) : i No i
Characteristics of Pavement Sur f ace Textur
Record; January 1996, Vol. 1544 Issue: Number 1332412p

Twelve Portland cement concrete pavement (PCCP) test sections were constructed to
compare with standard PCCP and asphaltic concrete pavement (ACP) to quantify the effects
of the pavement surface texture on noise, safety, and winter maintenahsghalt
pavementsstudied included a Strategic Highway Research Program asphalt, stone matrix
asphalt (SMA), and Wisconsin standard asphal.dependency between the pavement
textures and their noise characteristics was observed. Noise measurements indicated that
uniformly transverse tined PCCP created dominant noise frequencies that were audible
adjacent to the road and inside the test vehicl€areful design and construction of
transversely tined PCCP can reduce-togad noise.No significant acoustical advantages of
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opengraded asphalts over the standard dense asphalt were folimel. results of this
research are preliminary and have not yet been approved by the Wisconsin Department of
Transportation Council on Research

Lee, C. and Fleming G. (1996Ji Me as ur e HighwayReolfat e d Noi seo,
Technical InformatiorsService, Springfield, Virginia

The U.S. Department of Transportation, Research and Special Programs Administration,
John A. Volpe National Transportation Systems Center (Volpe Center), Acoustidgyraci

in support of the Federal Highway Administration (FHWA), Office of Environment and

Pl anning, has devel oped-RteHeat @ Be eNou rsemednt Tohf
reflects significant improvements and changes in noise measurement technologiesdhat

evolved since the 1981 FWHA publication, Sound ProcedtoesMeasuring Highway

Noise. This report documents the recommended procedures for the measurement of (1)
existing noise; (2) vehicle noise emissions; (3) barrier insertion loss; (4) coiwstruct
equipment noise; (5) noise reduction due to buildings; and (6) occupational noise exposure.

Lodico, D. M. and Donavan, P. (2009):Eval uati on of Test Vari abl
Intensity (OBY) Measur ement s o, Transportatinp2W0O9Resear
Paper #08261

As a portion of the overall research work for the National Cooperative Highway Research
Program (NCHRP) -84 Project, an examination of test variables and measurement
uncertainties was conducted for thelwyard sound intensity (OBSmethod of measuring
tire-pavement noise at the sourcehe intent of this investigation was to provide guidance on
test variables in order for users to determine the control limits needed to implement the OBSI
procedure. Based on an extensive review litdrature regarding cboard tire noise
measurement methods, pertinent variables were identified that could affect the repeatability
and reproducibility of the measurement$he sensitivity of OBSI results to variations in
pavement temperature, the dgofation of the OBSI measurement fixture, tire inflation
pressure, test vehicle type, test speed, and load were meaBheststing was done on both
asphalt and cement concrete pavements using two different test tires; the ASTM Standard
Reference TesTire (SRTT) and the implement the OBSI procedure. Based on an extensive
review of literature regarding dooard tire noise measurement methods, pertinent variables
were identified that could affect the repeatability and reproducibility of the measurements.
The sensitivity of OBSI results to variations in pavement temperature, the configuration of
the OBSI measurement fixture, tire inflation pressure, test vehicle type, test speed, and load
were measured. The testing was done on both asphalt and cemeatecpagements using

two different test tires; the ASTM Standard Reference Test Tire (SRTT) and the Dunlop SP
Winter Sport M3 tire (Dunlop).The investigation found that OBSI measurements were most
sensitive to vehicle speed, tire loading, tire inflatisasgure, and probe distance from the
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pavement. This paper summarizes the evaluation and results of the test parameter
investigation, the information obtained, and the implications for developing a rational test
procedure.

Lu, Q., Luo, S. anddarvey, J. (20 9 ) : i Co mp a eReduang Asphft MiNuweis & e
the Laboratorybo

In recent years, significant amount of research effort has been spent by engineers worldwide
to develop alternative asphalt surface mixtures that are quieter, safe, and dlrabée.
mixtures typically have very high awoid contents, placed in thin layers, and compacted in a
way different from conventional dengeaded asphalt mixtures.Different compaction
methods have been applied to fabricate specimens in laboratory stubheseffect of
compaction on mix performance has not been sufficiently studldts paper investigates

the impact of compaction methods on the performance of quiet (porous) asphalt mixtures.
Four different compaction methods are included: Marslhatbact Hveem kneading,
Superpaveayratoryand rolling wheel compaction. The rolling wheel compaction is selected
as a surrogate for field compactionSpecimens of four different porous mixtures with
nominal maximum aggregate sizes varying from 4.75 mm to 19.@G&rarmompacted by the

four methods, and are tested for various performance indices, including permeability, sound
absorption, moisture sensitivity, and resistance to raveling. It is found that each compaction
method has its own advantages and disadvantafjes.effect of compaction methods also
varies with the aggregate gradation. Mix performance indices also have different sensitivities
to the compaction method.

Menge, C. and Barrett, 12010 i Ref | ect i ons fr om Hi ghway NoOi S
Absorptive Materials in the U.S., and Why Small Increases in Noise LevelsDidssrve
Serious Considerationso

For decades, many U.S. Departments of Transportation (DOTs) have followed-widely
acceptedyuidance that single reflections of noise from noise barriers to the opposite side of
hi ghways ar e i gdBA®@ less,lahdyherefareenottparceptibleado the average

h u ma n Inereases i the average noise level are undoubtedly smathrcases, yet the
outcry from residential communities subject to reflected noise can be quite significant,
depending upon various physical and political circumstan&sch outcry has resulted in
significant effort and money spent researching the madmitd sound level increases both
near and far from reflective noise barriateng highways.In some case®OTs have added
absorptive materials to barrieafter construction. Other DOTs have lestanding practices

of using barriers with absorptive $aces wherever there is noisensitive land use on the
opposite side of the highway, specifically to avoid any perception of increased highway noise
due to the barriers. The paper presents historical information on the study of reflections from
noise barers in the U.S., human perception of changes, and also how reflective noise
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barriers may change the character of noise from highways as heard in communities opposite
the barriers. Although such changes may be srttaly may be interpreted as soulavel
increases, and result in the conclusion that the affected residents are being treated unfairly by
the DOT. The authors draw two conclusions from having performed the research for this
paper: 1)Small changes sound level associated with barrier refl@cs can be meaningful

to the public and to barrier effectiveness conclusions, and 2) the benefit of simply
implementing absorptive barrier treatments opposite residential areas outweighs the benefit
of researching the issue or conducting detailed analggastify the use of absorption.

McNerney M. T., Landsberger B. J., Turen T. and Pandelides A. (2000o mp ar at i ve F
Measurements oflire-pavementNoise o f Selected Texas Pavement
Austin. Center for Transportation Research, Federal Highway Administratioi29512,

April 2000, p. 56

The effects of traffic noise are a serious concern in the United State and in the rest of the
world. Onesignificant component of traffic noise ise-pavementnteraction. Protecting
individual receivers by reducing pavement noise at the source rather than by using traffic
noise barriers may result in substantial cost reductions and improved commuafitaace

of highway projects.This research consisted in fidiestingfifteen different pavement types
found in Texas, in coordination with six pavement types in South Africdest procedure

was developed using standard test microphones to simultdyeeasrd noise levels at
roadside and onboard the test vehicle within a few centimeters of the tire of a towed trailer.
The data were analyzed to determine tinepavementinteraction noise for the different
pavements. The test procedure was designed to develop comparisons of pavements while
keeping other variables constanthe results, measured on the standandeighted scale,
indicated a range of 7 dBof roadside noise levels on tffiéeen test pavements in Texas

and a roadside noise level on one specially constructed pavement in South Africa to reduce
noise that was measured as 3Ad&uieter than that of any Texas pavement measured in the
study.

Mun ,S., Seung C. and Muk @influenceOf Pavement Surface Noiseh@Korea Highway
CorporationTest Road, Canadan Journal of Civil Engineering

Because of a significant increase in the number of vehicles using national highway networks
that link major uban centers, road traffic noise with its harmful impact on the
ervironmen® has become a major pavement system isslieerefore, it is necessary to
assess the characteristics of different types of pavement and their influence on road traffic
noise. The Korea Highway Corporation test road, with eight different pavesiafces,

was used to test and analyze noise froni p@gement interaction and from vehicle power
trains. Noise was measured in a novel test approach using a surface microphenesults

show that traffic noise levels vary widely according to paversarface type, vehicle type,
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and vehicle speedThe findings of this investigation can be used to determine appropriate
pavement surfaces that will satisfy specific environmental impact assessments for given
traffic conditions and requirements.

