Tyre - Road Noise, Surface Characteristics

and Material Properties

Mingliang L1






Tyre - Road Noise, Surface Characteristics

and Material Properties

Proefschrift

ter verkrijging van de graad van doctor
aan de Technische Universiteit Delft,
op gezag van de Rector Magnificus prof. ir. K.C.A.M. Luyben,
voorzitter van het College voor Promoties,
in het openbaar te verdedigen
op dinsdag 17 september 2013 om 10:00 uur

door
Mingliang LI

Master of Science in Municipal Engineering,
Dalian University of Technology, China
geboren te Fuxin, Liaoning Province, China



Dit proefschrift is goedgekeurd door de promotor:
Prof. dr. ir. A.A.A. Molenaar

Copromotor:
Ir. M.F.C. van de Ven

Samenstelling promotiecommissie:

Rector Magnificus, voorzitter

Prof. dr. ir. A.A.A. Molenaatr, Technische UniveesitDelft, promotor
Ir. M.F.C. van de Ven, Technische Universiteit fQelopromotor
Prof. H. Ceylan, MSc, PhD lowa State UniversitpAJ

Prof. dr. ir. A. de Boer, Universiteit Twente

Prof. dr. A. Scarpas Technische Universiteit Delf

Dr. ir. R. Hofman, Rijkswaterstaat

Ir. G. Gaarkeuken, DIBEC Materiaalkunde

Prof. dr. ir. S.M.J.G. Erkens, Technische UniveisiDelft, reservelid

ISBN 978-94-6186-206-8

Key Words: Tyre - Road Noise; Thin Layer Surfaciggirface Texture; Sound
Absorption; Mechanical Impedance; Modeling

Printing: Wohrman Print Service, Zutphen (the Nddrals)

©2013 by Mingliang Li

All rights reserved. No part of this publication ynae reproduced, stored in a
retrieval system or transmitted in any form or hy means, electronic, mechanical,
photocopying, recording, or otherwise without therpermission of the proprietor.



To my parents






Acknowledgements

After a long journey, someone needs to be recadled something to be
remembered. This is a right moment to preserveahallmemories and to say
“thank you” to all those who accompanied me in ldst five years. We walked,
we met, and we made the history.

My PhD work was sponsored by China Scholarship Coy€SC) and Delft

University of Technology (TU Delft). It was also rgg sponsored by VAN

KEULEN advies. The research was carried out in $eetion of Road and
Railway Engineering in the Faculty of Civil Engimigwy and Geosciences in TU
Delft. The support from all these institutes isaglg acknowledged.

Deepest gratitude to my promotor, Prof. André Makam He provided the
chance which brought me from DUT (Dalian UniversfyTechnology) to TUD
to start my search for the PhD. He not only gavetimeguidance and conduct
throughout my research, but | also profited grefxtiyn his life philosophy, work
behavior and wisdom of being a boss. He is a veyortant supervisor in my
life. At the same time, | am grateful to my coprdoroAssociate Prof. Martin
van de Ven, who is a very nice man and always kletpe when | asked for help.
His professional knowledge and experience in roagineering helped me to
accomplish this research and to solve problems smympractical cases.
Discussions with him were valuable and rewardingeeences.

Sincere thanks go to my daily supervisor Dr. Winm \&eulen, owner of VAN
KEULEN advies. He is the one who lead me into tlelevof “noise”, which
was totally strange for me five years ago. Thardstlie remarkable ideas and
suggestions on my research work, the opportunitigsin practical tests carried
out in the field and the lab, supporting me inradiag international conferences
and introducing me to experts in this field.

My sincere appreciation also goes to Prof. Halilyl@e from lowa State

University. It was really a busy but fruitful tinier me when he was at TU Delft
as a visiting scholar. | am grateful for his guidaron data analysis and the
frequent discussions which happened nearly evesy @ae whole research
speeded up with this American rhythm.

Special thanks for people and institutes that phedi contributions and
assistance to my research work. The thesis coutdhawe been completed
without their involvement and support. My gratitugees to Bert Gaarkeuken
and Ballast Nedam b.v. for producing and providing slab samples which are
the most important materials used in the resed?eler The, from DVS, with
whom | cooperated so many times. | thank him ferhelp for the measurements
on the Kloosterzande trial sections and for takimgyto lots of practical projects.
Thanks are also for Dr. Rob Hofman and Andre Kfeisn DVS for providing



measurement data from Dutch highways which fatédamy modeling work. |

appreciate the help from Fred van Dishoeck and Bidgeol Windesheim for
lending the device to test flow resistance and om&ag the sound absorption
with their impedance tube. | also would like to rtkamy friend Mingzhong

Zhang from the Microlab in TU Delft, who put effoih the analysis of CT
scanning results. Appreciations also go to my mastgervisor Prof. Yang
Zhong from DUT, and my former boss Dr. Wing-Gun Wdnom Hong Kong

Road Research Laboratory. Thanks for the kind aatdeencouragement.

| am grateful to all my colleagues in the grougRafad and Railway Engineering
who worked and are still working with me. Many tkanfor Associate Prof.
Lambert Houben, Prof. Tom Scarpas, Prof. SandrarskProf. Rolf Dollevoet,
Associate Prof. Zili Li, Ad Pronk, Dr. Rien Huurmand Dr. Xueyan Liu for the
support and encouragement in my research work. egpions to Jacqueline,
Sonja and Abdol, for the careful arrangements aglg n daily affairs. Great
thanks to Jan, Marco, Jan-Willem, Dirk and Wim Vaal for the technical
support to my laboratory work. My officemates, Midin, Yue and Pungky, |
had so much wonderful time when sitting in the sasffece with them. My
thanks to all the PhD students who worked togeWigén me during all these
years, Liantong, Gang, Jian, Dongxing, Alem, Xinsc@r, Marija, Ning,
Diederik, Sadegh, Mohamad, Jingang, Maider, Nicondya, Yuan, Mauricio,
Shaoguang, Xiangyun, Pengpeng, Chang, Lizuo, Hawyl all the new PhD
students in Railway Engineering. | am lucky forrigeia member of such a big
family. Kai Chang, the master student, thanks F& &sphalt mixture stiffness
tests in a hot summer. Of course, how can | fotigetlovely Italian guys and
girls who have visited here? Claudio, Luca, Chi&@arena, Stefania, Lorenzo
and Elisa, Grazie! in bocca al lupo!

Thanks to all my friends, who were around me, tisafok all the beautiful and
fantastic time we have spent together: Xu and Xgh&tun and Xuefei, Lin Liu

and Huisu Chen, Zhan Zhang, Chen Zhou, Hua ZhongaiY Yao, Junchao Shi,
Wenchao and Sizhu, Lu Wang, Tao Qian, Jiao Yuangtiig Jiang, Yaya,
Xiaoshi, Harmony my sister and Xin Wang etc. Thaeksryone! You make me
happy, you make me strong, and you make me wirattbday.

Many thanks for the understanding and supportlahglirelatives and friends in
China and other countries.

Last but not least, thanks to my parents, for thentinuous support and endless

love.

Mingliang Li 2585

August 2013, Delft



Summary

Noise levels due to road traffic have reached amaddle high levels in and
around many urban areas all around the world. Becad health reasons and
reasons of well- being these noise levels haveeteeduced. The noise produced
from the interaction between the rolling tyre andd surface is one of the most
important contributions in the overall traffic neisTherefore solutions for noise
level reduction have to be found in that interfagenoise reducing pavement is
considered as an effective way to reduce the tywad noise from the source
where it generates. Towards further understandmbimprovement of the noise
reduction ability of pavements, research was aadradat in this PhD thesis to
determine the relationship between the road matguraperties, surface
characteristics and the noise levels, and to dpwalodels which can be used for
guiding the design of noise reducing pavements.

As one of existing road surfaces, the thin layefaging eliminates the tyre -
road noise by combining a small surface texture ardgh porosity. In recent
years, it became popular for using it on urban pmodincial road sections in the
Netherlands and some other European countriesaBlagl porous asphalt with
thin layer surfacings on highways is also considene option in the Netherlands.
As there are limited investigations on the relati@mtween tyre - road noise and
the influencing parameters for this type of surfaitee research in this thesis
focuses on thin layer surfacings.

The study starts with a review of existing reseascbn tyre - road noise. It
provides basic knowledge about tyre - road noigktha influencing parameters
related to the road surface. The related measutemmethods and models
developed were summarized. Comments were madeesg #xisting studies and
the shortcomings were pointed out. A research plas then proposed based on
the comments of the current researches and ainangrfproving the existing
knowledge of tyre - road noise on thin layer surfgs.

Measurements were carried out for investigating thi&uence of mixture
compositions on surface characteristics. Both latooy and in-situ
measurements were involved. In the laboratory tésits layer surfacing samples
with different mixture compositions were designeul goroduced; core samples
were also used which were drilled from trial roatt®ns in the Netherlands.
The surface characteristics studied included: saertaxture, sound absorption,
mechanical impedance and stiffness.

Methods for testing the surface characteristics mmdure compositions were
discussed. Experimental work was also undertakexdweloping new methods
in testing the surface characteristics. A contrdouf this thesis to tyre - road
noise related measurement is the application oéw type of technology for



measuring the sound absorption of a road surfacebhsed on testing the sound
pressure and sound particle velocity close to démepde surface. According to the
analysis of the test results, this measurement adepinoved to provide reliable
results of sound absorption for road surface sasnptarthermore, suggestions
were given for the application of the method ind@agineering measurements.

Surface characteristics and mixture compositionshof layer surfacings were
then measured. The influence of the material pteggeon surface characteristics,
including texture, sound absorption, mechanicalddgnce and stiffness, were
observed based by comparing test results obtainethaterials with different
mixture compositions. Moreover, in the study, tlegmrke of connectivity of air
voids in the road surface sample was determinedelétionship between the
mechanical impedance and stiffness of road surfaaterial was also developed.
Comments were given for noise reduction by takimtg account the mechanical
impedance of road surfaces.

The investigation of the effect of surface chanasties on tyre - road noise was
performed by means of statistical analyses. Daga us the analysis were from
thin layer surfacing sections in the Netherlandee Ttwo important surface
characteristics, surface texture and sound absorptiere taken in to account.
Correlation analysis and linear regression analysise adopted for observing
the relationship between the surface charactesisind noise levels. The
individual effect of a certain surface characteristan be reflected by the
regression equations. Furthermore, the influencariefng speed of the vehicle,
the tyre types and small changes of surface clarsiits were also discussed.

In the end, a model which predicts the tyre - roatke levels for thin layer

surfacings was developed. The model was built bgnmeef regression analysis
by using the data from the laboratory measuremants an existing database.
With the model, noise levels can be predicted usingmall number of input

parameters of material properties or surface chenatcs. The model was

validated by using data from in service thin lay@ad surfaces. The model can
be used for predicting noise levels and helps tprawe the design of noise
reducing surfaces.



Samenvatting

Geluidniveaus veroorzaakt door wegverkeer hebbemamraardbare hoogtes
bereikt in en rond veel stedelijke gebieden ovemdi wereld. Omwille van
gezondheids- en welzijnsredenen moeten deze geleas worden
gereduceerd. Het geluid veroorzaakt door de intier&wssen band en wegdek is
een van de belangrijkste bijdragen aan verkeerslegraboven een snelheid van
ca 50 km/h zelfs de dominante bijdrage. Daarom emoeaiplossingen voor
beperking van het geluid door de interactie tussand en wegdek worden
gezocht. Geluidsreducerende verhardingen wordethbasvd als een effectieve
manier om het lawaai veroorzaakt door de band - weayactie bij de bron te
reduceren. Voor het verbeteren van het geluidsexdnd vermogen van
verhardingen, is het belangrijk om de relatie tnssateriaaleigenschappen van
de deklagen, opperviaktekenmerken en het geluidanive bepalen en modellen
te ontwikkelen die als standaard kunnen wordenuglebvoor het ontwerp van
geluidsreducerende wegdekken.

Als een van de bestaande wegdekken, reduceertroee dieklaag het geluid ten
gevolge van de band - weg interactie door een coaiei van een geringe
oppervlaktextuur en een relatief hoge porositee [Batste 10 jaren is het
gebruik van deze dunne deklagen op stedelijke ewvinmiale wegvakken sterk
toegenomen. Het vervangen van ZOAB door dit soanneé deklagen wordt ook
als optie overwogen in Nederland. Omdat er noghséebeperkt onderzoek is
gedaan naar de relatie tussen het geluid verodrdaak de band - weg interactie
en de eigenschappen van dit type deklaag, richbmetrzoek in dit proefschrift
zich op deze dunne deklagen.

Begonnen is met een overzicht van onderzoek datsreverricht is naar de
geluidproductie ten gevolge van band - wegdek aatez. Dit deel geeft
basiskennis over geluid veroorzaakt door de bamgegdek interactie en de
wegdek parameters die van invioed zijn op dit igelDe bijbehorende
meetmethoden en ontwikkelde modellen zijn samengelaze bestaande
studies zijn becommentarieerd en enkele tekortkgemnzijn geduid. Op basis
hiervan is een onderzoeksplan geformuleerd datdatd heeft de bestaande
kennis over het geluid veroorzaakt door de bandgdek interactie op dunne
deklagen te vergroten.

Metingen zijn uitgevoerd voor het onderzoeken vam idvioed van de
samenstelling van het mengsel op de opperviak-sd@ppen. Zowel
laboratorium als veldmetingen zijn verricht. In @doratorium experimenten,
zijn dunne deklaag monsters met verschillende nesgenstellingen
ontworpen en geproduceerd; kernen die werden gdboiproefvakken van
Rijkswaterstaat in Kloosterzande in Nederland apk gebruikt. De bestudeerde



deklaag-eigenschappen zijn: oppervlaktextuur, dshhbsorptie, mechanische
impedantie en stijfheid.

Meetmethoden voor het bepalen van de opperviakeshappen en de
mengselsamenstellingen worden besproken. Expergeemierk is uitgevoerd
voor het ontwikkelen van nieuwe methoden voor hefpden van de
opperviakeigenschappen. Een relatief nieuwe tekhwomr het meten van de
geluidsabsorptie van een wegdek is hierbij gebribleze methode is gebaseerd
op het meten van de geluidsdruk en de snelheid heangeluid dichtbij het
monsteropperviak. Uit een analyse van de testedsult bleek dat deze
meetmethode betrouwbare resultaten oplevert mdpeiuidsabsorptie van
wegdekken en wegdekmonsters. Op basis van de analy®kaangegeven hoe
de methode kan worden toegepast voor metingen wegenbouw.

Metingen aan de opperviakeigenschappen en mengsaistellingen van dunne
deklagen zijn vervolgens verricht. De invloed vanndateriaaleigenschappen op
oppervlakkenmerken, zoals textuur, geluidsabsogstimechanische impedantie ,
Is vervolgens bepaald door de testresultaten vatemalen met verschillende
mengselsamenstellingen met elkaar te vergelijkér@véns is in het onderzoek
de mate van connectiviteit van holle ruimten in wlegdekmonsters bepaald,
omdat dit een belangrijke parameter is voor heklaeen van de resultaten. Ook
is een relatie tussen de mechanische impedantieeerstijfheid van een
wegdekmateriaal ontwikkeld. Aangetoond wordt datcihamische impedantie
alleen een rol gaat spelen als de stijfheid vaded#aag (zeer) gering is.

Het onderzoek naar het effect van opperviakte-sigjgappen op het geluid
veroorzaakt door de band - weg interactie is uibgest met behulp van
statistische analyses. Gegevens afkomstig uit getinaan dunne deklagen
toegepast op een aantal wegen in Nederland zijrutdgbbij de analyse.

Correlatieanalyse en lineaire regressieanalysegeipmuikt voor het bepalen van
de relatie tussen de oppervlakeigenschappen en aleidgniveaus. Het

individuele effect van een bepaalde opperviakeigems is met

regressievergelijkingen beschreven. Ook de invieaa de rijsnelheid van het
voertuig, de bandtypes en kleine veranderingen eopperviakkenmerken is
geanalyseerd.

Tot slot is een model ontwikkeld dat de geluidsaivs veroorzaakt door de band
- wegdek interactie op dunne deklagen voorspelt.rimlel is opgebouwd door
middel van regressieanalyse uitgevoerd op gegevemrskregen Uit
laboratoriummetingen en die welke beschikbaar wareen bestaande database.
Met het model kunnen geluidsniveaus worden voodspedt behulp van een
klein aantal parameters die betrekking hebben ofenmaleigenschappen en
oppervlakeigenschappen. Het model is gevalideetdgegevens van momenteel
gebruikte dunne deklagen. Het model kan wordenugiebvoor het voorspellen
van geluidsniveaus en als ontwerp hulpbij het veres van geluidreducerende
oppervlakken.

Vi
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CHAPTER 1 INTRODUCTION

1.1 Background

Noise is defined as sound that is undesired or atedaby the recipientRoad
traffic is a predominant source of noise in modsonieties. In European Union
countries, it is estimated that around 50% of thputation is regularly exposed
to over 55 dB of road traffic noise, a level potaihy dangerous to health [1]. In
cities of developing countries, the noise pollutcaused by traffic on the densely
travelled roads is more severe and the equivalemd pressure levels for 24
hours can reach 75-80 dB [2].

The World Health Organization (WHO) pointed outttlemvironmental noise,
including traffic noise, has direct as well as clative adverse effects on the
health and/or well-being of exposed people on tlewing aspects [1, 2]:

e annoyance;

* sleep disturbance;

* interference with communication and intellectpaiformance;

» cardiovascular disease;

« adverse effects on mental health.

In addition, noise also affects socio-cultural, thesc and economic aspects.
Traffic noise therefore causes increasing compamm large groups of people
who are affected. Significant progress has beeneniadEurope since 1970 in
terms of measurement and evaluation of trafficenas well as legislation.

Road traffic noise is generated from three majorges: propulsion (power train)
noise, aerodynamic noise and tyre - road interactioise. Previous studies
showed that noise generated from the interactitwdsn tyre and road surface is
the dominant source at speeds above 30 to 50 K3l/iRgduction of the noise
level produced at the tyre - pavement surface fexteris thus considered as an
effective way to eliminate the overall traffic neisThe term tyre - road noise
implies the noise generated from the interactiotwben a rolling tyre and the
road surface [4]. Tyre - road surface noise andce@ajly the effects of the
condition of the pavement surface on noise isapectof this thesis.
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1.2 Existing Studies

1.2.1 Influencing parameters

Tyre - road noise can be studied from either tine ¢y road surface point of view.
In this thesis, the research mainly focuses on so@fhice properties. It is known
that the generation of tyre - road noise is aneemély complicated process
which is related to various mechanisms and inflirmpparameters. Much work

has been undertaken to understand the generatiyneof road noise and related
influencing parameters [5, 6]. Figure 1-1 givesoarrview of these parameters
and their relationships with noise. It can be sdbat the road surface

characteristics, vehicle properties and environalgattors act cooperatively on

the tyre - road noise production through differer@chanisms. The three main
surface characteristics, namely the texture, soalmsbrption and mechanical
impedance, are determined by basic material pregeguch as, stone gradation,
binder content and air voids, etc. The existingeaesh and developments are
mainly on topics like measurement methods, noiskigieg pavements and

prediction models. Measurement methods, noise negusurfaces and models
are introduced in brief in the sub-sections heteraDetails can be found in the
literature review given in Chapter 2.

Environmental factors:
Temperature

Surface layer
parameters: Humidit
L umidity

1. Air void Wind

Sound absotption
2. Grading \ *
Size Texture
Distribution
Mechanical impedance— | | Noise generation |f‘> Tyre - Road

mechanisms Noise
Water on the surface —— o

Surface colour / T
[/ehicle properties: }

Road surface
characteristics:

3. Binder content

4. Thickness

Age Tyre type
Speed of vehicle
Vehicle type

Figure 1-1 Major influencing factorson tyre - road noise

1.2.2 Measurement methods

In studying tyre - road noise, generally noise mearments and measurements of
the relevant surface characteristics are includémise measurements can be
performed at near field positions as well as faldfipositions. The close
proximity (CPX) test is a typical method for measgrthe near field noise. The
measurements are carried out with microphones wdmelplaced close to the test
tyres on a special testing vehicle. The method lbanseen as a procedure
specifically designed to detect the influence @f tbad surface characteristics on
noise generation. The Statistical Pass-By meth&B)SCoast-By method (CB)
and Controlled Pass-By method (CPB) are all useddsting noise at the far
field. In general, the noise is measured by micom@s standing on the road side,
and noise generated at and propagating over tldestgdace can be detected.
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The three important surface characteristics to leasured for studying tyre -
road noise are: surface texture, sound absorptiwh rmechanical impedance.
Standard methods have been developed for testiegrdad surface texture.
According to ISO 13473, the texture of a road utefss generally measured by
scanning the road surface with a laser sensorernmst of sound absorption,
measurements can be performed in situ with theriehete Surface Method (ESM)
or in the laboratory with the impedance tube. Hosvethe sound absorption at
high frequencies cannot be measured with the impedtube as it is limited by
the diameter of the tube. With regards mechaniogbedance, there is no
standard method for measuring this property. Meaments based on the
impedance hammer were referred to in some studidsaa impedance shaker
was developed by the company M+P in the Netherlands

1.2.3 Noisereducing surfaces

Development and application of noise reducing pamscan be regarded as the
most direct way to attenuate the tyre - road néigm the source. It is a cost-
effective measure when compare to other techndogieailable to road
authorities to reduce traffic noise [7, 8]. Curigntthe most effective and
commonly used low noise road surfaces in Europepareus asphalt and thin
layer surfaces [9].

Porous asphalt is a wearing course with high aidssgontent (usually > 20%)
[10]. Sound energy at the source as well as inptte of propagation can be
partly absorbed due to the porosity. One of théleros for using porous asphalt
Is the clogging of the pores in time by dirt andtwvhich results in a decrease
of the acoustical performance during the serviige[li1]. In order to counter the
clogging effect, two-layer porous asphalt (TLPA)smdeveloped. The TLPA
consists of a bottom layer of porous asphalt witharse grading (typically 0/14,
0/16, 11/16) and a thin top layer of fine gradedyragate (typically 4/8, but
sometimes 2/4 or 2/6). The initial noise reductisrexcellent: 4-6 dB (A) for
passenger cars at 50 km/h. It is one of the quietesd surfaces which are
actually in use [12].

Thin layer noise reducing surfacings are commosigduin the Netherlands and
some other European countries at present. Thisd/gerfacing generally has a
typical thickness of 25 mm. The tyre - road noisemainly reduced by two
properties:

1) Small maximum size aggregates are used to iserd®e smoothness of the
road surface and to reduce the noise generategdyibration.

2) The open surface structure absorbs sound wakestldoes with porous
asphalt [6].

Thin noise reducing surfacings are commonly usedrouincial and urban roads.
It is also used as the top layer of TLPA.
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So-called third generation silent pavements sucRas-Elastic Road Surfaces
(PERS) [13] and Roll Pave [14] are also under itigaion. These surfaces
provide both a very fine texture and high air vofds noise reduction. The
rubber is used for decreasing the mechanical impsdaf the surface, which is
also considered as a way to reduce the vibratiorergéed noise. However, the
durability and the mechanical properties of thigetyof surface still need to be
improved.

1.2.4 Tyre-road noise prediction models

There is an increasing need for prediction modétéchv provide information

about noise generation before the road is consucduch models play an
important role in predicting tyre - road noise, iopzing the pavement design
and improving the materials and building technol{ith).

Tyre - road noise models can be classified intedloategories: statistical models,
physical models and hybrid models. The statistinabtlels usually characterize
the relationship between noise level and the imitirey parameters by regression
equations. For example, the models developed regplgcby Sandberg and
Klein evaluate the tyre - road noise level from theface texture levels and
sound absorption coefficient of porous asphaltlfg, Physical models focus on
specific noise production mechanisms. In curreridiss, the vibration
mechanism is widely simulated by mechanical modelfnite element models
(FEM). A great deal of work has been done andiisgging on at Chalmers
University for developing such a physical model ][1The hybrid models
combine both the statistical and physical elemantghe framework. The
structure is complicated but it gives an overathidation on the emission and
propagation of tyre - road noise. Two typical exéampf hybrid models are the
so-called Acoustic Optimization Tool (AOT) [18] atlie Tyre Road Interaction
Acoustic Simulation (TRIAS) model [19].

The road parameters in existing models are nornahved parameters such as
a texture spectrum but they are not linked diretdlyhe construction materials
[20]. For road engineers, a model linking the ndeseel to the composition of
the road surface mixture is essential for being dbldesign and constructing
noise reducing surfacings. Such models would atmwetermine the changes in
noise caused by the variation of the material pitogee In this way, the model
helps to guide and optimize the design of roadas@s. In addition, the physical
and hybrid models generally require a large numbérinput variables.
Furthermore, some models are very much based amytivehich implies that
simplification of reality had to be made. This mskkese models less practical
for reflecting the generated noise. It is necestadevelop a model which has a
simple structure and needs a small number of inpotd makes accurate
predictions.
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1.3 Research Objectives and Methods

1.3.1 Research objectives

In this thesis, the research especially focusesham layer surfacing. From
current studies, it is known that thin layer sunfigs are designed to reduce the
tyre - road noise by both texture and sound absorpThis type of surface got
very popular in the last decades in the Netherlaadd the potential replacement
of porous asphalt with thin layer surfacings ondbubighways has already been
proposed [14]. Porous asphalt has already beeremsgtitally studied and
different models (statistical or physical modeldvéa been developed for
evaluating the noise generation of this type offemu#. In contrast, for thin
surfacings, there is still a lack of information e relation between tyre - road
noise and surface properties. As the mixture cortipnsand surface layer
characteristics are different from those of dens# @orous layers, the acoustical
performance of a thin surfacing is also differe8pecial investigations and
improvements of the existing models are helpfulddretter understanding of the
properties of thin layer surfacings in reducingetyroad noise and for improving
the acoustical design.

The main objectives of this thesis are:

« Develop and improve laboratory measurement methods surface
characteristics which are related to tyre - roadeno

» Investigate the influence of material propertiestlo® surface characteristics
which are related to tyre - road noise of thin fag@rfacings.

* Investigate the influence of surface charactessit tyre - road noise for thin
layer surfacings.

* Develop a practical model which is suitable fordicéng the tyre - road
noise of thin layer surfacings and which can bdiaggor road engineers.

The three surface characteristics which are maitigtied in this thesis are:

« Surface texture;
* Sound absorption;
» Mechanical impedance and stiffness.

1.3.2 Research methods

The research can be divided into three parts béinigboratory measurement; 2)
statistical analysis; 3) model development.

1) Laboratory measurement
Laboratory measurements are performed to deterthenenaterial properties and
surface characteristics. Thin layer surfacing sasygroduced in the lab and
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extracted from the road sections are included entést program. Features to be
measured include the mixture composition, surfapéute, sound absorption,
mechanical impedance and stiffness. Besides theatd methods for testing the
surface texture and the stiffness, CT scanningmpl@yed to determine the
mixture composition of the samples. Measuremen&oahd absorption by using
the surface impedance technology are performed.nmiéehanical impedance is
measured by an impedance hammer device. Thesellaneva methods for
testing the noise related parameters of a roaderf

The influence of the material properties on thefasue characteristics is
determined using measurement results on mixtureposition, texture and
absorption. Besides, a statistical relationshipvbet the mechanical impedance
and stiffness is also developed. This informatiamoise elimination by means
of mechanical impedance is important for road eegys involved in mixture
design.

2) Statistical analysis

Statistical analyses are performed for investigatthe influence of surface
characteristics on tyre - road noise. In the studgta are obtained from a
database which contains the measurement results fimeal sections in
Kloosterzande in the Netherlands. As general olasiens on these test results
have been given in a previous study [21], this ithesill concentrate on
exploring the influence of specific indicators afrface characteristics on tyre -
road noise. It can be seen as refined or complemenvork to the former
research. In this thesis, the correlations betvgegface characteristics and tyre -
road noise are evaluated. Linear regression equ&tielating noise levels with
texture and sound absorption are developed. Pahapmponent regression
(PCR) and partial least square regression (PLS)used to eliminate the
multicollinearity between surface characteristicgmaeters. Influence of texture
with different wavelengths and sound absorptiomagious frequencies on noise
levels can be investigated specifically from timedr relationships. The influence
of driving speed and truck tyres are also analybgdmeans of regression
analysis.

3) Model development

Model development can also be considered as ststatianalysis. However, in
this part, the study aims for building a tool which applicable for noise
prediction in the road design stage. This requinas material properties, such as
gradation etc, are used as inputs for the modsaAll number of input variables
is also preferred. The models are developed by sefregression analyses with
data from both the laboratory measurements andfidld database. Final
selection of the model is based on the predictiowgr of the model and by
validation using data from practical road surfaces.
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1.4 Outline

The thesis consists of 8 chapters in total. Thérmubf the thesis is illustrated in
Figure 1-2. The chapters are organized as follows:

Chapter 1 serves as a general introduction. Thkgoaond, important topics in
the field of tyre - road noise study, the objectivend the outline of the PhD
research are presented.

Chapter 2 gives a detailed overview on the exissituglies on tyre - road noise.
Basic knowledge of tyre - road noise, road surfabaracteristics and other
properties is provided.

Chapter 3 proposes the research plan of the Phily.s@omments are firstly
given on the existing studies from the literatugegiew. A research plan is then
presented which shows the organization of the wredearch work in this thesis.

Chapter 4 shows the materials and test methods wsd¢lde measurements.
Properties to be measured include mixture compostisurface texture, sound
absorption, mechanical impedance and stiffnesshef thin layer surfacing
samples. In this chapter, a new method of testound absorption of asphalt
samples by means of surface impedance devicess® ialvestigated and
developed.

Chapter 5 investigates the influence of mixture positions on the surface
characteristics for thin layer surfacings basedr@asurement results. The test
results are shown, and comparisons are made betsigéaces with different
material properties. Regression analyses are usetrklate the texture and
maximum absorption with different material propesti An acoustical model is
used to simulate the sound absorption of thin latefacings. A relationship
between mechanical impedance and stiffness is cigsé!

Chapter 6 studies the influence of the surfaceadtearistics on tyre - road noise
by means of statistical analyses using data celiefrom the trial sections. The
combined effect of the surface texture and soursbrbion on noise levels are
investigated by using principal component regresgidCR) and partial least
square regression (PLS). The influence of drivipgesl and truck tyre are also
discussed.

Chapter 7 describes the development of a stafisticalel which is specially
used for predicting tyre - road noise level of thayer surfacings. Different
regression methods, model type and input combinatare taken into account.
The selection of the model is based on the fit ith measured data used in
developing the model and is based on validatiothefmodel with measurement
data from in service road sections. Two models farally proposed which
evaluate the tyre - road noise level from the s@faharacteristics and from
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material properties respectively. Only a small nembf input variables are
required for using these models.

Chapter 8 presents the conclusions from the trasilsgives recommendations
for future work.

Introduction Chapter 1 Chapter 2
and overview Introduction Literature review
Research IC{hapte;; 3 |
plan esearch plan

Measurements
L Chapter 4
Investlgatl_ons on Materials and
m_aterlal measurement methods
properties, surface
characteristics and Statistical analysis
tyre - road noise of :
thin layer surfacing Chapter 5 Chapter 6
Measurements and Influence of surface
investigations characteristics
Chapter 7
Model Modeling of tyre - road
development noise
Conclusions and Chapter 8
recommendations Conclusions and
recommendations

Figure 1-2 Outline of the thesis
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CHAPTER 2 LITERATURE REVIEW

2.1 Introduction

The generation of tyre - road noise is an extremelyplicated process which is
related to various mechanisms and influencing patare. Much work has been
undertaken to understand the tyre - road noise rgBoe and relevant
influencing parameters [1, 2]. In this thesis, tk@tionships between mixture
composition, road surface characteristics and tyreoad noise are to be
investigated. It is essential to gather informationeach aspect related to tyre -
road noise before starting the work. This literatatudy focuses on reviewing
the characteristics of tyre - road noise and eafluencing parameter. Basic
knowledge on tyre - road noise, road surface clewiatics and other properties
is provided, which is useful for investigation ashelveloping models, a topic that
will be discussed in the chapters here-after.

Section 2.2 is an introduction on the basics of@ol he generation mechanisms,
measurement methods, noise reducing pavements addling work of tyre -
road noise are all discussed. Section 2.3 pretleose properties of road surface
related factors which are related to tyre - roagaoThe influence of surface
texture, sound absorption and the mechanical impedaf the road surface on
tyre - road noise as well as, measurement methodeediction models from
previous research are discussed. Section 2.4 m®\adgeneral review of other
factors, including the age of surface, temperaturé vehicle speed. In Section
2.5, a summary from the literature is given.

2.2 Basic Knowledge of Tyre - Road Noise

2.2.1 Measuring methods of sound and noise

Noise is defined as sound that is undesired or uatedaby the recipient.
Identical with characterizing the sound wave, thamgity that is employed to
describe the “strength” of noise is the sound pnessSound pressure (or
acoustic pressure) is the local pressure devidtmm the ambient (average, or
equilibrium) atmospheric pressure caused by a saawe. It is expressed in the
Sl unit pascal - Pa. The working range of humarisiom 20 x10 Pa to 20 Pa.
In order to compress this wide range in linearescallogarithmic scale, called
Sound Pressure Level (SPL), is introduced. SPloand levell, is a logarithm
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CHAPTER 2 LITERATURE REVIEW

of the effective sound pressure relative to a szfee value and the unit is decibel
(dB).

L, =100g(P /R, ¥ (2-1)
with
L, —logarithmic sound pressure level (SPL), dB;
P — the linear sound pressure, Pa;
Pef — an internationally standardized reference sourdspre of 20 xIDPa

[1].

The formula used to combine multiple sources ohsas:

L, =100g(> 10% ) (2-2)
where
Lp,t —the total sound pressure level, dB;
L,i —the sound pressure level of the numbedividual source, dB.

Sound pressure levels in practice cover the raraye 0 (the threshold of hearing)
to 120 dB (the threshold of pain). As human hearmngot equally sensitive to
sound of all frequencies, when imitating human fagsponse to sound, an
analogue or digital filter is required before thgnsls are measured and
presented. The filter which performs the best ipragimating the human
perception of sounds is the so-called “A” filtethel unit dB (A) is used when
referring to the sound levels that are A-weighted.

The most commonly used noise measure in Europasiessing the noise impact
from road traffic is the equivalent sound levgl ., which is the steady sound
level over a certain span of time. The equivalerel for a continuous sound is
defined as follows:

1 . P?(t)
L, ., =100og —— Il 2-3
hed gl:tz -t J-tl Prsf } (2-3)
where
t; — the start time of the integration;
9} — the stop time of the integration;

P(t) - the sound pressure.

Another common and traditional measure for indiaiduehicle or tyre - road
noise is the maximum sound pressure ldvel,.x the highest sound pressure
level recorded during a vehicle pass-by. The marinevel is often reached at a
point in time which quite closely corresponds te thoment when the vehicle is
at its closest position to the microphone.

12
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2.2.2 Tyre - road noise generation mechanisms

The generation mechanisms for tyre - road noise Ih@en investigated since the
1970s. Several physical processes are relateddo typad noise generation and
they are categorized into different groups by wasioesearchers [1, 3, 4]. A
classification into three-groups is used in thiglgt

1) Vibrational mechanisms (structure-borne): impaetsulting from the contact

between the tyre tread and road surface are leadimgdial (also known as

impact mechanism) and tangential vibrations (admesiechanism);

2) Aerodynamical mechanism (air-borne): processed tare related to the

movement of air between, and within, the tyre tread road surface patterns;

3) Amplification/reduction mechanisms: acousticapedance related properties
of the surface that influence the noise in transiorspaths.

Specific items that belong to each mechanism gesashown in

Table2-1. A general summary from the table is that the raadms related to
vibration mostly occur below 1000 Hz, while the@Bmamical mechanisms are
mostly effective above 1000 Hz.

Table 2-1 Tyre - road noise generation mechanismgL{, with small modification)

Effective

Classification frequency Definition
Tread impact | 300-1500 I_|Zmpact of tyre tread bloc_ks or o'gher pattern elets)
= on road surfaces, leading to vibrations in the tyre
2]
= Impact . impact of road surface texture on the tyre tread,
.ccj mechanisny Texture impact] 800-1250 Hz causing vibrations in the tyre
g Running deflection around tyre circumference when rotating,
T deflection producing tyre vibrations
E tread element movement relative to the road su
© . Stick/sli tangential tyre vibrations is caused by frictional
5 | Adhesion P g Y forces y T
> | mechanis , ,
Stick/sna above 10001 breaking of adhesive bonds between rubber and
b 2000 Hz | road, causing either tangential or radial vibragign
§, turbulence around tyre due to the tyre displacing a
= Air turbulence 300 Hz | when rolling on the road and air dragged around by
fcj the spinning tyre/rim
g air displaced into/out of cavities in or betweerety
= Air pumping >1000 Hz | tread and road surface, without necessarily being i
o resonance
= A - - :
@ Pipe resonances 900-2000 A" displacement in grooves (pipes) in the tyradre
> pattern amplified by resonances
o air displacemet into/out of connected air cavities
2 Helmholtz resonance 1000-2500| iz tyre tread pattern and the road surface araglifi
by resonances
s tyre leading and trailing edges and the road sarfac
k3] The horn effect form a structure similar to an exponential horn
=R which amplify the sound
2 g L connecting voids in porous surfaces absorb sound
c S| The acoustical impedance . )
S effect near the noise generation source and on the
S 3 propagation path
% = Tyre Belt resonances| 600-1300 Hz mechanical resonances in the belt
E resonancg 10ruS cavity 230-280 Hz resonance in the air column of the tyre
resonance
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2.2.3 Measurement of tyre - road noise

Standardized measurement methods and equipmenés deen developed for
testing the level of noise emission. With thesehoeds, the noise generated from
the interaction between the tyre and road surfaceeaither be collected on far
field positions, like the road side, or positiorilese to the source of the noise.
Several methods used for measuring the tyre - nmask on road surfaces are
presented in this sub-section.

2.2.3.1 Statistical Pass-By method (SPB)

The Statistical Pass-By method involves measuhieghbise levels generated by
different categories of vehicles (cars, dual-axdavy vehicles, multi-axle heavy
vehicles, etc.) under constant or nearly constgmted conditions. The
measurement is performed by using a road side phome together with
simultaneous recordings of vehicle speed and tfterwards, noise levels for
certain types of vehicle running at certain spesm@sachieved from regression
analysis with the collected datAccording to the International Standardization
Organization (1ISO) 11819-1 [5], the microphone lacpd at 7.5 m from the
center of the driving lane. The standard microphbeght is 1.2 m. As this
height is very sensitive to environmental condisicand unwanted propagation
effects, a higher position is preferred by somdigsmrin the Dutch standard, the
microphone height is set at 5.0 m. In the Harmangioject, a height of 3.5 m
was selected [2]. A schematic diagram of the SPRsmement in accordance
with the Dutch standard and a picture of the fielst set-up are shown in Figure
2-1.

In the measurement process, the A-weighted sowsspre level and the vehicle
speed are recorded at each vehicle pass-by. With m@asurements on at least
100 cars and 80 heavy vehicles, a linear regresslationship of the noise level
versus the logarithm of speed is calculated foheahicle category. Based on
this relation, the average maximum A-weighted soymréssure level is
determined at the reference speed.

The SPB measurement provides a good assessmehné afctual traffic noise
emission and the influence of the road surfacedifferent vehicle types. It has
gained acceptance from professionals all over tbddwand is widely applied.
However, the time consuming measurement procedund ¢he strict
requirements of the test conditions are considasedrawbacks of this method.
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statistical processing

Figure 2-1 Schematic diagram of SPB method and mea®ment on a Dutch
highway

2.2.3.2 The Close-Proximity method (CPX)

The Close Proximity (CPX) method as described i© 1%1819-2 [6] is
developed to assess the sound pressure level tdabe tyre - road interface.
Some pictures of the test are given in Figure B3zhe method, rolling noise
emitted by two or four standard tyres over a spettiflistance, together with the
vehicle speed are recorded. The data are collditegvo microphones located
close to the tyres. Positions of the front and meandatory microphones are
illustrated in Figure 2-2(b)n the specification, four types of standard tyaes
involved for the measurement, i.e. Avon ZV1 185/65RAvon Enviro CR322
185/65R15, Avon Turbogrip CR65 185/65R15 and Dumdp Arctic 185R14,
which are simply marked as tyre A, B, C and D retipely. The image of the
four standard tyres is illustrated in Figure 2-2. (@he average noise level
determined from tyres A, B, and C has been foundetaepresentative for the
interaction of road surface and car tyres, anddbkalts of tyre D, a coarser tread
pattern, was observed to correlate well with thréese effect of truck tyres [7].

The test tyres can either be mounted on a traNbi¢h is towed over the test
surface, or can be incorporated in a speciallygihesl vehicle. The test trailer
developed by M+P in the Netherlands is shown iufe@2-2 (c). The measured
noise levels are averaged over short distancem(80gments) and over both the
microphones. The rolling noise level at a certaiference speed is the output of
CPX test.

%
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' (c) Testtrailer (d) Stardityre types .
Figure 2-2 CPX measurement

For better studying the sound power at differergitpmns around the tyre, more
microphones are also used. In developing the Aao@gitimization Tool (AOT)
model, 11 microphones were mounted around one tigst in the CPX
measurements performed on the trial sections [8¢ Microphones were placed
in the horizontal plane of the normal CPX test, &nd of them were set at the
standard CPX inner positions. Passenger car anck ttyres were both
investigated. Photographs of the microphone pastior both the car and truck
tyre measurements are given in Figure 2-3. The figse level is calculated
from the integration of noise levels tested witlfifedent microphones over a
spherical segment [9].

J?'r
i gt T
(a) Passenger car tyre (b) Truck tyre
Figure 2-3 Positions for 11 microphones in CPX measement by M+P [8]

2.2.3.3 Coast-By method (CB)

The Coast-By (CB) method is standardized in the $&Ddard 13325 [10] and is
related to the SPB measurement. According to thastEBy method, four

identical test tyres are mounted on the test vehithe engine is switched off
and the transmission is disengaged before the leetiitves into the measuring
area. During the measurement, the vehicle is omyed by inertia force. In this

case, it is assumed that only the tyre - road n@sgenerated. The noise is
measured by two road-side microphones at 7.5 nargist from the central line
of the track and at 1.2 m above the road surface.
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The maximum sound pressure level in each pass eofteébt vehicle and the
vehicle speed/ are recorded. The subsequent statistical analydisei same as
that used for the SPB test results. By this typmeéasurement, the sound level is
obtained as generated for a certain combinatiomgeftype and road surface.

2.2.3.4 The Controlled Pass-By method (CPB)

The same setups as in SPB are used in the Codti®dss-By (CPB) method.
For the CPB test, a limited number of vehicles setected and driven at a
constant speed passing by the measurement sgbe hmational French standard
NSF 31-119-2 [11], two standard cars and four steshtlyre sets are specified to
be used. In the Netherlands, the CPB measurementpeaformed with 15 or

more vehicles which are chosen form a randomlycsate population. The

European Union (EU) is currently developing stadddor the method.

The CPB method takes less time compared with tH# i8@asurement but does
not account for the potential deviations in setegtihe vehicle and tyre types.
Moreover, traffic closure might be required in artie eliminate the interference
of sound from other vehicles when testing on a nwild heavy traffic.

From the results of the pass-by measurements,rassggn analysis is performed
to obtain a linear relationship betwekg.«0r sound exposure level (SEahd
the logarithm ofV. This yields the sound level as function of theigkehspeed
for each combination of tyre and road surface.

2.2.3.5 The Trailer Coast-By method (TCB)

The Trailer Coast-By (TCB) methad regarded as a combination of CPB and
CPX methods and specified in ISO/DIS 13325 [10]n@&xB. A trailer on which
two tyres are mounted is towed by a low-noise eratong the track. For each
pass-by, thd.a nax the time history of the overall A-weight&PLis measured.
Since the time history of the passing tow vehisle@eacorded, it is necessary to
separate the peak values from the vehicle anddiiert A long length of the tow
bar connecting the vehicle and the trailer is gdseferred for minimizing this
problem; this tow bar needs to be at least 5 m.e @&halysis procedure is
identical to that of the SPB method. It should lmed that only the sound
coming from the tyre - road interaction is recordethe TCB method.

2.2.3.6 Relationship between different measurement results

From the introduction above, one can concludett@aiCPX is a typical method
for measuring the near field noise in the tyread@ontact path, and that SPB,
CB and CPB methods are generally applied for exaugithe noise level at the
road sides. The CB method can be used for measiiméngoise purely from tyre
- road interaction, while SPB and CPB methods ple\a representative noise
level gained from statistics by concerning a nuntfevehicles. In practice, the
CPX, CB and TCB can be used in the cases focusintyre - road noise. The
SPB and CPB methods give general description on hmweh noise can be
expected by the receiver at the road side.

17



CHAPTER 2 LITERATURE REVIEW

In existing studies, relationships between far a@ar field noise levels were also
set up by some researchers. In the Silvia (Sudikn@ad surfaces for traffic
noise control) project, relationships between SBBGPB) and CPX results are
established by linear regression based on mulSpkéace types and databases
[12]. A fairly accurate CPX-SPB (/CPB) relationabserved when data from the
same dataset is used. However, the CPX-SPB model ieproducible between
different datasets. Therefore, no generalized eémuatould be developed to
describe this relationship.

In the study carried out by M+P, relationships blase comparison of the SPB
and CPX results obtained with various microphongtmms for combinations of
different surface and tyre types were obtainedufé@-4 gives an example of
the SPB-CPX relation at speed 80 and 110 km/h. liflear relationship was
determined corresponding to specific type of tyma, the regression coefficients
also varied between different combinations of stefand tyre [13].

correlation between tyre D4 and multi axle heavy vehicles

&g 8 £ 8 8 8

SPB-level at 80 kmvh [dB(A)]

-
2]

¢ DAC and concrete

PAC

¢ 2-layer PAC

. Thin layered

90 92 94 96 98 100 102 104
CPX-level at positions 3 to 9 [dB(A)]

=4
@
L

74
88

Figure 2-4 SPB-CPX relation between the results fgpassenger cars (DAC: dense
asphalt concrete; PAC: porous asphalt concrete) [13

2.2.4 Noise reducing surfaces

Noise generated from interaction between tyre avadl rsurface is one of the
most significant contributions to traffic noise.dRetion of the noise level from
this interface is thus urgently required for abgtine harmful influence of traffic
noise. Development and application of low noisegoagnts can be regarded as
the most direct way to attenuate the tyre - roadenrom the source and it is
also the most cost-effective when considering otteehnologies which are
available to road authorities. Low-noise pavemanésa cost-effective option to
reduce traffic noise. It has been revealed thawarioise asphalt pavement can
reduce investments in noise abatement measures toy80% compared to noise
barriers [15]. Because of this, noise reducing psams are intensively studied
and built all over the world [16].
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Up till now, scenarios for developing a low noisad surface have mainly been
based on the following experimental findings [17]:

1) surface textures with a wavelength greater thaim® tend to increase

noise excited by the tyre vibration;

2) surface textures with a wavelength less than 10temd to reduce noise

from air pumping;

3) porosity of the pavement helps to reduce aerodymaffects on noise;

4) a stiffer surface generates a higher noise leal thsofter one;

5) a negative texture is much more favorable for noeskiction than

positive texture.

Currently, the most effective and commonly used lwise road surfaces are
porous asphalt and thin layer surfacings. The thederation silent pavements
such as Poro-Elastic Road Surfaces (PERS) and HRole are also under
investigation. However, it should be noted thatseois only one of several
characteristics of a road surface which are detenmi the choice of the

pavement layers. The overall performance of a readace also depends on
other parameters such as safety, fuel economy &edalb cost-life benefits.

Considerations of skid resistance, rolling resistaand durability are often more
important than noise and will in most cases lirhi¢ tthoice to one or a few
categories of road surfacings within which acoastiptimization is possible.

2.2.4.1 Porous asphalt

Porous asphalt is defined as a wearing courseanltigh stone content (typically
81-85%), the typical grading of which is 0/11, 0460/20 with a gap at 2/7, and
a high air voids content (usually > 20%). The lagfeckness is typically 40-50
mm [18].

In Europe, porous asphalt was developedh®yTransport Research Laboratory
(TRL) in the UK in the late 1950s for use on aitpamways; trials were made
on public roads in the 1960s. It has been usedgiwlays since the beginning of
the 1980s in a number of countries, such as FraBekium, Italy and the
Netherlands. In the Netherlands, it was regulatetha standard road surface for
highways since the end of the 1980s. At preserayine90% of the Dutch
primary road network has this type of surface layer

Porous asphalt is generally gap-graded, consistiagly of coarse aggregates
and a small proportion of sand and filler, which bheld together by a bituminous
binder (in other countries, polymer modified binderused). This results in a
permeable skeleton with a large volume of open iatet-connected voids (20-
28% at the time of laying). Sound absorption issthbwovided by porous asphalt
which is believed to be one of the important chamastics related to noise
reduction. Tyre - road noise produced at the soascevell as propagating noise
can be partly absorbed. Furthermore, the horn e#fed the air pumping noise
are both virtually eliminated. According to the exence from the Netherlands,
the resulting noise reduction at high speeds coedptr the reference surfacing
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of DAB 0/16 is around 4 dB(A) [2]. In addition, asresult of the high porosity
and the good stone quality (micro-texture), porasghalt provides a good skid
resistance and reduces significantly splash araysprwet conditions.

However, there are problems with the durabilitypofous surfaces due to the
open mix design and rapid aging of the binder. Tss of aggregate from the
road surface, called raveling, is the dominatinfgdeinfluencing service life and
the average service life of the slow lane is notertban 11 years, resulting in
high maintenance cost. Another problem is cloggihthe pores due to dirt and
dust, which is the primary cause for a decreagbeficoustical performance of
the porous surface in time [19]. The clogging canrnvestigated by CT-scanning
of samples drilled from the road surface or by rarmg the decrease in
permeability of cores taken from the field [20]oRr an assessment on highways
A28 and Al7 in the Netherlands, it was found tHagging is more pronounced
at the older road surfaces and concentrated betWewheel paths and in the
emergency lane. Although the passing of vehiclesygenerates a certain degree
of self-cleaning in the wheel tracks of high speedds, this type of surface
requires periodical special cleaning techniqueg.[21 most cases, the road
surfaces are cleaned by spraying water on the cuidad then using vacuum-
cleaning. In the procedure, water is pressed ineowoids with a pressure of
about 60 to 80 bar by means of a spray bar witticsta rotating valves. At a
short distance behind the spray bar, the wateudkesl out from the porous
surface by using a vacuum cleaner. Observationg/ ghat absorption can be
two times more effective for cleaned porous asphathpared to a clogged
surface [22].

2.2.4.2 Two-layer porous asphalt

In order to counter the clogging effect in urbaraa; the concept of two-layer
porous asphalt (TLPA) was developed. This typeudiage is an improvement of
the single-layer porous asphalt. The first TLPAltrvas made in France and it is
well developed in the Netherlands. The first seiwith this material have been
built in the Netherlands in the beginning of 1998sthe company Hijmans.

From then on, about 40 sections were constructeldaat and secondary roads.
Since mid-1990s, about 20 main trial sections virerié on the Dutch highways

and in several other European countries. More 8tasections have also been
paved in Japan so far [23].

The TLPA is made up of a bottom layer of poroushafipwith a coarse grading
(typically 0/14, 0/16, 11/16) and a thin top layefr fine graded aggregate
(typically 4/8, but sometimes 2/4 or 2/6). The tglithickness of the bottom
layer is 4 to 5 cm for the bottom layer, and thelayer is 2 to 3 cm for top layer.
A schematic figure of single- and two-layer por@sphalt is shown in Figure
2-5. The fine graded upper layer of double layerops asphalt is claimed to
work as a filter for the coarse dirt, while thedfidirt moves downwards and thus
prevents/minimises clogging of the layer underneathelatively small macro-

texture is achieved by using small sized chipshi tbp layer, which helps to
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reduce the noise generation due to the vibrationhamr@sm. The thick bottom
layer has a high void content, which works well &nsorbing sound wavé24,
25].

Initially, the acoustical performance is excelleamnoise reduction of 4-6 dB (A)
for passenger cars at 50 km/h has been observédicarle layer porous asphalt
is among the quietest types of road surfacing whrehin use.

(a) Single layer (b) Double laye

Figure 2-5 The stone skeleton of single and doubligyer porous asphalt

However, there are also drawbacks of applying et porous asphalt. It is
more sensitive to raveling compared with convertiggavements, and thus the
technical lifetime is relatively short as with siegayer porous asphalt. And,
unfortunately, the voids of the surface also temdbeé clogged, which results in
the deterioration of acoustical properties and bBenshorter functional lifetime.

2.2.4.3 Thin layer surfacing

Thin layers are commonly used as a silent surfadbe Netherlands and quite
some other European countries at present. Itisghestop layer with a thickness
varying between 20 and 40 mm, with 25 mm is consd@s a typical thickness.
Thin layers were introduced and came into wide iappbn as wearing courses
in the beginning of the 1990’s in France and sor@roEuropean countries.
Around 2000, the noise reduction property of théase was noticed. The tyre -
road noise is mainly reduced by two features:

1) small maximum size aggregates are used in @aodegrcrease the smoothness
of the road surface and reduce the noise genebogtaae vibration;

2) an open surface structure is created by relgthigh air voids content aiming
for absorbing sound waves.

In order to fulfill these requirements, the thirydas were optimised by using
small maximum aggregates sizes (6-8 mm), and an apd smooth surface is
created. In Japan, a thin layer with 5 mm maximggregate size was produced
and utilized. In the test sections of Kloosterzanmiehe Netherland, a 4 mm
maximum aggregate size layer was also paved arektigated. According to

different levels of air voids, thin layer surfaciage classified into 4 groups [26,
27]:
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1) dense layers (air voids <9%));

2) semi-dense (air voids 9%-14%);

3) semi-open (air voids 14%-19%);

4) open layers (air voids >19%), they are also kmaw porous thin layers.

Most of the thin layer surfacings are gap-graded @ty on interaction of the
stone fraction for stability and a relatively higbhntent of bituminous mortar in
the voids for durability. It is claimed that thisixture type combines both the
acoustical performance of porous asphalt and thabdity of normal SMA. The
fine surface texture of thin layer surfacings hetpsprevent the tyre tread
vibration, while the air voids absorb sound wauesthis way, the tyre - road
noise is considered to be reduced. It should adsodbed that there is a large risk
of raveling/stripping with semi-open or open typéshin layer surfacings.

According to French studies, the noise reductiothof layers is between 0 and 3
dB (A) with respect to their reference surface demasphalt concrete [28].
Another investigation was made in France on a ldwyer surfacing (stone size
0/6 mm, air voids content 20 to 25%) during a pemaght years. It was found
that the SPB level was 1 dB lower than for a denséace in the first year. But
then it reached and exceeded the noise level fnendénse surface after one year
[29]. The Dutch Noise Innovation Program (IPG) mp@ reduction of 4 up to 7
dB (A) for porous thin layers and 3 up to 5 dB () the semi-dense type
mixtures in comparison with the reference surfageC®/16 [26]. They are also
considered in the frame of the IPG as a valualigradtive (reasonable costs for
construction and maintenance, same durability as?A'land quite good
acoustical properties) for two-layer porous asphblt quietest road surface so
far. In the IPG program, thin layer surfacingsoedium speed roads are studied.
Results obtained from more than 100 sections of Dikch secondary road
network are analyzed. For light vehicles driving8atkm/h, the average initial
noise reduction for both the semi-dense type amdysotype thin layer surfacing
turned out to be 5.1 dB (A), which is much morenttiae 2.6 dB (A) reduction
from single PAC. In the Danish study of thin qu&¥A surfacings in urban
areas, noise reductions achieved from differentungs are from 1 dB to 4.3 dB.
The most significant noise reduction is obtainedadging 10% of oversized (8
mm) aggregate in the size of 8mm into SMA with axmmaum grain size of 6
mm. In this way the openness of the surface streichecreases.

Due to the limited layer thickness, clogging doed play a significant role

because of the self-cleaning effect of traffic fbis type of surface. Similar to
SMA, the surface texture becomes larger with tclffig as fine aggregates
surrounding the coarse ones are gradually swepg aw#he rolling vehicle tyres.
Like porous asphalt, the thin layer surfacings e laid in roundabouts. The
durability is about 6 to 8 years depending on thegity and the noise reduction
compares to or exceeds that of PAC.
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2.2.4.4 Third generation low-noise road surfaces

(1) PERS

Since 1993, the Japanese Public Works Researcitutas(PWRI) has been
developing a new type of low-noise pavement namedrdus Elastic Road
Surface” (PERS). It has a porous structure compasegtanular rubber made
from recycled tyres as aggregate and poly-uretiiBoHR) resin as binder. The
porosity of this type of surface is approximately gercent (generally at least
20% by volume). The thickness is 3 to 4 drhe PERS can either be produced on
site or prefabricated as carpet, and it is to bedwith epoxy resin onto the underlying
sub layer [30-32]. Figure 2-6 shows an illustratodrihis type of surface.

PERS generally shows high noise reductions, tylyickD up to 12 dB (A).
However, problems arise in terms of insufficiemdng to the hard asphalt sub
layer, damage by snow ploughs and low skid resist@Ba3].

The PERS was also tested in the IPG program. Thermlaused was designed
by Japanese and supplied as prefabricated pamalx (Im and 30 mm thick).
Three test sections with different mixture composg were laid. The initial
noise reduction from these surfaces was 6.9 dBéMgtive to DAC 0/16 for
passenger cars at a speed of 100 km/h. Tempeiataféecting the stiffness of
the panel and the width of individual joints betwaée panels, as a 2 dB(A)
difference was found between the measurementsringspnd autumn in 2007

[8].

i A o

Figure 2-6 PERS and its application [34]

(2) Roll Pave
Roll Pave is a rollable porous surface that wasmted and developed by the
company Dura Vermeer-Intron in the Netherlands. [Hyer is made by mixing
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polyurethane resin, rubber and quartz. The airsromhtent is around 30%. It is
prefabricated in the factory and the slab has gtkenf 50-60 m with a width of

3.5 m. The thickness is 30 mm. For transportateach pave is rolled onto a
drum which is transported to the site. During cargton, the rubber surface is
unrolled. A special type of glue is sprayed betwd¢ed Roll Pave and the

underlying asphalt layer surface. Then a rollarsed to flatten the mat and glue
the Roll Pave glued on the underlying surface. fEgR-7 shows the

transportation and paving of this surface a tést &t a parking site alongside the
A50 in the Netherlands.

The expected noise reduction of the surface is BAHBON the basis of the

measured initial noise reduction from the testisacbn the A50, the noise
reduction at 100 km/h for light vehicles was extiaped from the data and found
to be 6 dB(A) relative to a DAC16 reference surfatee durability and the

mechanical properties of this type of surface stdkd to be investigated and
improved [34].

Figure 2-7 Transportation and laying of the Roll Pae

2.2.5 Modeling of tyre - road noise

Developing a quiet road surface turns out to beféective way for decreasing
the noise at the source. Therefore noise reduciurépaces, such as porous
surfaces, gap graded thin overlays, and rubber fraddasphalt, receive much
interest and are commonly built all over the workk a result, there is an
increasing demand for an optimization criterion fmlancing durability and

noise reduction. Tyre - road noise models, partthef typical traffic noise

prediction models, provide information of noise getion before the road is
constructed. They play an important role in qugmdg the tyre - road noise,
optimizing the pavement design and improving thetemas and building

technology. Figure 2-8 shows the function of a tyread noise model in surface
layer design optimization and construction techaiguprovement [35].

Tyre - road noise models are classified into thoagegories: statistical models,
physical models and hybrid models. Statistical nedenerally characterize the
relationship between noise level and the influepgrarameters by means of
regression equations. Physical models concentratepecific noise production
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mechanisms. Hybrid models combine both the stedisand physical elements
in the framework. The structure is complicated ibgives an overall simulation
of the emission and propagation of tyre - roadeois

Optimization

Road surface design Prediction model

Prt)duction

Figure 2-8 Prediction model function in road surfa@ design and test [35]

2.2.5.1 Statistical model

Sandberg and Descornet were the first to relat@cgitexture to noise emission
using regression techniques. The model was sugbdeteinvestigating the

influence of road surfaces on average noise emidgieels and is written as
follow [1]:

CRNL. =0.5L,-0.25,— a(2 T) bInQ hy 6 (2-4)

where

CRNLe— combined pass by road noise level for cars, dB;

Lsg — texture level in the octave band with center &t 8m texture
wavelength, dB, in relation to the ref. level of®1®;

Ls — as above, but for a wavelength of 5 mm;

T — age of the surface in years;

a — constant, which is 0.8 for 0<T<2, 0 for2, and O for all surfaces with
MPD >1.0 mm,;

Q — air void content, % by volume;

h — thickness of layer, mm;

b — constant, which is 0 f@?h <4.5, 4.7 for 4.5€h<20 and 7 fo2h >20.

The noise prediction model developed by Klein arainidt gives a relationship
between road texture properties and noise levats,am excess attenuation was
introduced to take the acoustic absorption intooant [36]. The specific
expression of the model is shown in Section 2.3.1.4

The statistical regression method was also employeddeveloping the

interaction model in the hybrid model AOT [9]. Thesatistical part links the
predicted force which applied on the road by the tyith the predicted sound
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pressure level. The assumption is that the ovéyadl - road noise is the linear
superposition of different sound sources. The daomion of each individual
source to the total sound power can be described as

2 _p2 2
Ptota. - F\)/ibration + Pairﬂow+ Pczavity (2'5)

where Pyiprations Pairiow @nd Peayity are respectively the sound power from tyre
vibration, from airflow related mechanisms and frtme radiation from interior
resonances of the cavity between tyre structureriamdavity. These three items
can all be determined by means of regression modlbks explanatory variables
used in the regression include: the pre-calculatedact forces from a physical
model, the air flow resistance, the tyre widthattestiffness and driving speed of
the vehicle.

2.2.5.2 Physical model

Physical models simulate the mechanical processége road interaction and
sound radiation. In the mid-1980s, the tyre - roatse modeling focused on
tyre vibration was started by Kropp [4]. The modahulates a smooth tyre
rolling over a rough surface with constant spees ¢composed of three modules,
namely a tyre model, a contact model and a radiatiodel. The model was
refined and further developed by Prof. Kropp andal@ters University. The
latest work takes into account the adhesion meshas)i stick-slip mechanisms
and aero-acoustic mechanisms (e.g. Helmholtz resenatc.

In the Chalmers model, the structure-borne souhdvdeur of a tyre is described
by a double-layered isotropic plate, as shown gufg 2-9. Two elastic layers
with different thicknesses and material propertsge coupled together. The
bottom layer models the stiff belt, while the t@yér stands for the soft rubber
surface. An elastic bedding which supports the raya all three directions

simulates the effect of air pressure inside the Bnd the sidewalls stiffness.
Deformation at any discrete point in the solid ¢enachieved by solving the
general field equations. A 12 x 12 global matrixhtaining expressions of

displacements and stresses is assembled to dedwilaeyer coupling [37].

—=>

TELfiicisibse s’

Figure 2-9 Simplified plate model for the unfoldedyre [37]

D.J. O'Boy and A.P. Dowling developed a method rtedict the noise produced
by a patterned tyre rolling on a rough road surfageusing a tyre belt model
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composed of multiple viscoelastic layers [38, 3Pje response of a cylinder
with infinite length of the belt material is deddc& hen the boundary conditions
were specified and this equivalent bending platdccbe used to represent the
belt in a finite width tyre model to predict theusal as the tyre rolls on a rough
road. The viscoelastic cylindrical model used ie #ork is illustrated in Figure
2-10.

Owuter layer
Multiple layers
Annular bands
Inner layer

Springs representing
sidewalls and dampers

-
T Air pressure

-
"™~ Wheel hub fixed
1o ground

Excitation force
Figure 2-10 The multi-layer viscoelastic cylindrichmodel of the tyre belt [38]

For the physical models, the tyre properties areeg@ly indispensable for

learning the sound emission from the tyre - roadhtact. Representative

parameters are required for simulating the dynaeitaviour of tyres in global

models, such as the orthotropic plate model, aircuhg model, etc. These tyre

related parameters include:

1) the mass per unit area of the tyre structure;

2) bedding stiffness, in radial, circumferentiatidateral direction;

3) tension, which depends on the inflation pressutke tyre;

4) as to the curvature of the tyre, the influensemitted by existing models
though it leads to deviation in the low frequenapge (i.e. below 400 Hz).
For the higher frequency range (above 400 Hz)irtfieence is not important.

2.2.5.3 Hybrid model

(1) SPERON and AOT

SPERON is an acronym for Statistical Physical Exgteon of Rolling Noise. It

is a hybrid tyre - road interaction model for piohg rolling noise. The first

version was developed by M+P and Mdller-BBM whiagmed to describe the

noise induced by the road texture [40]. The Acaudfptimization Tool (AOT) is

a comprehensive model developed from the SPERoNe@&I0 framework. In

the latest version, extensions were made on th@nfivlg aspects:

- inclusion of tangential forces and adhesion effects

- prediction of near-field and far-field noise levat different receiver
heights, i.e. 1.2 m, 3 m and 5m;

- truck tyre consideration;

- mechanical impedance of poro-elastic surfaces.
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The framework of the SPERON model is shown in Feg@x11. It consists of one
physical sub-model, namely the contact model arastatistical models, i.e. the
tyre - road interaction model and the sound prop@gamodel. The contact
model is a physical simulation of contact betweba tolling tyre and the
pavement. The interacting force in the contactam@fcan be derived from this
part. The interaction model provides insight inbe tcontributions of different
mechanisms on the tyre - road noise emission. énctirrent version of AOT,

mechanisms considered are vibration, air pumping #&re cavity. The

propagation model is used for describing the temsf the sound from the
source to the receiver positions near the tyreimuhar field.

When running AOT simulations, the surface text@egustical impedance and
flow resistance are required as inputs. The mechhimpedance is an optional
input.

The output of the model is the prediction of totalse level and the noise level
spectra for the following receiver positions:

Laeq levels at the CPX inner positions, as an average the front and rear
microphones;

Lamax levels at the SPB positions at 7.5 m from the riza center, at three
heights: 1.2 m, 3.0 m and 5.0 m.

Besides, the contribution of various noise genenatnechanisms, including
vibration, airflow and cavity noise can also bepthyed in the form of the noise
spectra and the global noise level.

Speed —| [Vibration related

Tyre stiffness ——m noise

Airflow related
Tyre response =1 noise

Road Texture =1
Mechanical impedance —p»
Load, Speed —p

Radiated tyre
cavity noise

.

| Statistical model

Contri-
butions

Contact model >

Contact
forces

Tyre friction noise

Aero dynamic Passby levels
vehicle noise @ 1.2m height
L Backward 4 Sound immission
Propagation over > Propage i > @ near-field
dense surface Sound model @ far-field
power
levels A

Road absorption

Figure 2-11 Schematic overview of the SPERON framerk [9]

The AOT is considered one of the best commercalbilable software packages
for predicting tyre - road noise, as the commondgdi surface types are all
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included in the model and influences of differentrface parameters are
combined. However, the mixture compositions ofribeed surface are not used as
input variables of the model. Predictions needaarade by giving the measured
surface characteristics, such as surface profiend absorption. This limits the
application of the model for guiding the road saeganixture design.

(2) TRIAS

The TRIAS model (Tyre Road Interaction Acoustic Blation) is a
comprehensive mathematical simulation model dewsloppy TNO in the
Netherlands. The model attempts to simulate théadan and radiation of tyre -
road noise based on all relevant aspects fromatyderoad properties [41].

A schematic overview of the TRIAS model is giverFigure 2-12. In this model,
the central component is the interaction rollingdelowhich calculates the tyre
vibration caused by road roughness. Both the raa@dce characteristics and the
tyre parameters are needed as input. When no negasnt result is available,
the input properties of the road can be deducedn froad construction
parameters by a sub-model, namely, ROad Design gdicouSimulation
(RODAS). On the other hand, the TYre Design AcauSimulation (TYDAS) is
used for generating the tyre properties from bakita on materials and
construction of the tyre. The framework is comptisé the following modules:

* Interaction rolling model: this calculates the désement caused by the
vibration of the tyre which is excited by the raadighness in the contact
area.

« Air pumping model: this determines the noise radimtaused by changes
in the volume of the air in the grooves of tyreatteand porous spaces of
the road surface.

» Vibration model: this model is used for calculatitige sound radiation
due to tyre vibrations.

* Source transmission model: this model consisteofi€mpirical transfer
functions for horn effect, directivity and roadlestion.

 The situation transmission model: this takes intooant effects on the

sound levels at the receiver due to absorptiorefbeation of the roadside
material, the vehicle configuration and the obselweation.
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RODAS (ROad Design Acoustic Simulation)

Input: type of surface, # of layer, thickness, chipping (sieving curve),
binder, finishing

Output: acoustic impedance
texture porosity (absorption coefficient)
l Air-pumping noise Source Situation

L 5 model | transmission transmission

Interaction model ~ model

model Lp

Horn effect, road side, tyre/

1 Vibration model [P _directivity vehicle

microphone
location

Output: mass, bending, stiffness, contact stiffness, geometrical
description of tread pattern grooves

Input: diameter, width, layers, materials, load, inflation, pressure,
profiles

TYDAS (TYre Design Acoustic Simulation)

Figure 2-12 Schematic overview of the TRIAS model
2.3 Road Surface Characteristics
2.3.1 Surface texture

2.3.1.1 Introduction

Pavement texture is defined as the deviation chveement surface from a planar
surface. Based on the wavelength of the irregigarithe road surface texture
can be divided into three ranges [42]:

1) < 0.5 mm micro-texture;

2) 0.5-50 mm macro-texture;

3) 50-500 mm mega-texture.

Road surface characteristics in wavelength betvdeem-50 m are referred to as
unevenness.

The micro-texture is generally produced by the ghass and harshness of the
individual chippings or other particles. It is imramt for safety but does not play
a significant role in tyre - road noise generatidocording to a report by the ISO,
the macro- and megatexture have a substantialteffethe noise production. As
the influences of these two ranges of texture areernelated, the two
characteristics together are called “texture” ia tbllowing chapters.

Research by Sandberg and Descornet has shown rtbegasing texture

amplitudes at wavelengths in the range of 0.5 tonbf)reduces noise generation
particularly at high frequencies above 1 kHz [4Bhis high frequency range
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response is attributed to the air-pumping or ascerant mechanism, which is
associated with the small asperities in the surf@cethe contrary, increasing the
texture at wavelengths between 10 and 500 mm wseredd to cause the noise
level to increase at frequencies below 1 kHz. Thlehanism is believed to be
the impact of road chippings on the tyre treadha impact of the tyre tread
elements on road surface. The frequency where dhelation changes of sign
(from positive to negative, and vise versa) isexhllhe crossover frequency and
appears to be around 1000 Hz for passenger car aye 500 Hz for truck tyres.
Moreover, the relation between texture and noigel l®und in the low and high
frequency ranges, respectively, are not assocvitéceach other.

2.3.1.2 Measurement of surface texture

For characterization of the road surface texture,Mean Profile Depth (MPD),
the Estimated Texture Depth (ETD) and the effectwet mean square value
(RMS) are commonly employed. Determination of thpseameters from the
measured texture profile is shown in Figure 2-13.

In addition, a texture profile spectrum in thirdtaee bands is also useful to
characterize the surface texture. This spectrurwslibe texture profile level (in

dB relative to a reference amplitude) along theiap&equency. In accordance
with ISO/DIS 13473-2 [44], the texture profile |éve expressed by:

TL, =200g(a /3y ) (2-6)
where:
TL  —texture profile level (dB ref. 10m),
a — root mean square value (m),
aet — reference root mean square valag :élO6 =1um),

[ — subscript indicating a value obtained with aaerfilter.

profile depth " Mean Profile Depth (MPD)
_______________ Tpeaklevel
: \ 2 2%peaklevel
/\j Gy

_._laveragelev f \

\

half base length

half base length

|
o -

base length 0,1 m

MPD {Mean Profile Depth) =(1¥ peak level + 2™ peak level)/2 — average level
ETD (Estimated Texture Depth) = 0.2 + 0.8-MPD
RMS (Root Mean Square) = .\: | yo(x)dx
Vo
(for the calculation of MPD the average level is determined over 0,1 m; for the
calculation of the RMS the average level per meter is used)

Determination of the standard quantities from the measured texture profile

Figure 2-13 lllustration of the terms measuring thesurface texture
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The classification of texture levels based on tleelength is shown in Figure
2-14 [44]. The influences of texture levels witlifelient wavelengths are also
given in the figure. In the ISO standard, the oetdands with the center
wavelengths of 4 and 63 mm are chosen as the myetve adjacent third

octave band center wavelengths. Thus texture letedstave band 4 mm and 63
mm are considered to be predictors of tyre - rdadacteristics in the high (1000
Hz and above) and low (below 1000 Hz) frequencgearespectively.

Tyre wear

Rolling resistance

Friction

Tyre noise

Noise in
vehicle

Discomfort &
vehicle wear

Mega
Unevenness texture Macro texture Micro texture

50 m 5m 0,5m 50mm  5mm 05mm Wave length

Figure 2-14 Ranges in terms of texture wavelengtha the influences of texture
and unevenness

The ways in which the textures are formed can diffevertical direction though
the values could be identical on a texture spectbasis. Therefore, two other
concepts are introduced to describe the differepositive texture, which is
formed by particles or ridges protruding above giene of the surface, and
negative texture, which is composed of voids belosvplane of the road surface.
A positive texture is generally provided by varidypes of surface dressings or
special surfaces such as hot rolled asphalt, vehilegative texture is often found
in porous asphalt and thin surface materials. Tdstipe texture is considered
more aggressive to excite the vibration in theingltyre and makes the surface
noisier than the negative one.

2.3.1.3 Texture ssmulation

The texture of the surface is determined by varfaasrs such as aggregate size,
gradation, grain shape, binder content, porosityingaction method, etc.
However, in the literature, no evidence or methioage been found to estimate
the texture profile considering all these paransetiérseems only be possible to
estimate texture from these factors.

Texture simulation as developed in the TRIAS madeabne of the attempts to

realize this [45]. In this model, the aggregatee 9z assumed to follow a log-
normal distribution. The granular form (top halfaofyrain) can be described by a
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half-sinus, a rectangle or a triangle, and thelitedd the texture varies randomly
up to the value of the maximum grain size. The peak the granules are
positioned randomly with respect to the horizondalface up to a certain
maximum altitude. The gaps between the stonesewidet by the density of the
mixture and the porosity. For DAC and SMA, the gaps filled up to a fixed
distance from the highest peaks. For porous asptiedt gaps caused by the
porosity are randomly deepened to the maximum gadgesize. This simulation
progress is involved in the sub-model RODAS of TRIAhe texture profile and
the spectrum can thus be deduced from the givetureiyroperties.

In another research program of TNO in the Nethedathe road surface texture
was simulated using a 2-D (3-D in a later versimadel [46, 47]. In the model,
the road surface texture is described as a 2-Dragi@ssive (AR) filtered white
noise sequence. It is a completely mathematicallsition of the texture, and it
iIs not related to the mixture compositions of theface layer. This artificial
surface has similar properties as a real road ceirfa

2.3.1.4 Modeling the influence of texture

(1) Envelopment of the texture

As mentioned in section 4.3.1.2, there are twourextorms, the positive and the
negative texture, corresponding to the ridges aliéys in the measured profile
respectively. Surfaces with an identical texturecspum could result in different
tyre - road noise levels due to different effectlod ridges and the valleys. In a
porous layer where negative texture is dominang bielieved that the depth of
the valley has no influence on the tyre vibratiohew it is beyond a certain
critical value. Predictions which are solely based raw texture levels thus
provide wrong results on these surfaces.

One feasible way to solve this problem is to enpelthe road profile before
calculating the spectrum. Von Meier et al. proposedempirical procedure
which is based on the mathematical limitation af #econd-order derivative of
the discrete texture sample [48]. A physical sihafawas developed by Clapp
to evaluate the distance of the elastic mediune (tlygad) penetrated by the rigid
road profile [49]. The algorithm is executed byrdtieve balancing the road
surface reaction force and the tyre inflation puess

The texture envelopment method, as a choice fomagphg the tyre - road noise
simulation, has already been employed in severatletsp such as former
versions of SPERON [40], the INRETS (National inge for transport and
safety research of France) model [50] and HyRoNElehdFigure 2-15 shows
the enveloped profiles for three types of roadaue$ achieved by the INRETS
model. According to their study, the envelopmenbcpdure substantially
improves the texture and noise correlations as eoewpto the measured texture
in the low and medium frequency range [51]. As apliaation in HyYyRoNE
model, the enveloped texture is taken into accouthe frequency range below
1250 Hz, where the vibration mechanism is consaldmminant.

33



CHAPTER 2 LITERATURE REVIEW
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Figure 2-15 Enveloped profiles for three road pavernts and different Young’s
modulus of the rubber body [50]

(2) Statistical model
The representative texture parameters, such as 8MfDtexture spectrum level

are sometimes directly used as predictors in asstal model. These simple
structure models based on several representativempsers are also highly
preferred by engineers.

1) Descornet and Sandberg suggested that the mse level can be described
reasonably by a linear combination of the texteneels with two representative
wavelengths. The expression is as follows [1]:

ERNL= aTl, - HITL+ ¢ [ dB A (2-7)

where:
ERNL - estimated Road Noise Level, dB;
TLgy — texture level in the octave band with centr8Gtnm texture wavelength,

in relation to the ref. level of 10m rms;
TLs — as above, but for a wavelength of 5 mm;
The constants used we@0.50; b=0.25;¢c=60 and are based on measurement
results.
The model is an empirical one and has no relatibin the physical properties of
the tyre involved. The main purpose of the formaléo display the influence of
the road surface texture and not to give typicadeemission levels.

2) HyRoNE

The Hybrid Rolling Noise Estimation (HyRoNE) modsms at predicting the
pass-by noise level from the surface texture aedattoustical characteristics of
the impervious or porous road surface [36]. Itreates the 1/3 octave noise
levelsL; at frequencie$; from raw or enveloped texture level, and TL® at
wavelengths,;. The calculation scheme is shown in Figure 271t enveloped
texture levels are used in the low and medium feegy range, while raw texture
levels are adopted in the high frequency rangeyevtiee noise is mainly caused
by the aerodynamical mechanisms. The envelopedreexirofile is obtained by
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using the INRETS envelopment procedure. Pass-byendevels without
absorption are generated by linear statistical tias

The effective frequency range of HYyRoNE is from H¥to 5000 HzL, is given
by the following linear expressions:

L =g +hTL +ALY for f, <1250 Hz (2-8a)
L =a +hTlL +ALY for f; > 1250 Hz (2-8b)

wherea; andb; are the coefficients of the linear regressiah® is the excess
attenuation caused by the sound absorption ofche surface.