Nelson, J T., Kohler E., (gel A. andRymer, B.,locatedin the following website:
http://trb.metapress.com/content/ugp1208762p15232/

Acoustical absorption coefficients of more than 140 pavement cores were obtained by the
impedance tube method with two microphones and <psstral analyses. The
effectiveness of the impedance tube in predicting noise reduction for different mixes was
evaluated by comparing the correlations between onboard sound intensity levels and
absorption. Theoretical predictions of acoustical absorption due to friction between air and
porous matrix and thermal relaxation were compared with measured resultsdealared

porous structure. The model was used to infer porosity, tortuosity, and pore size from
measured acoustical absorption spectra for manufactured porous asphalt and extrapolate test
results to nomormal angles of incidence, assuming isotropy ef plorous structure. This
model will help improve mix designs to increase the absorption of pavement surfaces and can
be used to estimate porous pavement properties.

Nielsen C., Bendtsen, H., Andersen, B. and Larsg2®05):i N seiReducing Pavements in
Ja p a lublished by Road Directorate, Danish Rasslitute

Porous pavements are widely used in Japan both on highways and in urbaT adegsthe

total area of porous pavements is 50 millichand it is still increasingOn toll roads more

than 506 of the pavement is poroud.he structural durability of porous pavements in Japan

is generally the same as the durability of dense graded asphalt nnxége warm regions

the structural durability of porous pavements is 10 years or more, and in dheegians 7

10 years. Structural damage of porous asphalt is a serious problem in cold regions. Snow
removal operations by snogloughs causes severe damage in the porous asphalt and rutting
and ravelingoccurs #ter a few years.This hasled to use of high viscous SBS modified
binders in the cold regions and to the dev
structure and an open surface textuMost pavements are single layer pavements with 13

mm maximum aggregate siZz&0% built-in air voids and high viscosity 8 % SBS modified
bitumen. In cold regions pavements with 17 % buitair voids are constructedPorous
pavements are used in urban areas even at intersections and bus stops, and on highways in
the countryside.At some intersctions a special epoxy based surface treatment is applied in
order to improve durability.Tests with two layer porous pavements started in 1998 and are
mainly used on urban roads he driving speed is in general low (below 5®@0 kmphin

urban areas an100kmphon highways).
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Ongel A., Harvey J. T.,Kohler, E. R,Lu, Q., Steven B. and Monismith, C. L. (2008):

Al nvestigati on of Noi s e, Durability, Per me:
Asphalt Pavement Surface Types: Firgthd Second e ar Resultso Febr u
http://pubs.its.ucdavis.edu/publication_detail.php?id=1288

This report summarizes a detailed report presenting the first and second year of field and
laboratory measurements and statistical analyses and performance estimates- for
pavementoise, permealiy, ride quality, distress development, and friction properties of
four types of asphalt pavement surface types used by the California Department of
Transportation: opegraded asphalt concrete (OGAC), rubberized apaded asphalt
concrete (RAGO), rubberized gafgraded asphalt concrete (RA®) and densgraded
asphalt concrete (DGAC).Tire-pavementnoise was measured using thetmard sound
intensity method (OBI$. A factorial experiment was developed and executed that considered
these surface typesainfall, traffic and age, with sections selected in the following age
groups: less than one year old, one to four years old, and four to eight yeass [ddttial
factorial was included for another type of opggraded mix, called ¥nix. In addition, pecial
sections placed by various Caltrans pilot and research projects were also included in the plan
for field monitoring and laboratory testing. The report summarizes the measured
performance and presents summary statistics for the results. Statisimigses were
performed, including singteariantregression to identify significant variables, multivariate
regression, survival analysis, and principal components regression, depending on the type of
data, in order to estimate performance. The performmamadels were used to estimate the

life of the various surface types for the conditions in the experim@&he median noise
reduction across the population included in the experiment is approximaeBA 2for

OGAC and approximately 8BA for RAC-O mixes compared to the DGAC mixes for the
Standard Reference Test Tire (SRTT), with values converted from the Aquatred tire
measurements used in the projecthe Aquatred results are slightly different prior to
conversion to the SRTT values, ioating slightly less noise benefit from opgraded mixes

and less difference between OGAC and RAC

Ongell, A., Kohler, E.anHHar veyvy, NI APrincipal Component s
Il ntensity Level so Jour nASCEWilmeTl834lssepltd Papes:t i o n
459466

Roadways paved with open graded asphalt mixes typically generate lower traffic noise levels
as compared to other types of pavememtgprogram was initiated in 2005 in California to
evaluate the effectiveness of noise ugidg surfaces over time and the pavement
characteristics affecting those noise levels. In this stiiglypavemeninoise was measured

using the onboard sound intensity methddata were collected on four different types of

mixes: conventional open grati@asphalt concrete, rubberized asphalt concrete that are open
graded, rubberized asphalt concrete that are gap graded, and dense graded asphalt concrete
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mixes. A total of 72 field pavement sections that were at that time less than 8 years old were
includel in the study.Various pavement characteristics were measured and their effects on
noise levels were evaluated using principal components regression, in addition to ordinary
leastsquares regression.This research confirmed that open graded pavemerigiex
reduced tire noise compared to dense and gap graded mixes and quantified this reduction for
typical mixes in California.

Phillips, S.M.,Dollamthodi,;S.and Mor gan, P. A. (2001) : ACl ass
Surfacihg 06 The 2001 Ikress and Bxhibitioroan dNdise Cantnol Engineering.
The Haguethe Netherlands, 200Auqust 2730

An increasingly important aspect of the developmentoef noise road surfaces is the
definition and certification of their acoustic perties. In the UK, a number of
complementary methods are being developed fah sassessments. One of the most
important of these is the noise test attached to the AFAfHighway Authorities Product
Approval Scheme) type approval systeithis test methodas basedupon the ISO standard
Statistical Pasby (SPB) method and results in a classifmatrating related to a standard
surfacing. To supplement this test and to allow the acoustpg@rties of road surfaces to be
determined at any location, a system basgpdn the abseproximity (CPX) measurement
procedure has been developed. This is carried out tsndRITON vehicle measurement
system developed by TRLThis system is used for measurithg rolling noise of specified
test tyres at suitable speeds. Cammy the results of sevdréyres allows a representative
noise classification measure to be determin@these sygms are being used to routinely
survey the higtspeed road network and could underpin future noise maps. Thes pap
describes these testadathe development and validati@h a closeproximity noise test
vehicle.

Rasmussen, R. O. (2009tire-pavementind Environmental Traffic Noise Research Study.
Final Report: 20090, Col or ado-20082pJ4l2008 f Tr ans

This research study on tigavement noise is being conducted in respon&DIOT 'sinterest

in traffic noise in general, and thiee-pavemeninteraction in particular. Following a rigid

set of testing protocols, data is being collected on highwaydnadiise characteristics along

with safety and durability aspects of the associated pavemditts. overall goal of this
research project is to develop and execute a comprehensivéetangtudy to determine if a
particular pavement surface type and/ottuee can be successfully used in Colorado to help
satisfy FHWA noise mitigation requirementsThe study is needed to accomplish the
following: (1) Determine the noise generation/reduction characteristics of pavements as
functions of pavement type, pavemdexture, age, time, traffic loading, and distance away
from the pavement; (2) Determine a correlation between source measurements including
closeproximity (CPX) and ofboard sound intensity (OBS and statistical padsy (SPB)
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and timeaveraged ways@&measurements; and (3) Accumulate information that can be used
for validation and verification of the accuracy of the FHWA Traffic Noise Model (TNM) to
use on future Colorado highway projecighe information included in this report represents

the firstin a series of four measurements to be collected over-gdaeperiod.While some

of this information can be used immediately for decisions related to pavement design and
specification, it is recommended that caution be exercised as the results tnoentésting

will help assess the lorigrm acoustical durability of these pavement surfaces.