The global leveL" simulated by the HyRoNE model is written as

LM :10|ngi: 101 (2-9)

Pass—by noise

- @ Absurptiun
effect

Statistical

laws /

(HF)
Contact Propagation
mudel maodel

Acoustical
characteristics

Statistical
— laws

HyRoNE

Texture profile

Figure 2-16 Framework of HyRoNE Model (LF: low frequency; MF: medium
frequency; HF: high frequency)

3) Model in the Silvia project

In the Silvia project, a study was carried outdlate the pass-by noise level with
the surface texture level. The correlation coedfits between the texture level
and noise level were evaluated. The highest cdiwak were found between
texture levels and noise levels at the same frequdrandf, [51]. Thus the
regressions were performed only between the texawels and noise levels at
the same frequency bahd

The Expected pass-by Noise level Differend&NDy;) is provided by the
relationship:

z L+ +L*7)/10
For a porous surfac&ND, =10log= (2-10a)

> 1047
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Z L+ -aL{D)/10
For a dense surfac&ND; =10log ‘z T 0.2RL) (2-10b)
where
L; — 1/3% octave noise level measured at the frequency haatid;
ALE" —  the 1/8 octave enveloped texture level difference betwéms

enveloped texture measured in practice and the l@re@ texture
measured at the conformity of production (COP), dB

b — coefficient calculated for each #/®»and below 1 kHz; it equals 0
above 1kHz.

The coefficienth; is found to be highly dependent on the rollingexpe~or the
dense surface where air pumping occurs, the teltuss difference in the 5 mm
wavelength octave band is added (see also Eq.([52))

4) Japan

Fujikawa from the Japan Automobile Research Ingtjtthas studied the
modeling tyre - road noise reduction related todrgarface parameters since
2004 [53]. In his model, the noise level in eactage band is approximated by
the tyre vibration noise and the air pumping no#swe] is described as a function
of surface unevenness alMdPD [54]:

2
(izj =53300000, N’ + 1682000C
500

0

2
(P_Zj = 23300000, N’ + 1458000
1k

0

2
(%} = 238000000, N" - 4090000000PD+ 2878000! (2-11)
2k

0

where PYP§ =10, P is the sound pressur® is 2x10 Pa andL, is the

measured sound pressure levejN represents the total asperity height
unevenness in the frequency range from 355 Hz4tb KHz, where

hd N = hjsoo N500+ hi]k NJk (2'12)
wherehgsoo andhyy are the average height unevenness in the frequsamays of

500 Hz and 1 kHz, respectivelMsoo andN, are the numbers of asperities in the
frequency bands of 500 Hz and 1 kHz, respectively.

(3) Physical model

In a physical model, the road surface profile isegally included in the contact
model which aims to calculate the contact forcewben the tyre and road
surface. As the physical models reflect the acs$tete of the tyre - road contact,
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the surface profile parameters required are noténeed ones, such as MPD or
texture levels, but the real surface roughneskefdad.

According to the physical model built up by Kro@s, shown in Figure 2-9, the
force at any point in the contact surface is deteech by the stiffness of the
bedding and its compression. The compression opghagAy(p, t), at the angle
¢ is a function of the centre of the riyg(t), the curvatureéy,(¢) of the tyre, the
vibration&(e, t) of the tyre belt and the roughnésg, t) of the road [9].

Ay(#.1) = Yo () + k(9. )+ (@, ) - k(#) (2-13)

The contact force is then:

F(9.1) =sAy(@, Y H[-A Y, 9] (2-14)
with s; the stiffness of tyre trea#li[x] is the Heaviside step function.

2.3.1.5 Measurement

The volumetric patch method and the profilometethoe are generally used
with regard to road surface measurements.

The volumetric patch method, commonly called thedspatch method, is a
manual way to determine the Mean Texture Depth (MTgiven volume of

the sand is spread out on the road surface an¥Ti2 is calculated from the
measured radius of the sand area. The methodndastiized in ISO 10844 [55]
and ASTM E965 [56].

In the profilometer measurement, the texture peadss function of the position is
recorded by scanning the road surface with a certgpe of sensor. The
measured texture profiles can then be transfermmeda spectrum by means of a
Fast Fourier Transformation (FFT), and the indedd3¥, ETD and RMS can
also be generated to quantify the road surfacdiléneters are considered to be
of two types depending on whether the sensor ctsthe surface or not. Due to
the type of the sensor, 4 principles of operation lsted in the ISO standard,
namely the laser, light sectioning, stylus and tifteasonic profilometer. The
device can either be mounted on a vehicle or bd umsstationary setups such as
a beam [44, 57-59].

2.3.2 Sound absorption

On porous roads, sound energy can be absorbedebsodid surface due to its
porosity. Sound waves enter the upper layer ofrtlael surface and are partly
reflected and partly absorbed. Absorbed meansstihatd energy is transformed
into another kind of energy. In road surfaces, ihimainly due to two effects: 1)
by viscous losses, as the pressure wave pumps and out of the cavities in the
road; 2) by thermal elastic damping. The absorpgfirciency of a material
varies with frequency and with the angle at whioé $ound wave impinges upon
the material.
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2.3.2.1 Evaluation of sound absorption

The absorption coefficiend is a commonly used parameter showing of the
efficiency of a surface or material in absorbingrsd It is a frequency dependent
parameter and basically defines the ratio of therggnlost in the reflection
process to the energy incident on the surfaceb bércent of the incident sound
energy is absorbed, the absorption coefficientasl <0 be 0.55. A typical
absorption coefficient curve is described by twoapzeters: (1)max Which is
the value of the first maximum on the measured igh®m curve; (2)f, max the
frequency at which the first maximum absorptionfioent occurs.

Another measure that describes the reflection dsdration of the sound field
impinging on the surface is the acoustical impeda@g). Mathematically, it is
the ratio of sound pressuReto the sound particle velocity at the reference
plane. This term is related to (but not equal &) acoustic absorption of the road
surface.

Z =P/U (2-15)

2.3.2.2 Parameters influencing absorption
The following parameters are influencing the soabdorption of a road surface

[1]:

1) the porosity (residual air void conten® the percentage of connected air
cavities;

2) the air flow resistivity (airflow resistance peritulength)Rs:

It is a measure of how easily air can enter a potayer and the resistance that

air flow encounters through a structure. Flow testy relates to the inverse of

permeability, high flow resistivity implies low pmeability. Considering a

steady flow of air passing through a porous laffe, flow resistivity is defined

as the ratio of static pressure dmwp to a volume flowJ over a small sample

lengthh:

R =% [Ns/n] (2-16)

For most granular or fibrous sound absorbing maltgrit is difficult to predict
the flow resistivity analytically; it has to be nsemed. For a few idealized
absorbing materials, such as stack of identicaéig) it is possible to make a
prediction. In terms of a road surface, the aiwfl@sistivity is considered to be
dependent on the porosity and the aggregate gréagitige relatiorR=a/( 2"d?),
with a is a constanQ air voids content ands maximum size of the aggregate.

If the material is considered as homogeneous, witiss-sectional are@ and
thicknesdh, the flow resistivity is [60]:

R=RY t (2-17)
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whereR is the airflow resistance, which can be measureectly following the
method described in ISO 9053 .

3) thickness of the layer;

4) tortuosityg® (or “shape factor” as it is sometimes called):

It is a measure of the shape of the air void passathis is a somewhat artificial
parameter describing the influence of the intestialcture of the material on the
acoustic behaviour. The more complex the path,ntloge time a wave is in
contact with the pore structure. The parametereaastimated from the porosity
Q of the sample with the following equation [61]:

q°=1-a(1-1/Q), 0<a<] (2-18)
wherea is a coefficient.

It is interpreted as the inverse of the formatiantér used in studying of gas
diffusion in porous materials [62], given by:

g’ =Q™" (2-19)
wheren’ is the grain shape factor.

This parameter is in some cases, i.e. in phenorogital models, also expressed
by a structure factor [63].

In general, the air void content affects the valmd frequency spectral
bandwidth of the absorption coefficient, the awwl resistance influences the
peak value, and the absorption peak frequency isrmened by the layer

thickness and the tortuosity.

2.3.2.3 Acoustic models

Since mid-1980, considerable work has been carded for modeling the
acoustical properties of porous surfacings. Twadcbapproaches developed by
European researchers are the phenomenologicalagpeamd the microstructural
approach. In the model, pores are assumed to Bengren a rigid body. In both
models, the sound absorption coefficient can beaveerfrom the specific
impedance, and the complex wavenumber

For a surface with thicknessand a dense bottom layer, the surface impedance
Z, is given by [64, 65]:

Z, = Z_coth(-ikh) (2-20)
The plane-wave reflection coefficieRf for porous asphalt can be expressed as:

R,=(Z,sing-x)I(Z,sing+ x) (2-21)
with

X =[1-(k 1K)’ co$ ¢T’2 (2-22)
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where

0 — grazing angle of the sound wave, it is congideo be 90° in this study;

Ko —2rf/cy, with f the frequency and, the sound speed in the air, which
equals to 343.2 m/s.

The absorption coefficient can be derived fromréfection coefficient by:
a=1-|R (2-23)

It can be seen that th& andk need to be calculated for modeling the sound
absorption of the porous material. The two modelimgethods, namely
phenomenological and the microstructural approa@n be treated as two
different ways to determing. andk.

(1) The phenomenological model

The phenomenological approach considers the ponsedium as a globally
compressive fluid where dissipations occur. In tinedel developed by Hamet
and Bérengier [63], both the viscous dissipatiomctvlis due to velocity gradient
and the thermal dissipation caused by thermal grdsliin the medium are
introduced. This has particular implications forterals with a very low flow

resistance, like porous surfaces. Three parameikrthe porous structure,
including content of air-filled connected poresttdosity and flow resistivity

need to be provided for presenting the specificeidgmceZ. and the complex

wave numbek [60, 66].

(2) The microstructural model

Microstructural models have been set up by differesearchers for describing
the propagation of acoustic waves through poroutemads. In the model of

Champoux and Stinson [65], and two shape fact@srdaroduced separately to
describe the viscous and thermal effects in additiothe porosity, tortuosity and
flow resistivity. There are different expressiorighee model for describing pores
with various shapes, such as slit-like pores, dyloal pores, etc. As the

acoustical properties of pavements are relativebgmsitive to these two shape
factors, they are not taken into account in mogtiegtions modeling the road

surface. In a previous study, the microstructuraldet was introduced for

modeling the sound propagation through two layerop® asphalt [67]. This

method is also used in this thesis for modelingsinend absorption of thin layer
surfacings. Specific expressions of the microstmattmodel can also be seen in
Section 5.4.3.

(3) RODAS

In the RODAS module of the hybrid model TRIAS, #moustical impedance is
also determined from basic theory of sound absmmgdi%8]. Taking the surface
of the absorbing layer as a rigid frame, the impedaor sound incidence angle
®o to normal on the surfac&(p,) can be calculated when the practical porosity,
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flow resistance and the structure factor are knowWworrespondingly, the
absorption coefficient at the anglg « (¢o), is derived from:

| Z(p,)cosp, - 1-2 (2-24)
1Z(p,) cosp, + 1L

a(g,) =1

(4) Multi-layered perforated panel model

The multi-layered perforated panel model is norgnaised for modeling the
sound absorption of an absorbing layer built froomponents with a regular
shape. However, when the medium is simplified an&tack of sphere aggregates,
this method could be applicable for materials witegular shaped pores, such as
porous concrete. Kim and Lee did research on piadithe sound absorption of
porous concrete based on the multi-layered peddrganel model [69]. The
scheme of stacked sphere aggregates and the tradsheulti-layered model are
shown in Figure 2-17. Theories mentioned here @& tthe publications of Lu
[70] and Maa [71]. The acoustic impedance of th&esy is mainly determined
by the size of the aperture in the panel, whichelated to the gradation and
shape of the aggregates, thickness of the layetrenthrget air voids content. In
the current studies, the approach is still notugsd in simulating the acoustic
properties of porous asphalt.

(Green)

3rd layer
(Cyan)

(a) Cross section of porous concretgb) Scheme of stacked sphere aggregates
Aperture

Sound wave
propagation

(c) Multi-layered perforated panel model

Figure 2-17 Multi-layered perforated panel model ofporous concrete [69]

It should be noticed that all these acoustic modedmtioned above are built
based on a simplified structure of the porous dsjdnger. The structure contains
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well connected pores. However, this is only theeoaken the surface is newly
paved. After being used for a certain period ofetirthe air voids tend to be
clogged, and correspondingly there are changesonosfiy, flow resistivity,
tortuosity and the resulting sound absorption. &fe, a time related
compensation should be considered for the contmywadiction during service
life of the sound absorption by these acoustic nsoddoreover, the commonly
used semi-dense thin layer surfacing, with air sadntent around 12% and less
connected pores compared to porous asphalt, chenmgarded as an absolute
porous structure. Correction is also needed whergukese acoustic models for
simulating the sound absorption property of sudah lyer surfacings.

2.3.2.4 Effect of sound absorption on noise reduction

Another effect of sound absorption on noise attéonas the reduction of horn
amplification in the space between the curved tygad and the road surface. It
also works effectively to eliminate of sound waveslected from the road
surface.

In a recent study, the relationship between thexd@bsorption performance of
porous asphalt and the noise reduction was imastigby M+P [9]. Several
conclusions were drawn from the experimental oleg@yus: the maximum noise
reduction due to road surface absorption occurdrejuencies around the
maximum absorption coefficient. However, frequenskifts are observed
between the absorption and noise reduction cur@s=nerally, the sound
absorption under normal incidence at a certainueegy (e.gf, max= 800 Hz) is
found at a higher frequency (around 900 to 1000iRHzhe attenuation curve of
the propagation measurements. Sound absorption ae raeffective in the
frequency range between 800 and 1600 Hz, wherkdhreeffect is significant.

1
T

source position 1
= source position 2 0-9
sound absorption

effect of sound absorption [dB]
absorption coefficient [-]

-25 0
250 500 1000 2000 4000
frequency [Hz]

Figure 2-18 Sound absorption effect on noise reduon; the noise measurements
were taken on a 50 mm thickness two-layer porous plsalt and at two source
positions on the tyre [9]
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2.3.2.5 Modeling the absorption effect on tyre - road noise

As the sound absorption of road surface acts oh bw#¢ noise radiation and
propagation, absorption models take into accowsrgehwo aspects. Considering
the peak shift in the frequency spectrum betweenathsorption and the noise
reduction curve, a model was proposed by Hamehén Silvia project [72],
which relates the reduction of propagating noistaéabsorption coefficient

f

AL, ()= ADD/{f—j (2-25)
sh

wherefg, is the frequency shift factor, ar&l denotes the amplification factor.

Both factors can be determined from the measurenesuaits obtained from far

field tests. If the microphone is located at 5 nghefor pass-by measurements,

no frequency shifting is necessary, fg=1.

A single number, called the Expected pass-by Nieigel Reduction from sound
absorption of the road surfacENR,), was proposed in the Silvia project. It is
calculated as follow [73]:

o CRUSIL
2,100 (2-26)

> 10470

with L; is the reference noise level at frequency bfand

END, =10log

In AOT a modified version of Hamet's model is udedtake into account the
horn effect [9]:

AL (f)=A, mhomj(f)m([ f D (2-27)

fsh,i

whereH,qn, describes the influence of the horn effect atdesgry band;.

In the hybrid model HYRoNE, Klein and Hamet intradd an excess attenuation
caused by acoustic absorption to correct the pas®ise prediction [36]. It only
addresses the absorption influence in noise prajgagdut does not consider the
horn effect.

2.3.2.6 Measurement

Absorption coefficients of the road surface camimasured either in-situ or on
cores in the laboratory. The result of the measargns the sound absorption as
a function of the frequency.

(1) Measurement on cores

The measurement is performed according to ISO 1A5844], by using the
standing wave impedance tube and the two microphimpedance tube. The
rationale is shown in Figure 2-19. In a measureéptcore sample is mounted
at one end of a straight, rigid, smooth impedanbe.t The incident plane sound
wave is generated by the loudspeaker at the othéro¢ the tube. At each
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frequency, the minimum and maximum pressure of Hwoeind pressure
amplitudes are recorded, and then they are usedcdmmulating the sound
absorption coefficient at this frequency.

SUNSNN N NN

|D(Xmax,1)l

""""""""" [2(X min2)|
Pras Ip(xmln,'l)l

LSS AN =

Xmin.2

Figure 2-19 Sound absorption measurement in an imgkance tube

For both methods described in the standards, therudpequency, is limited to
frequencies where only plane waves can propagatieeinmpedance tube. This
frequencyf, is proportional to the inverse of the tube diametg<0.586/d,
wherec, is the speed of sound (m/s),is the diameter (m). Upper frequency
limits are in the order of 4 kHz (with a 5¢cm diaeretube).

(2) In-situ measurement

In-situ measurements are preferred since no cadddae taken from the road
surface. A commonly used approach is the Extendefa& Method (ESM)
specified in ISO 13472-1 [74].

The schematic of the ESM measurement system isrshowigure 2-20. The

microphone which is located between the sound soartd the test surface
measures the sound signal from the source. Thalsagmtains both the direct
and reflected sound. With suitable time domain esstg (e.g. signal

subtraction techniques), these signals can be aeplaand transferred into the
frequency domain by Fourier transformation. The qfiency dependent
absorption coefficient is then achieved from tlaasfer functions.
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Figure 2-20 Extended surface measurement system (MISA=Maximum-Length-
Sequence System Analyzer)

The EMS is widely examined and applied for in-gtarous surface absorption
measurements, and the results show a good repagtateiproducibility [75],
and are in agreement with predictions by physicadi@fs.

A mobile system, known as MIRIAD (Mobile Inspectioh Road surfaces: In-
situ Absorption Determination), was developed by i® enable tests to be done
under traffic [76]. The system comprises an expental mobile measurement
rig and a towing vehicle, as shown in Figure 2-3iudies have shown that a
reliable test can be performed at a speed up tar3h.

The sealed tube method is also used for absorptieasurements in the field.
The equipment and procedure are similar to the dapee tube measurement
stated in ISO 10534-1. The only difference is thra end of the tube is open and
sealed onto the surface to be tested.

Figure 2-21 Mobile MIRIAD system, developed by TRL76]
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(3) Measurement by P-U technology

A new type of sound absorption (or surface impedanteasurement is based on
measuring the sound pressure (P) and particle itxel@d) at the surface [77]. A
device based on this P-U technology is developethbycompany Microflown
Technologies in the Netherlands. Free field measens can be performed. The
main advantages compared to other methods, idttigahot required to core a
sample and it shows a low susceptibility to baclkgo noise. In some of the
previous studies, the surface impedance method apased to test the road
surface impedance in a laboratory as well as ousdoo practical road surfaces.
In the in-situ measurement on porous asphalt, baymd absorption coefficients
were measured around 1 kHz, which also confirmatise reduction effect of
this type of surface [78].

Q Loudspeaker

hs

P-U Probe Acoustic sample

QO R~=1 backplate
Wk

Figure 2-22 Microflown impedance setup and the sciea

For field measurements, the setup was mounted thehifriving car and it was
possible to measure the surface acoustic impedandee 300 Hz-10 kHz
bandwidth, at a speed up to 40 km/h. However, sgeed of 80 km/h the sensor
signal is affected by wind and the vibration caulsgdhe road surface [79]. As it
is a newly developed technology, there is no stahflar using the setup on a
road surface. In this research, this device isrsitely used. The achievements
from the research will be important for standambgziand applying the P-U
technology for measuring on road surface in thie @@d on samples in the lab.

2.3.3 Mechanical impedance

2.3.3.1 Introduction

The mechanical impedance is a measure of theyalita structure to resist
motion when subjected to a given force [80]. ltdefined as the ratio of the
driving force acting on the system to the resultihgplacement velocity of the
system:
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F
 =— -
y (2-28)
where F is the complex force vector andthe complex velocity vector. The
reciprocal of the mechanical impedance, which isndd as point mobility, is

also a physical property related to the elastiaitg road surface.

For decades it was assumed that the impedanceochadluence on tyre - road
noise production since the impedance of the comwealt road surface is much
higher than that of the tyre rubber. However, amaasing number of researchers
believe that mechanical impedance could explaindifference between asphalt
and concrete roads with comparable texture.

In an earlier experiment undertaken by M+P, cogstidise measurements were
taken on a concrete surface and on an elastic glyed on the same type of
concrete surface. The similar texture was achidsedluing the same sanding
paper on both the surfaces. A substantial noisectexh was found in the 800 to
1600 Hz frequency range by adding the elastic lale test result is shown in
Figure 2-23.

—e—sanding paper P24
on elastic layer

—m—sanding paper P24

L, [dB(A)]

128 200 HE 500 aoo 1250 2000 150 5000

frequency (Hz)

Figure 2-23 Maximum coast-by noise level at 80 km/for elastic and rigid surface

Meanwhile, Japanese experiments showed that theratites in stiffness of
various rubber-based surfaces did not influenceenemission as much as it was
expected and the softest surface was not evendbkesitent surface. However, it
is still expected that soft surfaces may perfortenegainst clogging [2]. Hence,
the mechanical impedance is proposed to be an tamgodesign parameter for
new experimental road surfaces.

2.3.3.2 Modeling the effect of the mechanical impedance of the road surface

In most existing tyre - road noise models, the dyiga properties (e.qg.
mechanical impedance, dynamic stiffness) of thel aface are not taken into
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account. It was introduced in AOT as an input pat®mwhen considering
poroelastic surfaces [9]. In the contact sub-mawfeAOT, the force in each
positionm on the tyre tread is given by:

Fin = Snond! PuK(AS) (2-29)

where s,om, IS @ standard stiffness value for a slick tyrdefence value)y a
correction factor for the hardness of the tysg,a function taking into account
the stiffness variation of the tread due to thegoatandK; the roughness caused
stiffness variation (i.e. different area in contastfunction of the road roughness
indenting the tyre). When the road stiffness isilsimor even smaller than the
tread stiffness, both the tread and the road seidaatribute to the total stiffness,
which thus can be considered as a system of twogspin series.

SS
§+S
with s; the stiffness of tread arslthe stiffness of the road.

Shom = (2-30)

2.3.3.3 Measurement methods

Because the mechanical impedance is a newly caesidefluential parameter
on tyre - road noise, there is no existing standasthod to determine this
parameter. Generally speaking, it can be measwepplying an impact to the
road surface and recording the response of therialaite terms of its vibration.
Several researchers have made efforts for devegJ@gmeasurement method.

1) Laboratoire Central des Ponts et Chaussées (LGR€eloped a trailer

prototype, called COLIBRI, to measure the mechdniogedance of road

surfaces. It consists of a trailer, a measuremesdmb supporting three
accelerometers and a hammer for producing the itngae device is shown in

Figure 2-24. The distances between the hammert@ddcelerometers are 10,
35 and 95 cm respectively. Instead of the impedatce driving point, the

transfer impedance is measured by this prototype.

Figure 2-24 COLIBRI in action during the Silvia Round Robin test of 2003 [81].
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2) A device developed by Nilsson and Sylwan [8l]b&sed upon a classic
impedance hammer, which is called the "matched dapee head". In the setup,
the force and acceleration transducer are mountéda.

Figure 2-25 Impedance head developed by Nilsson agsylwan [81]
3) An in situ method was explored by M+P basedhenwork of Nilsson et al.
The device consists of an aluminum ground platd witiameter of 40 mm and a
height of 10 mm. A force sensor is mounted on dpedf this ground plate. The
housing for the accelerometer on its turn is agddo the force sensor. When the
system is impacted by the hammer striking on thesimg, the force and
acceleration are measured. The resonance frequaintlye whole system is

above 2500 Hz, which is beyond the range that neeshuction due to
mechanical impedance is observed, i.e. 630 to HX00

Figure 2-26 Measurement device for mechanical impeahce [81]

4) In the development of the SPERON model a detaceneasure the driving
point mechanical impedance on road samples indherhtory is designed by
M+P [82]. Figure 2-27 gives an overview of the meament setup. A shaker is
used to impact the road surface sample and a sdéaipedance head measures
the input force and driving point vibration simuleously. The shaker is placed
upside down in springs, so as to avoid unwantedatidns of the measured
surface. The impedance head is connected rigidlygshaker and excited with a
sinusoidal force using a frequency sweep. Sincé b input (force) and the
output (acceleration) are measured with the impeelamead, the results are
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independent of the exact force amplitude and ofcthdigurations of the system
above the impedance head.

Figure 2-27 Measurement setup for mechanical impeda&e measurements [82]
2.4 Other Influencing Parameters

2.4.1 Age

Characteristics of road surface changes with the of service, and this leads to
changes of the noise level from the tyre and rodéeraction. Ageing influences
the following phenomena:

The mega- and macro-texture change as particlesotradt material are worn
away. The mega- and macro-texture, as well asiesff, are changing due to the
pavement deterioration and post compaction caugechffic. The micro-texture
is also changing due to the polishing effect of atwns tyres passing over the
surface (studs on tyres may counteract this effexstiever).

The chemical effects from the weather, accelerdigdroad salt, create a
weathering and crumbling of the surface (loss € finaterial), and both micro-
texture and macro-texture could be affected.

Normally, surfaces like DAC and SMA exhibit an iaased noise level with time

for their first 1-2 years in service. For porousfaces, air voids become clogged
with accumulated dirt and raveling occurs whictciisating a rougher texture,

and the initially smooth-rolled top part of the pawent will deteriorate. This is

an ongoing process, and sometimes noise reductiopegies are lost very

rapidly.

Models related to influence of on age on noise céda:

Sanberg suggested an age influencing parameterhwbén be used for
estimating the overall tyre - road noise genergtign

AGEL=-42-TA (2-31)
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where:

TA  —age of the surface in years;
AGEL - age-reduced level, dB(A);
a — constant.

2.4.2 Temperature

It was realized in the 1980’s that the temperaéffect is substantial for exterior
tyre - road noise emission. The influence of terapege is important for the
measurements. For good repeatability and reprotlitygibit requires either
measurement in a rather narrow temperature internvabme type of temperature
correction needs to be applied.

With more refined prediction methods for road ti@affoise now being developed,
the increased demand for accuracy means that mgetature influence can no
longer be ignored, particularly when establishihg basic emission levels and
when conducting validation studies.

It has already been recognized that a temperatarease results in a decrease of
the tyre — road noise levels. In most studies éfhagionship between sound level
and temperature are assumed as:

L,=-bT+a (2-32)

where:
T — temperature, °C;
a, b —constants.

The slopeb is called the temperature coefficient. A negatsign means
decreasing noise with increasing temperature [1].

In the EU Directive on tyre noise (2001/43/EC),0ad temperature correction
for passenger car tyres is shown in Figure 2-2& datefficients achieved are -
0.06 dB(A)/°C and -0.03 dB(A)/°C when the road aad temperature is below
and above 20 °C respectively.

A problem for investigating the influence of thengerature on noise emission is
that the standard deviation of the measurement rabgbly close to the
temperature effect. It means that the temperatéfiectecould be difficult to
distinguish from the normal random variations. Efere, a semi-generic
procedure is suggested to be employed to reductythe road noise deviation
by categorizing the tyre - road combinations iniffedent groups and assigning
separate temperature coefficient for each group [83
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Figure 2-28 The noise-temperature relationship usefbr car tyres in the EU tyre
noise directive 2001/43/EC [83]

A study in the Netherlands took into account a dasgt of tyre and road
combinations, including truck tyres [84]. Both thi temperature and the road
surface temperature are included in the regressimael together with the speed
of the car. The reference temperature is 20°C:

La max = @ (T, —20)+ b10loglV /\,; » c,
LA,max = aroad (Troad - 20)+ b10|OgN /\/ref )+ C’

LA,max = O'5aair &road [(Tair - 20)+ 0'7(|—road - 20)} blo |Og(/ Mef )- c (2'33)

Air temperature coefficient values,;, between -0.04 and -0.13 dB/ °C were
obtained on two dense asphalt road surfaces. Loalees were obtained for a
porous asphalt surface (between -0.02 and -0.07°@R/ The coefficient of
determination R? for the regression showed that there was no statist
improvement by using, ., or a combination of,__,andT_, in comparison with
usingT,; only.

On the noise spectrum, the influence of temperatas mainly found at high
frequencies. The relation between tyre stiffnesstamperature was also studied.

Nearly all tyres display the same trend: when #mperature increases, the tyre
tread stiffness decreases.

In the study of Anfosso-Lédée, the tyre temperaisralso introduced in the
model [85]. The statistical relationship betweer tinise and temperature is
given as follows:

L ago (T) = a( T — 20) + LAgo( 20)
L ago (T) = a( Tioad ~ 20) + Lo ( 20)
L

A90 (T) = a( Ttyre - 20) + LAQO( 20) (2-34)
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The Lago(20)is the noise level of the road surface at the esfez speed 90 km/h,
and at the reference air temperature 20°C. Accgrttithe measurement results,
the air temperature coefficierdasare close to -0.10 dB(A)/°C and -0.06 dB(A)/°C
for dense and porous asphalt respectively. It 3® &und that the correlation
between the pass-by noise level and the road ertgmperature is not stronger
than with air temperature. This indicates thatdindemperature can be used as a
representative parameter in the temperature caneptocedures. In the spectral
analysis, linear relationships between the noisg @mperature variation are
observed in the low frequency range from 125 to #20and high frequency
range from 1.6 kHz to 5 kHz. For medium frequen¢®3) Hz to 1.25 kHz), the
correlation is low.

2.4.3 Vehicle speed

For vehicle speed, a linear relationship betweenstbund pressure levels of tyre
- road noise and the logarithm of the speed has Entified and coefficients
are derived by different researchers. The relakignsan be written as follows:

Ly eq =2+ bog(V) (2-35)

In the Dutch specifications, a correction term fbe road surface influence
calledC,,,q is provided for noise calculations. It is given[&8]:

Simplified procedureC

road, m

V
=AL +b [og(—™
w* Du100G ") (2-36)

Full procedureC, 4 ., = AL+ mebg(\\//—m) (2-37)

ref
where m and i are the subscripts for vehicle category and fraqueband
respectively, Vs the reference speed of 70 km/h, ant the noise level
difference with respect to the observed surface thedreference dense asphalt
concrete surface.

2.5 Summary

This chapter have summarized existing researchesyren- road noise. The
literature review shows, it is known that reducitige noise level from the
interaction between the rolling tyre and road stefanvolves many factors. It
includes learning the noise generation mechanisoisenlevel measurement,
investigation of influencing parameters, noise gy pavement design and
production and development of models for predictthg tyre - road noise.
Comments on these existing studies will be givethanext chapter. Research
work as carried out in this PhD thesis is alsoda@hkesented in Chapter 3.
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CHAPTER 3 RESEARCH PLAN

3.1 Introduction

Most of the existing researches related to tyreadrnoise is presented in the
literature review in Chapter 2. From that, we |learwhat research has been
done on different aspects of tyre - road noisethadneasures for reducing noise
levels. As a follow up of the literature reviewjstithapter gives comments on
the existing tyre - road noise studies and poinisresearch which should be
carried out in this PhD research. A research @ahean proposed. It provides the
whole research program of the thesis and showsaheme of work that will be
carried out in the various chapters following tthspter.

In this chapter, comments on the existing studiggre - road noise are given in
section 3.2. The research plan for this PhD thegsesented in section 3.3.

3.2 Comments on Existing Studies

In this section, comments are given on the existiogk which was presented in
the literature review in Chapter 2. The discussioouses on three aspects:
influencing parameters and investigation methodsasarement methods; tyre -
road noise model development.

3.2.1 Influencing parameters and investigation methods

The air voids content of asphalt wearing coursesnis of the most important
parameters influencing the surface characterisincdyuding surface texture and
sound absorption, and consequently affecting time tyroad noise levels. In
nearly all the investigations on the noise reduceitgect of porous asphalt
concrete, the influence of the air voids content weansidered. However, it
should be noted that not all the air voids areatiffe for sound absorption. Only
those connected to the exposed pores at the suafaceffective in absorbing
sound waves [1]. Knowledge on the content of theneated air voids and the
influence of the connected air voids is essentaumderstand the acoustical
properties of the road surface. In addition, theximam aggregate size, stone
grading and binder content are also consideree tonportant factors that affect
those road surface characteristics which are klatéyre - road noise.
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Surface texture can be characterised by an indwishadex, such as MPD, ETD
and RMS, or by texture levels on the spectral baihd/avelength. The sound
absorption can be expressed simply by the maximosoration coefficient and
the corresponding frequency or by the absorptiosffments on the spectral
band of frequency. In existing studies, some ofdkpressions for texture and
sound absorption are used to develop relationgbiyre - road noise. However,
the combined effect of texture and sound absorptigne not demonstrated,
especially the combination of texture levels andnsbabsorption coefficients on
the spectral bands. Combinations of the surfaceactexistics expressed by
different indices should be taken into account &oalysing the influence of
surface characteristics on tyre - road noise.

In previous research, the influence of the mectsnmpedance on tyre — road
noise has been investigated. In pavement engirgeand asphalt mixture design,
the mechanical impedance is never used to chaiaetarixtures but mixture

stiffness is a commonly used parameter for dendtiegnechanical properties. It
is of interest to relate the mechanical impedanitk the stiffness. In this way,

the mechanical impedance can possibly be relatestiffoess tests which are
regularly done in mixture design and evaluationcta relationship would be
very useful and helpful for pavement engineers.

3.2.2 Measurement methods

The CB (or SPB) and CPX methods are typical measemés for testing the far
and near field noise level from the tyre - roackiattion respectively. They are
commonly used for collecting noise data and foreflgmng prediction models.
Noise level data to be used in this study were fribid Kloosterzande test
sections which were specially built under contrath the Dutch Ministry of
Transport for tyre — road noise studies. As tha tathe database were collected
by the CPX and CB methods, only those data werentakto account in this
thesis

For road surface texture, profilometer measuremiesng the advantages of high
accuracy and enlarged measuring range. Texturessipns, such as MPD, ETD
and texture level spectrum can be easily gained tiee results. A device which

is feasible to be applied both for in-situ measwemand laboratory

measurement makes sense for this study and futor&. Wherefore such a

device was developed for this study.

With regards sound absorption, the laboratory teish the impedance tube
confines the frequency range of the resulting giigor curve. By means of ESM
tests, sound absorption is measured on a much \iidguency range, but a
much larger surface, such as a real road surfaceequired. The P-U based
surface impedance setup is a portable device, amébe used in the laboratory as
well as in the field. However, the effect of usitite device on testing road
surface samples in the lab needs to be investigatad was done as part of this
study.
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The mechanical impedance is a newly consideredmetaa, and there is also no
standardized method for the measurement. Measutenmusing an improved
version of the impedance hammer device are coresidsince this technology
can be used in both the laboratory and field tramsaddition, it is also thought
that the mechanical impedance can be related tetiffigess of the material and
can be deduced from the stiffness measurement tsestliherefore this
interrelationship was also investigated in thigigtu

3.2.3 Modeling of tyre - road noise

Physical models simulate the noise production basednoise generation
mechanisms and simplified mechanical models of &mwd road surface. They
describe part of the noise generation processcandot work independently for
predicting the noise level. The physical modelsgaeerally used as sub-models
in hybrid models, such as AOT and Trias. In mosthef physical models, only
the tyre vibration is taken into account. Other hatgsms are not involved due
to the complexity or lack of related knowledge. Tteysical models used for
simulating the tyre - road interaction are theaadfiand simplify the real state of
the road surface. Moreover, a large amount of daiah as original surface
profile, needs to be collected to run the contactleh For certain models, the
tyre indexes should also be known, and this makesemse to road engineers.
Therefore, it can be concluded that the physicalehes essential for describing
the tyre - road noise generation in a theoreticay,wut long term efforts still
need to be made in order to make them applicablerictice. Physical models
are not employed in this research.

In statistical models, the noise level is prediaisihg relationships that relate the
noise level to certain parameters of the surfagerjasuch as surface texture,
porosity, etc. These relationships are always ddrivom a correlation analysis
or curve fitting, without clear rationale-based gogi. They can make good
predictions for pavements with properties similarthose used for developing
the regression equation, but it is difficult to yide a general rule for all types of
surfaces. Therefore statistical models should bb#aaleveloped for a single type
of road surface rather than for all surface types.

Mixture properties and road surface characterisdies directly related to each
other. Furthermore mixture properties are of irger® pavement engineers
because they affect durability and strength of ldnger. However, the road
parameters in most of the existing noise predicimgdels are surface layer
parameters, such as a texture spectrum, surfaddgepmbsorption coefficient,
and not directly mixture parameters. Furthermooenes parameters can only be
obtained by means of special measurements whichuacemmon in road
engineering, e.g. flow resistance and tortuositiyusT it is quite important to
develop models linking the noise level to the mateproperties of the road
surface layer. The input variables are preferredbdcthose indices which are
typical for road engineers and which can be eas#asured. In addition, road
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surface characteristics are changing with servioge,t and an age based
correction is important for long term evaluationtloé tyre - road noise.

Most of the current modeling focuses on dense amdys asphalt road surfaces.
However, much less attention is paid to thin lagerfacings, which are also a
commonly used quiet pavement in the Netherlands samde other European
countries. This type of surface combines both theaatages of SMA and porous
asphalt. The mixture composition and surface layaracteristics are different
from those of the dense and porous layers. As alltrethe acoustical
performance is also different. Special investigatimodeling and improvement
of the existing acoustic models are necessaryrfacaurate prediction of tyre -
road noise from thin layer surfaces. Therefore was taken as one of the topics
for this PhD research

3.3 Research Plan for the Thesis

Section 3.2 showed what need to be done in terrmeafsurements and noise
prediction models. Research will therefore be edrout by considering those
comments and to solve problems found in existingliss. The research of this
PhD thesis focuses on thin layer surfacings.

The main objectives of the study are:

1) finding the relationships between the materialopprties, surface
characteristics and tyre - road noise of thin laefacings;

2) developing models for predicting tyre - roadsecirom material properties.

The scheme of the whole study is shown in Figuré. &ccording to the
organization of the chapters, the research canviied into four main parts:
« development and discussion of laboratory measuremethods (Chapter 4);

* investigation into the influence of mixture comgms on surface
characteristics (Chapter 5);

* investigation into the influence of surface chagastics on tyre - road noise
(Chapter 6);
» tyre - road noise modeling (Chapter 7).

Two types of methods are used in the research:

* measurements (including laboratory measurementsnasith measurements);

« data analysis.
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Measurement Exploration and development of measurement methods:
methods: by literature study and measurements
l Influence of mixture composition on surface characteristics:
by measurements
Investigation:
Influence of surface characteristics on tyre - road noise:
l by statistical analysis of data from previous measurements
. Modeling of tyre - road noise:
Modeling: go1y

by statistical analysis

Figure 3-1 Scheme of the research plan of thethesis

Measurements, including laboratory measurementsmasiiu measurements, are
organized for developing test methods (in Chapteradd investigating the

influence of mixture composition on surface chagastics (in Chapter 5). Table
3-1 gives a summary of all the measurements toabeed out in the research.
Details about the tested materials, samples anthdasurement methods will be

provided in Chapter 4.

Table 3-1 Summary of measurementsin theresearch

Testin Laboratory measurement Field measurement
Investigation g Sample ]
property Test method type Test method Test sections
Using P-U slab, core
technology in P-U surface impedanc samples,
laboratory Sound setup and l:)ERSP-U surface impedancKloosterzand
measurement b X slab ial !
of sound absorption setup trial sections
absorption (in Impedance tube core
Chapter 4)
coI\rAr:Xt)usri?ion CT Scanning core - -
Investigation P
on the Surface Laser profilometer slab and - -
influence of Texture core
mixture Sound P-U surface impedanc slab and ) )
compositions absorption setup core
on surfa}cg Mechanical Impedance hammer slab Impedance hammKIPOSterzamd
characteristics impedance P P frial sections
(in Chapter5) - pesilient Cyclic indirect tension | i )

modulus testes (ITT)

Data analysis is employed for observing the infagenf surface characteristics
on tyre - road noise (in Chapter 6) and tyre - roaide modeling (in Chapter 7).
A database which contains measurement results Ktoosterzande sections
obtained in a previous project is used in the ihgaton of the influence of
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surface characteristics on tyre - road noise. Watjards the modeling of tyre -
road noise, both the database and the laboratorgsunements results are
involved.

In this thesis, research will be carried out acowydo the four aspects as shown
in Figure 3-1. The research plans for each partdaseribed in the sub-sections
hereafter.

3.3.1 Measurement methods

Objective:
The study in this part is to introduce and devekgi methods to be used in the
laboratory.

Research methods:
Measurements and literature review.

Description:

The measurements to be carried out are shown urd-ig-2. As shown in the
figure, surface characteristics to be measuredim research include: surface
texture, sound absorption, mechanical impedance stifftiess. The material
properties, including coarse aggregate and binderteat, are also to be
measured. The relevant measurement methods usttedmlowing:

1) Surface texture
A laser profilometer device is developed for tegtthe surface texture in this
PhD study. The device is applicable on both theraiory samples and the road
surface.

2) Sound absorption

The P-U technology is used for testing the soursbgdion of asphalt mixture

samples. The device works well on large surfacash gs in situ road surfaces.
The applicability of the device for testing on léimade) samples is to be
investigated in this research. The influences ef distance between the probe
and the sample surface, dimension and height ofs#meple, and the testing
positions on slab samples is investigated. Suggestvill be given for using the

setup in the laboratory tests.

3) Mechanical impedance
A test method using the impedance hammer is degdlophe method can be
used on slab samples in the lab or directly orrdlae surface.

4) Stiffness

Mixture stiffness is measured by the standard @aditensile test (ITT) method.
The resilient modulus is used to describe thenss$ of the samples.
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5) Mixture composition
The mixture composition is to be investigated byangeof CT scanning. The test
methods will be introduced in the study.

Measurement CT scanning and design
method information
Mixture ‘

Air voids content, connected air voids
content, coarse aggregate content and
maximum aggregates size

compositions

Investigation Influence

Influence Influence

Influence

Surface Surface Sound Mechanical Resilient
characteristics texture absorption impedance  gejationship Modulus
Measurement L aser orofilometay P-U surface Impedance Indirect tensile

methods P impedance setup hammer test

Figure 3-2 Investigation on the influence of mixture composition on surface
characteristics by measurements

3.3.2 Influence of mixture compaosition on surface characteristics

Objective:
Investigate the influence of the mixture compositioon the surface
characteristics which are related to tyre - roadenof thin layer surfacings.

Research methods:
Measurements.

Description:
The surface characteristics and mixture compostiane measured by the
methods mentioned in Section 3.3.1. The influerafesixture compositions on
the surface characteristics is investigated basetth® measurement results. The
scheme of the research is shown in Figure 3-2. Mietail descriptions of the
study are as follows.

1) Mixture composition
The contents of air voids, coarse aggregate andamare obtained from CT
scanning images. The content of connected air visidsalculated by using a
cluster-labeling algorithm. A relationship betwettie overall air voids content
and the connected air voids content will be present

2) Surface texture
Laboratory measurement results of surface texteréopmed on slab and core
samples will be shown. The influences of mixturenposition on texture levels
and MPD will be discussed.
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3) Sound absorption
Sound absorption curves from the laboratory measemnés will be shown and
comparisons between different surfaces will be mate influences of mixture
composition will be investigated. Physical modelsll vibe developed for
evaluating the sound absorption of thin layer stinigs.

4) Mechanical impedance and stiffness
The influences of the material properties on thasuoeed mechanical impedance
and stiffness will be discussed. A relationship wesn the mechanical
impedance and stiffness as developed by meansgoésson analysis will be
presented.

3.3.3 Influence of surface characteristics on tyre - road noise

Objective:
Investigate the combined influence of differentface characteristics on tyre -
road noise of thin layer surfacings.

Research methods:
Data analysis.

Description:

Analyses are to be made by using data from the ${éwpande trial sections
database. The surface characteristics taken irdouat are surface texture and
sound absorption. The combined effect of textuie yund absorption on tyre -
road noise is investigated by means of regressmatyses. The scheme of the
study is given in Figure 3-3.

1) Regression analysis
A relationship between surface characteristics thedtyre - road noise will be
developed by means of linear regression. Combingtid the surface texture and
sound absorption coefficients will be used as engilary variables; tyre - road
noise is the response variable.

Principal component regression (PCR) and partiastlesquare (PLS) methods
will be used to reduce the multicollinearity betwethe explanatory variables.
The influence of surface characteristics will béedmined from the regression
results. A pre-treatment of the data will be acclished before the regression
analysis.

2) Influence of vehicle speed

The influence of the driving speed of the car Wwél studied by using speed as an
explanatory variable in the regression analysis.
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3) Influence of truck tyres
Data from passenger tyres are going to be usedost of the analyses in this
research. However, the influence of the truck tyilealso be discussed by using
data obtained with truck tyres.

4) Investigation on change of surface characteristics
Investigations are going to be made on the chaofygse - road noise caused by
the small changes in the road surface characte=ridin the regression only the
difference value of the surface characteristics moide levels will be taken into
account. This makes that changes in noise levets frariations of the surface
characteristics can directly be determined.

Database of
Kloosterzande trial
sections

z -

Surface characteristics

Surface texture ——» | Tyre - road noise
Influence

Sound absorption

Figure 3-3 Investigation on the combined influence of surface characteristicson
tyre- road noise by data analysis

3.34 Tyre-road noise modeling

Objective:

Develop a model which can predict the tyre - roatse from basic material
properties of the road surface. The model shouldatective for pavement
engineers allowing them to predict noise levels nvdesigning mixtures, and
helping them to optimize the design of noise redgigavements.

Research method:
Data analysis.

Description:

Models are going to be developed for predicting tyroad noise levels. The
target model is illustrated in Figure 3-4. The mode will be based on

regression analyses with data from the laboratoasurements and the
Kloosterzande database. The development of the Imoliée done according to

the following steps:
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1) Initial modeling
Linear regression models are going to be develdyelhking tyre - road noise
levels to surface characteristics as well as theéure compositions. A number of
candidate models will firstly be developed by usthfferent combinations of
input variables and different regression methods.

2) Model selection
Models which show a good prediction capacity anagdo be selected from the
available candidates.

3) Validation and final selection
Validation of the selected models will be performBata used for the validation
will come from in situ road surfaces in the Nethads. Models which present a
good fit with the validation data and which requaesmall number of input
variables will be selected as the final models.

Input Output

Mixture compositions —»

Tyre - road noise

or Models —_—
levels

Surface characteristics ——»

Figure 3-4 Target model for predicting tyre - road noise

3.4 Summary

Comments are given on existing studies of tyreadmooise. Shortcomings of and
improvements required for these existing researahesaddressed. The research
plans for this PhD thesis are proposed and cowar rimain components being:
development and discussion of laboratory measuremethods; investigation
of the influence of mixture composition on surfat®racteristics; investigation
of the combined influence of surface charactegstic tyre - road noise; and tyre
- road noise modeling. These four components veldiscussed in detail in the
chapters to follow.

References

1. Sandberg, U. and Ejsmont, Jyre/Road Noise Reference Book. 2002,
Kisa, Sweden: Informex.
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CHAPTER 4
MATERIALS AND MEASUREMENT METHODS

4.1 Introduction

Laboratory measurements are carried out to inva&stithe relationship between
the material properties and the surface charatitsrisf thin layer surfacings.
The measurement data are also to be used in tledogevent of the prediction
model described in Chapter 7. Two groups of measenés can be distinguished:
measurement on the mixture composition and measnermn the surface
characteristics. Tests on the mixture compositmmtuide: measurement of the air
voids content, coarse aggregate content and modatent. This was partly
conducted by means of CT-scanning.

From the literature review, it is known that theeth important road surface
characteristics related to tyre - road noise aréase texture, sound absorption
and mechanical impedance. Therefore, these thrdacsucharacteristics are
measured and investigated as well. Different typessamples are required
according to the various measurement methods. Asmvaw of the measured
properties, corresponding test methods and sargpk dre listed in Table 4-1.
Details about the materials, samples and the testhods are given in this
chapter.

Table 4-1 M easurements and methods

_ Laboratory measurement Field measurement
Testing property i
Test method Sample typdest method Test sections
Mixture composition CT Scanning core - -
Surface Texture Laser profilometer slab and core - -
Sound absorption P-U surface |mpedan1slab and core - -
setup
Mechanical impedance  Impedance hammer slab Impedance - Kloosterzande

hammer trial sections

Cyclic indirect tensiol

Resilient modulus test (ITT)

core - -
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4.2 Material Information

4.2.1 Slab samplesof thin layer surfacing

The thin layer surfacing is the main object of #tady. Different thin layer
surface mixtures were designed based on adjustrfrentsthe reference surface
Micro-Top, which is a noise reducing thin layer fage developed by Ballast
Nedam contracting company in The Netherlands. Tdbk gives the design
parameters for each type of mixture. Cells witheHoyv background indicate the
properties which are changed. Different mixturesemmade to investigate the
influence of mixture composition on different acticel and mechanical
properties:

Mixture 1 and 2: influence of variation of the woids content;

Mixture 3 and 4: influence of aggregate gradatiod wer air void content;
Mixture 5: influence of using a larger size coaaggregate;

Mixture 6 and 7: influence of different types ofacse aggregate;

Mixture 8: influence of the binder content.

Three aggregate sources were applied in the sBetone is employed in most
of the mixtures and considered as a reference ay@ggregate. It is a type of
sandstone mined from a quarry in Norway. The otiagr types of stone are
Tillred and Irish Greywacke, used in mixture PO@ &07 respectively. Tillred is
a red coloured chipping from the UK, and Irish Gvagke is a sandstone
obtained from Ireland.

The binder used in all mixtures except P06 is Celig DA. P06 is made with
colorless bitumen Sealoflex Color with addition Bayferrox synthetic iron

oxide pigments. The result of this is that the oolof P06 is red. Properties of
the two types of bitumen, Cariphalte DA and SeabofColor are given in Table
4-3.

Table 4-2 Designs of theinvestigated thin layer surfacings

Coarse aggrege Air voids . 0
content, % by Ma);iz'ig?::ﬁate content, % by E;nnﬂ:rsg%?t;r:i’tur/géxggregate type
mass ! volume

Ref. 78 2/6 12 6.1 Bestone

PO1 78 2/6 8 6.1 Bestone

P02 78 2/6 18 6.1 Bestone

P03 72 2/6 8 6.1 Bestone

P04 68 2/6 8 6.1 Bestone

P05 78 4/8 12 6.1 Bestone

P06 78 2/6 12 6.1 Tillred
Irish

PO7 78 2/6 12 6.1 Greywacke

P08 78 2/6 12 7 Bestone

For testing the surface characteristics, sampldb wilarge surface area are
preferred. Large samples facilitate the measuremeaiedure and provide more
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accurate results. Use of small samples, such dsdddores has its limitations
because of all kinds of undesired side effects. [NAaence of the dimension of
the sample is discussed specifically in the folluyvsections for the different test
methods.

Table 4-3 Binder properties of theinvestigated thin layer surfacings

Items Cariphalte DA Sealoflex Color
Penetration, at 25 °C, unit: 0.1 mm 85-130 70-100
Ring and ball softening point, unit: °C >80 50-56

Because of the above mentioned considerations,sslaiples are produced for
the thin layer surfacing materials. A typical exaenpf the produced slabs is
shown in Figure 4-1. The length and width of thebslare 700 mm and 500 mm
respectively. This size ensures that the surfaga &rlarge enough for any tests
on the surface characteristics, including surfaodure, sound absorption and
mechanical impedance. The overall thickness olale is 70 mm, with a 30 mm
thin top layer and a 40 mm dense asphalt concadterh layer. The combination
of the two layers is shown in Figure 4-1 (b). Tle¢ting can be considered as a
simulation of a practical road surface structure.

L ——

(a) Top view of the slab (b) Side viefnttze slab

-

o

Ballast Nedam asfalt

monsternummer:

11100139- P03

CE-Markering plaat 3
microtop 0/6, HR 8%, bit. 6,1%, bestone 72%

(c) Label on the sample (d) Top surface of theEa
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5 S

Ry

(e) Top view of

s

v
ot

the slab P06

AR

Figure 4-1 Slab sample of thin layer surfacing

The mixtures and the samples were produced withrixéng and compaction
unit available in the lab of Ballast Nedam. Ondslas made based on each of
the mixture design in Table 4-2. The 40 mm bottayet was first laid and
compacted. The thin surfacing was then compactadmof the bottom layer. In
the production, P01 and P02 had the same mixurgosition as Ref, but they
were made with different compaction energy. Refl b@0% level of compaction.
For PO1 and P02, the levels of compaction were 88#105% respectively. In
this way, different air voids contents shown in [Ead-2 were achieved.

4.2.2 Coresamplesfrom Kloosterzandetrial sections

The Kloosterzande trial sections are located inntlest northern part of the N60
road in the Netherlands. The sections were buth e purpose of developing a
prediction tool for tyre - road noise, called Acbaptimization Tool (AOT).
40 sections with different surface types were laidhe year 2005 and 2007
respectively [1]. Surface characteristics and §fne t road noise were measured
on the sections. A database was built containiegnteasurement results and the
prediction software AOT was developed. The sectiomsre constructed
specifically for experiments and were not openedraffic. A number of the
sections were removed after the project was fimisfibe sections can be seen as
a comprehensive collection of noise reducing sedagsed in The Netherland,
and it is an important data source for relategite £ road noise. For this research,
cores were taken from the Kloosterzande surfacesused in the laboratory
measurements as a supplement to the slab sampl#dssIresearch, certain in-
situ measurements (sound absorption and mechanmipaldance measurements)
in this research were also performed on the Klopatele sections.

Cores were drilled on 17 trial sections in Kloosterde on May '$ 2010. Two

cores were drilled from each side of a section 2havere obtained in total. The
positions where the cores were taken are showmuré4-2. All samples had a
diameter of 150 mm. Each drilled core consistedhef surface and the bottom
layers. Only in the case of the cores from sedionl12 the Rollpave section, the
surface layers were separated from the bottom ohes.cores have different

74



CHAPTER 4 MATERIALS AND MEASUREMENT METHODS

ages as sections numbered 1-15 were built in 2088¢ the No. 24 and No. 31
sections were paved in 2007. As mentioned befavag rof the sections were
ever trafficked. The trial section, coring processl example of the extracted
cores are shown in Figure 4-3.

N 1.00
“_" —>t»+
2
@
b2
=
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=
[
. 2
@
0 10 20 30 40 50 60 70 80

Figure 4-2 Coring positions on each section, Unit: m

Details of the mixture design of each surface laj@r each section are
summarized in Table 4-4. The 17 trial sections =bed of four thin layer
surfacings (Sections No.2 to 5), seven porous disphdaces (Sections No0.6-9,
15, 24 and 31), four two-layer porous asphalt (BestNo.10, 11, 13 and 14),
one dense surface (Section No.1) and one poraelsistiace (Section No 12).
Sections No0.9, 15 and 24 are built with a 25 mmokilsurface, and can also be
treated as porous type thin layer surfacings. Alffiosamples of a wide variety
of surface layers are available, this researchdeswn thin layer surfacings with
a thickness of approximately 25 mm.

(@) The trial section ~ (b) Mark of drilling position
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(c) Drilling the core (d) One of thetacted cores

Figure 4-3 Coring on Kloosterzande sections

In addition to testing on the cores, sound absomptests and the mechanical
impedance measurements by means of a hammer desteealso performed on
the original sections. This is done, because a&larga of a surface is required in
these two methods, so field testing is the most@pfate way of carrying out
these measurements. The results obtained on fdeséetions will be compared
with those obtained from laboratory tests.

Table 4-4 Basic information about the mixtures used in the Klooster zande test

sections
Trla_ll Thickness Air voids Thickness Air voids
section Top layer type (mm) content Bottom layer type (mm) content
No. (%) (%)
1 ISO surface, dense 30 4
2 thin layer surfacing 2/4 25 12
3 thin layer surfacing 2/6 25 8
4 thin layer surfacing 2/6 25 12
5 thin layer surfacing 4/8 25 12
6 porous 0/11 50 >20
7 porous 0/16 50 >20
8 porous 4/8 50 >20
9 porous 4/8 25 >20
10 porous 4/8 25 >20 porous 11/16 65 >20
11 porous 4/8 25 >20 porous 11/16 45 >20
orous
12 Rollpave 30 =30 g /51+11 g 2545 >20
13 porous 2/4 25 >20 porous 8/11 25 >20
14 porous 2/6 25 >20 porous 8/11 25 >20
15 porous 2/6 25 >20
24 porous 4/8 25 >20
31 porous 8/11 45 >20

4.2.3 Poro-Elastic Road Surfaces (PERS)

The Poro-Elastic Road Surface (PERS) is a matevtath is designed and
prefabricated in Japan. The dimension of the "abm x 1 m x 30 mm. Pictures
of the PERS slab used in this study are showngurEi4-4. It can be seen that
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there are perpendicular grooves on the bottom efslab and these grooves
divide the bottom side into blocks with the size26fcm x 20 cm. The depth of
the groove is 1 cm.

The PERS slabs were only used in this researcxpglore the effectiveness of
measuring sound absorption coefficients with therbfiown surface impedance
device. They are not included in other measuremdbdigails related to the
measurement on PERS can be found in Section 4.4.2.

(a) Top surface (b) Bottom surface
Figure4-4 PERS slab used in thetest

4.3 Texture Measurement Method

4.3.1 Test device

For the surface texture measurements, high preceml accuracy are essential
because of the rather small aggregate size whigbed for thin surface layers. In
this research program, a stationary laser profitemavas designed and
developed based on the texture measurement regqulE®iO 13473 [2]. The
company Comax bv in The Netherlands was consigneddésign and
manufacture the device.

The laser profilometer is composed of three maitspae. a laser sensor, a beam
and a track which also works as the base for thieeA picture of the complete
laser profilometer and the laser sensor are shavigure 4-5. The laser sensor,
which contains a laser source and an optical serssorounted on the steel beam
for measuring the height of the surface profilee Tertical resolution of the laser
sensor is 0.01 mm. The beam can move back and dtly the track. Data of
the surface profile is collected by the laser vath interval of 0.1 mm in the
moving direction. The laser sensor is also abimdwe in the transverse direction
along the beam. The smallest distance between éighiboring measuring lanes
is 1 mm. For an effective reception of the sigtiad, distance between the laser
source and the sample surface needs to be betvleem @nd 130 mm. This can
be realized by adjusting the vertical positionha tensor.
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The device is suitable for in-situ measurementsna$ervice roads and in the
laboratory on asphalt mixture samples. To startitisg the device is placed on
the pavement or the sample. The measurement igotledt by a computer
program. For starting a test, the sensor is finsted to the starting point. The
number of test tracks, track length, and distareteséen two neighboring tracks
need to be set on the control software. In a measemt, the beam moves
forward along the track while the laser sensorabecting the surface profile
data. When the test on one track is finished, th&a ére transferred into the
computer. Then the beam moves back to the stgpong of the next track and
the next test is started. The measuring proces®ngputer controlled and is
accomplished automaticallAs the operating speed of the data collection is
smaller than 60 km/h, the device is, accordinghodlassification in ISO 13473-
3 [2], treated as a stationary and slow type pooféter.

(a) Laser Profilometer (b) LMI SLS 5000 Selcom laser sensor
Figure 4-5 Laser profilometer and the laser sensor

4.3.2 Data proceeding methods

As shown in Figure 2-13, the Mean Profile Depth (MPEstimated Texture
Depth (ETD), and effective root mean square vaRkBl$) can be calculated
based on the collected data. Expressions of timeexés are given in Figure 2-
13. Determination of the MPD is also written addais:

MPD = (Ipeak level + ¥ peak level)/2-average level (4-1)

Based on signal processing theories, spectral sisatan also be performed for
characterizing the surface profile. The profilex{tee) spectrum is obtained by
either digital or analogue filtering techniques.eTiesults are expressed as the
magnitudes of spectral components at different Vesngths. In this case, the
resulting amplitudes within a certain frequency da&an be transformed into a
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unique indicator defined as texture profile levidl. Mathematically, TL is
expressed by a logarithmic transformation of an lauge representation of a
profile:

2

ar’. a. .

TL =100g(—")= 20lg—" (4-2)
t,ref t,ref

Where

TL - the texture profile level at octave band witavelengthy; (ref. 10°m),

dB;

Ai — the center wavelength of the octave band, mm;

aij  — the root mean square (RMS) value of the vdrticsplacement of the

surface profile, m;
auef  — the reference value (= 10n).

Details of the MPD calculation and the spectrallgsia of surface texture based
on the laser tested data are given in the ISO &tdrtB473 part 1 [3] and part 4
[4] respectively.

4.3.3 Influence of sample dimension

Laboratory samples of asphalt mixtures are generejyllindrical cores or
rectangular slabs. In the specification [3], itssggested to use the largest
samples available and each profile measured stomulat least 100 mm long. In
terms of the size, both the slab and core sampldhis research meet these
requirements.

In the spectral analysis, the required evaluatesgthl depends on the longest
octave-band-center wavelengdth.,. For a stationary and slow type profilometer,
the relationship id > 5 Ay [4]. For core samples, the maximum measuring
length is 150 mm (the diameter). According to tledationship, the longest
wavelength that can be evaluated is 32 mm on thedtave band. This indicates
that the cores cannot provide texture level infaromafor longer wavelengths.
Therefore, the spectral analysis is not conductedare samples. Only the MPD
is calculated for scaling the surface texture obee.

The length of the slab is 700 mm, which is lardent the upper limit of the

distance that can be scanned by the device irotiggtudinal direction (500 mm).
So the evaluation length for the slab is 500 mme fmximum octave-band-

center wavelengthi . is approximately 125 mm in the 1/3 octave bandsThi
implies that the measurements performed on thes slédo provide information

about the longer wavelengths. Therefore the sdeatiaysis is performed on the
slab measurements. Also the MPD is calculated.
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4.4 Sound Absorption

4.4.1 Measurement device

Two standard methods for testing the sound absortd road surface materials
are the impedance tube and the Extended SurfackomldESM) according to
ISO 10534-1 and ISO 13472-1 respectively. In thsearch, a new measurement
approach is applied which is based on the so c&liebdfree field technology [5].
The device used is the Surface Impedance Setuplogeek by Microflown
Technologies. The principle and an image of thepsate shown in Figure 2-22.

As the measurement is based on free field techgplibg reverberant room or
the impedance tube is no longer required. So tvecelecan be used for non-
destructive tests on road surfaces as well as omplsa in the lab. Compared
with the impedance tube measurements, there is adsaupper frequency
limitation. With the tube measurements the uppequdency limitation is
proportional to the inverse of the tube diametdr Téhe applicable frequency
range of the free field test is up to 20 kHz. M@ the acoustic behavior of the
material under oblique incident waves can be measur

During the test, the loudspeaker emits a continusmsd signal. The sound
pressure (P) and the acoustical particle velodity &t the same position are
measured by the P-U probe simultaneously [7]. Tdoaustical impedance for the
free fieldZg is calculated using:

—ik(hS hy)

1OCK—F )
Z:P(a- p)_ ° 4( )" _ i{h-n) e
ff . 0™~0 -
U(h-n, ( )+1 ey W) (49
With
Q — sound strength from the sourcé/sn
k — the wavenumber, T
hg — distance from the point source to the sample, m
ho — distance from the probe to the sample, m;
Do — the density of air;
Co — speed of sound in air.

Similarly, the acoustical impedance measured diosiee sample surfac&easure
is given by:
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Q ik(h=hy) o L <ik(hy+hp)
] _|pock4 ( p)e +|,00q)k4ﬂ(n+hp)e R
measure ™ (hS p)2 e k(n=hy) Q'k(Q'*'hp):l e_ik(hs+hp)
(hs p) 4 (Q"'hp) (4-4)
e—.k(hS h,) R e—ik(hs+ h,)
= (hs_hp) p(rU hp)
- i - PoCo
ik(hs—hp)+1 o k(o) . ik(l‘g+ hp)+1 o k(nrh,)
ik(n-h,) J(h-h) | i(h+h) |(h+h,)

With the ratio of measured impedance and the fed& impedance, the
reflection coefficienR, can be derived:

Zmeasure_l
R = Zy h+h an
p = : h—h e (4-5)
Zmeasure hs_hp Ik(h5+ hp)+1 +1 ° P
Zg (h+h Jlik(h-h)+1

Consequently, the sound absorption coefficierst obtained by:
2
a=1-|R)| (4-6)

When testing in a normal room, the room refleciimituences the measurement
which gives a noisy result. In order to get ridtleé room reflection, a moving

average filter is used to smooth the data. In #higly, the moving averaged
result in a normal room was found to be similarthie result obtained in an

anechoic room at frequencies higher than 150 HzT[B¢ moving average filter

was used in all sound absorption tests performéisnstudy.

The surface impedance measurement is a new tegyoénd there is no
specification how this test should be performedaoroad surfaces or asphalt
mixture samples. In order to obtain a better undating about how to use the
device, a series of exploration tests was undemtakieasurements were carried
out on different types of road surfaces in varigosditions, including in situ
pavements, core samples and slab samples. Theeno#uof measurement
distance and sample size was investigated. Thé#seduhe exploration tests are
described in the remaining sub-sections of 4.4.

4.4.2 Study on the effects of the distance of the probe to the measured
surface

The distance between the probe and the samplecsui$aone of the most
important factors affecting the results of the nueesient. According to the
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manufacturer, the distance should be as small ssilge. In order to unify the
measurement distance in the tests, the influendkeotlistance was investigated
first.

In the laboratory, the test was performed on the X 1 m PERS slab. The
surface area is large enough for eliminating th#uemce of the sample
dimension. The measurements were taken at a destdrie mm, 15 mm, 20 mm,
30 mm, 50 mm and 150 mm. As a distance smaller Shamm is difficult to
control, the smallest distance was set as 5 mmipdd was used to fix the
device and keep the probe in a stable positiomduthe test. The test position
was above the center of the slab. Figure 4-6 rdiss the test position on the
PERS slab. The sound absorption curves from the &es plotted in Figure 4-7.
It can be seen that the results achieved befgv2@ mm distance from the slab
are comparable except for certain deviations atdom high frequencies. With
the increase of the measurement distance, the mlmsorcurves show greater
fluctuations. It is thus recommended to keep thasueement distance less than
20 mm and as small as possible. In all the laboyatoeasurements in this
research, the distance between the probe and saméee is set at 5 mm.
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Figure 4-7 Absor ption measurementson a PERS slab at several probe-surface
distances
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4.4.3 Measurement on core samples

4.4.3.1 Measurementson original cores

Sound absorption measurements were performed botheocore samples and
the sections where the cores were drilled. Thes teis illustrated in Figure 4-8.

The in-situ test was done at three points arourdctring position. A wind cap

was placed on the probe to reduce the influenadefwind noise in the lower

frequency ranges (see Figure 4-8 (a)). As the wega has a certain thickness,
the distance from the probe to the surface coultd b as small as in the
laboratory test. The smallest distance in the fieddt was set at 30 mm.
According to the former study on the setup, théadise between the P-U probe
and the test surface was set at 5 mm for the netbtei lab. A tripod was used to
fix the setup during the measurements.

] (a) Measurement on field (b) Measunehos the core

Figure 4-8 Sound absor ption measurement in thefield and on original cores

In this study, core samples were kept in the saate ss they were collected in
field. So the cores kept their original heights anad cleaning took place. The
measured absorption coefficients from the origioales were compared with

those obtained in-situ. In Figure 4-9, exampletheftest results are given. In this
chapter, porous asphalt samples are mostly us&bie the results. As the sound
absorption curve for porous asphalt generally ha®lavious peak, it provides

convenience for readers to observe the curves aakke ncomparisons. The

selected curves are representative for all the unedsones. Data acquired in the
measurements were smoothed by the moving averagarlimethod and the

absorption coefficients are presented in 1/12 @ctand.

The in-situ test results show one clear peak orh edusorption curve. The
positions of the peaks are different from each rothecause of the different
thicknesses and tortuosities of the porous aspafaces [9]. For the original
core samples, the coefficients in the low frequeranyge (generally below 400
Hz) are quite high. The locations and the heightd® second peaks are also not
always consistent with the in-situ measurements.shibuld therefore be
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concluded that the test results on the cores atecomparable with those
obtained from the in-situ measurements. Therefioie ¢oncluded that using the
surface impedance setup directly on core samplesoisadvisable. Special
precautions should be taken.
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Figure 4-9 Absor ption measurement resultson field and original core samples

Figure 4-10 is a schematic diagram showing the douave propagation in a
road surface and a core sample. The ground flodttza layer below the porous
layer are considered as rigid. It is speculatedl ttie disagreement in absorption
measurement done on slabs/surface layers and omsainly caused by (as
marked in Figure 4-10): 1) the fact that part ¢ dound waves are spread into
the space around the core, and the device redoeds tvaves as being absorbed;
2) the sound leaks through the voids which arereéntenecting the core surface
and its sides.
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Figure 4-10 Sound impedance test on a slab/road surface and a core

For a better understanding of the factors influegdhe acoustic measurements
on cores, experiments were performed on cores mépa the following two
ways.

1) Wrapped cores: The core was firstly wrapped plastic film over its full
height and then sealed with scotch tape outsides Ppheparation aims at
preventing the sound leak from the exposed voidkersides. It should be noted
that the smearing in the coring process could calose of the pores in the side
walls. However, for porous asphalt samples witthhag voids, the influence is
not big. Exposed pores can be seen on the sideoiilé core.

2) Cut cores: The surface layer including 10 mnthef underlying base course
was cut from the core in order to reduce the heifiihe core without damaging
the porous layer. The influence of the height cannvestigated by comparing
the results obtained on the cut cores with thogaimdd on original cores with
the full height.

Figure 4-11 shows the wrapped cores and cut cosesl in the tests. The
absorption results obtained on the wrapped anccargs are shown in Figure
4-12. As the tendency observed from all the corapdas is similar, only the

result of one representative measurement is gigermdth types of samples. It
can be seen from Figure 4-12(a) that the peak saud the location of peaks do
not change when the core is wrapped. Only smalhgbs occur in the medium
frequency range. So the interconnected pores battyezcore surface and the
side do not have a major influence on the soundrabien measurement on a
core sample.

In Figure 4-12 (b), it is found that the absorptemefficients decrease strongly at
low frequencies and the values are close to thdtsesf the in-situ test when the
core is shortened. However, the coefficients resvben 800-1000 Hz. From the
shapes of the curves before and after cuttinggabs that the high values in the
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( rpe coe
Figure 4-11 Examples of the wrapped core and cut cores

low frequency range “move” towards the higher freggies when the height of

the core becomes smaller.
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Figure 4-12 Sound absor ption results obtained on a wrapped and cut core
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4.4.3.2 Improvement of the measurement method

Based on the analysis presented above, it is codedlahat the height and the
surface size of a sample strongly influence thendabsorption test results with
the surface impedance setup. Consideration shaulpaid to these two factors
for improving the laboratory test with the P-U fifigeld technology:

Core height: From comparison between the testaubcares and original cores,
as given in Figure 4-12 (b), the height of the aafliences the frequency where
the peak absorption coefficient occurs. When thghtef the core is smaller, the
peak position is closer to the in-situ test. Inesrtb diminish the influence, the
height should be as small as possible. In otherdsyothere should be little
altitude difference of the surface in the testiredyf

Surface area: According to a former study by Milmeh, the P-U probe works
well on a surface with dimensions larger than 156 m 150 mm [5]. As a
consequence, the size of a road surface samplédsbewt least 300 mm x 300
mm for a slab sample and cylindrical samples shbalke a diameter of at least
300 mm. However, the diameter of a core sample comiynused in road
engineering test is 100 mm or 150 mm. Cores wilaeneter of 300 mm are not
easy to achieve in the lab or from the field. Thebservations imply that slab
samples with a surface size larger than 300 mmOxn3M are to be preferred for
laboratory test. This type of sample can also coiergly be produced in most
road research labs.

For a core sample, the surface size of which isdfiky the mold, an effective
way to improve the measurement is to enlarge tsénte surface area and
diminishing the influence of the height of the cofen auxiliary platform was
designed to address this objective. The platforenetftore consists of a wooden
table with a hole in the center and an iron tubth waicircular edge support. The
surface area of the table is 1 mx1 m. Details ef design parameters for the
table and the tube are shown in Table 4-5 and T&bleespectively.

Table 4-5 Design parametersfor the wooden table

Parameter Value

Material dense wood (okoume multiplex)
Dimension of the table top Imx1mx30mm

Height of the table 250 mm from top surface togheund
Position of the hole center of the table

Diameter of the hole 156 mm
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Table 4-6 Design parametersfor theiron tube

Parameter Value
Material iron

Height 80 mm
Interior diameter of the tube 150 mm
Thickness of the sidewall 3mm
Outside diameter of the tube 156 mm
Outside diameter of the edge support 200 mm
Thickness of the edge support 1 mm

When utilizing the platform, the core is firstly apped with tape on the sidewall.
With this treatment, the side wall of the coreamsidered to be fully sealed. The
wrapped cores are placed in the tube which is #wttied into the hole of the
table. This mounting can be considered as a simoalaf Kundt's tube. Similar
measures were also taken in the tests done by itr@fldwn company. In their
study, a simple wooden structure was used as boytalaimulate the mounting
of the impedance tube [8]. The gap between the aeam the tube sidewall is
filled by wrapping the core with plastic film andict tape to prevent leaking of
the sound wave. This also helps to seal the exposexs in the sides of the core.
During a measurement, the surface of the core p¢ & the same horizontal
level as the table. The platform and the positibthe core during the test are
shown in Figure 4-13.

Figure 4-13 Platfor m supporting the absor ption measurement on cor e samples
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A number of sound absorption measurements on coess taken with the
platform set-up. Results from some samples arengivé-igure 4-14. In order to
study the influence of the surface of the platfoendense steel plate, the sound
absorption of which is regarded as 0, was alsoeplac the tube for testing. A
picture of the steel plate placed in the platfosrshown in Figure 4-15. The
measurement result is shown in Figure 4-16. In ¢hse, the sound absorption
can totally be attributed to the wooden surfacthefplatform, as the steel part is
not considered to absorb sound waves. The anabysesribed here-after are
performed by reviewing all the test results; thes ot only limited to the charts
shown here. Other test results can be found iICDeattached to this thesis.

For cores 7-1, 9-1 and 31-1, see Figure 4-14 @),a0d (d), the maximum
absorption coefficients and the positions of thaksemeasured on cores in the
platform are in good agreement with the in-situsesiowever, there are also
differences between the tests on cores with plaifoand the in-situ
measurements for some surfaces. For example, urd=#14 (a), the maximum
absorption coefficient occurs at a lower frequeranyge compared to the in-situ
measurement for surface 6-1. Theoretically, theitipos of the maximum
absorption coefficient is related to the thicknesthe absorber and the tortuosity
of the porous structure [9]. As there is no chaofgiine thickness or the structure
of the porous surface in the process, the reasdhi®fpeak “shifting” is most
likely caused by the test method with the platform.

There is a small peak around 360 Hz for each abearpurve by testing with
the platform, which can be seen in Figure 4-14afw) (d). By comparing with
Figure 4-16, a similar peak around 0.2 is also oleskat the same frequency. As
the steel core does not absorb the sound wavegethles are recognized to be
caused by the wooden surface surrounding the Eorea more exact description
of the sound absorption coefficient of the core glamthis influence of the
surrounding surface needs to be removed from thevecuNevertheless,
measurements using cores and the platform are nergkin reasonable good
agreement with the field measurements (see Figdw® 4
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Figure 4-14 Absorption measurement resultson field and original core samples
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Figure 4-16 Absor ption measurements on steel plate placing in the platform

4.4.3.3 Comparison with impedance tube test

For verifying the test method with the platformtther investigations were made
by comparing the measurement results obtained tivghMicroflow equipment

and using the platform with those obtained from stendard method by using
the impedance tube. Several cores were selectegdting with the impedance
tube; the measurements were carried out in thesticalilab at Hogeschool
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Windesheim in the Netherlands. The device usethentést is shown in Figure
4-17. The samples used in this test are coresavitlameter of 100 mm. Those
cores were drilled from 150 mm diameter core sampged in the platform test.
In this study, the thin layer surfacing slabs walso involved. After absorption
measurements on the slab, cores with a diamet@b@fmm were drilled from

the slab samples and used in the sound absorpsbmwith the platform. 100 mm
diameter cores were then drilled from the 150 mme€dor the impedance tube
measurements.

In an impedance tube measurement, the core sampteunted at the rigid end
of the tube. The incident plane sound wave sigraaks generated by the
loudspeaker at the other end of the tube. The maxirand minimum sound

pressure amplitudes at different frequencies aterded. The sound absorption
coefficients are calculated from those pressurelifndps. According to the

length of the tube, the sound absorption can besumed precisely up to a
frequency 1250 Hz. The results for frequencies drigihan 1250 Hz are not
reliable. The sound absorption coefficients frone tireld test, test with the

platform and impedance tube test are comparedgnr&i4-18. As the sound

absorption coefficients from the impedance tub¢ &e generated on the one
third octave band, all the three curves in therggare illustrated in the one third
octave band.

Figure4-17 Impedancetube for sound absor ption measurement

From existing studies on elastic porous materi@] find foams [8], it is known
that the sound absorption property may change vglaemples are cut from the
free field samples and mounted in a tube. As shawrFigure 4-18, the
investigation performed in this research also shdves the sound absorption
determined by the P-U probe on cores placed inptadgorm does not always
match the response determined by means of testslarge surface (being the
surface of a real pavement) or the response detednby means of the
impedance tube. The test result is affected by blm¢hsize and the mounting
method of the sample. It can be stated that thesanement results obtained on
core samples, by means of the surface impedanuap setthe impedance tube,
reflect the sound absorption ability of the corbst not always the sound
absorption ability of the practical road surfacedmaf the same material.
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Figure 4-18 Sound absor ption as deter mined by three different methods

From all the test results and the analysis desgtrdim®ve, it is suggested that the
core samples should not be used in a laboratorysunement of sound
absorption of road surface. Slabs have to be pextiu®Only when slabs cannot
be produced, measurements with the surface impedaaiap and platform might
be considered. For the pavement in service, thie tae preferred to be carried
out directly on the road surface.