Rasmussen, R. O., Dawan, P. R., RutHuerta, J. M. and Whirledge, P. R. (2009):

Al mproving Functional Performance of Hi ghwe
Techni ®IARCs lmternational Seminar on Maintenance Techniques to Improve
Pavement Performance-2% August 2009

Under sponsorship of the Federal Highway Administratidntr® US Department of
Transportation and various State Highway Agencies, a number of recent activities have led to
proven alternatives for quieter pavements for pavement maintenance and restoration. Thin
lift porous asphalt overlays, for example, havevenoto reduce noise levels while
maintaining desirable friction and durability requirementBiamond grinding has also
clearly emerged as one the best techniques available for restoring the functional performance
of pavements, with noise reduction as & kedicator. Some details of the key activities in

the USA are highlighted herein, with particular emphasis on those techniques that could be
applied with relative ease outside the USA.

Rawooll, S. and Stubstad, RL.Ef f e c t o f Di amond Grinding on
ConcretePavements in California  http://pdfcast.org/cache/effeof-diamondgrinding
on-noisecharacteristic®f-concretepavementsn-california

The construction of sound walls along highways has been the primary noise mitigation
strategy in California and in many other western States. Sound walls cost approximétely $1.
million per mile and are effective only in c
the sound wall, so to spealn its efforts to explore other noise mitigation strategies, the
California Department of Transportation (Caltrans) recentlydooted a study to determine

the effect of diamond grinding otlne noise characteristics of existing concrete pavements.
Since the noise generated at theifw@ement interface is the greatest contributor to
highway noise, quieter pavement surfaces catuae overall noise levels for both road users
and neighborhoodswhether sound walls are used or n@r+board sound intensity (OBS
measurements were conducted on six routes in California, for a total of 42 evaluation
sections; each evaluation sectiorswiOft. (136.8 m) long.OBSI measurements before and
after diamond grinding were recorded. Following are the overall conclusions that were
reachedafterthe pre and posggrinding OBSI levels were measured:here is a significant

and readily audible reduction i@BSI levels (and hence in tqgawement noise)after
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grinding. An average 2.®BA reduction in OBSI levels wasbserved for all test sites.
Among the six routes, the highest average reduction ofiBAwas observed on3 near
Richards Boulevard in Sacramento County, ahd lowest reduction of 1.2IBA was
observed on State Route 60 (on a single test sgaticcan Bernardino Countyl he highest
reductions in sound intensity levels on a-@3awe band basis occurred in the 1600 Hz band,
while the lowest reductions aseed in the 1000 Hz bandwidth.

Reiter, D., Bowlby W., Herman, L. and Bover, J. (2008:Tr af f i c Noi s e i n
Communi ty Awareness and Re c o mme maldT&dhnicaln s fo
InformationService, Springfield, Virginia

This research focuses on current policies, practices and procedures-toaditional noise
abatement solutions, solutions that are alternative to noise barrier walls or berms built by a
state depament of transportation (DOT). Reviews of the literature and the practice have
been conducted on pavement related noise, {ooisgatible land use planning, sound
insulation, and traffic management techniques. Type Il (retrofit) noise barrier prograens ha
also been examined. Also, a detailed examination of land use planning and development
processes and procedures within the State of Montana has been completed, including
discussions with a number of local agency planners. This work reveals that betause
concerns over growth, many mechanisms are in places that are conducive to the
implementation of a noiseompatible planning and development program. Additionally, two
surveys were developed and administered: one for citizens living near busy roads in f
Mont ana urban areas and one for | ocal Mont a
perceptions of noise and noise mitigation, and interest in Hcoisgatible planning and
development. Thanalyses of the survey data, the literature and theigedaveresulted in

a number of recommendations to the MDT regarding implementation of-cumsgatible
planning and development in Montana.

Rymer, B., Donavan, P., arifohler, E (2010): fiTire-PavementNoise Levels Relatetb
Roadway Frict i TRB2010Pmmual Mexting nt 0 ,

In the United States, much has been learned about pavement acoustics in the past eight years
with the development of the new @oardSoundintensity (OB$) measurement method.

OBSI allows researchets quickly measure and compare pavement acoustics in great detail.

A field demonstration provided a unique and controlled opportunity to examinditew
pavementoise levels could be influenced with increases in friction on flexible and rigid
pavements. The OBSI spectral measurements provided additional insight on how a shot
peening process altered the noise generating mechanisms of the pavement stipactes.

shifts in low and high frequencies were observed and the magnitude of ttee \&hied

between the two flexible and two rigid pavemert@&enerally, at frequencies below 1000 Hz,

the texturing tended to increase the one third octave band leMeésrocess removed fine
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surface material and exposed larger aggregates which increasedtexagcre depth and
improved friction, but generated more low frequency noiseequencies from 1600 to
5000Hz decreasedfter shot peening. The increase in low freguncy noise was counter
balanced by a reduction in high frequency noi€&erall OBSI Aweighted noise levels (re
SRTT at 60 mph) of the flexible and rigid pavements were not significantly changed by the
shot peening (Skidabrad®) process. Rigid pavemenbecame slightly quieter and flexible
pavement did not change or became slightly louder.

Rymer, B. and Donavan, P. (2013):Det er mi ni ng t he End Li mits
Project®

Ongoing work in the area of tire pavement acoustics has definitively determined that there
can be a significant variation of noise levels between the loudest and quietest pavements.
Using the OrBoardSoundintensity (OB$) measurement procedure, it halsoabeen
determined thatire-pavementnoise is highly correlated to the overall traffic noise levels
especially when traffic is flowing at freeway speedBhis presents road agencies with a
potential new tool for lowering traffic noise levels by usingetgr pavements.Changing
from a 6l oudd, or old and raveled pavement
yield acoustic benefits t oThe deardaseiirdmisedeseinmu n i
depends on the difference between OBSI lewélthe existing pavement and the selected
quieter pavement and the magnitude of this decrease may also be influenced by vehicle mix.
After the decision to use a quieter pavement has been made, the end limits for the pavement
must be determined.The probém is somewhat similar to deciding where to terminate a
sound wall relative to the location of the roadside receiv@tgs analysis determined that

the quiet pavement end limits are less sensitive to variation in typical roadway cross sections,
somewhasensitive to the distance between the receiver and the roadway and where the quiet
pavement terminates, and very sensitive to the absolute differences between the noisier and
quieter pavements.

Sachakamol, P. and Dai, (2007):A Road and Ti andsséssniers with Elaseds s i
Proximity Method on an Asphal't Rubber- Conecr
Effective Assessment/Rehabilitation of the Condition of Materials for the Transportation
Association of Canada Fall 200&sting, Saskatoon, Sagkhewan

A road/tire noise emission assessment has been performed in Saskatchewan with the Close
Proximity Method (CPX), a method based on test tire rolling on a road with microphones
located close to the tire surface. In CPX road tests, the averagaglAted sound pressure

levels emitted by one specified reference tire are measured with the vehicle speed over a
specified road distance. The data are collected by microphones located close to the tires. In
order to understand the acoustic characterisfiteke newly paved Asphalt Rubber Concrete
(ARC) pavement, a special test vehicle was built. Two uniquely different reference tires
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have been selected in order to represent the tire/road characteristics studied. The road/tire
emission noise analysis wamerformed on 12 different surface types of a highway in
Saskatchewan, Canada using the CPX test. This research aims to determine the noise
characteristics of the road surface at selected sites, predict the road/tire emission noise and
acoustic propertie®f different road surface materials, evaluate compliance with noise
specifications of the specific surface materiaded estimatethe state of maintenance,
damage or clogging and the effect of cleaning on porous surfaces.

Saemann, E.U. (2008Yi Dev el opment o f Low Noise Tyres
Euronoise, Asoustics 0608 Par

In this paper the results from the development of low noise tires in the EC project SILENCE
are reported. Starting with the state of the art knowledge of a leadingaimufacturer the
existing ideas for further lowering the tire/road noise on surfaces used in urban areas were
collected by literature research, benchmarking results and evaluation of internal experiments.
As all published ideas were tested at Contirlentthe past and as there was no real new idea

to build a low noise tire, some of the existing ideas for lowering the noise were chosen in the
project. To find construction with significant less sound radiation 22 experimental tires were
constructed. lorder to find the noise reduction potential of the constructions tests on a dyno
drum were made. The tires of the last loop were further evaluated at the BASt on the PFF.
These tires which are optimized for the surfaces defined in another subprogett Wex end

of the project tested in Copenhagen. The main finding that a low noise tire must héve a so
tread compound and a heavy antt belt construction was proved on all surfaces.