4.4.4 Measurement on slab samples

Experiments were carried out on slab samples fgologxg appropriate

operations for using the surface impedance setaporing to Microflown, slab

samples with a size larger than 300 mm x 300 mnpeeterred for an accurate
absorption measurement with the surface impedastg.sThe slab samples
used in this research are 700 mm x 500 mm, whidviges a sufficiently

surface area for the test. Aiming for a refined evbation, the absorption
measurements were taken at 77 points on each H&btest positions and the
numbering of the positions are illustrated in Fegdr-19. As shown in Figure
4-19, the distance between two neighboring pointsiiher the longitudinal or
transverse direction is 50 mm. The closest distérmee the point to the edge of
the slab is 100 mm. The influence of the test pwosst in particular the distance
to the edge of the slab, was investigated by pipdire slabs in different
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surroundings. As shown in Figure 4-20, tests wareed out by placing the slab
on a wooden pallet and on the concrete floor oldberatory respectively.
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Figure 4-20 Sound absor ption measurement on slabs

Examples of the test results are displayed in [Eiglt1. The sound absorption
curves in Figure 4-21 are from the measurementslam P02, the air voids
content of which is 18%. Results from a quartertlod testing surface are
displayed. For the figures in the first row, it da@ seen that there is a large peak
located between 630 Hz and 800 Hz from the teshemallet. However, there is
no such a peak on curves measured on the slaingetth the ground. The
agreement becomes better when the test pointsveag iom the edge. This
indicates that the test position does influencenieasurement results. When the
test position is close to the edge, the measuremasntts tend to be influenced
by the surroundings outside the sample.
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Figure 4-21 Sound absor ption curves measured from different positions on slab
P02

By comparing the results from different slabs, @&swecided that only the results
obtained on the 15 points around the central ane&de taken into account for
calculating a representative absorption coefficadrthe slab. In other words, the
distance from the testing point to the edge of $la is suggested to be no
smaller than 200 mm; the impact from the surrougdirea can be neglected in
this way. The selected area is illustrated as &@ngte with dashed line in Figure
4-19.

4.45 Summary of using the surface impedance setup

The surface impedance setup based on P-U technualagyapplied in the noise
absorption measurements. Tests were carried ot drotthe trial sections in
Kloosterzande and different types of samples inléte including PERS, thin
layer surfacing slabs, and cores drilled from theokterzande sections and cores
drilled from the thin layer surface slabs. Basedhmresults that were obtained,
the following conclusions are drawn for using thevide for sound absorption
measurements of road surfaces.

(1) With respect to the size of the surface area, tflewing is concluded:
Measurements on large areas (road surface, 1 mmxPERS slab, 700
mm x 500 mm slab samples) provide reliable reskitdd measurements
are always to be preferred. In the laboratory erpants, the test surface
should be large enough to eliminate the influentdhe surroundings
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outside the slab. It is found that the influencalight when the distance
from the test point to the edge is larger than 20 Thus it is suggested
that the size of the slab sample should be notlentalan 40 cm x 40 cm.
Results achieved from the central area are coresidealid for presenting
the sound absorption ability of the material.

(2) With respect to the probe-surface distance theoviollg is concluded.
From the current test results and previous stubdiedMicroflown, it is
known that the test results are less accurate uierdistance is larger
than 20 mm. Therefore, the probe should be kemiase as possible to
the test surface, especially when the surface amesmall. 5 mm is
suggested in the lab measurement. A tripod hasetauded for stable
positioning of the probe. When a wind cap is usedi¢ld tests, the
maximum distance should be around 30 mm.

(3) It is suggested that core samples should not be insthe measurement.
Only in case slabs cannot be produced, the tesitrbgdone by using the
platform to evaluate the sound absorption coeffiis®f road surface.

4.5 Mechanical Impedance Measurement

Because the mechanical impedance is consideracentiél parameter on tyre -
road noise only recently, there is no standardigest yet to measure this
parameter. Generally speaking, the mechanical iampssi can thus be estimated
by applying an impact to the road surface and dingrthe response of the
material in terms of vibrations [11]. In this resgg@ an impedance hammer
system is applied as a simple method for evaluahiagnechanical impedance of
surface samples.

Stiffness is an important mechanical property @& tbad surface which can be
measured with various test methods in the labs Ibfi interest to study the
relationship between the stiffness and the mechaniopedance of the road
surface materials. With this relation, the mechaienpedance of the road
surface can thus be estimated from the measurfdes8. Therefore, in this
research, the stiffness of the materials is alsoetbested and the cyclic indirect
tension test (ITT) is used for this purpose.

4.5.1 Mechanical impedance measurement with impedance hammer

A hammer excitation device is used for measurimgrttechanical impedance of
the materials investigated in this research, sgaer€i4-22. The device consists of
a hammer for applying the impact load, one senstie head of the hammer for
recording the force and three accelerometers miegstite acceleration of the
sample surface. This technology has been extegsiuséd for testing the
dynamic properties of railway structures [12, 1Bpr measurement on road
surface materials, it is suggested to be used mplea with a large surface area
[14]. In this study, the test was carried out om iloosterzande test sections and
on the laboratory slab samples. As the size of samaples is small, it cannot
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simulate the response of the real road surfaceesidg to a blow of the impact
hammer. Thus the cores were not involved in thesomeanent with this method.
The measurement procedure is as follows [15].

1) Three accelerometers are placed on the surfadheoslab samples for
measuring the vibration due to the impact load geed by the hammer. For
achieving an even response at each sensor posftimsensors are placed at 120
degrees intervals around the hitting point. Theceraent of the sensors is
illustrated in Figure 4-22 (a). In the test, thdeem x 2 cm steel sheets are firstly
glued onto the surface of the top layer, and thes@es are fixed on the steel
sheets. In order to get an as good as possibleunsrasnt of the surface reaction
to the impact load, the sensors were placed ag @egossible to the point of
impact. However, enough space is also needed fdyiag the impact load. For
balancing both requirements, the center to centdantes between each two
sensors is set at 65 mm.

2) As the slabs were used for other measuremenielisthe surface needed to
be kept as much as possible in its original coouditiTherefore bitumen is used
for sticking the steel sheets on the sample. Uamgpoxy type of glue, might
cause damage and pollution of the surface.

3) The floor of the lab is not perfectly flat, agdps could exist between the
bottom surface of the slab and the floor of the. |Abcarpet was placed
underneath the slab, with the aim to provide unifaontact between the slab
and the laboratory floor.

4) A hammer with a plastic tip is chosen to inceeti® contact time of the load
pulse with the surface. The material is also mamalar to that of vehicle tires
than a metal hammer tip.

The mechanical impedance test is performed at anrtmmperature (around
20°C). During a measurement, five hits are appliedhencentral position of the
small area surrounded by the sheets in 8 seconggtére of the hitting can be
seen in Figure 4-22 (b). The force is measurechbysensor in the hammer, and
the motion of the surface is recorded by the acorieters.

For calculating the mechanical impedance, the piateessing is performed
according to the following steps:

1) Unit conversion and peak selection

As the original results are in the form of eledtisignals, the data is firstly
transferred into force and acceleration expressimiisg S| units. Examples of
the load and acceleration versus time curves ayershin Figure 4-23 (first hit
on the center of slab P0O1). It can be seen thdbtice acts on the sample during
a very short time, less than 1 ms. Vibrations atdtwrface where the sensors are
located last for 0.01 to 0.015 second.
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(a) Placement of the sensors (b) Hammangyithe slab surface

Figure 4-22 | mpedance hammer measurement on slab samples
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Figure 4-23 Example of force and acceleration time-history

2) Velocity calculation

The velocity of the vibration is obtained by intatjon of the acceleration. In this
study, the Trapezoidal rule is employed for the audoal integration [16]. The
velocityv; in the hitting period is calculated using the daling equation:

Vi:Itzzat(t)dtz(tz_tl)ac(tl)"z'ek(tz) (4-7)

Wherea. is the acceleration at tinteandt, andt, are two neighboring moments
at which the accelerations are recorded. In thidystthe integration periot} -
t,=0.00005 s.

3) Mechanical impedance calculation

The mechanical impedance is calculated by its difin as given in Eq. (2-28).
Since the driving force acts shortly on the surfacely acceleration data
measured during the same period are taken intouatc@cceleration data
outside this period are all set to 0 in the caliwoia As the velocity is at different
positions to where the driving force is applie® tfalculated results are therefore
considered as mechanical transfer impedance. Thesghanical impedance
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values are then transferred into the frequency dorog doing a fast Fourier
transformation (FFT) and expressed in decibelsgusia following formula:

Lz :lODg(Z /Zref) (4'8)

whereL; isthe decibel expression of mechanical impedancéénfitequency
domain,Z is the measured impedance ahgis thereference impedancges =1
Ns/m.

45.2 Reslient modulus measurements

In this study, the stiffness test is carried out felating the stiffness with
mechanical impedance. Several standardized Ilabgratest methods are
available for measuring the dynamic modulus of akphixes such as bending,
direct tension-compression and cyclic indirect i@ms$ests (ITT) [17].

The cyclic 5 pulse ITT method is used for determgnthe resilient modulus of
the thin layer surfacing cores. The equipment use@ Universal Testing
Machine (UTM). All samples had a diameter of 100 .mfme device with
mounted sample is shown in Figure 4-24.

The tests are conducted at 5 temperatures beid@,515, 20, 2%. A typical
plot of the applied load and the resulting dispfaest is given in Figure 4-25.
Part a shows the instantaneous elastic respongar(dgion), part b shows the
delayed elastic response, and part ¢ shows thé retaverable deformation
which is the sum of instantaneous and recoveradfigrchation.

Prior to the test, the specimens are conditioneaftdeast four hours at the test
temperature. Then the specimens were placed imtdodding apparatus. The
mounting of the specimen was done according tosftexification NEN-EN
12697-26 [17]. In the test, a pulse load is appékuhg the vertical diameter of
the specimen via the loading platens. The horizatgBrmation of the sample is
measured by means of two linear variable diffeedtansformers (LVDT).

The measurement is done in a load-controlled mdde. pulse load is selected
sufficiently low to avoid permanent deformation aadoid fatigue damage
during testing.

The tests were carried out from a lowest tempesatfC to a highest
temperature &, with 5C increase at each time. Based on measurementsresul
at these temperatures and load frequencies, mast®es of the stiffness
modulus of the mixtures were constructed.

At each temperature, the test was performed atrigddequencies of 8Hz, 4 Hz,
2 Hz, 1 Hz, 0.5 Hz and 8 Hz. The test at 8 Hz atdhd is done to determine
whether any damage develops in the sample. Forphipose the obtained
modulus values are compared with the values oldamehe first measurement
at the same frequency.

98



CHAPTER 4 MATERIALS AND MEASUREMENT METHODS

Figure 4-24 Setup of thecyclicITT in thelaboratory

The resilient modulus is calculated by using theadign:

_F(v+0.27)

Me = A (4-10)
Where
F — maximum applied force (repeated load), N;
v — Poisson’s ratio;
h —thickness of the specimen, mm;
4d  —total recoverable horizontal deformation, mm.

rESt tirne /\ A A /\

 total width 55 | Instantancous  delayed f;ﬂ;iﬁfﬁme

tresponse response

b

derformation

o 1 2 3 4 3 6 7 8 & 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25
Time (s)

Figure4-25 Theload signal applied in thefivepulsesITT and theresulting
defor mation
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The result of mechanical impedance covers a lamgguéncy (0 Hz-3000 Hz),
while the stiffness in this test set-up can onlyabhieved at low frequencies, no
higher than 8 Hz. In order to be able to make a pamon between the
mechanical impedance and the stiffness at the smeawency, the time-
temperature superposition principle was used tetcoct a master curve for the
stiffness over a wide frequency range. This wasedeith the data collected at
different temperatures. By shifting the stiffnessodulus versus loading
frequency for various temperatures horizontallyhwispect to the curve chosen
as the reference, a complete master curve at a&wcheserence temperatuig
can be assembled [18]. The shift facdeis defined as:

f
a == (4-11)

wheref.q is the loading frequency where the master curvbetoeadf is the
loading frequency at which the modulus is obtairBuke shifting factor can be
determined by different methods. In this study, W#liams — Landel — Ferry
(WLF) model was employed:

loga, (T) = a

—R -
b+T-T, (4-12)

with constants andb.
A sigmoidal model which similar to the one deve&dy Pellinen and Witczak

[19] was then used for obtaining the master cufgesll mixtures in this study.
The model can be expressed as follow:

log(M,,.) = log(M,,) +[ log(M ) ~ log(M .} |, (4-13)

y
M, =1- ex{_(%j} (4_14)

with

where

Mmix  — resilient modulus of mixture, MPa;

Mmin  —minimum modulus, MPa,;

Mmax —Mmaximum modulus, MPa;

n,y — shape parameters which are related to the curvatutee S-shaped
function and the horizontal distance from the iugrpoint to the origin,
respectively.

As the mechanical impedance is measured arout@, 20reference temperature
of 20°C is selected to construct the master curves ofdsiient modulus. All of
the model parameters or constants were obtainddtiog the sigmoidal model
to the experimental data. This was realized by miing the sum of squares of
the errors using the Solver Function in the Excel.
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4.6 CT-Scanning

The mixture composition of the sample is to be stigated by using X-ray
Computerized Tomography (CT). This is a non-desitracthree dimensional
imaging tool originally developed for medical diagis. In recent years, the CT
method has gained increasing application in rekeaf civil engineering

materials [20-22].

The principle of a CT-scanner is based on the etitin of X-ray radiation. In
the test, the X-ray source and detectors rotatenarohe sample and determine
the extinction of X-rays of the entire sample unaesariety of angles. Thereatter,
the computer can calculate the extinction valua @articular volume element
within the sample. The density of the material e scanned cross section is
subsequently calculated and a two-dimensional imaggeated. The different
grey scales in the image reflect the different dessof the objects.

The scanner used in this study is the Siemens SOMWAPIus4 Volume Zoom

medical scanner available at the Delft Universityrechnology. A picture of the

machine is shown in Figure 4-26, in which the mowhof the sample is also
displayed. The samples used in the test are catesawliameter of 100 mm. The
scanning is done in slices which are 1 mm apant.a#80 mm thick sample, a
total of 30 slices are scanned.

Figure 4-26 Mounting of the samplefor CT scanning

The digital processing technique is then used tentifly the mixture
compositions based on the image from CT-scanniagaBphalt mixture samples,
the volumetric composition of the material is resgneted in terms of air voids,
mortar (defined here as bitumen, additives, fileand and aggregates <2 mm)
and coarse aggregates Z mm). The distinction between air voids, mortad a
aggregate is made by the choice of the Hounsfieits (HU). Based on the
density of the different components, the air vddse the lowest HU value,
followed by the mastic, and then the aggregatesrdier to determine the bulk
volume of these three separate groups, thresholdallies need to be set. In the
scanned image, everything below the first thresimlassumed the air voids, all
between the two boundaries is the mortar, and #viery above the second
threshold is regarded as coarse aggregate. Detgtramrof the threshold values
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is implemented by using the volume sample analyzéhe software VGStudio
MAX 2.0. Figure 4-27 shows an example of the resafter the introduction of
500 HU as a border between the air voids and martdrl400 HU as a threshold
value between the mortar and coarse aggregateydllemv fields indicate the
volume of air voids and coarse aggregates resmdgiiv Figure 4-27 (a) and (b).

- -lfz‘ -

g i =
ontent (b) Coarse aggregate cdnten

Figure 4-27 Sectional view of the scanned core with 500 HU and 1450 HU as
threshold values

(a) Air voids ¢

With the border values set, the volume of the tlseggarate groups per slice can
be obtained. The calculation is executed with tesistance program in the

software package Avizo. The area to be analyzéidsisdetermined as shown in

Figure 4-28. In order to eliminate possible distogbeffects of the core edges
and the outside area, the analysis is performedcylindrical space cut out in the

core, as illustrated in Figure 4-28 (a). All theaisced slices of the core are
contained in the cylindrical space as shown in FEgli28 (b). Percentages of air
voids, mortar and coarse aggregate are computeghfdr slice in the space. The
average percentages of voids, mortar and coarsegajg are calculated from a
representative part of the sample being a few maters below the top surface to
a few millimeters above the bottom of the sampleréidetails about using CT

scanning image to determine the mixture compostioan also be seen in

Chapter 5.

(a) Sectional view of the space (b) Side viewhef $pace

Figure 4-28 Space used for determination of the bulk volume per centages
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CHAPTER 5
MEASUREMENTS AND INVESTIGATIONS

5.1 Measurement Program

To investigate the surface characteristics andurgxtompositions of thin layer
surfacings, measurements were performed on ther lsyrfacing samples. With
these test results, the relationship between éiftesurface characteristics and
the material properties were investigated. The $esnpsed in this study are the
slabs produced in the lab of Ballast Nedam and dbees with thin layer
surfacing on top taken from the Kloosterzande easti For information about
the slabs the reader is referred to Table 4-2. mhaéure compositions of the
cores from the Kloosterzande sections are showialie 4-4.

The important surface characteristics related t@ ty road noise, including
surface texture, sound absorption, mechanical impesl and stiffness, were
measured. The measurement methods are descril@whpter 4. CT scanning is
used to determine the mixture compositions of #@@es. The measurement
programs for the slabs and the Kloosterzande sanapieillustrated in Figure 5-
1 and 5-2 respectively. The numbers in the figudicate the order of testing.
Outcomes from the different measurements are atsovis in the figures.
Specific information about the measurement prograresyiven here-after.

Texture and sound absorption tests can be perfodiredtly on the slabs; no
special precautions need to be taken. Furthernf@set measurements do not
affect the surface. Like the texture and absorptimmasurements, mechanical
impedance tests by means of the impedance hamsteregjuires a large surface
area. Due to the hammer impact on the sample, ttwarel be slight damage of
the surface after the test. Moreover, a small amotbitumen is used to glue the
steel bars on which the sensors are located tpatiement surface. Some of the
bitumen inevitably remains on the surface, anth@nges the original state of the
surface. Considering these influences, the mechbaimpedance test has to be
carried out on the slab after the surface textunel ound absorption
measurements.
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One hundred fifty (150) mm diameter cores werdedtifrom three positions of
each slab. They were used for comparing the souosbration test results
performed on slab and cores. The coring positiors raumbering of the cores
are shown in Figure 5-3. The 150 mm diameter cnr@® the slabs are not
involved in the measurements mentioned in this @rafg he measurements on
the @150 mm cores indicated in Figure 5-1 are dised in section 4.4.3.3.

Core samples with a diameter of 100 mm were reduioe the stiffness tests.
They were drilled from the 150 mm diameter corderathe sound absorption
tests were performed. Then also the 40 mm denderbdayer surface was cut
off. The final sample is a thin layer cylindricghmple with 100 mm diameter
and 30 mm thickness. Examples of the 100 mm candstlee samples used for
stiffness testing are shown in Figure 5-3. CT scanmas also performed on
these 100 mm diameter samples used for stiffnessdge The samples provide
enough space for detecting the internal structncenaixture composition. As the
bottom layer was removed, the CT scanning focusedhe top layer, and no
redundant data was collected. Because the stiftless®y using the ITT method
could result in small deformation in the radialedition, the CT scanning was
performed before the stiffness measurements.

Coring Coring
700 mm x500 mm DI @ 150 mm Core D @ 100 mm Core
Slab samples L samples j samples

1. Laser profilometer I Sound absorption test ! 4. CT Scanning

Measurements |2. Sound absorption ' with table ' 5. Indirect tension test
3. Impedance hammer I I

+ - e ]

|

1. Surface texture ' 4. Mixture composition
: 5. Resilient modulus

Samples

|
Results 2. Absorption coefficients | Absorption coefficients
3. Mechanical impedance | |

Figure 5-1 Measurement program on slab samples

Coring Coring
. Trial sections in D @ 150 mm Core D @ 100 mm Core
Samples/Section Kloosterzande samples samples
1. Laser profilometer .
- 3. CT Scannin
Measurements |5. Impedance hammer 2. Sound absorption 4. Indirect tensgi’on test
test with table )

v v v

1. Surface texture 3. Mixture composition
2. Absorption coefficients 4. Resilient modulus

Results 5. Mechanical impedance

Figure 5-2 Measurement program on cores from the Klosterzande sections
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For the core samples from the Kloosterzande teelians, similar considerations
hold as for the slabs. The surface texture and dsaalpsorption tests are
performed on the @150 mm cores. As the surfacenefcores is small, they
cannot be used for impedance hammer testing. Tiestewere thus carried out
directly on the surfaces of the Kloosterzande easti

In this chapter, the measurement results obtaimedhe thin layer surfacing
samples are reported and relationships betweeracgurtharacteristics and
material properties are explored. The CT scanniegults are presented in
Section 5.2. The surface texture, sound absormmh mechanical impedance
and stiffness measurements are discussed in Se&idrto 5.5.

700

2 1 3
YYD | L |
SO0
I
150 150;7 150

(a) Coring positions and numbers (b) @B0O diameter cores from slab

(c) Top view and side view of 100 mm diameter cdres slab
Figure 5-3 Cores from slabs and stiffness samples

5.2 Mixture Compositions

With the CT scanning measurement a reasonable aithoiic of the mixture
composition of the samples was obtained. The mext@mposition, including air
voids content, coarse aggregate and mortar conteptesents some basic
material properties and is taken into account forestigation of the surface
characteristics. In this section, CT scanning @aéapresented; special attention
Is given to the amount of connected air voids m plorous structure since this is
an essential parameter related to sound absorgtitme road surface. This was
evaluated using a cluster-labeling algorithm [1].
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5.2.1 Selection of cores

Tests were performed on cores from both the slaiis the Kloosterzande
sections. As there were 61 cores in total fromeh®s sources (27 from slabs
and 34 from sections), it was necessary to sefiectores which are of interest
for the research and to eliminate redundant wotsed by scanning cores with
the same surface properties.

The research focuses on single thin layer surfas®sgll the cores with a thin
layer surface were considered as options for Cirsng. Certain porous asphalt
samples were also chosen for comparing the presesith the thin layer
surfaces; the related samples are from Kloosteezapdtions numbered as 6, 7,
8 and 31. Four cores, namely Ref-1, P02-1, 4-1%fGdwere used in an initial
trial with CT scanning. The selection is actuallgde using the following rules.

1) At least one core for each type of material sdedbe scanned;

2) The porous asphalt samples are only used asenefs in this study, and
therefore there was no need to scan all the samiplebis case, one core for
each type of porous asphalt was selected. Coreg@18-1 and 31-1 are chosen
for CT scanning.

3) For slab samples, the cores drilled from theteareof the slabs were all
selected. They are marked as No.1 as shown in &igt8. Some other cores,
such as Ref-2, P02-2 and P07-3, were also inclidedomparison purposes.
The resulting mixture composition of a certain slakhe average of all the cores
drilled from it.

4) For thin layer surfacing samples from the Kleozande sections, the cores
form the west lane were all selected. In additihhe measurement results of
texture and sound absorption were also compareesGuth different measured
surface characteristics but identical designed nahténdexes needed to be
scanned separately.

Based on the rules given above the cores showralieT5-1 were subjected to
CT scanning. The total number of selected cor84.is

Table 5-1 Core selection for CT scanning

Source of the Core Selected ores for CT scanning OoUIN

Ref-1, Ref-2, PO1-1, PO1-1, P02-2, P03-1, P04-1,
Ballast Nedam slabs P05-1, P06-1, P06-2, P06-3, P07-1, P07-3, P08-1,15
P08-2

2-1, 2-2, 3-1, 4-1, 4-2, 5-1, 5-2, 6-1, 7-1, 8-11,9

5-2, 15-1, 15-2, 24-1, 31-1 16

Kloosterzande section

5.2.2 Investigation on mixture compositions
The 3D internal structure of the asphalt mixtures wcquired by using the X-ray
CT scanning technique. Based on the grey imagesettérom the CT scanning,
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the spatial distributions of aggregate, mortar amdvoids of the sample were
determined. More details about CT scanning arengimeSection 4.6. The air

voids, mortar and coarse aggregate distributiafifegrent depths of the samples
are shown in Figure 5-4 and Figure 5-5. In the regy examples from cores
taken from the Ballast Nedam slabs and the Klopatete sections are given. CT
scanning results for all the tests can be fouritiénCD, which is attached to this
dissertation.
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Figure 5-4 Mixture compositions of slab samples
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Figure 5-5 Mixture compositions of core samples fnm sections
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The following can be concluded from the measuremenhe cores from the
slabs show that the air voids content close tcsthréace is much higher than the
designed value, and decreases with the depth. iFheoids content generally
meets the designed value at the half its thickreess,smaller values are found in
the lower part of the sample. For example, as showRigure 5-4 (a), the air
voids content at the surface of sample Ref-2 is,1&8d it decreases to 11.9% in
the middle part of the core, which is approximatetyal to the design value of
12%. At the bottom of the layer, the air voids @mitis 6.7%. The figure also
shows that the mortar content is almost constaat tve whole depth, and the
coarse aggregate content increases somewhat wath.d&milar distributions of
the mixture composition are observed on all thesdaken from the slabs.

The mixture composition over the height of the sofi®m the Kloosterzande
sections appeared to be rather homogeneous. laircarbres, there is slight
increase of the air voids content with depth (wathdecrease of the coarse
aggregate content correspondingly).

For each sample, the average mixture compositios gaculated from the
results of the different slices. Determination be tfirst and last images for
calculating the average is based on investigatiegcomponent distribution and
the scanned images. Figure 5-4 and Figure 5-5 dghawthe top and bottom
slices have extreme high or low values for the vam aggregates content
respectively, and they should be left out in thécuation. The calculation
generally starts from the slice at a depth of: mmaxn aggregate size +1 mm. For
example, for the mixture with maximum stone size, the first slice used for
the determination of the voids content at 6 mm+1=mfrmm. It is thought that
no aggregates are exposed at this position to ithéBlank images and partly
scanned images due to small tilt or imperfect sgwinthe samples at the bottom
are excluded.

The rough mixture compositions obtained from the s€&ns are expressed by
volume fraction. The results for slabs and the €asn be seen in Table 5-2. The
content of aggregate and mortar by mass can beated when the densities of
the specimen and aggregate are provided. Tablshe®s the bulk densiwyf the
mixture and the density of the aggregate for tlieidint samples. The data were
provided by the producer of the slabs, Ballast Med&he mass percentage of
coarse aggregate and the mortar can be achieving l®guation:

:—VAg EDAg P, =1-P
g DS ! M Ag
Where,P5g andPy are respectively the content of coarse aggregateramtar by
mass Vg andVy are the volume fraction of coarse aggregate andam@yg is
the density of the stone, abdis the specimen density.

PA (5' 1)
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Table 5-2 Mixture composition by volume fraction

Air voids content, % Designed air voids Aggregate content, % Mortar content, %

by volume content, % by volume by volume by volume
Ref 11.8 12.0 60.8 27.5
PO1 10.7 8.0 63.0 26.3
P02 17.8 18.0 58.6 23.8
P03 8.8 8.0 59.8 31.2
P04 7.6 8.0 57.8 33.8
P05 12.6 12.0 65.9 21.5
P06 11.0 12.0 61.1 27.9
P07 12.1 12.0 62.2 25.7
P08 11.1 12.0 62.2 26.7
2-1 11.0 12.0 46.7 42.2
2-2 4.8 12.0 58.6 36.7
3-1 8.0 8.0 55.0 37.0
4-1 18.0 12.0 51.0 311
4-2 15.0 12.0 51.7 33.3
5-1 14.3 12.0 55.0 30.8
5-2 13.1 12.0 55.6 313
9-1 24.0 >20 52.3 23.7
9-2 20.3 >20 55.8 23.9
15-1 18.9 >20 44.3 36.8
15-2 18.4 >20 44.4 37.2
24-1 27.4 >20 50.6 22.0

Table 5-3 Density of mixture and aggregate for slabamples

Density of the Aggregate density,
specimgn, kg/th Aggregate type "% %/m3 y
Ref 2116 Bestone 2.705
PO1 2215 Bestone 2.705
P02 1974 Bestone 2.705
P03 2211 Bestone 2.705
P04 2207 Bestone 2.705
P05 2116 Bestone 2.705
P06 2116 Tillred 2.62
PO7 2116 Irish Greywacke 2.7
P08 2094 Bestone 2.705

The results of average content of air voids, coaggregate and mortar for the
slab samples are shown in Table 5-4. The desigrevfak each parameter is also
listed It can be seen from the table that forecspen with a designed air voids
content of 12% respectively 18 %, the measured gordent is around + 1% off
the target value. For samples with a designed aidsvcontent of 8%, the
measured void content is generally higher thanténget. By comparing the
results obtained for mixtures P01, PO3 and PO4#& found that the air voids
content is smaller for a mixture with a lower c@aegygregate content. Slab P04
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with the smallest coarse aggregate content showdotlest air voids content
8.37%, which is closest to the design value of ¥s indicates that the target
air voids content tends to be reached by using allsmamount of coarse
aggregate.

In this study, thin layer surfacings are definedthy air voids conten®: dense
(2<9%), semi-dense (9%<14%), semi-open (14%:3<19%) and porous
(£2>19%). According to the classification and the meaduair voids content,
sample P02 is a semi-open surface and all the siméaces are considered as
semi-dense or dense surface (This is only for P04).

For the measured coarse aggregate contents, tiaides from the design value
are no more than 2.5% for all the samples. Fronrdkalts, mixture PO6 shows
to have the smallest coarse aggregate content athengixtures with a design
coarse aggregate content value of 78%. The higlo@sse aggregate contents are
observed for samples P02 and P0S8.

It should be noticed that the calculation of thetome composition based on CT
images is influenced by the selection of the boundalues between the three
groups in the grey image. The boundaries are disished by visual inspection
and determination of the boundary values is to sertent arbitrary. However,
the measurement results achieved in this studgeanerally in accordance with
the designs and they are considered to be reasonEted measured volumetric
material properties are used for investigating atefcharacteristics as described
in the following sections.

Table 5-4 Mixture composition of thin layer surfachg slabs

Coarse , Mortar content
Designed coarse Mortar .
aggregate from design

0,
content, % byaggregate conter content, % values, % by

Air voids Designed air
content, % by voids content,

volume % by volume % by mass by mass
mass mass
Ref 11.8 12.0 77.7 78.0 22.3 22.0
PO1 10.7 8.0 77.8 78.0 22.2 22.0
P02 17.8 18.0 80.3 78.0 19.7 22.0
P03 8.8 8.0 73.1 72.0 26.9 28.0
P04 7.6 8.0 70.9 68.0 29.1 32.0
P05 12.6 12.0 80.0 78.0 20.1 22.0
P06 11.0 12.0 75.9 78.0 24.1 22.0
P07 12.1 12.0 79.3 78.0 20.7 22.0
P08 11.1 12.0 80.3 78.0 19.7 22.0

The surfaces of the Kloosterzande sections wergrmss and built by different
contractors. The author does not have completerdton of all the materials
used. So the aggregate and mortar content of thplea from the Kloosterzande
sections are not evaluated in this study. Howeirergeneral there are large
differences in volumetric properties between cofesn the Kloosterzande
sections. In this study, it was decided to useringure composition data as
determined by the contractors during their qualdmtrol.
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The air voids and the corresponding design valoeshie cores taken from the
sections are shown in Table 5-5. From the tablegntbe seen that for cores with
a design air voids content of 12%, the variatiothia results is quite large. The
air voids content of cores from section 4 is muahér than the target. In this
case, the surface of section 4 can be regardecerasopen type, which is
designed as semi-dense type. Core 2-2 shows aomrgorosity and it is thus
regarded as dense surface. For the porous thiacsugs, the air voids content of
cores from section No.15 is below 20%. It indicatiest the air voids content
does not meet the design value of porous asphmlttteey should therefore be
treated as a semi-open surface. The fact that chelamaterial properties are
different from the design could be due to constamctor environmental
influences. Nevertheless, the air voids contenterdened by CT scanning are
considered to reflect the status of the materiaperties of the core. They will be
related to the surface characteristics in the Valg chapters.

Table 5-5 Air voids content of thin layer surfacingsamples from Kloosterzande
sections

Coarse aggregate Mortar content (100-

Air voids content, % Designed air voids
content measured on coarse aggregate

by volume content, % by volume site, % by mass  content), % by mass

2-1 11.0 12.0 50.8 49.2
2-2 4.8 12.0 50.8 49.2
3-1 8.0 8.0 66.2 33.8
4-1 17.0 12.0 75.9 24.1
4-2 15.0 12.0 75.9 24.1
5-1 14.3 12.0 69.0 31

5-2 13.1 12.0 69.0 31

9-1 24.0 >20 86.9 13.1
9-2 20.3 >20 86.9 131
15-1 18.9 >20 79.9 20.1
15-2 18.4 >20 79.9 20.1
24-1 27.4 >20 915 8.5

5.2.3 Degree of connectivity

Absorption of the sound wave occurs due to the ymrstructure of the road
surface. In theory, only air voids which are ioternected and connected to the
open surface of the road are considered to bete#etor sound absorption.
Connected pores are essential for the sound wawveasts through and dissipate
in the system [2]. Acoustical models for evaluatihg sound absorption are also
developed based on a layer with interconnectedspaver the full height [3, 4].
In road engineering, the commonly used bulk parama&t voids content takes
into account both the interconnected and closedspofhe connected air voids
are not considered as a separate indicator foridesg the material properties.
However, in practice not all the pores are conmkectnowledge about the
connectivity of the pores is important to underdtathe sound absorbing
capability of road surfaces, and it also helpsxplain the influence of material
properties on sound absorption. In this sectiom pircentage of connected pores
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in the overall air voids system is calculated basedhe CT scanning results. A
relationship between the connected and overallaits content is determined.

Figure 5-6 shows the 3D distribution of the air deicontent in a sample
generated by the software Avizo. In Figure 5-6 (ag, distribution of all the air

voids in one core is illustrated. Figure 5-6 (bggmnts the distribution of the
connected pores. Clusters with different colouesisolated from each other. The
objective of the study is to calculate the amouninterconnected pores which
are connecting both the top and bottom surfacketample.

(a) Overall air voids (b) Cacted air voids
Figure 5-6 3D distribution of air voids and conneatd air voids in a sample

In this study, the cluster-labeling algorithm prepd by Hoshen and Kopelman
[1] is applied to study the connectivity of poressbd on the grey scale image
from the CT scanning. The method has been usedinfegstigating the
connectivity of Portland cement paste [5]. In thigdy it is also employed for
analyzing asphalt mixtures. The algorithm is désatihere-after.

For the CT scanning image, the gray value of eaxél ;s proportional to the
density of the corresponding material at the saoietpTo distinguish different
components of the mixture (air voids, mortar angragate), threshold values are
to be determined. From a previous study, it is kmaékat the 500 HU and 1400
HU can be selected as border values to determimehvgney scale separates the
aggregates and mortar and which grey scale sepatraemortar and voids. In
this case, as only the air voids content is ofragk the mortar and aggregate can
both be treated as “solid”. All the pixels with eag value below the threshold
500 HU are regarded as air voids, and those ab@®dHd) as solid. As a result,
the air voids and solid pixels can be presentet Wit' and “0” respectively in

a binary image.

In a 3D space, the CT scanned image is composedris of slices and each
volume element is presented by a voxel. The positioelationship of a voxel
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with neighboring voxels is shown in Figure 5-7. Toeterion to judge the

connectivity is that only adjacent voxels which reh@a common surface are
judged as connected, as shown by the first cordigur in Figure 5-7. Voxels

contacting each other by a vertex or an edge argid@®red not connected.

Figure 5-7 Configuration of adjacent voxels in a 3Dmage space

An example of detecting connected air voids on airBBge is shown in Figure
5-8. In the Figure 5-8 (a), “1” presents the aiidgoand “0” the solid. The
computer program is used to scan the binary imageet The connected pixels
as judged by the criterion specified in Figure B¢ labeled with the same
cluster number. In the 3D space, the scanning anabering process is similar,
and the contact in the vertical direction needsedaken into account.

When the cluster-numbering process is completestels which are connected
to both the top and bottom layer of the sampleearethe connected air voids.
The degree of connectivity is qualified by dividinlge connected air voids
content by the overall porosity.

o/1/1/0/0/0 o0 ol1 1 0 0 0 o0
o/1/1/ 0/ 0/0 o0 ofl1 1 0 0 0 o0
o101 1]/0 0 o 1o BRI o o
o101 1/0 o0 0 [1 o NENESN 0 o0
11 0l0olo/1 o B o 0o 04 o
1/o/o/ol1 1 1 B8N 0 o of5 4 4
1/o0/lolo 1 01 - 0/ 0 005 0 4
(a) 2D binary image (b) Labeled clusters after first step
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(c) Labeled clusters after second step

Figure 5-8 A 2D example of the implementation of t& cluster-labeling program

The degree of connectivity calculated for the damples and cores from the
trial sections are summarized in Table 5-6. In taldi to the thin layer
surfacinigs, the measurement results for the fawoys asphalt samples are also
given.

For the slab samples, it can be seen that the eél@f@nnectivity for semi-dense
samples is generally lower than 0.1 and even dios® The only exception is

slab P05, with a degree of connectivity 0.42. Tdusld be because of the larger
sized coarse aggregates. A high connectivity degir®68 is found for the semi-

open type slab P02.

The cores from the trial sections show that the warh®mf connected voids
generally increases with increasing overall airdgocontent. The porous thin
layer surfacings 9-1, 9-2 and 24-1 and the fouopsrasphalt samples all show a
high connectivity of the pores, with a ratio cldeeor higher than 0.9. For cores
from section 15, the total air voids is similar kvihat of 6-1 and 7-1, but the
amount of connected voids is much lower. This mught to be caused by the
smaller aggregates used in section 15. HoweveGuhent measurement results
provide not enough data to confirm the dependehcemnected air voids on the
aggregate size.
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Table 5-6 Degree of connectivity for different samigs

Slab Degree of Air voids Maximum Core§ from Degree of  Air voids Maximum
samples connectivity content, % aggregate m‘:'.’ll connectivity content, % aggregate
size, mm | sections size, mm
Ref 0.04 11.8 6 2-1 0.01 11.0 4
P01 0.09 10.7 6 2-2 0.00 4.8 4
P02 0.68 17.8 6 3-1 0.00 8.0 6
P03 0.03 8.8 6 4-1 0.77 18.0 6
P04 0.01 7.6 6 4-2 0.02 15.0 6
P05 0.42 12.6 8 5-1 0.51 14.3 8
P06 0.02 11.0 6 5-2 0.12 13.1 8
P07 0.00 12.1 6 9-1 0.89 24.0 8
P08 0.02 111 6 9-2 0.93 20.3 8
15-1 0.23 18.9 6
15-2 0.55 18.4 6
24-1 0.98 27.4 8
6-1 0.93 19.4 11
7-1 0.90 19.1 16
8-1 0.88 21.3 8
31-1 0.99 31.3 11

Also visual inspections were done on the cores ftioenKloosterzande sections.
From the inspection, it was found that the surfateore 15-1 was seriously
clogged by fine soil. A picture of the surface etson 15-1 is shown in Figure
5-9; the surface of section 9-1 is also shown @mti@ast. It can be seen that there
Is nearly no open area in the surface of the cbré.1

It should be noted that the calculation of thevaids content and connectivity is
concentrated on the internal parts of the core, thedexposed surface is not
taken into account. The actual connectivity deg@dd therefore even be lower
than the value shown in Table 5-6. For other cdres,nfluence of clogging on
connectivity is neglected, as exposed pores wezarlgl visible at the surface.
The surface of section 9-1 in Figure 5-9 (b) isduas an example of a surface
with little influence of clogging. In this studypre 15-1 is thus considered as a
special sample which is affected by clogging.

" (a) Core 15-1 (b) Core 9-1
Figure 5-9 Surface of cores from trial sections
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The scatter plot of the connectivity degree vetkhasoverall air voids content of
the sample is given in Figure 5-8. Based on theilligion of the test results, the
relation between the connectivity degree and airdssocontent can be
characterized by three groups. In Figure 5-8, ckffié colours are used for
illustrating the groups, and trend lines are ptbtie show the relation between
the connectivity and the air voids content.
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Figure 5-10 Degree of connectivity versus air voidsontent of road surfaces

The three groups are:

1) Cores with air voids content below 12% (excepé @oint at 15%). The
degrees of connectivity of the sample are arouridwer than 0.1, and some are
close to 0. It means there are nearly no poresemtimg from top to bottom.

2) Cores with air voids content between 12% and.1BB& connectivity degree
ranges from 0.1 to 0.8. In general, the connegtégree increases rapidly with
increasing air voids content.

3) Surface with air voids content higher than 19%e commonly used porous
asphalt surfaces (with design air voids contenhéiighan 20%) belong to this
group. The observed connectivity degree is closert@xceeding 0.9, which
reflects that the road surface layer is a very jaftvte porous structure. This
indicates the layer is effective in absorbing soawer the whole depth.

The influence of connectivity on the sound absorptwill be determined by
investigating the sound absorption coefficientthef different surfaces.

5.3 Investigations on Surface Texture

Surface texture measurements were performed on aldbcore samples by
scanning them with the laser profilometer. The meament traces for the
surface texture test on the slabs are illustrated=igure 5-11. The surface
profiles are measured on 13 traces along the ladigial direction. The length of

118
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each trace is 50 cm, and the distance between é@mghlooring traces is 2.5 cm.
As mentioned in Chapter 4, the texture level ondb&gve band and the mean
profile depth (MPD) were determined.
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Figure 5-11 Measurement traces on slab sample

On core samples, surface profile data are colledrdten traces in two
perpendicular directions. The positions of the éeare shown in Figure 5-12.
The distance between two neighbouring traces im0 As the dimension of the
core is limited (150 mm diameter), the spectrallysiga is not appropriate [6].
Therefore only the MPD is calculated for scaling turface texture of core
samples.

- 1 cm

Scanning diini \
direction / \

Figure 5-12 Measurement traces on core sample

5.3.1 Investigation on surface texture level

The texture levels tested from the 13 traces o atab are shown in Figure
5-13. In the figure, measurements on slabs RefR&lare given as examples
(The rest figures are given in the CD attachedéothesis). The thick line in the
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figures denotes the average texture level fromlthéraces. In both cases, it can
be seen that the peak values of the texture lsvgémnerally located at the 8 mm
wavelength. Below 8 mm, the variation in textureeleis relatively smaller in
comparison with the variances of the curves aboven8 The variation of the
measurements from different traces should be cersmidwhen comparing the
average of the test data.
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(a) Measurements on Ref

50
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Texture level (dB), Ref.

Wavelength (mm)
(b) Measurements on P08

Figure 5-13 Texture levels from different traces orthe slab

The surface texture levels on the octave band efahvelength for all the slabs
are summarized in Figure 5-14. In addition, thduexlevels for Kloosterzande
sections 2-1 and 7-1 are also plotted as referefdes texture levels for these
two sections are from the in-situ tests on theigestin a previous project [7]. As
listed in Table 4-4, section 2-1 is the thin layerfacing with a maximum
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aggregate size of 4 mm, and section 7-1 is theysoasphalt 0/16 section. They
are shown to allow comparisons between surfacdslantje material differences
to be made.

60

=10°m

Texture level (dB), Ref.

Wavelength (mm)

Figure 5-14 Texture levels of slab samples

From Figure 5-14, it can be seen that the textekell generally reaches a
maximum at the wavelength equal (or close) to tleimum aggregate size of
the mixture. For example, the maximum texture |éeel/16 porous asphalt 7-1
is at 16 mm, and for thin surfacings with a maximaggregate size of 6 or 8 mm,
the peak value of texture level appears at 8 mmeleagth. The figure also
shows that there are relatively small differencegekture levels at wavelengths
below 2 mm between samples. Above wavelength ofr® abvious differences
can be observed. The porous asphalt 0/16 and dlgar With coarse aggregate
size 2/4 mm show the highest and lowest texturel¢enespectively. The texture
levels of the slab samples are in-between. Sampfe Rith coarse aggregate
size 4/8 mm, has a larger texture level than thhae a coarse aggregate size of
2/6 mm. From this overview, it is concluded that toarse aggregate size is one
of the most important factors affecting the surfaeature level. A larger
aggregate size leads to a higher texture levebakilgngths above 2 mm.

Specific investigations are made for thin layerbstamples. In Figure 5-15,
comparisons of texture levels between the referesaceple and samples with
different material properties are shown.

From Figure 5-15 (a), it can be seen that textevels for sample Ref, P01, P03
and P04 are close to each other at wavelengtBsmm. It indicates that the
influence of air voids on the texture is small lmistwavelength range. Below 2
mm, P03 and P04 show higher texture levels compaitdRef and PO1. This is
mainly due to the larger content of the fine aggtegand sand which cause the
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increase of the texture level at short wavelen@gth mm). The sample P02 is
considered as a semi-open type of thin layer seriath a design air voids
content of 18%. As presented in Figure 5-15 (a téxture level from 0.5 mm to
125 mm of P02 is higher than that of all the otberfaces. Therefore, the air
voids content is also considered to be an impoffetor; it results in a higher
texture level of semi-open thin surfaces comparitd the semi-dense type.

In Figure 5-15 (b), a higher texture level is obserfor PO5, which is made of a
larger maximum aggregate size 4/8, compared welréference stone size 2/6.
This shows that using larger size stones leadshigher surface texture.

The effect of aggregate types is investigated iguf@ 5-15 (c). The three

mixtures are made of different types of aggregatéh all the other design

parameters kept equal. From the figure, it is $bahthe measured texture levels
are similar for the reference slab and sample P@®7, which is made of

aggregate type Irish Greywacke, shows a highemutexthan the other two

surfaces. The possible reasons for this observatieras follows: although the
gradations are nominally the same (with aggregate 2/6 mm), this does not

necessarily mean that the gradation within the 4@ gradation band were

exactly the same. According to the producer ofdlabs, the Irish Greywacke is
more sharply broken than Bestone which tends te hawere rounded edges.
Therefore, in this case, shape of aggregates plagke in surface texture level.

Figure 5-15 (d) shows that a higher texture lesehchieved by increasing the
binder content by 1%. This could be because thsaga of the mortar took
place in the compaction process of the slab. It seult in larger amount of
pores on the top of the sample and increases:thaddevel in turn.
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(a) Different air void contents and gradation
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Figure 5-15 Comparison of surface texture levels b@een different slabs

123



CHAPTER 5 MEASUREMENTS AND INVESTIGATIONS

5.3.2 Investigation on MPD

Another indicator for describing the road surfacextire is the MPD.
Experimental results of the MPD from the laser saasn measurements on the
slab samples are given in Figure 5-16. The fighms the averaged MPD from
all the traces and the error bars which presenstidwedard deviations of the test
results. It can be seen that the tendency of clsamgMPD with different slabs
almost coincides with what was observed for thdutexlevels on the octave
band. P05, with the larger maximum aggregate dizs, the largest MPD.
Samples with larger air voids contents, aggregaie trish Greywacke and 1%
more binder content (namely P02, PO7 and PO08) igpplaly a higher MPD
compared with the reference slab. Slab P01, P03, @@ P06 have similar
MPD’s compared to the Reference.

As shown in Figure 5-16, there are variations betwéhe test results from
different traces for a certain slab. It is impottdn examine whether the
differences of MPD values between samples aresstaily significant. In the
tests, the surface profile data were collected onraber of traces on each slab,
and the tests are performed independently betwlaes.sTherefore, the T-test is
used to determine if there are significant diffeesof MPD values between the
reference slab and slabs with different materiaingositions. The T-test is
performed between the slab Ref and one other shdh d¢ime. The null
hypothesis is that the means of data from the talossare equal. The commonly
used significance level 0.05 is considered as fimids If the resulting
significance $ig) is less than 0.05, the null hypothesis is regcéand it means
that a significant difference exists between theraged MPD of the two slabs.
The t-value and the statistical significance frolintlze tests are given in Table
5-7. It can be seen that MPD from slabs P02, PO%,aAd P08 are different from
that of slab Ref. Other slabs show similar MPD wealuFrom the test, it can be
confirmed that the differences of the average MRIues which are shown in
Figure 5-16 are mainly due to the properties ofdlab. The interpretation of the
variation of the MPD for slabs with different mastrmproperties is the same as
was used to explain the differences in texturelte(see section 5.3.1).

14

Ref PO1 P02 PO3 P04  POS PO6 P07 P08
Sample number

Figure 5-16 MPD of slab samples
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Table 5-7 T-test results between Ref and samplesttvimaterial adjustments

PO1 P02 P03 P04 P05 P06 PO7 P08

t-value 0.460 -5.014 -0.705 0.406 -8.250 -1.107 644. -5.476
Sig. (2-tailed) 0.649 0.000 0.484 0.687 0.000 0.275 00.0 0.000

The measurement results from the cores of the kéomsnde sections are shown
in Figure 5-17. The MPD’s which were obtained fromfield tests on the newly
built sections are also illustrated. The in-sitst téata were collected in the year
2006 and refer to the database provided by DVS.fijuee shows that surfaces
with a larger aggregate size and a higher air vomistent generally show a
higher MPD, i.e. a higher MPD was measured on clvogs section 9 and 24 in
which 4/8 mm aggregate size was used and whichahaalds content of more
than 20%. Also the in-situ measurements on se&iar well as the cores taken
from that section exhibit a higher MPD due to tlse of coarse aggregate with
size 4/8 mm. The voids content in these cores waisnd 12%. The mixtures
with aggregate size 2/4 and 2/6 mm all show a nhowler MPD value.

When comparing the results of the in-situ measungsneith those obtained
from the cores, the following points should be tak&o consideration. The in-
situ measurements were done in 2006 and 2007 whelecores were taken in
2010 and measured in 2011. Since no traffic waiexppn the sections, it might
very well be that same clogging did occur becads#gust and soil being blown
over the sections. Figure 5-9 (a) gives clear exadefor that. Furthermore, the
in-situ  measurements were taken over a much lorgegth than the
measurements on the core. The measurements owrdean be considered as
spot measurements while the in-situ measuremewsagbetter representative of
the overall section.
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Figure 5-17 MPD of core samples from trial sections
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The relations between the MPD and different materiaperties are illustrated in
Figure 5-18. The MPD tested from all the slabs emes are plotted against the
air voids content, maximum aggregate size and eoaggregate content
respectively. From the distribution of the MPD,can be seen that the MPD
generally increases with increasing air voids aafjtencreasing maximum
aggregate size and increasing coarse aggregatentonthe trend lines
determined by means of linear regression are aigengin the figures. A
reasonable good linear relationship is found betwée MPD and maximum
aggregate size, as the coefficient of determinafois 0.64. For the air voids
content and coarse aggregate content, no clear Inedation is found with the
MPD. However, the surface structure is determingdtlie combination of
different material properties [8]. A multivariatenéar regression will be more
appropriate for expressing the relationship betwd&®D and material properties.
The development of the multivariate regression ggoawill be discussed in
Chapter 7.
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Figure 5-18 Relations between MPD and material prmerties

5.4 Investigation on Sound Absorption

5.4.1 Investigation on measurement results

The sound absorption measurements were carriedrotite thin layer surfacing
slabs and the core samples from the Kloosterzagcteonas with the P-U surface
impedance setup. The test setup used on bothaheast core samples has been
described in Chapter 4. In this section, the tesults are shown and further
analyzed to investigate the relationship between dbund absorption and the
basic material properties. Theoretical models #e developed for simulating
the sound absorption curve for thin layer roadastings.

As discussed in Chapter 4, the sound absorptionmaessured on each slab at

different positions. The 15 test results obtainedhie central area of the slabs,
see Figure 4-20, are used in the investigatiorurei®-19 gives examples of the
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absorption coefficients obtained at 5 differentipass. The results in the figure
are from the Ref and P02 slabs respectively. Acogrtb the literature review,
the peak absorption coefficient and the frequericytach the peak absorption
occurs are the two important parameters to be vbder

Acoustical properties depend on the characterisiicshe tested surface [9].

Because the air voids do not distribute unifornmythe surface layer, the sound
absorption curves vary between different positidiigure 5-19 shows that in

both slabs variations exist between sound absorptiarves obtained at the
different locations. However, Figure 5-19 (b) shaWwat on the surface with a
high porosity, P02, an obvious peak can be seamdr&250 Hz on each curve.
The variations between the test results are smdlltiaerefore the representative
sound absorption coefficient for slab P02 can beutated directly by averaging

the results from the different positions.

With respect to the semi-dense sample, such a@Rdghshown in Figure 5-19 (a),
the absorption coefficients are small in the whodguency range. In this case,
two methods are taken for calculating the repredmsmet sound absorption of a
certain surface. The first method is to directlycatate the average of the
absorption coefficients on the frequency band faifferent measurements. As
the peak absorption coefficients locate at varidwexjuencies for different
measurements, the peak values may be eliminatedr® extent. The second
method is used to provide only the averaged peakrpbon coefficient and the
peak frequency. For a certain slab, the peak abeorpoefficient and the peak
frequency tested at each position are firstly exé@ The average of these peak
absorption coefficients and the average of the pf&akuencies are then
calculated respectively.
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Figure 5-19 Sound absorption coefficients at diffeant positions on the slab

The averaged absorption coefficients from methadelshown in Figure 5-20.

The averages for semi-dense slabs are from then®spmn and around the center
of the slab. It can be seen from the figure thatghis an absorption peak of
about 0.7 around 1250 Hz for slab P02. For allotiver samples, the peak values
are much lower. Those peak values are between rfii20a88, and appear at

frequencies ranging between 700 Hz to 1100 Hz.r®estigating the averaged

sound absorption curves, it can be concluded tmatporous type thin layer

surfacing provides a high and broad absorption peakntrast to the semi-dense
surfacings. For semi-dense surfaces, the absorpiaks are small, and the
differences between the various samples are ndtehithan 0.1. So they are
considered to have similar sound absorption progeert
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Figure 5-20 Sound absorption coefficients of slabs
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When using method 2, the average is calculated ftentest results of the 15
positions located in the central part of the slae® Figure 4-20. From Figure
5-19 (a) or Figure 5-20, it can be seen that ttek @dsorptions for a semi-dense
surface generally occur in two frequency range® fiitst peak is between 700
Hz and 1250 Hz, while the second peak is locatédden 1600 Hz and 2500 Hz.
In each frequency range, the peak values and tmespmnding peak frequencies
from different tests are collected and averagea msults are summarized in
Table 5-8.

As shown in Table 5-8, slab P02 shows the highiest peak value, with an

average of 0.70, located at 1215. 8 Hz. Slab PG@5tie second highest peak
absorption coefficient. Slab P05 has a larger aggeesize and higher air voids
connectivity compared with the other semi-denséases. P01 shows the lowest
absorption peak with an average value of 0.23.tRerother samples, the peak
absorption coefficients are quite close, rangirgnfi0.27 to 0.31. The averaged
peak frequencies for these semi-dense slabs are868.5 Hz to 1040 Hz. The

standard deviation for the mean peak frequenciégyiser than 95, and is up to
169.2 Hz on slab P08. For semi-dense surfacessebend peak absorption
coefficient ranges from 0.29 to 0.39, with the agmd location ranging from

2065.6 Hz to 2353.3 Hz.

From the above, it can be seen that there are thffgeences in maximum sound

absorption between porous type thin surfacingssamli-dense (or dense) types
of surfacings. This is considered to be domindtgdhe air voids content of the

material. For samples with a designed air voidserinbetween 8% and 12%,
the absorption coefficients are small and therevarg small differences between
the samples. This shows that the small changd®imixture composition do not

have a big influence on the sound absorption ofi-slemse thin surfacings. If

one aims for a general investigation on the infagenf material properties on

sound absorption, samples with larger differennasikture composition need to

be taken into account. This investigation can m®aplished by combining the

measurement results from the Kloosterzande cordsthve measurements done
on the slabs.

Table 5-8 Peak absorption coefficients and the coesponding frequencies
Peak 1 Std  Frequency (H3jd (Hz) Peak 2 Std  Frequency (H3}d (Hz)

Ref 0.30 0.08 970.3 114.6 0.38 0.04 2301.8 279.5
PO1 0.23 0.04 925.0 159.3 0.33 0.04 2353.3 188.2
P02 0.70 0.07 1215.8 97.4

P03 0.27 0.03 972.3 160.2 0.29 0.05 2105.9 344.6
P04 0.31 0.06 1034.4 129.0 0.32 0.05 2065.6 342.0
P05 0.33 0.07 958.0 133.1 0.30 0.07 2102.5 332.2
P06 0.31 0.07 869.5 148.7 0.34 0.06 2242.0 316.1
P07 0.29 0.06 885.5 95.5 0.33 0.05 2235.9 288.8
P08 0.31 0.05 1040.0 169.2 0.39 0.06 2194.3 298.3

Sound absorption measurements were performed arstdizande core samples
by using the platform described in Chapter 4. Siheesurface area of a core is
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small, the measurement is taken on one positiorghwib the center of the core.
The effect of different testing positions is theref not taken into account. In
order to facilitate the investigation, test res@itiscores with large differences in
designed air voids content are shown separatelynddabsorption coefficients
for cores with a designed air voids content equalot less than 12% are
illustrated in Figure 5-21, and absorption curvesdamples with a designed air
voids content above 20% are presented in Figur@.5AH absorption curves

show a common small peak around 400 Hz and a diadraip of the absorption

coefficient above 2000 Hz. They proved to be causethe platform system as
discussed in Chapter 4. Therefore, the absorpteifficients below 500 Hz and

above 2000 Hz are left out from the investigatiorttte core samples.

As shown in Figure 5-21, the peak absorption coieffits for the core samples
locate between 800 Hz and 1000 Hz, which is in emgent with the test results
obtained on the slabs. The value of the maximunoratisn coefficient ranges
from 0.18 to 0.37. By taking into account the adds content determined with
CT scanning (as shown in Table 5-5), the peak vgkmerally increases with
increasing air voids content. For example, the maxn peak value is observed
on sample 4-1, which has an air voids content &f.1%ample 2-2 shows a
lowest peak absorption coefficient, as the air s@dntent is just 4.8%.

In Figure 5-22, the sound absorption coefficiemtisthe porous type thin layer
surfacings are shown. The bottom part of core 28 damaged in the cutting
process, and it was not suitable for the soundrabsa measurement. Thus the
result for 24-2 is not shown. Figure 5-22 showst thgh peak absorption

coefficients were found on cores from sections @ 24, with values greater than
0.7. The peaks locate at different frequenciesingnfyom 1250 Hz to 1900 Hz.

Based on the CT scanning results shown in Table & high absorption

coefficients for such surfaces are considered toeuwsed by the high air voids
content (>20%) and the highly connected pore sirest For sample 15-2, a
peak absorption coefficient slightly higher thad uas obtained, which occurs
between 800 Hz and 1000 Hz. The absorption coeffisiof core 15-1 are quite
low in the whole frequency range, with a peak vaumund 0.25. This is mainly

because the open pores at the surface of 15-1seei@isly clogged by fine soil

as shown in Figure 5-9. Because of the influencelagging, the data obtained
on core 15-1 were not used in further analyseswhd absorption.
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Figure 5-21 Sound absorption coefficients of thinalyer surfacing cores
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Figure 5-22 Sound absorption coefficients of porouthin layer surfacing cores

5.4.2 Statistical analysis

In this section a relationship is developed betwsmmd absorption and material
properties. Measurement results from both the aladh cores from thin layer
surfacings were used. In this study, most of the ldwyer surfacings are of the
semi-dense type, and only small differences in natproperties between the
samples are investigated. The sound absorptionurezasnts showed that the
sound absorption properties for these semi-dendaces are quite similar. In
order to enlarge the scope of the investigation, fttur porous asphalt cores,
namely 6-1, 7-1, 8-1 and 31-1 from the Kloosterzaséctions were also used in
the analysis.
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Figure 5-23 shows the relation between the firsikpabosorption coefficients for

different material properties. The data are fromnieasurement results of all the
thin layer surfacing samples and the four poroyshalé cores as mentioned
above. The regression equations and the trendaieeshown in the figures.

Figure 5-23 (a) and (b) show that the peak abswrptoefficient increases with
increasing air voids content and increasing degfeeonnectivity respectively.
Good linear relationships are found between thé pdsorption coefficient and
the two parameters.

The amount of connected air voids is calculatedmatiplying the air voids
content with the degree of connectivity. Its raatiwith the absorption
coefficient is shown in Figure 5-23 (c). It can §&en that quite a good linear
relationship between the peak absorption coefficéen the connected air voids
content is found. Comparing Figure 5-23(c) withufig5-23 (a) shows th&€ is
increasing when connected air voids are taken a&woount in the regression
though both equations provide good linear relatigyss Given its higheR?, the
equation based on the connected air voids condgorteferred for predicting the
sound absorption in practice.

The influence of the maximum aggregate size is showFigure 5-23 (d). A
power regression is used in this analysis becausesilts in a higheR?
compared with linear regression. The peak absorptioefficient tends to
increase with increasing maximum aggregate sizenwhe size is equal or
below 11 mm. However, the predictive power of tedationship is still low
given the smalR%.

In Figure 5-23 (e) and (f), the influence of theaxs® aggregate content and
mortar content are presented. The coarse aggregatent and mortar content
are expressed by mass fractions. In general, tlaé pésorption coefficient
increases when the coarse aggregate content iesreasile it decreases with an
increasing mortar content.

The Influence of the coarse aggregate content asrtiamcontent is also given
for volume fractions, as shown in Figure 5-23 (gyl 4h). LowR? values are
found in the regression analysis, especially foarse aggregate content.
However, the distributions of the measurement dsltaw that, the peak
absorption generally decreases with increasing melucontent of coarse
aggregate and mortar. This is thought to be roughlgted with the air voids
content, as a higher coarse aggregate and moltanganeans a lower air voids
in some cases. Consequently, there is a lower pii@orability of the material
according to the relations in Figure 5-23 (a) ar)d (

This section provided general observations on tfiience of basic material

properties on the sound absorption of the roadasarimaterial. It is found that
the connected air voids content is an essenti@npater affecting the maximum
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absorption coefficient. The regression equatioesuseful for road designers to
relate the mixture compositions with the acoustpalperties. Nevertheless, the
road surface characteristic is determined by thmbioed effect of various

material properties. For a better evaluation ofsiiend absorption of the surface,
multivariate regression needs to be performed kydgainto account a group of

influencing parameters.
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5.4.3 Physical model of sound absorption

In the last two sections, sound absorption coeiffits for thin layer surfacing

samples were investigated based on the laboratoeasanements, and
relationships between the peak absorption coeffficend material properties

were studied using regression analysis. It was daimat the sound absorption
curve for semi-dense thin surfacings generally ddisst peak located between
800 Hz and 1250 Hz, with a magnitude lower tharb OFbr most of the porous

thin surfacings, peak absorption coefficients highan 0.7 were observed, and
the peaks occur between 1250 Hz and 2000 Hz. Tdression analysis showed
that the peak absorption coefficient is linearlyared with the connected air
voids content. These studies are based on invaetigeof the test results, but no
theoretical explanation for the measurement resuégiven yet.

In this section, theoretical models are developed dimulating the sound

absorption properties of thin layer surfacings. Th#uencing parameters on

sound absorption are also discussed in considerafithh the material properties

of a road surfacing. At the end, suggestions arergior improvement and usage
of the acoustical model for thin layer surfacings.

Various models are used for describing acousticapgrties of rigid porous
media. In this study, the microstructural model eleped by Attenborough is
employed, as the model proves to fit well for parasphalt [10]. The thin layer
surfacings are treated as a special type of poemphalt, so the model is
considered to be applicable. From the literaturgeme in Section 2.3.2.3, the
complex wave numbek and the characteristic impedandg at a certain
frequencyf need to be known for modeling the sound absorptiad they can be
determined from the material and environmental ppatars. Generally, the two
characteristics can be determined by the dynammsitieny and bulk modulu&g
via the relationships:

1/2

k= p, (@) K,(w)] (5-2)

1/2
Z. = [,og ()oK, (a))] 1Q (5-3)
wherew is the angular frequencs is the air voids content.

In this study, a medium containing identical touscslit-like pores is used for
modeling the thin layer surface. According to the&rostructural model, the
expressions fagy andKy can be written as [11]:

2

P, (w) = qgfo [1— tanf‘(/] (a))\/—_l) /(/] (a))\/—_i)]l (5-4)

K, ()= pgé (14 (y=1) tanH{A () =Ny, 1) (A () y=N1) | (5-5)
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Ma)= P (5-6)

y=g (5-7)
Po
with
R, — flow resistivity, Pa-s/f
¢ - tortuosity;
N, — Prandtl number; It is a dimensionless numbephysics, it defines the

ratio of momentum diffusivity (kinematic viscositig thermal diffusivity.
po  —the density of air, 1.225 kglm
Co — speed of sound in atmosphere, 343.2 m/s;
Po — Ambient atmospheric pressure, 100 kPa.

Egs. (2-20) to (2-23) in Chapter 2 are used forcudating the absorption
coefficients from the complex wave numbeand the characteristic impedance

Z.

As introduced in the literature study (see secoB.2.2), the four important
parameters influencing the sound absorption ofaal urface are the air voids
content, the thickness of the layer, the airflowistvity and tortuosity. These
parameters need to be quantified for developingmbeel. A discussion of the
input parameters is given hereafter, and the infteeof the four parameters on
sound absorption is discussed by considering theermabproperties of a road
surface.

Layer thicknessThe thickness of the layer which contaim&rconnected air
paths through the material has a great effect @n gdbsition of the peak
absorption frequency. Generally, the thicker theops layer is, the lower the
peak frequency. The degree of connectivity testsvel that there are nearly no
connected air paths over the entire thickness fustraf the semi-dense surfaces.
This indicates that the effective thickness forampson of the surface is actually
smaller than the overall layer thickness. As thé&ative thickness is not
determined, the samples without pores which arenected over the entire
thickness are not taken into account in this stidgm Table 5-6, only slabs P02
and P05 are selected for modeling.

Air voids content.The interconnected air voids are effective for swund
absorption of porous media [9]; the interconnecteris are also related to the
flow resistivity and tortuosity [12]. In this studyoth the overall air voids
content and the degree of connectivity are measimatie modeling, the overall
air voids content and connected air voids are demed as input parameters
separately. Sound absorption simulations by udwegé two different inputs are
to be compared.
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Flow resistivity Flow resistivity is the flow resistance per uthitckness. It is an
important factor influencing the magnitude of tloensd absorption coefficient of
the porous layer. If a material has a high flowstesty, it is difficult for air to
transport through the surface, and a low absorptaefficient of the material is
generally measured. The parameter is related tgebenetry of the pores which
is determined by the material composition and thestruction of the surface.
Based on the measurements performed by M+P on lthesterzande sections, it
is concluded that the flow resistivity for a roagdface generally decreases with
increasing air voids content [7].

For almost all granular materials, the flow resisgi cannot be predicted
analytically [12]. Only for a few idealized absargimaterials, such as materials
made of identical spheres or parallel identicakfd#) such predictions can be
made. So it is necessary to measure the pararhieteever, most of the samples
are not pervious over the whole thickness accortirtpe CT scanning tests, and
they are not suitable for the flow resistance mesments with the direct airflow
method [13]. Therefore, the flow resistance (omfloesistivity) measurements
are not done in this study. Flow resistivity usadthe modeling refers to the
database of AOT [7]. In the database, flow resttameasurements are recorded
for different surfaces from the Kloosterzande sewi In the modeling, the slab
samples are considered to have the same flowarsestas surfaces with similar
material properties in the database. For exampl® PRas similar material
properties as section No.15. Therefore, the flosistance data of section No.15
is used in the modeling of PO2. Likewise, the flmgistance of section No.5 is
adopted for modeling for P05, as P05 and sectiorb dave the same material
composition. In this study, the surface layersam®umed to be homogenous, and
the flow resistivity is derived by dividing the nsemed resistance with the
thickness.

Tortuosity Tortuosity is a measure for the irregularity ok tair-flow paths
through the material. It mainly influences the pdakquency of the sound
absorption. When the tortuosity is higher, the palagorption appears at a lower
frequency. The tortuosity’ can be deduced from the air voids cont@ntith the
following formula [14]:

9’ =Q™" (5-8)

wheren’ is the grain shape factor. For spherical graiesgitain shape factor is
0.5, and it increases as the grains become flatter.

From Eq. (5-8), it can also be seen that the teityalecreases as the air voids
content increases. There are several suggestiontteowalue of grain shape
factor n’ for porous asphalt [10], but no value is specified thin layer
surfacings. The tortuosity is thus to be obtaingditing the modeled absorption
curve with the measured one. The method is alsd wsthe study by Bérengier
[15].
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Values of all the parameters for the model are sariz®d in Table 5-9. For each
sample, two models were developed. The only diffeeebetween Model 1 and
Model 2 is that Model 1 is built by using the coateel air voids content, while
model 2 uses the overall air voids content.

The absorption curves simulated with the modelssaevn in Figure 5-24 and
Figure 5-25 respectively. The average measuredraiiso curve which is also
shown in Figure 5-20 is used for comparison with thodeling results. Figure
5-24 gives the modeling curve for slab P02. Thelyasma shows that using a
value of 3.5 for the tortuosity resulted in the tbis From the result, it can be
seen that both Model 1 and Model 2 fit the aves@grption data well. Model 2,
which is using the overall air voids content, i®e\wloser to the experimental
data. The peak of the curve from Model 1 is narrciivan the measured one and
has a lower peak value. From this study, it is tbscluded that the overall air
voids content can be used directly for modeling $leeni-open (or porous as
assumed) type of thin layer surfacing.

Table 5-9 Values of parameters in modeling the sodnabsorption

P02 P05
Model 1 Model 2 Model 1 Model 2
Air voids content, % 12.1 17.8 5.3 12.6
Thickness, mm 30 30
Flow resistivity, kPa-s/fn 60 153
Tortuosity from the fithess from the fithess
Ambient atmospheric pressure, kPa 100
Density of air, kg/m 1.225
Sound speed, m/s 343.2
Prandtl number 0.71
Grazing angel 90°
10— 11— — T
Measurement result
— Model 1: with connected air voids content

T I
| |
| |
| |
| |
0.8/ — Model 2: with overall air voids content - i‘ R ‘L __

| |

|

|

|

Absorption Coefficient

Frequency (Hz)

Figure 5-24 Modeling of sound absorption coefficies for slab P02
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The simulation result for P05 is shown in Figurg®b-Using a tortuosity value of
5.5 resulted in the best fit. It is recalled thatdbsorption measurements were
taken on each slab. The absorption curves deriked £ach location differed
somewhat with respect to each other. Analyses sillt® from different test
positions showed that the tortuosity ranges frolnts.8. This could be caused
by the varying air voids content at different spdtodel 1 shows a good
agreement with the first peak of the measured aetde model 2 overestimates
the absorption coefficient of the first peak. Itthgis concluded from the results
that using the connected air voids is preferreda@oused than the overall air
voids content as input parameter for modeling thend absorption of semi-
dense thin layer surfacings. For the second pedkgit frequencies no good
simulation is obtained from either model.

10 I B s S e S e D ol R e R
Measurement result }
Model 1: with connected air voids content :
Model 2: with overall air voids content -

|

|

|

|

|

0.8H

Absorption Coefficient

Frequency (Hz)

Figure 5-25 Modeling of sound absorption coefficias for slab P05

From the theoretical sound absorption model and diszussion on the

influencing parameters it is clear that sound ghtsmm of a road surface is
related to the combined effect of different matepeoperties. The air voids

content is considered to be the most importantofaatfluencing both the

magnitude and the position of the absorption pdak. a porous thin layer

surfaces, the overall air voids can be used fotuawiag the sound absorption,
while for a semi-dense surface, the connectedaaitsvcontent is preferred as the
input parameter. In practice, the degree of comvigctcan be estimated from

Figure 5-10.

Tortuosity influences the location of the first geabsorption. By fitting the
experimental data, the tortuosity for a porous thirer surfacing is estimated at
3.5. For a semi-dense surface, it ranges from®.3. This is considered to be
caused by the variation of air voids and grain shaipthe specific surface. This
tortuosity range could be used as a first estinmthe future work of modeling.
In addition, the effective thickness and the flagistivity are also suggested to
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be measured in order to improve the present méelddition to the theoretical
sound absorption model, also statistical modelsdakeloped for predicting the
maximum sound absorption of thin layer surfacingss is discussed in Chapter
7.

5.5 Mechanical Impedance and Stiffness

5.5.1 Mechanical impedance

On each slab, impedance hammer tests were perfoandidree positions as
shown in Figure 5-27. The numbering of the threesees is also given. On each
position, two tests were carried out. From Secddnl, it is known that five
strikes are applied on the slab in each test.

Figure 5-26 Test positions on the slab and numberngof the sensors

Figure 5-27 gives an example of the mechanical dapee in the frequency
domain from the two tests on three different possi The data used are from
slab PO5. The curve from each test is the averagehamical impedance
calculated from the five strikes. For example, Basil-1 in the figure means the
first test at the position 1 shown in Figure 5-Feesults are shown for the
individual sensors respectively. From the figutesain be seen that the shapes of
the impedance curve achieved on the same sensa@appreximately the same,
but are different between sensors. A resonanceidrary is generally observed
between 1500 Hz and 2000 Hz. In some cases, theréage differences of
resonance among the tests, as shown in Figure (6)2Bometimes the results
from the tests on the same position differ, like tivo tests on position 1 given in
Figure 5-27 (c). All the investigations denote thatre are variations between
different tests, and these variations need to kentanto account in further
analyses.
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Figure 5-27 Mechanical impedance calculated on défent sensors of P05
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The final results of the mechanical impedance testeach slab are the average
values of the test results from the three testtipos, three sensors, two
measurements and five strikes. A summary of thehar@cal impedance of all
the slabs is illustrated in Figure 5-28. It canda®n from the figure that the
mechanical impedance for the different mixtureslesse to each other below
1000 Hz, while the curves become very noisy atdeagies above 3000 Hz. The
resonance frequency is between 1500 Hz and 2000 itz resonance is related
with damping of the system and not considered &d waechanical impedance
information [16]. So the differences of the resalts mainly found between 2000
Hz and 3000 Hz. However, when the variations betwthe separate tests are
considered, the differences between 2000 Hz an@ BlX0can also be regarded
as insignificant. As a result, it can be concludleat the mechanical impedance
in the frequency domain for all the thin layer sieihg samples is comparable.

Mechanical Impedance (dB) re 1Ns/m

Frequency (Hz)
Figure 5-28 Mechanical impedance of slab samples

It should be noted that the resonance between HzOAGnd 2000 Hz does not
reflect the mechanical impedance of the slab. Atiogrto a previous study [16],
the frequency band which is of interest for tym@ad noise lies between 500 Hz
and 2000 Hz. This means there is lack of infornmatimn the important
frequencies in the spectral analysis. Thereforeneav indicator for the
mechanical impedance is proposed in this study.

As known the stiffness is the ratio between maximiante applied and the
resulting maximum displacement. In analogy with sh#ness, the new indicator
of mechanical impedance (MI’) is defined as theéoraf maximum force to the
maximum resulting velocity. Figure 5-29 shows theves of the force and the
velocity which is obtained by integration of thecealeration signal. The
maximum force and the maximum velocity can be agddrom the curves. MI’

is thus calculated by:
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MI' =Max.Force/Max.Velocity (5-9)
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Figure 5-29 Curves of fore and velocity in an impeance hammer test

The mechanical impedance expressed by MI’ is caled!for the slab samples
and the Kloosterzande sections. As the cores aadl,simey cannot be used for
the impedance hammer measurements. The testshwsredrried out directly on
the surfaces of the Kloosterzande sections. A nmmeagnt on the section is
illustrated in Figure 5-30. On each section, twasgements were taken on one
position. Thin layer surfacing sections numbered,2, 5, 9 and 15 were tested.
Since section 24 had been removed, no data coutdlezted on it. In addition,
the tests were carried out on section 1 with a @@sphalt surface layer and on
section 12 which had a poro-elastic surface (Ralld}. These two surfaces have
material properties which are quite different fréme thin layer surfacings and
are used for comparison purposes. The dense kygestandard ISO surface with
a coarse aggregate size of 0/8 mm and a desigiwaielss of 30 mm. The poro-
elastic surface is a Roll Pave type, which was ldgesl in the Netherlands [17].
This surface has been presented in section 2.2Mpicture of the Roll Pave
pavement on the Kloosterzande sections is showigure 5-31.

Figure 5-30 Impedance hammer test on the Kloosterrae sections
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(a) Roll Pave surface (b) Roll Pave 8111 orous asphalt
Figure 5-31 Roll Pave on Kloosterzande section 12
The MI' values for the slab samples and Kloostedeasections are plotted in

Figure 5-32. For comparison purposes also data wlaat collected from the
concrete floor of the lab are given in Figure 5-32.
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MI" (dB), re INs/m
N w iy
o o o
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PLINNF RN @\‘bo R \; A A A A AR A A A A
0 C)Q
Q

Figure 5-32: Mechanical impedance for different sufaces

For each surface, the MI’ in the figure is the ager of the tests performed on
this surface. By comparing the results obtainetherdifferent surfaces, it can be
seen that the mechanical impedance of the conitoeteis the highest, while the
lowest value is found on the poro-elastic surfadee slab samples show very
similar MI’ values. This observation is in agreemeith the conclusion from the
investigation on the impedance in the frequencyban

The MI' values of all the Kloosterzande sections¢luding the thin layer
surfacings and the dense surface, are comparalieev¢r, the mechanical
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impedance of asphalt surfaces on Kloosterzandeseds higher than those of
slab samples. It indicates that the in-situ roadiase has a higher resistance to
motion compared to the slabs produced in the lapogsible explanation can be
that the surfaces in practice are well compactedabsoller compactor and
consequently have a more stable structure. Also sthiface area of the in-situ
sections is much larger than that of the slab.Hewmore the real road has a
multi-layer structure composed of a top layer, Hager and a sub-grade. For the
slab samples, the surface area is limited and tumndaries are different. The
slab is not glued to the ground underneath. Théssement conditions of the
slabs might make them more easily to vibrate tharréal road surface.

5.5.2 Stiffness

The stiffness test was performed by means of tiie miethod as discussed in
Section 4.5.2. The master curves of the resilientlutus were generated based
on the test results obtained at different tempeeatand loading frequencies. As
the mechanical impedance is measured € 28 reference temperature of’Q0
Is chosen to construct the resilient modulus masteves. As three cores were
extracted from each slab, the master curve forstak is based on the average
modulus of the three cores. The frequency rangéhrcurves is from 0.1 Hz to
2000 Hz. The resilient modulus in relation to mnetsi composition is illustrated
in Figure 5-33. The master curves for samples ditferent material properties
are in general close to each other.

Figure 5-33 (a) shows the influence of the air go@bntent on the resilient
modulus. It can be seen that the master curvesebfaRd P02 almost overlap
each other in the whole frequency range. The madaiu POl is lower at
frequencies below 10 Hz, but it is higher aboveHkOcompared to Ref and P02.
This indicates that the influence of the air voadsitent on the stiffness is not
obvious for materials with a high air voids contantthis case higher than 12%
in this case. The stiffness above 10 Hz increadesnwthe air voids content
decreases to a certain level, e.g. 8%.

Figure 5-33 (b) compares the resilient modulusarhges with various coarse
aggregate contents. The volumetric content of fggegate is considered in the
analysis. The designed air voids of the samplesldexjual to 8%. It shows that
the stiffness increases with increasing coarseeggde content. This is probably
caused by a more stable skeleton with a large ptxge of aggregates resulting
in smaller deformations caused by the loads.