Salomons M., Zhou, H. and Lohman J. A. (2018)Ef f i ¢ i e a Moddling wfel rafficc
Noi seo0 Acoustical Soci 810,p@96803 Ameri ca 127, F e

An optimized method is presented for the numerical evaluation of the sound field generated
by an incoherent line source, which is commonly used to model road amGffal noise.

Two different solutions for the numerical integration over the line source are distinguished, a
point source solution and a line source soluti@fith proper segmentation of the line source,
both solutions yield accurate results. Speattdntion is paid to receiver positions close to

the (infinite) line through (finite) line source. At these positions, controversial methods give
numerical errors, which occur frequently in calculation of laspale noise maps of cities,
employing autoratically geographical input data. The problems are avoided by using the
optimized method presented heréelhe method is based on a combination of angular
segmentation and linear segmentation of the line source and can be used to minimize the
number of poitrto-point @lculations for noise mapping.
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Sandberg, U. (2001t No i s e FofiHoad /ehiclesEffect Of Regulations Final Report
01-1 0 -Ince Working Party on Noise Emisas of Road Vehicles (WRERYV)

This report presents a study with thencipal objective of obtaining a global view of the
effect of the vehicle noise regulations on road traffic noise. The study has included
assessments of the development of vehicle noise emission limits over the past 30 year, the
most important noise reduction aseires on vehicles, changes in vehicle noise emissions
over the past 30 years for variogategoriesof road vehicles and for various driving
conditions,expecteffectivenes®f planned changes in vehidlelated noise emission limits,

and the reasons whiyne effectiveness of the regulations have not matched the intended
effects. Based on the findings, recommendations for consideration in future noise emission
regulations are given.

Sandberg, U. (1987 Ro a d T r a fThei Influerid® of she Road Surfaemd Its
Char act eApplied@dtoustica/olume 21, Issue, 21987, pf7-118

Unacceptable errors in the prediction of traffic noise occur in some cases when the road
surface idargely different from that on which the prediction model is basHte reason is

that tyre/road noise has appeared to be the dominating component of the noise from free
flowing traffic and that this noise is to a substantial extent dependent on theurdack.

The mechanisms for tyre/road noise generation and its relation to road characteristics are
described. Relevant road surface characterization methods are sugdéstedajor method

is the measurement of the road texture profile and subseqeettad@nalysis of the profile
curve. Supplementary methods concern the measurement of acoustical and mechanical
impedances. It is concluded that the road surface effect on traffic noise is extremely
complicated and that it is very difficult to generaliany simple relationsFor freeflowing

traffic it is shown that the tested road surface types and conditions may influence the traffic
noise by up to 18BA. This calls for a correction term for the road surface in the prediction
models. Despite thecomplicatedrelations, it appears feasiblavithin stringent limitations

to use a table where the correction term is a variable of vehicle type, vehicle speed as well as
road surface type and condition.

Sandberg, U. and Ejsmont AA Ti r e/ R-0 Galeraidhp Measurement, and
Abatemend Fr om the Handbook of N dcolm & Cracked pa§ei br at |
10541071

The term tire/road noise denotes the noise emitted from a rolling tire as a result of the
interactionbetween theire and the roadurface. In this chapter, only noise emitted outside

the vehicle is considered: that is; exterior tire/road noise. In principle, not only the tire may
radiate this type of noise; most notably the structure borne sound may spread to the rim and
parts of he vehicle body and radiate from there, possibly also from part of the road surface,
but radiation from the tire itself dominates.
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Sandberg, U. and Ejsomnt, A. (1993)The Art of Meauring Noisefrom Vehicle Tire®
Located at the SAE websitehttp://www.sae.org/technical/papers/93127Bocument
number: 931275.

During the latest decades tire/road noise has been recognized as one of the most significant
parts of road traffic noise.lt has therefordbecome necessary to employ suitable noise
reduction measures on tires as well as road surfaces which do not impose safety problems.
Since many of these measures rely on appropriate measuring methods, several activities in
order to standardize such methddstire/road noise have started. The paper begins with a
systematic analysis of the rather complicated tire/road noise problem and suggests ways to
solve it. Then a review is presented of the major measuring methods considered for
standardization withegard to classification of tires: the coagtmethod; the trailer method;

the laboratory drum method; énthe trailer coadby method. The advantages and
disadvantages as well as which applications are the most suitable for each one are discussed.
Partialar attention is paid to the extremely important question of test track surface selection.
Especially, the surface recently standardized by ISO for vehicle noise tests is compared to a
surface more representative of actual road conditions. Other parameters considered include
temperature, speed and microphone positions. Standardized measunestiemds are
necessary not only for classification of tires but also for classification of road surfaces.
Therefore, the paper includes a status review of work going on in an ISO group which aims
at standardizing a method for classification of the noispgties of road surfacesinally,

it is emphasized that due to the many parties involved and the risk of working out too many
and separate methods, it is absolutely necessarydodamate the efforts internationally.

Sas, P.and Dehandschutter, W. (89): A T h e reducti on of Structur
active noi se a n dhe Jourmal af the Aaousticab Bocietyo df dmerica
February 1999, Vol. 10Bsue: Number ,2p12431243

In this work, the feasibility of active structural and acoustic control atttreborne rolling

noise in a passenger car is demonstratedull vibroacoustical analysis of the demonstrator
vehicle was carried out, in order to characterize fully theoaa behavior (coherence
analysis, operational force analysis, and transéh @nalysis), as well as to derive the
necessary input/output model$he results of these analyses have been used as input for the
actuator design and the control configuration determination (reference signals, actuator
number and location, feedback rsad) determination).Different control configurations have
been investigated and tested by means of numerical simulations and laboratoryests.
control configurations, each using a different kind of control source, have been retained: a
structural acuostic control system which works with six inertial shakers positioned at the
main vibration transmission paths of the car suspension, and amoa&isystem with four
loudspeakers inside the cabinA new inertial actuator based on the moving coil work
principle has been designed and realized. A broadband control system based on an adaptive
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feed forward control system using six reference signals, 6/4 actuators (ASAC/ANC), and
four error signals has been implemented and tested in the demonstrator car.

Scofeld, L., (2010)i Eval uat i on ovity ofADiamend Ground Surtaces € R B
2010 Annual Meeting

This paper discusses two approaches to establishing aclongjevity of pavements. The

PMS Approach tests a large numbepatfement®ver ashortperiod of time while the Test
Section Approach uses a small number of sites tested over a long period of time. Both
approaches can provide good results when properly applied. adventageof the PMS
approach is that tire and equipment effects can beamwized and a reasonable estimate of the
acoustic longevity established in a very short period of time. The Test Section Approach
allows greater experimental control but requires testing over a significantly long period of
time to accurately assess acoudbngevity. A thid approach can be developed by
combining the PMS and Test Section approachegluationsof diamond ground surfaces

in Kansas are presenteddemonstratdhow these approaches can be used. The two major
studies discussed in this maparrived at significantly different results for the acoustic
longevity of diamond ground surfaces. These differences are discussed with possible
explanations for the seemingly contradictory results. The OBSI results from the Kansas and
California testing presented in this study indicdteat diamond ground concrete pavements
exhibit little to no increase in noise level over the first five to ten yafaesgrinding.