Figure 5-33 (c) shows that the modulus of two speas with a different
maximum aggregate size is almost the same in dggiéncy range above 100 Hz.
At frequencies lower than 100 Hz, the resilient olad of the cores with a
coarse aggregate size of 2/6 mm is higher thanaothéite cores with 4/8 mm as
maximum aggregate size. This is because the loveguéncy corresponds to a
high temperature in the stiffness test. The bitumerks less at high temperature.
The 2/6 mm aggregates in the mixture are bettemected than 4/8 mm
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aggregates because of the smaller size. Thus then®h aggregates are
considered better interlocked and has more resistemdeformation.

The effect of aggregate types is shown in Figu@35d). Ref and P07 show
almost the same resilient modulus which is highantthat for PO6. It seems that
the aggregate type has influence on the stiffiidgsiever, it is much more likely
the bitumen has more influence because of therdiifee in bitumen type used.
As known from Section 4.2.1, a type of colorlestutnen (Sealoflex) with
addition of color pigments is used as binder fo6.RA other slabs, Cariphalt DA
bitumen is used. As shown in Table 4-3, both typekitumen do not have the
same penetration and softening point, so the stHns also different.

Figure 5-33 (e) shows that a lower stiffness isaml@d by increasing the binder
content by 1%; this is in agreement with commonviiedge.
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Figure 5-33Master curves of the resilient modulus of slab sanes (20C)
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Figure 5-34 illustrates the resilient modulus masterves of the thin layer

surfacings from the Kloosterzande trial sectiorfse Tores from section 3 and 4
are very thin, close to 20 mm. It was difficultapply the load along the radial
direction of the core, and results from these carestherefore considered to be
invalid. Thus, the master curves for cores frontieac3 and 4 are not shown.
The figure shows that all the master curves arseclim each other, with a
variation within 10%. As the cores were drilledrfrahe four years old sections,
there are many factors influencing the mechanicapgrties, such as the
construction process, environmental effects cauaggng of the bitumen, etc.
Moreover, only one core was taken from each sectiod the result of that one
sample cannot really be considered as represemtétiv an entire section.

Therefore the relation between stiffness and théemad properties are not

investigated for the cores from the trial sectiombe resilient modulus data
shown in Figure 5-34 are only used for detecting tklationship between

mechanical impedance and stiffness.
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Figure 5-34 Resilient modulus master curves of thi€loosterzande cores (2€C)

As discussed previously, in addition to the thipelasurfacings, other types of
road materials were also involved in the study, the dense asphalt mixture,
cement concrete and a poro-elastic surface. Fi§e8& compares the master
curves of the thin layer surfacing slabs, the théyer surfacings from
Kloosterzandes, a dense asphalt concrete surfagaraelastic surface and
cement concrete at 20. The dense mixture used in the laboratory testtisally
not the same as the dense surface section No.lowsterzande. It is a dense
mixture made in the lab. The mixture compositiontto§ material is shown in
Table 5-10. The binder used in the mixture is beard0/60. The properties of
the bitumen are given in Table 5-11.
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Table 5-10 Material properties of the dense mixturaised in stiffness test

Aggregate type and gradation Maxd Al void

Agaregate tvpe Scottish crushed Norwegian Crushed aax:?uarFe Binder, % colrrlt\gr):t So/

9greg yp granite Bestone sand gareg by mass 7

size, mm by volume

Sieve, mm 8-5.6 5.6-4 6-2 2-0.063

0,

Content, % by 175 196 215 33.2 8 6.5 2.75
mass

Table 5-11 Properties of bitumen 40/60
Penetration at 25 °C, 0.1 mm Softening point, °C

45 53.6

The figure clearly shows the differences in stiffsidetween concrete, asphalt
and poro-elastic surfaces. The cement concrete shbe highest resilient
modulus in the whole frequency range, followed b tsurfaces from
Kloosterzande, the thin layer surfacing slabs dred goro-elastic surface, in a
descending order. The curves for asphalt mixtures fthe same source (e.g.
Kloosterzande or slabs) are close to each othereMpecifically, thin layer
surfacings from the Kloosterzande sections haveostinthe same resilient
modulus. The stiffness values of the slab sampilesatso close but they are
lower than those from the Kloosterzande sectiom& ffends coincide with the
observations made on the mechanical impedance data.
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Figure 5-35 Master curves of resilient modulus fodifferent types of road surface
samples (20C)
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5.5.3 Relationship between mechanical impedance and stiiéss

According to the definition, the stiffness is theeduency dependent ratio
between a dynamic force and the resulting dynamgplacement while
mechanical impedance is the ratio between the farod the velocity. It is
assumed that a relationship exist between thenetf and mechanical
impedance because of the relation between theadisplent and the velocity [18,
19]. In this sub-section, this relationship is det@ed by using the measurement
results from the resilient modulus and the meclanmpedance tests on thin
layer surfacing samples. It is known that therecisrently no standard for
measuring the mechanical impedance of a road wyrfhwut there are
standardized methods for testing the stiffness. h\Wite relationship, the
mechanical impedance can be deduced from the etdgfmeasurements. It also
means that the tyre - road noise reduction by densig mechanical impedance
can be studied by using the stiffness of the mlteri

By comparing the MI’ values and the resilient maggushown in Figure 5-32 and
Figure 5-35 respectively, significant differencdsnoechanical impedance are
only observed between materials with a large dffiee in stiffness. In this

section, the specific relationship between the raeidal impedance and stiffness
is explored based on the data from both the impsgldrammer and resilient
modulus tests. The MI’ is used as a representai@vameter for the mechanical
impedance. In terms of stiffness, the resilient atosl at certain frequencies is
selected in the analysis. As the mechanical impeglaanging from 500 Hz to

2000 Hz mainly influences the tyre - road noise,this study, the resilient

modulus values at 500 Hz and 2000 Hz are used doptthg the stiffness at

medium and high frequency respectively.

Figure 5-36 shows the MI' values against the resilimodulus. Regression
analysis is performed for determining the relatiops The regression equation
and the trend line are also shown in the figureait be seen that the MI’ value is
linear related with the logarithm of the resilienbdulus at 500 Hz and 2000 Hz
respectively. According to the regression trend,lithe MI’ value is sensitive to
the stiffness when the stiffness of the materidbvg. This can be observed by
comparing the trend below and above 5000 MPa. As/shn the figures, when
the resilient modulus is below 5000 MPa, MI' draitaty decreases with
reducing resilient modulus. From 5000 MPa to 300®a, MI’ slowly increases.

According to existing research, a larger mechaniogledance tends to result in
a higher tyre - road noise level [20]. From a neeguction point of view, a road
surface with low mechanical impedance is apprediai@is study shows that a
low mechanical impedance coincides with a very kikfness. For an asphalt
road surface, it is difficult to improve the noigseduction based on the
mechanical impedance. The good relation betweerhamcal impedance and
stiffness however shows that an effective way tdaioba low mechanical

impedance is to use materials with a very low méifls, such as poro-elastic
materials, with stiffness value lower than 150 MiP#e whole frequency range
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being investigated. As the mechanical impedanceois a parameter that is
regularly used, the regression equations derivethim study can be used to
estimate the mechanical impedance from the stifloés material.
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Figure 5-36: Relationship between mechanical impedae and resilient modulus

o

5.6 Summary and Conclusions

Experiments were carried out for measuring the unétcomposition and the
surface characteristics of thin layer surfacing glas Surface characteristics
measured in this study included surface texturendaabsorption, mechanical
impedance and stiffness. Both the slab samplesupestlin the lab and the cores
from the Kloosterzande trial sections were involvedhe measurements. The
test results of the different surface charactesstivere investigated, and
influence of the material properties on differentrface characteristics were
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analyzed. A summary of the investigations perforragdvell as conclusions are
presented in this section.

Mixture compositions:

CT scanning provided the mixture compositions & #amples. CT scanning
showed that in general the measured voids contahecslabs was in agreement
with the design air voids content of 12% and 18%. $amples with a design air
voids content of 8%, the target air voids contemisvwapproached when the
mixture contained less coarse aggregates. The doves the trial sections
showed a large variation in air voids content famples with a design value of
12%. This was considered to be caused by the cmtisin process.

The degree of connectivity for core samples wasiobtl by means of a cluster-
labeling algorithm. It was shown that the connettitighly depends on the air
voids content. For samples with an air voids canliess than 12%, the degree of
connectivity was generally below 0.1 and close .té-@ cores with a porosity
higher than 19%, the degree of connectivity waselm or exceeding 0.9; this
denoted a large amount of connected air voids. fidation between the
connectivity degree and the air voids content ived developed in this study can
be used in future work for estimating the degreeafinectivity from the air
voids content.

Surface texture:

Surface profile data were collected by means oaserl profilometer. For the
slabs, the surface texture level was expresse@rmst of wavelengths in the
octave band. For both the slab and core sampledyiPD was calculated from
the measured texture profiles. The investigationswed that the maximum
aggregate size is the most important factor inftusg the surface texture. A
material with a larger stone size showed highek padue of the texture level. In

the spectral analysis, the peak texture level gdiyeoccurs at a wavelength
which is equal or close to the maximum aggregae Ai linear relationship was

developed between the maximum aggregate size antMBD. It is also found

that the surface texture increases with increaaingoids content and increasing
coarse aggregate content.

Sound absorption:

The sound absorption was measured with the P-lhceiimpedance setup. The
results obtained on thin layer surfacing sampleswsld high absorption

coefficient peaks, equal to or higher than 0.7, $arfaces with an air voids

content higher than 17% and with exposed pordseasarface. Small variations
in peak frequency were observed between tests tberaht positions. For a

surface layer with a designed air voids contenthigher than 12%, or with a

clogged surface, a first peak of the absorptiorffmeent is generally observed

between 800 Hz and 1250 Hz; its magnitude is smtden 0.35. This first peak

of the absorption coefficient is correlated witlifelient material properties by
means of regression analysis. Regression analiisiwesl that the absorption
coefficient increases linearly with the connectedraids content and the overall
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air voids content. The connected air voids conenbnsidered to be an essential
parameter determining the maximum absorption. Tifkience of the coarse
aggregate content and mortar content are bottbatitng to the connected air
voids content in the surface layer. Acoustical n®deere developed for
simulating the sound absorption curves of the ldaper surfacing slabs. From the
models, it can be seen that the overall air vomsent can be used directly to
simulate the sound absorption of a semi-open seifike P02. For a semi-dense
type of thin layer surfacing, better fit is achidwehen the connected air voids
content is used as explanatory variable.

Mechanical impedance:

Mechanical impedance tests with the impedance harmsetap were carried out
on the slabs and the Kloosterzande sections. Funtre the resilient modulus of
the mixtures was measured on 100 mm cores witheipeated load ITT test. In
addition to thin layer surfacings, also a densehakponcrete mixture, cement
concrete and a poro-elastic surface layer werdvedan the measurements. The
test results showed that the cores from the roatioss have comparable
mechanical impedance while slab samples made itath@lso have a similar
mechanical impedance. But there are differencewdsst samples from these
two sources. The difference in mechanical impedaocenaterials is only
significant when there is a significant differenice stiffness. The regression
analysis showed that MI’, representing the meclanimpedance, is linearly
related to the logarithm of the resilient modulds. effective way to reduce the
mechanical impedance is by using very low stiffnesgerials, such as poro-
elastic materials, with stiffness value lower ti&® MPa in the whole frequency
range being investigated. It will not be possibde produce low mechanical
impedance layers using standard asphalt concretenes.
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CHAPTER 6
INFLUENCE OF SURFACE CHARACTERISTICS

6.1 Introduction

The relationship between road surface characesigtnd tyre - road noise is
investigated in this chapter. It is the most impotttopic in the field of tyre -

road noise research. From existing research,kihdsvn that the surface texture
and sound absorption are the two most importantl saaface characteristics
related to noise generation. In addition, mechamiopedance is also a medium
influential factor, which plays a role in explaigithe noise reducing function of
poro-elastic surfaces [1, 2].

A great deal of work has been undertaken on detengnithe influence of the
surface texture and sound absorption on tyre - rmase. Also modeling of the
relationship between texture and adsorption onl@rel and noise on the other
has been extensively researched [3, 4]. In earlykwad Sandberg [5], the
relationship between the noise spectrum and thdureexspectrum was
investigated. It was found that increasing textaxels lead to an increase of the
noise level at frequencies below 1.5 kHz, and tasuh decrease of noise levels
above 1.5 kHz. Similar results were reported byossb-Lédée who introduced
geometric indenters to characterize the road sertexture [6].

Texture levels expressed in a wavelength spectrueme vstandard used as
predictors for evaluating tyre - road noise in thedels developed by these
researchers. Regression analysis of tyre - roadenwias conducted by the
California Department of Transportation [7, 8].the study, MPD was employed
for describing the surface texture. Other influegcparameters, such as age,
layer thickness and number of days with air tempeeahigher than 36C, etc,
were also included in the regression and showelate@ impact on the noise
levels. Sound absorption is another important faaontributing to noise
reduction of porous asphalt. Sound energy canyphglabsorbed by the road
surface due to its porosity. This helps to reduce tyre - road noise by
eliminating the horn effect and absorbing soundesgaw the propagation path.
The maximum noise reduction caused by road surtdzsorption generally
occurs at frequencies around the maximum absormto@ificient, but with a
small frequency shift [9, 10]. In the study of HdrfiEl], the attenuation of pass-
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by noise at a certain frequency was linearly reldi® the sound absorption

coefficient at a shifted frequency. Peeters [12proved the linear relationship

by taking into account the horn effect of surfasé low and medium (between

0.2 and 0.6) absorption coefficient. In some stsidilre air voids content is also
used directly as a parameter for describing thieienice of the porous pavement
structure [2].

In this chapter, the investigation concentratestlan influence of the surface
characteristics on the tyre - road noise produatiorthin layer surfacings. It is
based on a statistical analysis of the data celtedtom the trial sections in
Kloosterzande. The surface texture and sound atisorpare the main
characteristics taken into account. Besides, tHaence of air flow resistance,
vehicle speed, and tyre type are also discussedhenresearch program.
Compared to previous work, highlights of the aniglys this study are:

1) The study focuses on thin layer surfacings. They@mmonly used as
noise reducing surface layer in urban and provineieeas in the
Netherlands. As mentioned in previous chaptergethee great interests
for studying this type of surface. It is importamtd of interest to predict
the noise reducing effects of thin layer surfacings

2) In addition to correlation analysis as commonlyduse previous studies,
linear regression is also performed to expresselationship between the
noise level and the surface characteristics. Ferthiin layer surfacing
investigated in this study, the variations of tlheface characteristics are
limited and are in a relatively small range. Witlims small range, linear
regression relationships with a high precision lsamleveloped.

3) Different combinations of surface characteristicee aused in the
investigation. In the study, the MPD and texturevels are used
respectively for describing the surface texture;absorption curve on 1/3
octave band of the frequency and the maximum abeargoefficients
represent the sound absorption of the surface ctgply.

4) In the regression analysis, the multicollinearigyses between the input
texture levels and absorption coefficients on the dctave band of the
frequency. In this study, different statistical hmds are employed to
eliminate the influence of the multicollinearityh@ combined effect of
the spectrum levels of texture and sound absorpsiatisplayed by the
regression equations as obtained.

5) A new type of model is developed. This model fosuse the change of
the tyre - road noise caused by changes of theswddce properties [13].
Only the difference values of noise and surfaceragtaristics are
considered in the analysis, and not the globalesalWith this method,
the regression function is able to calculate theeiase and reduction of
the noise level directly and it is convenient fovestigation of the noise
reduction effect of different surfaces.
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The organization of this chapter is as follows:

6.2 gives an overview of the database and discubgsesxtraction of data from

the database for using them in this study; 6.3 rie=s the whole progress of the
analysis, and the methods used in each step avepedsented; 6.4 shows the
investigation of the influence of surface charastes from thin layer surfacings

on noise. The analysis progress is demonstratddtail. Examples are given by
using different regression methods. The influenmfesehicle speed and use of
truck tyres are also discussed; 6.5 presents talysam based on the difference
values of noise levels caused by changes of th&acmircharacteristics; A

summary and recommendations are given in 6.6.

Figure 6-1 gives a schematic presentation of the investigatimcluding
pretreatment of the extracted data, the variabdlecsen and data analysis. The
analyses in this chapter refer to this scheme.iBethout each item in the chart
are explained in the following sections.

Texture Absorption Noise

Select related data
from database

Select related data
from database

Select related data
from database

A J

A J

Average: over the
two measurement
positions

Average: over the
two measurement
positions

A

Y

Calculate the
average texture
levels at the center
octave bands

A

Variable selection:
exclude those with little
variations between
different surfaces by
investigating the texture
level curves

Variable selection:
exclude those with little
variations between
different surfaces by
investigating the
absorption curves

Noise data
from 10 tyres
at the speed
80 km/h

Average: over
driving directions
and microphone
positions

Y
Hypothesis Testing
of influence of road
surface on noise
difference

Y

Variable selection:
exclude those with little
variations between
different surfaces based
on the hypothesis testing

result
Y \
Explanatory Linear Response
variables regression variables

Figure 6-1 Diagram of the analysis
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6.2 Data Extraction and Pretreatment

As introduced in section 4.2, a database was séaspd on the measurements
on 40 trial sections in Kloosterzande in the Nddras. It contains
comprehensive information of noise related propsrtor different types of road
surfaces and tyres [14]. The database used innvestigation was provided by
the Centre for Transport and Navigation (DVS) ia Metherlands.

Parameters describing tyre - road noise and sudiaaeacteristics highly related
to noise generation are listed in Table 6-1. Theome forms of the data for
different items are also shown. It is known thadsurface texture and sound
absorption are two main factors affecting the tyread noise levels. They are
recorded by different indexes in the database. tRer sound absorption, the
sealed tube method was only applied on several seations, and results from
this method are not included in the analysis. Aawf resistance is another
parameter reflecting the effect of porosity andduas a predictor in the model
SPERON. As it is not a commonly used factor andesihis correlated with both
texture (which is influenced by stone size in thetare) and sound absorption,
this parameter is not included as an independenabla in the regression
analysis. From Chapter 5, it is known that the naeatal impedance is not much
different for different thin layer surfacings. Hendhis parameter is also not used
in the investigation.

In the database, tyre - road noise levels were unedsby both the near field
(CPX) and far field (CB) method. However, CB tegisre only done on a
number of selected sections, and the data are uf@itient for a complete

investigation. Therefore, the CB level data arelwded. Nevertheless, the far
field noise level can be deduced from its relatimmsvith near field test results.
A study on the relation between the far field apdnfield method is presented in
Chapter 2. The noise levels concerned in the foligvstudy are the near field
noise levels measured by the CPX method.

Data for all the selected surface characteristick reoise levels, namely texture,
sound absorption tested by means of ESM, air flegistance and noise level
from CPX test, were then extracted from the databBgyure 6-2 illustrates the
different testing positions of the surface chanasties and the tracks for the
CPX tests. As shown in the figure, the east and \aee for each surface were
built based on the same design. However, becaustheofvariation in the

construction process, the surface characteristied the sound emission
properties are different for lanes with the samminal design. Therefore, they
can be treated as different surfacings [14]. Feiute, sound absorption and flow
resistance, the data from measurements at thegmssiB and C are extracted.
The average of values from B and C are used fosemteng the surface
characteristics of each lane in this research.
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Table 6-1 Record form of influencing parameters and noise level
Parameter Data storeform

Average MPD, ETD and RMS values and the standavtien (mm);

Surface texture Texture levels in 1/3rd band spectrum from 0.5500 mm octave (mm)

Extended surface method Data of acoustic absorption measurements, in1/3rd
(ESM) octave band spectrum from 250 till 4000 Hz

Data of acoustic absorption measurements, in1/3rd
octave band spectrum from 250 till 2000 Hz

Sound absorption
Sealed tube method

Specific air flow resistanci, measured by on site test methods developed b

Air flow resistance M+P. (Pa s/m)

Vehicle speed and corresponding standard
deviation (km/h);

Close Proximity (CPX) methad-weighted equivalent sound level .4 overall
level and its standard deviation, the 1/3rd octave
band spectrum from 50 till 5000 Hz (dB)

Vehicle speed (km/h);

Maximum A-weighted sound leve| .« overall
level and the 1/3rd octave band spectrum from 50
till 5000 Hz (dB);
Sound exposure level (SEL): overall level and|the
1/3rd octave band spectrum from 50 till 5000 Hz
(dB);

Microphone position: 1.2 m, 3mand 5 m

Noise level

Coast-By (CB) method

East . ‘:

Figure 6-2 Test positionson thetrial section, Unit: m

In terms of CPX measurements, the following facé&vehto be taken into
consideration with respect to data extraction @spager car tyres measurements:

1) Segment

For the CPX test, the measurements were taken 2@m before the center of
the section to 20 m after the center on each seatibere the surface was
assumed to be homogenous. As shown in Figure 6+2gtsegments were
measured. Both CPX segment 1 and segment 3 armppm®g with segment 2.
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In this study, data collected from the central p@RX 2 as show in Figure 6-2,
are used for analysis.

2) Direction
The measurements were performed in both direcemsg each track, i.e. from
north to south and from south to north. They aré lb@ken into account.

3) Microphones

On each side of the trailer, 11 microphones wesiequ around the test tyre when
testing the Kloosterzande sections. According ® gpecification [15] for the
CPX method, the noise is generally measured atstandard inner positions.
Therefore only noise levels measured at these wgitipns are adopted in this
study. This selection also facilitates comparisoth wther measurements in the
future, as most of the noise collections are maileguthe standard positions.

4) Speed

For the passenger car tyre measurements, 8 te=tl spiervals are used in this
research being: 40 — 45, 45 - 50, 50 — 55, 55 655, 75, 75 — 85, 85 — 100 and
100 — 120 km/h. A linear relationship between thensl pressure levels of tyre -
road noise and the logarithm of the speed hasdirbaen identified, and it is
possible to predict the noise level caused at idiffespeeds [2]. In this study, the
analyses will mainly focus on condition when theexp is between 75 and 85
km/h. The influence of vehicle speed will be disr&sseperately in section 6.4.6.

5) Tyres

The CPX measurements were taken by employing diftetypes of car (and
truck) tyres. Table 6-2 lists the 11 types of pagee car tyres with similar
dimensions. As the slick tyre is not applied inmat traffic, it is excluded from
the study. Since the current research only ainmeake a general observation on
the tyre type effects, the tyres are not furthéegarized by specific properties,
such as width, diameter and material.

Table 6-2 Passenger car tyretypesused in current study

Tyre No Type Size | Tyre Typ&yre No Type Size | Tyre Type

. : goummer Continental L Summer

1 Michelin Energy | 175/65R14 tyre 7 ContiPremiContacg‘%/GSRl3 tyre

2 Goodyear GT3 175/65R_L2§l:;:;ner 8 | Continental Slick| 195/65R[L5 Slick

3 Pirelli P3000 175/65R 14 Summer 9 Goodyear Ultragri 175/65R 14 Winter

Energy tyre 7 tyre

Continental Summer Vredestein L Winter

4 ContiEcoContact EI;7‘E’/65R14 tyre 10 Snowtrac2 195/65R1p tyre

5 | Michelin Energy 195/65R15Sl:;:;ner 11 Avon ZV1  |185/65R15CPX A

6 | Vredestein Hi-Trac195/65R15 S‘:;’:g‘er

*175=Tyre width in mm; 65=Aspect ratio (height i8% of width); R = Tyres with a radial construction;
14=Diameter of rim (in inch).
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Examples of the profiles of the passenger car tgresshown in Figure 6-3.
Other tyres can be seen in the CD attached tdhbsss.

(a) Passenger car tyre 05: (b) Passenger car tyre 09:
Michelin Energy 195/65R15 Goodyear Ultragrip 7 175/65R14

Figure 6-3 Examples of profiles of passenger car tyres

6) Invalid data

Tests by means of a CPX-trailer are possibly digdrby external noise. The
two main sources of disturbance are driving noisel avind noise. From

inspection of the measured 1/3rd octave band spéas shown that wind noise
is mainly dominant in the lower frequency rangeateDcollected during great
disturbance caused by wind are considered as idivahd marked in the

database. These invalid data are not used in trestigation. Table 6-3 shows
the factors related to the CPX measurements. Theage values of the sound
level are calculated over the two directions arel tthho microphone positions.
Tyre types and speed will be treated in differerdysv according to the
investigation.

Table 6-3 Parametersrelated to CPX measurements

Item Tyre Direction Microphone Position Speed
Number 10 2 2 l1of8
Name see Table 6-North and North standard CPX inner positiong5-85 km/h

The above discussion is based on tests done wibepger car tyres. The data
extraction process for truck tyres is similar. Aesfiic investigation on noise
from truck tyres is presented in section 6.4.7.

6.3 Analysis Program and Methods

Data of the selected parameters are extracted finenbVS database, and they
are used for investigating the influence of surfabaracteristics on tyre - road
noise. The analysis can be accomplished in twesdiemg:

a. variable selection and

b. data analysis.
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6.3.1 Initial variable selection

In the regression analysis, parameters for roafd@eiicharacteristics are selected
as explanatory variables and the noise levels sed as response variables. From
Table 6-1, it can be seen that the number of textawvels and the sound
absorption coefficients on the 1/3 octave bandargd. If all these levels are
considered as explanatory variables for the regmessa total of 44 input
variables need to be used. In that case, the imguiinction could be very
complex. Moreover, introducing as many as possialedidate variables may
lead to confusion, because some of the variabkesemlundant or irrelevant, and
they would negatively influence the regression gsial Therefore, it is essential
to reduce the number of input variables as mugboasible [16].

The response variables, being noise, can also ésempied by sound pressure
levels at different frequencies. In this researttfe noise levels which are
significantly influenced by the surface characterssare of interest and they are
collected for the study. Hence, a choice of thesadevels is also carried out.
Specific methods used in this selection procesasfellows:

1) Texture level

In order to reduce the number of the texture leaslexplanatory variables in the
regression, the average of the texture level db daee adjacent wavelengths is
calculated by means of the following equation [2]:

TL=10 Ig(%i 10 j (6-1)

TL, means the texture level at one of the three adjawsmvelengths. The
calculation of the average is illustrated by thkesoe in Figure 6-4. The figure
shows how the texture levelBLg;, TL3, and TL; are achieved. The derived
texture levelTL is named by the texture level at the centre wanggle of the
three. For example, when the average is calculbt®md texture levels with
wavelengths 50 mm, 63 mm and 80 mm, the resultimsed ad Lgs. An example
of the comparison between the original and avetagture level is shown in
Figure 6-5. The data are from section 4-1. Fronfithee, it can be seen that the
averaged texture level can precisely describe éx¢ute spectrum from the
measurement. Therefore it is reasonable to usavitbeaged texture levels in the
analysis hereatfter.
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Figure 6-5 Comparison between the original and averaged texturelevel on section
4-1

An investigation was then made on the spectrumvefaged texture level. At
certain wavelengths, the differences in textureelevbetween various road
surfaces are small and therefore these texturdslev#l have only a small
influence on the noise level. Therefore such dagaramoved from the input
variable set.

2) Sound absorption

The sound absorption curves from the different rcadfaces are plotted.
Variable selection is decided based on observaifoine curves. At a certain
frequency, the differences in absorption coeffitigdifferent road surfaces are
small and they are considered to have such a snflaiénce on the noise level.
Therefore they need not to be taken into account.
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3) Noise

A hypothesis test is performed to investigate ttikience of the road surface on
noise generation. The null hypothesis is that tiere effect of the difference of
the road surfaces on the tyre - road noise levdis. significance level is set at
0.05.F tests are performed on the noise data from diftesections. The null
hypothesis is rejected when the observed signifiedrom theF test is less than
0.05. It means that the differences between vanioad sections affect the noise
level.

Before the hypothesis testing, a test of normasityperformed to examine the
distribution of the data at a certain frequency ddferent road surfaces. If the
data followed the normal distribution, the one veaalysis of variance (ANOVA)
was used for the hypothesis test. Otherwise thepapametric test method was
employed. When using the non-parametric test, tleer® precondition that the
population fits any distribution. So it is alsoegkd to as a distribution-free test.
All these statistical tests are executed by udiegstatistical software SPSS.

From literature it is known that besides the speuirthe surface texture can also
be represented by the MPD, while the sound absorgian be described by the
maximum absorption coefficient. In this study, #gsarameters are therefore
also taken into account in the investigation. Binggifferent combinations of
indenters of surface texture and sound absorpfaur, groups are set up to
present the road surface characteristics. These dombinations are listed in
Table 6-4.

Table 6-4 Combination of surface texture and sound absor ption

_— Explanatory variables
Combination -
Surface texture Sound absorption
1 Texture levels at selected wavelen( Absorption coefficients at selected frequencies
2 MPD Absorption coefficients at selected frequeaci
3 Texture levels atedected wavelengtl Maximum absorption coefficient
4 MPD Maximum absorption coefficient

6.3.2 Dataanalysis

As shown in Figure 6-1, the regression analysepar®rmed based on the data
from combinations of surface characteristics andcsed noise levels. Details
about the analysis program and the related metl@dldiscussed in this section.

6.3.2.1 Basic model

The research focuses on thin layer surfacings. Vaegations in surface
characteristics are considered limited, because dlfference in material
properties between sections is relatively smalis issumed that the tyre - road
noise level is linearly related to the surface ahteristics. The relationship
between the noise levels and the surface charstotsrcan thus be developed by
multivariate linear regression.

The standard regression model is defined as:
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y=XB+e (6-2)

wherey is the response variable representing a certasenevel. It is a vector

containingn observationsX is annxp matrix, in which thei( j)th element is the

value of thejth indenter of the surface characteristic (i.e. tdsdure or sound

absorption) for theth observationg is a vector of the regression coefficients
ande is a vector of error terms. The coefficient ofatetinationR? is considered

as the index for judging the effect of the predistiR? closer to 1 denotes a
better fit of the model.

6.3.2.2 Correlation analysis

The correlation coefficients between each two \meis including all the
explanatory variablesX) and response variableg,(are calculated. Investigation
of the correlation between noise level and texlekel and sound absorption
coefficient is based on the contour lines of theraedation coefficient. This
method is commonly used by researchers [5, 6].

The correlation matrix between each of the explanyatariables is also built. If
the correlation coefficient value is high, it medhat the explanatory variables
are not independent from each other. This matnixtbas be used for examining
the multicollinearity between the variables.

6.3.2.3 Multicollinearity

Multicollinearity [17] refers to the statistical phomenon that two or more
predicting variables in a multiple regression moded highly correlated. With
normally used least square regression analysisadgettihe multicollinearity is
hidden in the regression coefficients. It doesinfitence the prediction ability
of the model as a whole, but the contribution @& itndividual predictoiX; to the
responseg cannot truly be reflected by these regression mefits. It means that
the influence of single input parameters cannotirb@stigated with such a
regression function.

Mathematically, a set of variables is collineaoife or more linear relationships
exist among the variables, for example:

KX, KX+ X, =0 (6-3)
wherex; are coefficients ani; are explanatory variables.
The simplest method for judging multicollinearitg the correlation matrix,

which can be used to detect whether there are tagelations between pairs of
explanatory variables.

In a regression analysis, the phenomenon of milhearity can also be

diagnosed by the variance inflation factor (VIFdahe tolerance. The VIF and
tolerance can be calculated by the following e aqunesti
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1

2

VIF =

Tolerance:i 6-4
VIF (6-4)

whereR? is the coefficient of determination of the regiessequation for each
Xi. A VIF higher than 5 or 10 (this is to be deteredrby the user in different
cases) and a tolerance of less than 0.20 or O.d@aite a multicollinearity
problem.

The sign of the regression coefficiefitin Eq. (6-2) is another symptom of
multicollinearity. If the sign off is not consistent with that of the partial
correlation coefficient between the predictor ahé dependent variables, it
reveals the presence of multicollinearity. All teemethods for judging the
multicollinearity are used in the regression anegydescribed in the following
sections.

6.3.2.4 Regression Methods

Normally the least square method is used for resgyaswhen multicollinearity

does not exist among the explanatory variables. édew in this study, the
multicollinearity commonly occurs between the exglmry variables (a case
study is given in section 6.4). In order to minimizhe influence of

multicollinearity, many regression methods havenbdeveloped and generally
they can be categorized into three types:

1) Variable selection: the redundant explanatory \éemare removed from
the model by mathematical methods, such as forvierckward, stepwise
regression and all the subsets methods [18];

2) Suppression Typethe dimension of the explanatory variable matrix is
reduced by choosing a small number of principal ponents which are
formed by combinations of the original explanatorgriables. These
components maintain most of the information of trginal data. The
regression includes Principal Component Regres$R@R) [19] and
Partial Least Squares (PLS) [20];

3) Shrinkage estimators: the coefficients for the pted variables are
shrunk systematically, which makes the regressi@able, e.g. ridge
regression [21], and Lasso (least absolute shrimkag selection operator)
method [22].

In this chapter, it was preferred to include ak tbelected parameters in the
regression function. This preference was basederfdct that by doing so an
overview of the influence of the texture level amlind absorption on the tyre -
road noise level can be given. Thus method 1 isusetl in this chapter. The
investigation is conducted by means of the supmedgpe regression. Both the
PCR and PLS are used. Hereafter brief introductainthe two approaches are
given.
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1) Principal component regression (PCR)

The principal component analysis gathers highlyetated variables into new
orthogonal and independent variables, which aréeagbrincipal components
(PC). The principal componei®G is presented as a linear function of all the
standardized original variabl&s

PC =§pl; ¢ X (6-5)

wheregc; is the eigenvector corresponding to jtieprincipal component and the
ith explanatory variable. After choosing the finginsficant PCs, the standardized
principal component regression equation is builthwihe selected principal
components:

.
V=2 BPG (6-6)
j=1

where ¥, is the estimate of the standardized principal cumept regression

equationB;’ thejth standardized partial regression coefficienhefstandardized
principal component regression equation, phthe selected number of the PCs.
The modeling process is then finalized by transfognthe standardized
principal component regression equation into a g@di@ear regression equation
[23].

2) PLS (Partial Least Squares)

From the introduction given above, it is known tlia drawback of the PCR
technique in regression analysis is that it onlgtgges the maximum variance in
X, without considering the relationship with the eiegent variablg. By contrast,
the partial PLS method creates orthogonal comimnatiof predictors by
maximizing the covariance between elementX endy. It is particularly suited
when the matrix of predictors has more variablestbbservations, and when
multicollinearity exists among th¢ values.

Assume predictoX is annxp matrix and responsgannxq matrix, in whichn is
the number of the observations. The PLS methodss ttdo find a linear
decomposition oK andy,

X=U,Q"+¢&,, Y=U,Q +¢, (6-7)

whereUy andUy are amx |l matrix, containing thé& number of extracted latent
vectors,Qx andQy are, respectivelygyx Is andgyx Is orthogonal loading matrices,
and the matricesy andey represent the residuals. Different algorithmshsas
Non-linear Iterative Partial Least Squares (NIPALSB) simple partial least
squares regression (SIMPLS), can be used to extradatent factors. The final
input number of latent vectors selected wheX andy are highly explained by
thels latent vectors and a good regression is achievesmall number of inputs
is preferred, as increasing the input numbers ®@fdkent vectors means possible
introduction of multicollinearity.
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6.4 Investigation on Thin Layer Surfacings

In this study, the investigation focuses on thipelasurfaces. According to the
general definition, the thickness of a thin layerface varies between 20 and 30
mm [1]. The designed mixture composition of eadeed thin layer surface is
given in Table 6-5. The number of the section eterthe number used in the
report of the Kloosterzande sections [14]. A totié® surfaces could be rated as a
thin layer surface, including semi-dense thin lay@o.2 to No.5), porous
asphalt (No.9, 15 and 24) and SMA (No.19 and No.E@gept for section No.19,
the thickness of the surfaces was in all cases 26 they do however have
different material compositions. For each desigwp ttrial tracks were
constructed. Because of the variation in the cansitn process, the resulting
mixture compositions for the two sections with theme nominal design are
different. It means that 18 tracks are used for tbgression. A detailed
description of the investigations performed on then layer surfacings is
presented in this section.

Table 6-5 Designed mixture compositions of different thin layer surfacings

Section Number No.2 No.3 No.4 No.5 No0.9 No.Mo.24 No0.19 No.20
Max. aggregate size, mm 4 6 6 8 8 6 8 6 8
Aggregate size, mm 2/4 2/6 2/6 4/8 4/8 2/6 4/8 0/60/8
Binder content, % 7.2 7.8 7.5 6.6 6.0 6.6 6.0 78 2 7
Air voids content, % 12 8 12 12 >20 >20 >20 4 5
Thickness, mm 25 25 25 25 25 25 25 20 25

6.4.1 Investigation of thetest results

6.4.1.1 Investigation of the surface characteristics

The averaged texture levels for the 9 thin layefases are calculated based on
Eq. (6-1) and they are illustrated in Figure 6-@id/3rd octave band spectrum
with wavelengths ranging from 1 till 250 mm. Fockaection, the texture level
of the west lane is plotted. From Figure 6-6, oar observe that surfaces with
large sized aggregates and high air voids consest) as section 9 and 24, show
a greater texture level. For those with smaller imax aggregate sizes, the
texture level is lower. It can also be seen thatwhavelength corresponding to
the maximum texture level depends on the maximumgremgte size of the
mixture. For mixtures with a maximum aggregate siz8 mm (Section 5, 9, 20
and 24), the maximum levels appear at 16 mm wagtlerfor the 6 mm
maximum aggregate size mixtures (Section 3, 4125),the maximum is at the 8
mm wavelength, and for the 4 mm maximum aggregaeemmixtures (Section 2),
the maximum locates at the 4 mm wavelength. Moreothee differences in
texture level between the sections are small whemfavelength is below 4 mm.
In order to be able to make a comprehensive inyasbin of the influence of the
texture spectrum, the texture levels with waveleagtom 1 to 250 mm are all
used as explanatory variables in the regressiolysisa
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Figure 6-6 Surfacetexturelevel for thethin layer surfacing sections

In this study, the absorption coefficient is usedle measure for describing the
sound absorbing ability of the road surface. Thendaabsorption coefficients for
the 9 thin layer surfaces are shown in Figure Bhé data used are also from the
west lane of each section. It can be seen fromfithee that the maximum
absorption coefficients of the porous type (airdgocontent >20%) thin layer
surface are much higher compared to the othersttendalues are around 0.7.
The peak values locate at 1600 Hz and 2000 Hz fterent mixtures
respectively. For the surface with a designedraiids content of 12%, the first
peak value of the absorption curve generally ocaus?50 Hz, the values range
from 0.25 to 0.35. For the dense surfaces, sectl®and 20, the absorption
coefficients are small and not higher than 0.z2hmwhole octave band. It can be
seen that considerable differences between ther@hso curves are at
frequencied > 1000Hz. Below 1000 Hz, the sound absorption coieffits are
smaller than 0.2, and the differences of absorptmefficients between sections
are generally within 0.1. The influence of theseabmabsorption coefficients
below 1000 Hz is considered to have an insigniticafluence on the change of
noise and therefore these particular coefficiergaglected in the study.
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Figure 6-7 Sound absor ption coefficientsfor thethin layer surfacing sections

6.4.1.2 Investigation on tyre - road noise

The sound pressure levels obtained by means dZf¢tests are, for each trial
section, plotted in the 1/3rd octave band. Examateggiven in Figure 6-8. They
are from the CPX measurements with the 05 MichElergy 195/65R15 tyre
and the averaged values from the 10 tyre typessifasvn in Table 6-2). A
complete overview of the noise levels from the etéiht passenger car tyres is
given in Appendix A.