Thomsen,S., Bendtsen, H. andnlersen, B. (2006)i N o iRedacing Thin Pavemernts
Danish Road Institute Report 149 (2006), Road Directoratmisily of Transport and

Energy

Around 28 % of the homes in Denmark are exposed to road traffic noise that exceeds the
recommended national guidelines of 55Ad@&s LAeq,24h). In the Danish natical strategy

for a sustainalel development from June 20@@Zan be read, that noise from road traffic is a
widespread local problem for the environment and the healthiiessy people are living in
areas where the noise from road traffic exceeds limitsch can be seen as acceptable for
the health.In thestrategy the long time goal feat the transport noise shall be reduced to a
level which ensures that nobody will be exposed to traffic noise that can give considerably
negative effects on the healthin all the European countries roadffic noise causes
annoyance among many residenihe noise problems are to some extent concentrated in
the urban areas where the speed on most of the roads is arc6akm@h, but thee are

also serious noigeroblems along highwaysThere is a great need to develop effective noise
reducing tools that are durable, safe, and-efisctive. The noise can be reduced either at
the source, under propagation, or at the receiver. An effective way to reduce nas®idnd
annoyance is to reduce the emission at the sourfbe. rolling noise is generated when the
tires are rolling on the pavementdhe type and structure of the road pavement is very
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important for the level of the noise emitted. In August 2002 the d&am SILVIA project

was started. The title of the project is Sustainable Road ®grfac Traffic Noise Control

One of the objectives of SILVIA is to evaluate and specify road construction and
maintenance techniques that would achieve satisfactoryitityralb acoustical performance

of noise reducing road surfaces while complying with other requirements of sustainability i.e.
safety, air pollution, fuel consumption, structural durability, and coBte SILVIA project

is partly financed by EU and partby national sourcesl4 partners from research institutes,
universities, public institutions, and private companies from 10 European countries are
working together in this comprehensive three year projébe Danish Transport Research
Institute is theDanish partner in SILVIA.The Institute has subcontracted the Danish part of
the work to the Road Directorate/ Danish Road InstitutelY\DR

U.S. Department of TransportatioRederal Highway Adminiséition, (2000):i Hi g h way
Traffic Noise in the United States: Problem

Noise, defined as unwanted or excessive sound, is an undesirgimedogt of our modern

way of life. It can be annoying, can interfere with sleep, work, or recreation, and in extremes
may cause physical and psychological damage. While noise emanates from many different
sources, transportation noise is perhaps the most pervasive and difficult source to avoid in
society today. Highway traffic noise is a major contributor to overall p@ntetion noise. A
broadbased effort is needed to control transportation noise. This effort must achieve the
goals of personal privacy and environmental quality while continuing the flow of needed
transportation sgices for a quality society.This reprt has been developed to provide
information about the problem of hi ghway tr
that problem. This report summarizes 1) the general nature of the problem, 2) the response
of the Federal Highway Administration tine problem, and 3) highway noise barriers
constructed or planned. Before discussing these items, however, a general discussion of the
Federalaid highway program is included to assist the reader.

http://www.vejdirektoratet.dk/publikationer/VIrap153/html/chapter01.htm

There is a great need for durable noise reducing pavements for highWasgsconcept for

noise reduction is to creatgpavementexture, with big cavies at the pavement surface in

order to reduce the noise generated from air pumping, and ensuring a smooth surface so noise
generated by vibration of the tyres will not be increasegen textured pavements are open

only at the upper part and are eapeted to need special winter maintenand&uropean
experiences with thin layers have been further developed. Four different pavement concepts
are used: Open graded asphalt concrete (I0p€n), Stone Mastics Asphalt (SMA), a thin

layer constructed as an UALC (Ultra-Thin Layer Asphalt Concrete), and semi porous
pavement (PAC). In 2006, ten optimized thin layers were laid on a Danish highway near
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Herning. Maximum aggregate sizes were in the range of 6 to 8 nidense Asphalt
Concrete with 11 mm maximum aggede size is a reference pavement.

Volpe,J. (1997l nt errupted FIl ow Reference Ener gy Me
Traffic NoiSsDepamert ef Transportatidrederal Highway Administration

During the period November 1994 through Japud®96, the U.S. Department of
Transportation, Research and Special Programs Administration, John A. Volpe National
Transportation Systems Center (Volpe Center), Acoustics Facility, in support of the Federal
Highway Administration (FHWA) and 25 sponsorin§tate transportation agencies
conducted the National Pool&dind Study (NPFS), SP&R 00123 6, t i tl ed AHiIi gh
Mo d el Data Base Development. o This report pt
T the measurement, data reduction, and anabfsrsdividual sound level and speed data for
interrupted flow traffic (accelerating from stop signs, toll booths, antigimvay ramps).

Also presented is the development of regression equations for the resulting Reference Energy
Mean Emission Levels (REELS) as a function of vehicle speed and vehicle type. These
REMELs are part of the data base that is the foundation around which the acoustical

algorithms in the FHWAG6s Tr af £TNM) ald déinge Mo d
structured.
Vos, E . KnowieBog sDevelopmenion Tyre/Road Noise in thiNet her | ands o

Innovation Noise Reducing Program for roaaffic (IPG), Deft., Netherlands

In the Netherlands the Ministry of Transport, Public Works, Water Management, and the
ministry of Environmental Affairshave initiated a sizeable research and development
program to reduce road traffic. The focus is on sear@nted measures. The Innovation
Program wil address the following topic¢nvestigation of the possible noise reductions by
road surfaces, tyreand vehioks and enhanced noise barriédsjentific research into the
knowledge needed tecealize the reduction effectRevelopment of the technologies and
products to a level of generally application in the national main road and vehicle population.

The program must result in a significant reduction of the noise production (including
advanced shielding effects) of the main road network system. In case of combinations of
measuresgfter4 years of IPG for every location the technology and productsd@&#8noise
reductionswill be feasible. This paper focuses to the scientific research on tyre/road noise in
the IPGprogram. For the IPg@rogrambasic knowledge of the physical processes of rolling
noise is of a great importance. Till now this knowledgerather fragmentary. Much
research has been focused on rolling noise processes of personal car tyresporou®n
surfaces. Little research so far has been done on porous surfaces and/or with truck tyres.
The same is true for the validation of thefeli&nt existing models.
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The aim and the necessity of basic knowledge on tyre/road noise &1GHgrogramis the
following: Knowledge of the different mechanisms and their relative magnitude can help by
searching to solutions to realize the requiredeoeductions and thus minimizes a more trial
and error approackmithe IPGsilent roads clusteKnowledge of the different mechanisms is

of help by the development of quality assurance approach of the construction of noise
reducing road surfaces. Basaa more quantitative knowledge of the mechanisms adequate
specifications and according measuring methods can be developed.

Washington State Degament of Transportation, (2006 Tr af f i c Noi se An a
Abatement Policy and Procedubes Ma 12606 1 7

This chapter provides criteria for conduction traffic sound level analysis, impact and
mitigation consistent with federal hi ghway |
for Abatement of Highway Tr af f icooisdlanalysieis and C
required by law for federally funded projects and required by state policy and prodedures
other funded projects thatvolve construction of a new highwagignificantly change the
horizontal or vertical alignment, oincrease thenumber of through trafti lanes on an
existing highway. Roadway projects that incorporate any of the three elements listed above
wi || be considered AType |1 0 noise projects
Federal guidance and state poliapd procedures also require the review and possible
consideration of noise abatement on projects that substantially alter the ground contours
surrounding roadways (e.g., removes or altetsiralor previously constructed berms). The
purpose of this doenent is to provide a means by which the Washington State Department

of Transportation (referred to hafeer as the department) and project sponsors associated
with the department, in conjunction with other programs, can fairly and uniformly treat
citizens seeking relief from the traffic noise of highways. The Federal Highway
Administration considers this document an extension and refinement of the requirements set
out in 23 CFR 772 for roadway related traffic noise. Fulfillment of the procedures s$et out

the document assures that the federal noise standard for roadway traffic noise is met. The
department will evaluate placing abatement for traffic noise from highways under two project
types, Type | (new construction as described above in sectiord T)yae 1l (Retrofit). The
development and implementation of Type Il projects are not mandatory requirements of
U.S.C 23 109 (i)or 23 CFR 772.However, WSDOT maintains a prioritized retrofit list in

order to provide greater traffic noise abatement asifigndllows. Retrofit projects are
prioritized in an order reflecting traffic noise reductions. Qualifying neighborhoods must
have been constructed prior to May 14, 1976 and meet noise impact criteria to qualify for an
evaluation and be considered forgaeent on the retrofit list. Specific retrofit requirements

are outlined in department Directive D22. Sound level abatement for Type Il projects are
normally constructed in order of their priority but may be constructed out of priority as part

of a Type | project, part of some other project, or as a result of legislative direction.
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Woldemariam, W., Olek, J., and McDaniel, 010):fi E u r o BNA dviixture Design
Practices for TirePavement Noise Reduction

Porous asphalt (PA) and thin, ggmded (TG) mixtures are widely used in Europe to reduce
tire-pavement noise (TPN). European material specifications for PA and TG mixtures and
their component aggregates, binders and additives recommend certain regsiianoeder

to provide improved TPN performance and acoustic characteristighxture design
parameters such as air void content (AVC), aggregate gradation, maximum aggregate size
(MAS), and binder and fiber contents are also specified in order to imginevacoustic
performance of PA and TG mixture§his paper outlines the requirements for PA and TG
mixes used in Europe and elsewhere. Specific topics covered include aggregate properties
and gradations, binder gradégpesand content of additives amequired mixture properties

to achieve noise reduction. The use of reclaimed asphalt pavement in these types of mixtures
is also discussed. Techniques to control birdtamn downare also presentedLastly, the

paper describes the noise reduction leeelsieved using the European practices, as well as
methods to esure acoustic durability.

Wulf, T. Dare and Bernhard R2008) The Effect of Grinding and Grooving on the Noise
Generation of Portland Cement Concrete Pavement. Euronpise.dcousticsO$aris.orq.
June 29 July 4, 2008

In this investigation, studies were done to understand the effects of various grinding and
grooving parameters to investigate their effect on noise generation at thpatrement
interface. Grinding uses diamoniehifused blades that re closely spaceshsthat the fins
between the blade tracks break off exposing an entirely new surface. For grooving, the
blades are more widely spaced such that the fins do not break off and the surface texture
remains largely unchanged except for grooves that are usectier drainage control. Both
proceduresised independently or in combination, have an effect on the noise produced by
the tire pavement interaction. Variation of grinding parameters was shown to have as much
as a 3 dB effect on noise generation. Vation in the grooving parameters has a secondary
effect, which allows grooves to be added to texture without overall effect on overall noise. In
this paper the effect on noise of the different parameters, such as grinding depth, blade width,
and blade sucing, for grinding ath grooving will be illustrated.

136


http://www.acoustics08-paris.org/

9.2 Procedures ofOperating PULSE® Program for OBSI Tire-PavementNoise
Measurement

9.2.1 General Guide to Creating a PULSE Template for OBSI Measurements:

1. Create a PULSETemplate for your specific equipmerito do this open #ULSE®
file and set correct front end input module and type of microphdnebe Configure
Organizer add each microphone into the transducer list. Each microphone should
have their correct nomihaensitivity and individual sensitivities added from factor
calibration. List the microphones by serial number so they do not get mixed up during
testing.

2. If using two microphone sound intensity probes, group the correct microphones
together under configation properties.

3. In the Measuremer®@rganizerunder Frontend each microphone should be listed as a
separate signal and there should be a group for each sound intensity probe.

4. In the Measuremerdrganizerunder Setup add Time Capture Analyzer, Reagrde
and CPB Analyzer.Each of these should have both sound intensity probes listed
under it and be setup to be activated by Manual Trigger or other automated triggering

device.
5. Under Measuremer@®@rganizerSetup Properties, input the Nominal Spacing farryo
sound intensity probes, theentels stance betw

6. Add the max number of recorded measurements according to what will be tested.

7. Next the FunctiorDrganizemeeds to be setup correctly. Create a Function Group for
data export. This Function Group should include the following for each sound
intensity probe: Calculate Intensity Spectrum, Calculate Pl Index Spectrum, and
Coherence.lt is important to have the correct reference microphone set for each of
these functions so that the aseirements are positive instead of negative.

8. Save Template and perform Sound Intensity and nominal noise calibrations before
field use.

9.2.2 General Guide to Using Your PULSE Template for OBSI Measurements:

1. After correctly setting up hardware and havingntr end acquire IP address from
computer open template and save file as test site and test date.

2. Under Setup Properties add current Ambient Pressure (hPa) and the current
Temperature (Celsius). Then Activate Template.

3. Perform pretesting calibration foeach microphone using Activate Calibration
(Alt+F3).

4. Activate Template again.
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. The sdtware should be ready to perform OBSI measurements niéfwset up for
manual triggering Start Recording (F5) at designated test site.

. If recording is at correct locatioand does not have any negative sound intensities
Save Measurement (F7), Rename Measurement as test site.

. Repeat process for each site as many times as nece&ary.Measurement, Save
Measurement, Renam&afe the file regularly also to prevent datssl.

. Once testing is completed the data needs to be checkédlfitb valid OBSI
measurement standards. Check to see if the deviation between runs is within 0.6
dBA. Check to see if Pl index is less than Bdi each 1/3 octave bandheck that

the coherence of sound pressure between the two microphones of the sound intensity
probe shall be equal to or greater than 0.8 for each 1/3 octave band between 400
5000Hz.
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9.3 Site Map and Test SiteLocations
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Figure 9.1  Site Map and Test Site Locations



9.4 Summary of Site Information

Table 9.1 Summary of PavementsTested for OBSI
Pavement Types| Test Date County Highway Testing Seed
S9.5B June 23, Pitt NC 118EB 60 mph
2010
S9.5B June 23, Pitt NC 118WB 60 mph
2010
S9.5B June 24, Lenoir NC 58NB 60 mph
2010
S9.5B June 24, Lenoir NC 58 SB 60 mph
2010
S9.5B July 1, 2010 Nash NC43SB 60 mph
S9.5B July 1, 2010 Nash NC 43NB 60 mph
S9.5B July 1, 2010 Nash NC 43NB 60-55-50-45-40-
35-30-25 mph
S9.5B July 29, 2010 Tyrrell NC 94 SB 60 mph
S9.5C June 23, Pitt NC 118 WB(out 60 mph
2010 of town)
S9.5C June 23, Pitt NC 118 EB(to 60 mph
2010 town)
S9.5C June 23, Pitt NC 11SB 60 mph
2010
S9.5C June 23, Pitt NC 11NB 60 mph
2010
S95C June 23, Pitt NC 11SB 60-55-50-45-40
2010 35 mph
JPCP June 29, Wake US1SB 60 mph
longitudinal 2010
diamond ground
OGFC June 29, Sampson 1-40EB 60 mph
2010
Concrete Sept. 15, Yadkin 1-77 60 mph
2010
Concrete Oct. 15, 2010 Greensboro 1-73 60 mph
Concrete Oct. 15, 2010 Greensboro -85 60 mph
S12.5D November Wilson 1-90 60 mph
12,2010
S12.5D November Wilson 1-90 60 mph

12, 2010




Table 9.2 Summary of PavementsTested for OBSI (Continued)
Pavement Test Date County Highway Testing Seed

Types

S9.5A February 9,| Edgecombe | SR1105 (Close to 60 mph
2011 Mill Road)

S9.5A February 9,| Edgecombe | SR1523 S. &iloh 60 mph
2011 Farm Road

S9.5B February 9,| Edgecombe US 64 60 mph
2011

OGFC February 11, Johnston 1-40 EW 60 mph
2011

S9.5A February 11,  Johnston SR1525 60 mph
2011

S9.5A February 11, Johnston SR1168 60 mph
2011

S9.5A February 11,  Johnston SR1162 60 mph
2011

S9.5B February 11, Johnston SR1182 60 mph
2011

S9.5A February 16, Martin SR1501 atBig Mill 60 mph
2011 Road)

S9.5A February 16, Martin SR 1420 @t 60 mph
2011 McCaskey Road)

S9.5A February 16, Martin SR1002 atHassell 60 mph
2011 Road)

S9.5B February 18, Craven NC 101 60 mph
2011

S9.5B February 18, Craven NC 118 60 mph
2011

S9.5B February 18, Craven NC 306 60 mph
2011
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Table 9.3

Summary of PavementsTested for OBSI (Continued)

Pavement Test Date County Highway Testing Seed

Types

S9.5B February 18, Craven NC 306 60 mph
2011

S9.5A February 18, Pamlico NC 55 60 mph
2011

S9.5A February 23, Nash SR 1945 60 mph
2011

S9.5A February 23, Nash SR1733 60 mph
2011

S9.5A February 23, Nash SR1134(near 60 mph
2011 4707SR 1143)

S9.5A February 23, Nash SR1124(near 60 mph
2011 7175SR1124)

S9.5A February 23, Nash SR1105 (SR1535 60 mph
2011 Peele Road) On

Old MiddlesexRd

S9.5A March 18", Washington | SR1125 (near SR 60 mph
2011 1500

S9.5A March 18, Washington SR1180 60 mph
2011

S9.5 March 18", Washington | SR1127N. Slope | 60 mph (not on
2011 and Railroad Bed| the NCDOT list,

Road additional test
site)

S9.5C March 25", Duplin NC 24 60 mph
2011

S9.58C March 25", Duplin Us 421 60 mph
2011

S9.5B April 6™, Green NC 58 60 mph
2011

S9.5B April 6™, Lenoir NC 58 60 mph
2011
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Table 9.4

Summary of PavementsTested for OBSI (Continued)

Pavement | Test Date County Highway Testing Seed

Types

S9.5C April 6™, | Lenoir County NC 118 60 mph
2011

S9.5A April 15, Franklin SR 1425 60 mph
2011 County

S9.5A April 15, Franklin SR 1456 60 mph
2011 County

S9.5A April 15, Franklin SR 1001 60 mph
2011 County

S9.5A April 15, Franklin SR 1611 60 mph
2011 County

S9.5A April 15, Warren SR 1300 60 mph
2011 County

S9.5A April 15, Warren SR 1335 60 mph
2011 County

S9.5A April 15, Warren SR 1634 60 mph
2011 County

S9.5A April 15, Warren SR 1620 60 mph
2011 County

S9.5A April 15, | Vance County SR1518 60 mph
2011

S9. A April 26, Hyde County SR 1104 60 mph
2011

S9. A April 26, Hyde County SR 1114 60 mph
2011

S9. A April 26, Hyde County SR 1304 60 mph
2011

S9. A April 26, Hyde County SR 1305 60 mph
2011

S9.5D May 26, Orange 1-40 60 mph
2011 County

S9.5D May 26, | Alamance Co. 1-40 60 mph
2011

S9.5D May 26, Guilford Co. 1-40 Exit 135 to 60 mph
2011 132

OGFC May 27, Forsyth Co. 40 Bus. 60 mph
2011

OGFC May 27, McDowell Co. 1-40 60 mph
2011
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Table 9.5 Summary of PavementsTested for OBSI (Continued)
Pavement | Test Date County Highway Testing Seed

Types

OGFC May 27, Burke Co. 1-40 60 mph
2011

OGFC May 28, Haywood Co. | 1-40 TN/NC Border 60 mph
2011

OGFC May 28, Polk 2005 1-26 60 mph
2011

OGFC May 28, Polk 2010 1-26 60 mph
2011

OGFC May 28, Henderson 1-26 60 mph
2011 2005

OGFC May 28, Henderson 1-26 60 mph
2011 2008

S12.5D June 23, | Robeson Co.| 1-95 NC/SC Border 60 mph
2011

uBwcC June 23, | Cumberland | 1-95 County Line 60 mph
2011 Co.

uBwcC June 23, Harnett Co. I-95 County Line 60 mph
2011

OGFC July 22, | Wilson County Us 264 60 mph
2011
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Table 9.6

OBSI Site Information and OBSI Data

Pavement Road Avg. Noise
Test Date Types County dentification | Level (dBA)
6/23/2010 S9.5C Pitt NC 118 100.2
6/23/2010 S9.5C Pitt NC 11 98.6
6/24/2010 S9.5B Lenoir NC 58 98.8
JPCP
6/29/2010 longitudinal Wake Usi 100.8
diamond ground
6/29/2010 OGFC Sampson [-40 102.9
7/1/2010 S9.5B Nash NC 43 98.2
7/29/2010 S9.5B Tyrrell NC 94 97.7
10/15/2010 Concrete Greensboro [-73 104.5
10/15/2010 Concrete Greensboro [-85 103.4
11/12/2010 OGFC Wilson [-95 101.8
2/9/2011 SF9.5A Edgecombe SR 1523 98.5
2/9/2011 OGFC Edgecombe Use64 102.9
2/9/2011 SF9.5A Edgecombe SR1105 98.6
2/11/2011 OGFC Sampson 1-40 102.3
2/11/2011 S9.5A Johnston SR 1162 99.2
2/11/2011 S9.5A Johnston SR 1525 98.6
2/11/2011 S9.5A Johnston SR 1168 99.7
2/11/2011 S9.5B Jahnston SR 1182 100.5
2/16/2011 SF9.5A Martin SR1501 99.5
2/16/2011 SF9.5A Martin SR 1420 99.2
2/16/2011 SF9.5A Martin SR 1002 98.8
2/18/2011 S9.5B Craven NC 101atSR1735 99.1




Table 9.7 OBSI Site Information and OBSI Data (Continued)
Pavement Road Avg. Noise
Test Date Types County Identification Lev%l (dBA)
2/18/2011 S9.5B Craven NC 3061 98.4
2/18/2011 S9.5C Pamlico NC 55 98.7
2/18/2011 S9.5B Craven NC 3062 98.0
2/18/2011 S9.5B Craven NC 118 99.5
2/23/2011 SF9.5A Nash SR 1945 99.6
2/23/2011 SF9.5A Nash SR 1733 98.9
2/23/2011 SF9.5A Nash SR 1105 98.7
2/23/2011 SF9.5A Nash SR 1124 99.2
2/23/2011 SF9.5A Nash SR 1134 99.0
3/18/2011 SF9.5A Washington SR 1180 100.5
3/18/2011 SF9.5A Washington SR 1125 100.1
3/18/2011 SF9.5A Washington SR 1127 98.2
3/25/2011 S9.5C Duplin NC 24 99.6
3/25/2011 S9.5C Duplin/Sampson UsS 421 99.3
4/6/2011 S9.5B Lenoir NC 118 98.4
4/6/2011 S9.5B Lenior NC58 98.3
Greene Count

4/6/2011 S9.58B Greene ivieind 97.9
4/15/2011 SF9.5A Warren SR 1335 99.4
4/15/2011 SF9.5A Franklin SR1611 98.8
4/15/2011 SF9.5A Franklin SR1001 98.4
4/15/2011 SF9.5A Warren SR 1300 99.6
4/15/2011 SF9.5A Franklin SR 1425 98.9
4/15/2011 SF9.5A Frarklin SR 1456 98.7
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Table 9.8

OBSI Site Information and OBSI Data (Continued)

Pavement Road Avg. Noise
Test Date Types County Identification Lev%l (dBA)
4/15/2011 SF9.5A Vance SR1518 98.9
4/15/2011 SF9.5A Warren SR1620 98.7
4/15/2011 SF9.5A Warren SR1634 99.3
4/26/2011 SF9.5A Hyde SR 1104 99.0
4/26/2011 SF9.5A Hyde SR 1114 99.4
4/26/2011 SF9.5A Hyde SR 1304 994
4/26/2011 SF9.5A Hyde SR 1305 99.6
5/26/2011 S9.5D Orange [-40 99.2
5/26/2011 S9.5D Alamance 1-40 99.3
5/26/2011 S9.5D Guilford 1-40 (from Exit 135 99.9
to 132

5/27/2011 OGFC Forsyth [-40 Bus. 104.1
5/27/2011 OGFC McDowell [-40 105.3
5/27/2011 OGFC Burke [-40 105.1
5/28/2011 OGFC Haywood [-40 TNNC Border 102.3
5/28/2011 OGFC Polk* 1-26 102.6
5/28/2011 OGFC Polk* 1-26 102.3
5/28/2011 OGFC Hendersof? 1-26 102.9
5/28/2011 OGFC Hendersoft* [-26 102.6
6/23/2011 S12.5D Robeson [-95 NC/SC Border 99.7
6/23/2011 UBwC Cumberland [-95 County Line 102.5
6/23/2011 uBwWC Harnett [-95 County Line 101.2
7/22/2011 OGFC Wilson usS 264 102

2L Constructed in 2005.
22 Constructed in 2010.
2 Constructed in 2005.
24 Constructed in 2008.
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9.5 Site Information and OBSI Data



Site1: NC 118

Test Date: 6/23/2010

Location: Pitt Co.

Construction Year: 2009

Approx Latitude (N) / Longitude (W): 35.371371 f 77.443948
Nominal Surface: S9.5C

Test method: OBSI

Road Surface Data
Site Run 1 Run 2 Run 3 Run 4 Average
NC 118EB 100.4 100.1 100.3
NC 118WB 100.1 99.8 100.2 100.1
Overall Average 100.2
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Site2: NC 11

Test Date:6/23/2010

Location: Pitt Co.

Construction Year: 2008

Approx Latitude (N) / Longitude (W): 35.503339 / 77.421473
Nominal Surface:S9.5C

Test method: OBSI

Road Surface Data
Site Run 1 Run 2 Run 3 Run 4 Average
NC 11 NB 98.7 98.8 98.8
NC11 3B 98.1 98.9 98.6 98.5
Overall Average 98.6
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Site 3: NC 58

Test Date:6/24/2010

Location: Lenoir Co

Construction Year: 2009

Approx Latitude (N) / Longitude (W): 35.341262 f 77.588285
Nominal Surface:S9.5B

Test method: OBSI

Road Surface Data
Site Run 1 Run 2 Run 3 Run 4 Average
NC 58 B 98.7 98.9 98.8
NC 58 NB 98.5 99.0 98.8
Overall Average 98.8
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Site4: US1

Test Date:6/29/2010

Location: Wake Co.

Construction Year: 2008

Approx. Latitude (N) / Longitude (W): 35.755498 / 78.758683
Nominal Surface: Concrete

Test method: OBSI

Road Surface Data
Site Run 1 Run 2 Run 3 Run 4 Average
US1SB 100.8 100.9 100.8
Overall Average 100.8
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Site5: US40

Test Date:6/29/2010

Location: Sampson Co.

Construction Year: 2008

Approx. Latitude (N) / Longitude (W): 35.206426 / 78.310339
Nominal Surface: OGFC

Test method: OBSI

Road Surface Data
Site Run 1 Run 2 Run 3 Run 4 Average
us40 102.8 103.0 102.9
Overall Average 102.9

6.,
7

=
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Site 6: NC 43

Test Date:7/1/2010

Location: Nash Co.

Construction Year: 05/20/08

Approx. Latitude (N) / Longitude (W): 36.022238 / 77.880633
Nominal Surface: S9.5B

Test method: OBSI

Road Surface Data
Site Run 1 Run 2 Run 3 Run 4 Average
NC 43NB 98.4 98.4 98.4
NC 43SB 97.9 98.0 98.0
Overall Average 98.2
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Site 7: NC 94

Test Date:7/29/2010

Location: Tyrrell Co.

Construction Year: 2009

Approx. Latitude (N) / Longitude (W): 35.786627 /76.188869
Nominal Surface: S9.5B

Test method: OBSI

Road Surface Data
Site Run 1 Run 2 Run 3 Run 4 Average
NC 94 SB 97.3 97.7 97.5
NC 94 NB 97.9 97.9
Overall Average 97.7
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Site 8: 1-73

Test Date:10/15/2010

Location: Guilford Co.

Construction Year: Not Verified

Approx. Latitude (N) / Longitude (W): 36.022412 } 79.877951
Nominal Surface: Concrete

Test method: OBSI

Road Surface Data
Site Run 1 Run 2 Run 3 Average No Outliers

-73NB-1 100.6 100.9 100.8 100.8 100.8
-73NB-2 99.9 102.7 102.2 101.6 102.4
I-73NB-3 102.9 105.5 102.5 103.6 102.7
I-73NB-4 102.9 103.0 102.8 102.9 102.9
1-73SB-1 104.7 104.8 104.5 104.7 104.7
|1-73 SB-2 104.2 104.2 104.2 104.2 104.2
I-73 SB-3 105.5 106.2 105.4 105.7 105.7
|1-73 SB-4 104.1 103.9 106.3 104.8 104.0

Overall Average 103.4
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Site 9: 1-85

Test Date:10/15/2010

Location: Guilford Co.

Construction Year: Not Verified

Approx. Latitude (N) / Longitude (W): 35.998771 } 79.774997
Nominal Surface: Concrete

Test method: OBSI

Road Surface Data
Site Run 1 Run 2 Run 3 Run 4 Average
1-851 104.4 104.8 104.6
1-852 105.3 105.4 1054
1-853 104.5 105.0 104.7
Overall Average 104.9
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Site 10: 1-95

Test Date:7/29/2010

Location: Wilson Co.

Construction Year: Not Verified

Approx Latitude (N) / Longitude (W): 35.6348024/78.10632
Nominal Surface: OGFC

Test method: OBSI

Road Surface Data
Site Run 1 Run 2 Run 3 Run 4 Average
1-95-1 102.3 102.0 100.7 101.7
1-95-2 102.2 102.5 101.1 101.9
1-95-3 101.9 101.8 101.1 101.6
1-95-4 102.1 101.3 102.5 102.0
Overall Average 101.8
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Site11: SR 1523

Test Date:2/9/11

Location: Edgecombe Co.

Construction Year: 2008

Approx. Latitude (N) / Longitude (W): 35.705018 / 77.680643
Nominal Surface: SF9.5A

Test method: OBSI

Road Surface Data
Site Run 1 Run 2 Run 3 Run 4 Average
SR1523SB 98.3 98.5 98.8 98.5
SR 1523NB 98.4 98.6 98.2 98.4
Overall Average 98.5
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Site12: SR1105

Test Date:2/9/2011

Location: Edgecombe Co.

Construction Year: 2008

Approx. Latitude (N) / Longitude (W): 35.877124 } 77.500269
Nominal Surface: SF9.5A

Test method: OBSI

Road SurfaceData
Site Run 1 Run 2 Run 3 Run 4 Average
SR1105EB 98.8 98.6 98.9 98.7 98.8
SR1105WB 98.6 98.3 98.5 98.4
Overall Average 98.6
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Site13: 1-40

Test Date:2/11/11

Location: Sampson Co.

Construction Year: 2008

Approx. Latitude (N) / Longitude (W): 35.264578 - 78.387415
Nominal Surface: OGFC

Test method: OBSI

Road Surface Data
Site Run 1 Run 2 Run 3 Run 4 Average
I-40EB 102.4 102.9 102.5 102.6
1-40WB 101.9 101.9 102.2 102.0
Overall Average 102.3
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Site14: SR 1182

Test Date:2/11/2010

Location: Johnston Co.

Construction Year: 2009

Approx Latitude (N) / Longitude (W): 35.44493- 78.410702
Nominal Surface: S9.5B

Test method: OBSI

Road Surface Data
Site Run 1 Run 2 Run 3 Run 4 Average
SR1182 BB 100.2 100.5 100.6 100.4
SR 1182 WB 100.6 100.5 100.4 100.5
Overall Average 100.5
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Site15: SR 1162

Test Date:2/11/11

Location: Johnston Co.

Construction Year: 2008

Approx. Latitude (N)/ Longitude (W): 35.431119 / 78.426399
Nominal Surface: S9.5A

Test method: OBSI

Road Surface Data
Site Run 1 Run 2 Run 3 Run 4 Average
SR1162SB 99.0 99.4 99.0 99.1
SR1162NB 99.3 99.2 99.2 99.2
Overall Average 99.2
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Site16: SR 1525

Test Date:2/11/11

Location: Johnston Co.

Construction Year: 2008

Approx. Latitude (N) / Longitude (W): 35.57292 £ 78.562721
Nominal Surface: S9.5A

Test method: OBSI

Road Surface Data
Site Run 1 Run 2 Run 3 Run 4 Average
SR 1525WB 98.5 98.4 98.4 98.4
SR 1525EB 98.8 98.7 98.7 98.8
Overall Average 98.6
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Site17: SR 1168

Test Date:2/11/11

Location: Johnston Co.

Construction Year: 2008

Approx. Latitude (N) / Longitude (W): 35.401487 } 78.52532
Nominal Surface: S9.5A

Test method: OBSI

Road Surface Data

Site Run 1 Run 2 Run 3 Run 4 Average
SR 1168EB 99.95893 99.67432 100.1265 99.9
SR1168WB 99.32774 99.44125 99.61015 99.5
Overall Average 99.7

165








































































































