Figure 6-8 (a) illustrates a typical distributiohtbe noise level in the frequency
domain. The maximum noise levels are generallytemtat 800 Hz or 1000 Hz.
The highest peak values are from the sections thghlargest texture level (as
shown in Figure 6-6). In the low and medium frequenange €1000Hz), the
sequence of the noise level generally follows thgeo of the value of texture
level. This indicates that at those frequencies, tite - road noise is mainly
related to the surface texture and considered toabsed by the tyre vibration
mechanism. In the high frequency range, larger slrojpthe noise levels for
surfaces with higher absorption coefficients camlbgerved, i.e. section 9 and 24.
The influence of the sound absorption is consideéoebe significant at higher
frequencies. Figure 6-9 shows the noise curves fildfarent tyres on a certain
section. In the figure, the noise levels measuredaxtion 4 are displayed.

By comparing the noise curves from different ty(®=e Figure 6-8 and Appendix
A), it can be seen that the distribution of thesedevel on the frequency axis for
all sections are comparable. The averaged noist fedm the 10 passenger car
tyres is calculated and used as a representativieeoCPX noise levels on the
thin layer surfacings. These averaged noise lemelsalso used in the regression
analysis.
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6.4.2 Hypothesistest

Prior to the hypothesis test, the test of normaktyerformed to examine the
distribution of the data at certain frequencies ddferent road surfaces. The
examination is carried out on every section withadfmom the 10 tyres. The
procedure is performed by using the statisticalvemfe package SPSS. Results
of the significance values for the thin layer smut$i are given in Table 6-6.
Considering a significance level of 0.05, it candeen that the data set of the
overall noise level and the noise levels at thguemcy larger than 630 Hz are all
well modelled by a normal distribution for nearly the surfaces. Most of the
data sets of the noise levels below 630 Hz alsg/ abe normal distribution,
except some cases, such as data from surface 4200at315, and 400 Hz.
However, when considering a significance level @f10 nearly all data sets can
be rated as normally distributed. Therefore, is #tudy, it is assumed that all the
data sets, corresponding to certain frequency aad surface, follow the normal
distribution.

Table 6-6 Tests of normality on thin layer surfacings

Surface Significance from Shapiro-Wilk test
No. I—A, eq L200 L250 L315 L400 LSOO L630 L800 LlOOO L1250 LlGOO LZOOO L2500 I—3150
2-1 0.77 0.23 0.300.60 0.10 0.05 0.54 0.32 0.33 0.12 0.58 0.82 0.80 0.57
2-2 0.82 0.00 0.010.18 0.04 0.02 0.55 0.11 0.37 0.18 0.18 0.73 0.85 0.34
3-1 0.94 0.72 0.510.76 0.02 0.03 0.74 0.34 0.61 0.09 0.28 0.93 0.26 0.43
3-2 0.71 0.34 0.340.17 0.08 0.34 0.48 0.55 0.26 0.70 0.68 0.79 0.70 0.33
4-1 0.36 0.08 0.040.12 0.62 0.64 0.40 0.04 0.40 0.39 0.75 0.09 0.67 0.22
4-2 0.84 0.01 0.060.04 0.04 0.18 0.19 0.03 0.23 0.88 0.56 0.53 0.63 0.22
5-1 0.31 0.09 0.060.07 0.00 0.03 0.66 0.84 0.78 0.89 0.46 0.67 0.62 0.22
5-2 0.81 0.01 0.010.10 0.50 0.16 0.58 0.91 0.73 0.61 0.17 0.94 0.62 0.31
9-1 0.29 0.08 0.350.63 0.78 0.50 0.37 0.26 0.89 0.61 0.60 0.45 0.13 0.74
9-2 0.64 0.05 0.940.66 0.11 0.71 0.20 0.38 0.47 0.14 0.30 0.36 0.37 0.56

15-1 0.82 0.17 0.240.21 0.56 0.60 0.23 0.20 0.33 0.20 0.33 0.81 0.25 0.37
15-2 0.45 0.03 0.050.01 0.14 0.34 0.19 0.58 0.22 0.29 0.31 0.53 0.45 0.07
19-1 0.35 0.11 0.090.07 0.47 0.82 0.36 0.42 0.07 0.64 0.81 0.87 0.67 0.67
19-2 0.12 0.00 0.020.02 0.47 0.49 0.85 0.33 0.22 0.03 0.47 0.89 0.46 0.79
20-1 0.74 0.07 0.250.53 0.22 0.36 0.32 0.20 0.42 0.79 0.96 0.50 0.64 0.50
20-2 0.31 0.03 0.050.04 0.01 0.52 0.34 0.92 0.75 0.27 0.41 0.47 0.96 0.29
24-1 0.83 0.00 0.010.01 0.14 0.81 0.47 0.56 0.08 0.80 0.32 0.88 0.56 0.41
24-2 0.45 0.04 0.020.02 0.26 0.44 0.62 0.06 0.48 0.77 0.33 0.66 0.61 0.50

A hypothesis test was then conducted by using ANOVRAe null hypothesis
was that there is no effect of the difference @& tbad surfaces on the noise
levels. Noise data for all the tyre types wereuded in the hypothesis test, and
the analysis is performed using the SPSS softwackgge. The calculated
significance for each noise level is listed in Tabl7. A significance level of
0.05 was used. The null hypothesis is thus rejectdwn the obtained
significance is less than 0.05, which indicates tb&d surface characteristics
have a considerable effect on the tyre - road ntsel. When the resulting
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significance is higher than 0.05, the null hypotbes accepted and it implies
there is no influence of the road surface propertie

A variable selection was then made based on thdtsesf the ANOVA tests.
From the results in Table 6-7, it is concluded tthegt road surface variations
account for the differences of overall noise leaatl noise levels at frequencies
above 350 Hz. The influence of road surface onentesel below 350 Hz is
trivial, and noise levels at these frequenciestiaeeefore not considered in the
further investigations.

Table 6-7 Significance values of different road surfaces on noiselevel from
ANOVA

LA, eq I—ZOO I—250 L315 L400 L500 L630 L800 I—lOOO I—1250 I—1600 LZOOO L2500 L3150

Sig. 0.00 056 0.30 0.00 0.00 000 0.00 0.00 0.00 0.000®».00 0.00 0.00

6.4.3 Correlation analysis

Correlation coefficients for all possible combiwats of the noise and the texture
and sound absorption spectral bands were calculdtesl correlation matrices
are illustrated by contour diagrams as shown imfed-10.

From Figure 6-10 (a), it can be seen that thera lgh positive correlation

between the noise level below 1250 Hz and the texevel with wavelengths

larger than 8 mm. For short wavelengtk®l (mm) texture, it shows a high
negative correlation with the noise level at thghhirequency range (>2000 Hz).
These findings are similar with those from the sadf Sandberg and Anfosso-
Lédée in which different types of road surfacesennvestigated [5, 6]. However,
the cross-over frequency is located between 12802800 Hz; this is higher in

comparison with the study by Sandberg et.al.. fexture with wavelengths

larger than 8 mm, the cross-over frequency is éaween 1600 and 2000 Hz.
According to Sandberg, the noise level in this medfrequency range (between
800 Hz and 1250 Hz or 1600 Hz) is due to the impédhe tyre tread on the
road surface.

Figure 6-10 (b) shows the correlation between tlogsen level and sound

absorption coefficients at different frequenciebeThoise levels below 500 Hz
are not significantly related with the sound absorpcoefficient. Above 500 Hz,

high negative correlations (generally higher thaf) Gare found around the
diagonal line of the figure. It means that in gahethe absorption coefficient has
a high negative correlation with noise levels ledain neighbouring frequencies.
For example, the absorption coefficient at 1000idHkighly correlated with the

noise level at 800 Hz, 1000Hz and 1250 Hz.
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Figure 6-10 Contour lines of the correlation coefficient between noise level (at 80
km/h) and surface characteristics for passenger car tyre

The correlation matrix between each of the surtdweacteristic parameters was
calculated and the results are shown in Table I6-&e table,TL; indicates the
texture level at wavelength, and AL, the sound absorption coefficient at
frequencyf;. For surface texture, a high degree of inter-dati@n (or: “a high
correlation”) can be observed between each twabbas, especially for texture
levels with a wavelength larger than 4 mm. The MBDighly correlated with
the texture levels on the wavelength spectral beord 1 mm to 250 mm. From
the measurement results presented in Chapter Bast already known that a
surface with a larger MPD generally shows a higk&ture level on the whole
wavelength band. Sound absorption coefficients témtaat neighbouring
frequency bands show significant correlation witicke other. The maximum
absorption coefficient is strongly correlated witite sound absorption above
1600 Hz.
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It should be noted that the texture level with arsiwavelength< 4 mm) shows

a strong correlation with the sound absorption fieht at high frequency
(>2000 Hz). The reason for this is that the absonptimefficient is determined by
the air voids content which in turn is highly reldtto the stone size and stone
content. The stone size and content however are ddgermining the texture
level with a small wavelength. This leads to a hagimrelation between short
wavelength texture and the sound absorption coeffic Similarly, a high
correlation can also be seen between the MPD aadriliximum absorption
coefficient. Air flow resistance is highly relatedth small wavelength texture
levels and maximum sound absorption.

Based on the analysis, one can also conclude tgatrhulticollinearity exists
between certain surface characteristic parametgss.discussed in sections
6.3.2.3 and 6.3.2.4, PCA and PLS methods are tosee when these inter-
correlated parameters are involved in the regrassmalysis.

Table 6-8 Correlation coefficients between surface characteristics

Max. Flo
MPD  Tlesso Tles Thie  TLe Tl Aliooo Alazso Aligoo Alzooo  Alesoo absor);)tion resist‘;vnce

MPD 1.00 0.93* 0.94** 0.95* 0.91* 0.76* -0.43 0.27 0.59* 0.64* 0.54* 0.78** -0.65**

TLaso 1.00 1.00* 0.99** 0.87** 0.64** -0.41 0.15 0.44 0.52* 0.47* 0.61* -0.61*
Tles 1.00 1.00** 0.88** 0.66** -0.41 0.16 0.45 0.53* 0.48* 0.63** -0.63**
TLis 1.00 0.91** 0.70* -0.40 0.18 0.48* 0.57* 0.51* 0.66** -0.65**
TLy 1.00 0.92** -0.25 0.40 0.68** 0.77** 0.70**  0.87** -0.82**
TL, 1.00 -0.04 0.53* 0.72**0.81** 0.74**  0.89** -0.91*
AlLio0o 1.00 0.55* -0.02 -0.34 -0.16 -0.25 -0.17
Ali2s0 1.00 0.76** 0.15 0.12 0.49* -0.52*
Alie00 1.00 0.51* 0.29 0.82** -0.58*
Al000 1.00 0.87** 0.87* -0.65**
Alzs00 1.00 0.66** -0.63**
abgﬂoi)r().tion 1.00 -0.69™
Flow 1.00

resistance

**Correlation is significant at the 0.01 level.
* Correlation is significant at the 0.05 level.

6.4.4 Analysesusing PCR

Regression analysis is performed to determine rtifact of individual surface
parameters on tyre - road noise. The explanatomnjablas refer to the 4
combinations which were shown in Table 6-4. Theutngnd output variable
selections are based on the results from 6.4.16ah@. When the spectral band
of texture level and sound absorption coefficiemt @ased as input variables, the
PCR method is employed to eliminate the multicellinty. The way how PCR
for regression was used in this study is showniguré 6-11. The flow chart is
also appropriate for the PLS method. In this seg¢tibwill be shown how the
PCR analysis is performed. Furthermore the resflthhe analyses, being the
influence of surface characteristics on tyre - roaise, will be presented. A
detailed example is given by using the input vdeaibmbination 1 shown in
Table 6-4.
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For variable combination 1, a total of 15 paranseteere selected as explanatory
variables. The complete set of explanatory anddlponse variables is listed in
Table 6-9.

Table 6-9 Summary of explanatory variables and response variables

Number of Number of
. Response
Explanatory variables explanaton . response
: variables h
variables variables
Sound Sound absorption coefficients at Overall noise
Absorption frequencies 1000, 1250, 1600, 2000, level and noise
P 2500 and 3150 Hz levels at 315,
15 400, 500,630, 12
Surface Texture levels at wavelengths 250, 1 800, 1000, 1250,
Texture 63, 31.5, 16, 8, 4, 2 and 1 mm 1600, 2000, 2500
and 3150 Hz

Standardization of
variables

!

Input components
collection

Correlation analysis

. Regression with the
between noise level and ]
selected components

surface characteristics

Increase or
reduce
components

Multicollinearity
diagnostics and other
consideration

Unaccepted

Accepted

Figure 6-11 Process of theregression analysiswith PCA or PLS

In the principal component analysis, new indepenhdérput variables
(components) are firstly generated by linear comtioms of the standardized
original surface characteristics based on Eq. (6Fb¢ standardized variablXs
are achieved by the formula:

X :_)ﬁ —X (6'8)

' o

wherex is the mean of each variable in the samglés the standard deviation.
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The values of the eigenvectors, namely the coefiisc; in Eq. (6-5), are shown

in Table 6-10. The eigenvalues of the coefficien&drix of the new variables are
extracted and given in Table 6-11. The first congms, which contain most of

the information of the input variables, are to bkested. A simple rule which has
proven to be useful in practice is to select congoésmwith an eigenvalue greater
than 1.0. Based on Table 6-11, the first three @rapts, accounting for 93.8%
of the cumulative variance, are selected as prahapmponents and they are
used as input variables for the multivariate regjoes

With the selection of the principal components, tiaenber of the input variables
of the regression reduced to 3 from 15. The thmaponents can be explained
based on the eigenvalues given in Table 6-10:

In PC1, the coefficients for nearly all the surfgz@rameters are positive. It
means all these parameters will show a similauerite on the noise levels due
to the same signs.

In PC2, the coefficients for texture level with vedengths>8 mm are positive;
the coefficients for texture levels at wavelengthmm and sound absorption are
negative. It reflects that the effect of long wargjth texture level>8 mm) on
noise is opposite to short wavelength texture |évlmm) and sound absorption.
In addition, the coefficients f&kL;g90 andAL;,50 are larger compared to others. It
means the sound absorption at these two frequearayshis of great importance.

With respect to PC3, the effects of sound absangtchigh frequency>R000 Hz)
are essential.

Table 6-10 The eigenvalues for the components

Components

_________________

1 2 3 1 4 5 6 7 8 9 10 11 12 13 14 15

TLzsoi 0.29 -0.22 -0.15 iO.l4 -0.10 0.09 -0.15 -0.23 -0.09 0.82 -0.07 0.10 -0.08 0.13 -0.09
TLiss i 0.29 -0.21 -0.15;0.13 -0.06 0.13 0.10 0.03 -0.18-0.18 0.64 -0.41-0.33 0.22 0.05
Tles 1+ 0.29 -0.21 -0.15 50.12 -0.03 0.08 0.05 0.01 -0.23-0.29 0.14 0.79 -0.02-0.18 -0.03
TLs, i 0.29 -0.21 -0.14 50.12 -0.03 0.10 -0.02 -0.03 -0.22 -0.24 -0.39 -0.20 0.56 0.34 0.31
TLye i 0.30 -0.19 -0.14 iO.lO -0.02 0.05 0.01 0.07 0.07 -0.120.23 -0.34 0.08 -0.55 -0.59
Tlg i 0.31 -0.10 -0.10 50.03 0.02 -0.05-0.03 0.03 0.48 -0.03-0.22 -0.04 -0.37 -0.30 0.61
T, ' 031 0.06 -0.035-0.03 0.14 -0.15-0.03 0.12 0.58 -0.12-0.04 0.16 -0.03 0.56 -0.38
TL, i 0.29 0.20 0.03i -0.040.36 -0.29 -0.01 0.12 0.09 0.23 0.47 -0.010.53 -0.25 0.15
TL, i 0.28 0.26 0.06i -0.050.47 -0.37 0.15 -0.06 -0.48 -0.01 -0.30 -0.06 -0.36 0.07 -0.03

Aljgeor -0.10 0.47 -0.23/0.66 0.25 0.30 -0.35-0.05 0.03 -0.07 0.01 0.00 -0.04-0.01 0.00
Alesoi 0.10 0.50 -0.415-0.02 -0.39 0.05 0.63 -0.010.04 0.09 -0.040.02 0.06 0.00 0.01
ALlGooi 0.20 0.32 -0.285-0.58 -0.21 0.11 -0.59 0.08 -0.15-0.08 0.02 -0.02 -0.05 -0.02 -0.01
ALzoooi 0.24 0.14 0.405 -0.260.25 0.69 0.19 -0.340.09 -0.01 0.00 0.01 0.03 -0.03-0.01
ALzsooi 0.22 0.16 0.49i 0.19 -0.270.15 -0.02 0.71 -0.14 0.14 -0.08 0.02 -0.06 0.02 0.04
AL31505_ 0.23 0.21 0.425 0.22 -0.470.34 -0.17 -0.53 0.02 -0.16 0.07 -0.02 0.03 -0.05 -0.02
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Table 6-11 The eigenvalue, % of variancefor principal components
Initial Eigenvalues

Component - -
Total % of Variance  Cumulative %
1 9.907 66.046 66.046
2 2.719 18.124 84.169
3 1.448 9.653 93.823
4 .619 4.130 97.952
5 157 1.045 98.997
6 .076 .507 99.503
7 .038 .256 99.759
8 .017 113 99.872
9 .014 .093 99.965
10 .004 .026 99.991
11 .001 .005 99.996
12 .000 .002 99.998
13 .000 .001 99.999
14 .000 .000 100.000
15 .000 .000 100.000

The linear regression is performed with the thr@s Rs explanatory variables.
As an example, the equation obtained for noise ktv&000 HZ oo is shown as
follow:

Lo = 0.25PC1- 0.36PC 2 0.0PC (6-9)

The standardized regression coefficients for dfér noise levels are
summarized in Table 6-12. For all noise levels pkder the noise level at 315
Hz, the R? are higher than 0.75. It is therefore concludeat the regression
equations fit the data well. The tolerance and Ydkies are calculated according
to Eg. (6-4) and are used to detect multicollingaAs the PCs are orthogonal to
each other, the tolerance and VIF are equal to fbi08very regression equation.

Table 6-12 Regression coefficients on the principal components

Component Laeq Lsis Lioo Lsoo Leso Lsoo Licoo Lizso Lisoo Loooo Losoo  Laiso

1 020 025 025 0.27 029 0.27 025 0.19 0.00 6-0.40.21 -0.21
-045 -0.10 -0.21 -0.14 -0.01 -0.25 -0.36 -0.48.60 -0.47 -0.36 -0.37
-0.0v -0.10 -0.13 -0.17 -0.12 -0.03 -0.07 -0.02040 -0.01 -0.23 -0.30

2
3
R 087 068 0.76 082 087 09 092 089 0.82 0784 0.9

In order to investigate the influence of surfacarekteristics, the standardized
principal component regression equations are toam&d into general linear

equations expressed by the original surface chamatits. It is known that the

units of texture level and absorption coefficierd¢ different. For comparing the

relative importance of different variables, thensi@rdized regression coefficients
are used in the analysis. They are identical taegeession coefficients achieved
by using the standardized variables [24]. The stedided regression coefficients
for all the surface parameters are shown in Tail8.6
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An example for the noise level at 1000 Hz is giasrfollow:

Lyoo = 0.16TL o+ 0.16°L ,+ 0.16L 4+ 0.16L,#+ O0.TH,+ 0.M2 4 O0.06; O

(G
(6-10)
~0.18AL, 0y~ 0.1AL,,~ 0.08AL, ,~ 0.0BL,~ 0.08L .z O0.08 .,

The results shown in Table 6-13 are based on arstgnt of the regression by
using the first 3 PCs. From the correlation analygiis known that the noise
level at 2000 Hz is strongly correlated with theirst absorption coefficient at
1600 Hz. The contribution of the absorption coééint at 1600 Hz is presented
by the fourth component as shown in Table 6-10.sThanew regression is
performed orl,g00 by using the first four components. It can be sbanthere is
an increase of thi? of the regression fdr,gpocompared to the case when 3 PCs
are selected as input (compared with Table 6-12)rel@ver, the signs of the
regression coefficients do not change after adttiegourth PC in the regression.
It means that using this extra PC as input doesntimtduce multicollinearity to
the results. So the regression equation using 4étCsyq0is acceptable.

The influence of the surface texture level and goabsorption coefficients on
the tyre - road noise levels can be observed fraimlel6-13. In this research, a
coefficient with a value> 0.1 is arbitrarily selected as indication of the
importance of the influence. It means that theumrfice is considered important
when the regression coefficient is not smaller tldah. For facilitating the
investigation, the background of the form is markedlue for the item with an
absolute regression coefficier0.1. The surface characteristics are classified
into three groups for investigation:

1) Texture level at long wavelength§ mm)
In the wavelength range higher than 8 mm, a latgpure level results in higher
noise level. The impact of the texture levels om bise level below 2000 Hz is
high. On each noise level, contributions from textievels between 16 mm and
250 mm are almost the same. The importance of then8wavelength texture
level is relatively small compared with others.

2) Texture level at short wavelengtd(mm)
The influence of short wavelength texture levelsnsall on the noise levels in
the low and medium frequency range (<1600 Hz). & high frequency, the
noise level greatly decreases with an increasimgt shavelength texture level.
The influence of the texture level at 2 mm and 1 mavelength are higher than
that at the 4 mm wavelength.

3) Sound absorption coefficients
There is almost no influence of sound absorptiorioan frequency noise. The
impact on noise reduction appears at noise lev®msea800 Hz. The noise level
reduces with increasing absorption coefficients.
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Table 6-13 Standardized coefficients from PCR with variable combination 1

Lais

La, eq Laco Lsoo Leso Lsoo Liooo Lizso Lisoo Loooo Losoo  Laiso

TLoso 0.05 0.07
TLyos 0.05 0.06
Tles 0.05 0.07
Tls, 0.04 0.06
Tlye 0.09 0.03 0.05
Tlg 0.06 0.02 0.00 0.01
TLy 0.04 0.08 0.07 0.08 0.09 0.07 0.06 0.03 -0.0a.09 -0.08 -0.08
TL, -0.03 0.05 0.03 0.05 0.08 0.03 0.00 -0.

TL, -0.07 0.04 0.01 0.03 0.07 0.01 -0.030.07

-0.09 -0.08
-0.09
-0.08

AL;000 -0.05 -0.09 -0.06 0.00
AL;250 0.02 -0.03 0.02 0.08 -0.0
ALis00 -0.08 0.05 0.02 0.05 0.09 -0.02-0.04

ALogo -0.04 0.01 -0.02 -0.02 0.02 0.02 -0.02-0.03 -0.06
Als00 -0.06 -0.01 -0.04 -0.04 0.00 0.01 -0.03-0.04 -0.07 -0.02

-0.09

Alsiso -0.07 0.00 -0.04 -0.04 0.01 0.00 -0.05-0.06 -0.10 -0.03

R 0.87 068 076 082 0.87 090 0.92 089 0.82 0984 0.90
Number of
PC selected 3 3 3 3 3 3 3 3 4 3 3

With respect to the noise levels, the following coemts are made:

1) Overall A-weighted equivalent sound levg| ¢,

The long wavelength texture levels account foritioeease of the overall noise
level, and the higher sound absorption coefficieathice the overall noise level.
As large regression coefficients are obtained far absorption coefficients at
1000 Hz and 1250 Hz, thin layer surfaces are effecin providing sound
absorption for noise in the 1000 and 1250 Hz baedture levels of 2 mm and 1
mm also lead to a decrease of noise, but the méleies small in comparison
with the sound absorption.

2) Low frequency noise level (below 800 Hz)
The noise level at low frequencies is predominardhused by the long
wavelength surface texture levels. This indicaked the low frequency noise is
caused by the impact mechanism between the tyad &red the road surface.

3) Medium frequency noise level (from 1000 Hz to 2609

The noise level at these frequencies is positivelsted with long wavelength
texture levels implying that the noise level atsthdrequencies will increase
when the wavelength of the texture is increasifgprSwave surface texture and
sound absorption both lead to a decrease of theenand the impact is more
significant at the higher frequencies of the medifueguency noise level band,
such as 1600 Hz and 2000 Hz. It can also be dedbet¢the noise generation in
this frequency range is from the joint effect ofetyibration and air pumping
mechanism.
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4) High frequency noise level (above 2000 Hz)
In this range, the noise production is due to tingoamping mechanism. The
analysis results show that short wavelength suriacieire and sound absorption
reduce noise at high frequencies.

Multivariate regressions are also carried out @ndtiher 3 variable combinations
given in Table 6-4. The PCR method is employed dmmbinations 2 and 3.
According to the general selection rule, the numifePCs used for these two
combinations are 3 and 2 respectively. As to coatimn 4, it contains only two
parameters, namely the MPD and maximum sound alisorpoefficient, so a
least square regression is used. The standardieetficients for different
combinations are displayed in Table 6-14 to Takl&6

Table 6-14 shows the regression results when regiadbe texture level with
MPD. The table shows that & for half of the regressions are lower than 0.7,
which implies weak linear relationships. The probles attributed to the
selection rule of the principal component analy$is.the PCR method, the
selection is only based on the correlation betwiberexplanatory variables. The
selected PCs carry the most important informatibtne input data, but they are
not always the most suitable explanatory varialde linear regression. As
explained in 6.3.2.4, the PLS method can overcdragtoblem and it is used to
give the considerations on both the explanatoryrasdonse variables. Details of
using PLS for regression are given in the nexticect

Table 6-14 Standar dized coefficients from PCR with variable combination 2

LA, eq L315 L400 L500 L630 L800 LlOOO L1250 Ll600 LZOOO L2500 L3150

MPD 032 024 029 033 035 036 035 030 008 -04615 -0.09
Al  -0.50 -0.18 -0.30 -0.30 -0.25 -0.42 -0.46 -0.50 -0.41 -0.12 -0.05 -0.12
Alps,  -0.16 007 001 007 014 -0.040.09 -0.20 -0.36 -0.31 -0.17 -0.15
Alise 016 021 023 030 034 024 021 011 -0.329 -0.18 -0.10
Alww 011 015 013 014 016 017 014 011 000 -0-M20 -0.22
Alysss  -0.06 007 001 -0010.02 002 -0.02-0.03 -0.06 -0.08 -021 -0.28
Algse 007 007 001 000 004 001 -0.030.05 -0.10 -0.12 -0.22 -0.28
R 066 049 053 066 085 082 072 065 059 0.0178 081
F',\‘(‘:”;‘gleei:fef 4 3 3 3 3 3 3 3 3 3 3 3 3

When combination 3 is considered, Sksble 6-15, a good relationships were
found, as th&¥ for all these equations is higher than 0.7. Thieémce of texture
and sound absorption on noise level is generallyagneement with those
observed by using combination 1 (see Table 6-13hdws that larger surface
texture dramatically increases the noise level weRD00 Hz, while sound
absorption significantly reduces noise levels etjfiencies 1000 Hz.
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Table 6-15 Standar dized coefficients from PCR with variable combination 3

LA, eq L315 L400 L500 L630 L800 LlOOO L1250 L1600 L2000 L2500 L3150

TLoso 0.23 0.13 0.17 0.14 0.08 0.16 0.21 0.24 0.24 0.18400.14
TLyos 0.22 0.13 0.16 0.14 0.08 0.16 0.20 0.23 0.23 0.16300.13
Tles 0.22 0.13 0.16 0.14 0.08 0.16 0.20 0.22 0.22 0.16200.13
Tlas 0.21 0.12 0.16 0.13 0.08 0.16 0.20 0.22 0.22 0.15100.12
Tlye 0.19 0.12 0.15 0.13 0.08 0.15 0.18 0.20 0.19 0.1209 00.09
TLg 0.12 0.10 0.12 0.11 0.10 0.12 0.13 0.12 0.07 0.@01--0.01
TLy -0.02 0.07 0.05 0.07 0.12 0.06 0.02 -0.08.13 -0.19 -0.19 -0.19
TL, -0.14 0.03 -0.02 0.04 0.13 0.01 -0.07-0.15 -0.31 -0.35 -0.34 -0.33
TL, -0.20 0.01 -0.05 0.01 0.13 -0.02-0.12 -0.21 -0.39 -0.43 -0.40 -0.40
Max.absorption -0.200.01 -0.05 0.01 0.13 -0.03-0.12 -0.22 -0.39 -0.42 -0.40 -0.40
R 080 0.70 0.77 0.81 087 085 0.87 080 0.74 0.8®¥3 0.89
Number of

PC selected 2 2 2 2 2 2 2 2 2 2 2 2

Table 6-16 shows that, except for noise ldvigh,, good linear relationships were
also obtained using variable combination 4 as inprdm the previous analysis,
it is learned that 1600 Hz is the point where thiguence of long wavelength
texture level diminishes and short wavelength textand sound absorption
become dominant. So the noise level at such a éremucannot be described
well by the two generalized parameters MPD and mam sound absorption
coefficient.

The influence of MPD and maximum sound absorption samilar to those of
texture and sound absorption on the spectral kdodever, it should be noted
that according to Table 6-8, MPD and maximum absampcoefficient are
highly correlated.

Table 6-16 Standardized coefficients from regression with variable combination 4*

LA, eq L315 L400 L500 L630 L800 LlOOO L1250 L1600 L2000 L2500 L3150

MPD 130 099 123 112 082 110 125 130 1.13 0.633 0.31
Max. absorption -0.66 -0.15 -0.40 -0.21 0.20 -0.19 -0.46 -0.71 -1.20 -1.31 -1.14 -1.06
R 078 076 090 094 096 092 087 075 059 0882 0.71

*The least square regression method is used.

6.4.5 AnalysesusingPLS

The PLS method is used for regression analyses thth same variable
combinations as those used in the PCR analysign Ere algorithm, it is known
that the relations between the input maxXiand output matri¥ are to be found,
and this is based on modeling the covariance strestin these two spaces by
the latent variable approach. There are differeampmuter algorithms for
extracting the latent variable. In this study, flitecalled SIMPLS [25] method is
used, and the calculation process is supportetidogtatistical toolbox in Matlab.
The resulting latent variables are successive gdhal components that
maximize the covariance between each inpw@nd the outpul. The first few
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components capture important informationXads well as explain the variance of
Y to a good extent and they are selected for theessgpn.

An example of the PLS regression is given for these level at 1000 Hz with
variable combination 1. In Figure 6-12, the perceitvariance which is
explained by the PLS components are shownXf@ndY respectively. In this
case X denotes the standardized variables of texture laweélsound absorption
on the spectral band, as shown in Table 8-% the standardized vector of the
noise level at 1000 Hz. The mean squared error (MSBIso shown since this
plot helps in selecting the input PLS componentse MSE is a statistic which
quantifies the difference between the estimatedtaravalues of a quantity. An
MSE value close to 0 indicates a good regression.

Figure 6-12 shows that the first two componentslarp93% of the response
variables and 83% of the predictor variables. FeggHl3 shows that the MSE is
close to 0.1 when 2 PLS components are used ad.ildased on these
considerations, the regression model with the fingi components is selected.
The regression coefficients fary are given in Table 6-17. It can be seen that
the regression results obtained by means of PLBssmn are quite close to
those obtained using the PCR method.

The PLS regression is conducted on all the variablabinations for different
noise levels. The results from variable combinaficand combination 3 are very
similar to those obtained from the PCR method. Betanformation about the
regression coefficients is given in Appendix B.

100

Percent Variance Explained in Y (%)

| |
| | |
| | |
| | |
1 1 1
1 2 3 4 5 6 7 8 9 10 11 12 13 14 15
Number of PLS components

(a) Percent of variance explainedyin
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Figure 6-12 Per cent of variance explained in the variable
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Figure 6-13 M SE of the PL Sregression with different PL S components

Table 6-17 Regression coefficientsfor Lo from PL S method
Noise level TLyso TLios TLes TLs, TLis TLg Ty TL TL,

0.16 0.16 0.16 0.16 0.15 0.12 0.05 -0.02 -0.05
L1000 AlLiooo  Alizso  Aligoo  Alaooo  Alpsoo  Algono R

-0.20 -0.12 -003 -0.01 -0.02 -0.03 0.93

Table 6-18 shows the results when combinationudésl as input. By comparing
Table 6-18 with Table 6-14, it is found that tRefor each equation increases.
When the MPD is used to represent the surfacerextucombines the effect of
both long and short wavelength texture level. Asvaiin Table 6-18, the noise
levels below 2000 Hz increase with increasing MBBJ the noise levels above
2000 Hz reduce with the increasing MPD.
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The coefficients forAL;qqo in Yhe low frequency noise levels (from 400 Hz to
630 Hz) are high. According to the correlation ¢woefnts between the noise

level and sound absorption as shown in Figure 6ti@,influence of sound

absorption is not that high at these frequenciess thus considered that the
multicollinearity between MPD and absorption cogénts is not completely

eliminated. Therefore it is concluded that whenngsthe PCR or PLS for

regression, the multicollinearity cannot always bEmoved when certain

generalized parameters, such as MPD or maximumdsahsorption, are taken

into account. PCR and PLS methods work well if $heface characteristics are
expressed in spectral bands.

Table 6-18 Standardized coefficients from PL S with variable combination 2

LA, eq L315 L400 L500 L630 L800 I—lOOO L1250 I—1600 L2000 I—2500 L3150

MPD 0.52 082 0.77 0.72 056 054 055 0.47 0.27 0.@04- -0.02
AL1000 -0.47 -0.08 -0.26 -0.25 -0.18 -0.40 -0.44 -0.46 -0.37 -0.13 -0.08 -0.13
AL1os0 -0.22 0.02 -0.05 0.05 0.15 -0.09-0.15 -0.26 -0.38 -0.33 -0.19 -0.16
AL1e00 -0.03 0.01 0.02 0.15 0.28 0.10 0.04 -0.08.29 -0.40 -0.27 -0.16
AL -0.01 -0.02 -0.03 0.00 0.09 0.07 0.04 0.01 -0.080.22 -0.31 -0.28
Alssgo -0.03 -0.02 -0.04 -0.06 -0.01 0.04 0.01 0.01 -0.01-0.07 -0.18 -0.25
Alziso -0.03 0.01 -0.02-0.03 0.01 0.05 0.00 -0.01-0.03 -0.07 -0.18 -0.25
R 0.77 0.72 0.77 0.84 092 0.89 082 0.75 0.69 0.982 0.82
Number of

2 2 2 2 2 2 2 2 2 2 2
components selected

6.4.6 Influence of the vehicle speed

As introduced in section 6.2, the CPX measuremevdse performed at 8
different speed intervals. According to the repsdm DVS, a relationship
between thd_ «q and the logarithm of vehicle speed has been ifieat[14].
The linear relationship between the overall noesesl and the logarithm of the
speed was also validated in other studies. In rigggarch, the investigation is
especially focused on the influence of vehicle dp@ethe tyre - road noise from
thin layer surfacings. The spe®ds used as one of the influencing factors, and
linear regression functions are developed with doatibns of speed and surface
characteristics as input variables. The analysisoisonly made on the overall
noise levelL, ¢ but also on noise levels at different frequenapds. PCR is
used as the regression method.

The surface characteristics used as input are aordance with the variable
selection results shown in Table 6-9. In the ppaticomponent analysis, the
first four components are extracted and listed abl& 6-19. It can be seen that
the fourth component is equal to the vehicle spa®tl has no relation with any
surface properties. In the first three PCs, the ffmpents for surface
characteristics are exactly the same as shown bieTé10, and there is no
contribution from speed. Therefore, the speed issiciered as an orthogonal
component with surface characteristics, and itmanalyzed independently.
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Table 6-19 The eigenvectorsfor the PCs considering the vehicle speed

PC Tlaso Thizs Tles Tlez This Tle Tla TL:  ThLi Al Alizso Alisoo Alzooo Alzsoo Alsiso  V

029 029 029 029 030 031 031 029 0.28 0-0.pD.10 0.20 0.24 0.22 0.23 0.00
-0.22 -0.21 -0.21 -0.21 -0.19 -0.10 0.06 0.20 60.2047 050 0.32 0.14 0.16 0.21 0.00
-0.15 -0.15 -0.15 -0.14 -0.14 -0.10 -0.03 0.03060.-0.23 -0.41 -0.28 040 049 042 0.00
0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 O0.0ODOO 0.00 0.00 0.00 0.00 1.00

A W N P

The regression coefficients achieved from PCR arengin Table 6-20. In the
regression, the original speed data are used arndgaoithmic values are used.
As shown in the table, the standardized coeffisidot speed are much higher
than those for surface texture and sound absorpaoameters. This means that
vehicle speed plays the most important role inrtbise level. The influencing
trend of the individual roads surface parametepissistent with the case without
considering speed, as summarized in section 6rél46a.5.

The results show th& increases in most cases when the driving spegdkés
into account as independent variable. The drivipged has a significant effect
on the overall noise level and the noise levell& Bz, compared with results in
Table 6-13.

Table 6-20 Standar dized coefficients from PCR with variable combination 1

LA, eq L315 L400 LSOO L630 L800 L1000 L1250 L1600 L2000 L2500 L3150

TLaso 0.06 0.02 0.04 0.06 0.05 0.06 0.07 0.09 0.07 0.03 0.02 0.03
TLizs 0.06 0.02 0.04 0.06 0.05 0.06 0.0 0.09 0.0/ 0.03 0.02 0.03
Tles 0.06 0.02 0.04 0.06 0.05 0.06 0.07 0.09 0.07 0.03 0.02 0.03
TLa 0.06 0.02 0.04 0.06 0.05 0.06 0.0 0.09 0.07 0.03 0.02 0.03
TLis 0.06 0.02 0.04 0.06 0.05 0.06 0.07 0.08 0.06 0.02 0.01 0.02
Tle 0.04 0.02 0.03 0.05 0.05 0.05 0.06 0.06 0.04 0.00 -0.01 0.00
TLy 0.02 0.01 0.02 0.04 0.04 0.03 0.03 0.02 -0.02 -0.04 -0.04 -0.04
TL, -0.01 0.01 0.01 0.03 0.03 0.01 0.00 -0.02 -0.06 -0.08 -0.07 -0.07
TL -0.02 0.00 0.00 0.02 0.03 0.00 -0.01 -0.04 -0.08 -0.09 -0.09 -0.08
AL1000 -0.08 -0.02 -0.02 -0.01 -0.01 -0.07 -0.08 -0.13 -0.16 -0.11 -0.05 -0.04
AL1250 -0.06 0.00 0.00 0.03 0.03 -0.04 -0.06 -0.12 -0.17 -0.14 -0.05 -0.04
ALig0o -0.03 0.01 0.01 0.04 0.04 -0.01 -0.02 -0.06 -0.11 -0.09 -0.04 -0.03
ALz000 -0.01 0.00 -0.01 0.00 0.01 o0.00 0.00 -0.01 -0.04 -0.06 -0.10 -0.10
Alzs0o -0.02 -0.01 -0.02 -0.02 0.00 -0.01 -0.01 -0.03 -0.05 -0.06 -0.11 -0.12
Als1s0 -0.03 -0.01 -0.02 -0.01 0.00 -0.01 -0.02 -0.04 -0.06 -0.08 -0.12 -0.12
\ 092 096 083 065 0.72 085 088 0.83 0.81 082 0.84 0.88
R 096 095 0.76 0.62 0.72 090 0.97 096 092 0.91 0.94 0.96

Since the speed is independent of the surface dieaistics, regression functions
are developed with speed as the unique explanatoigble. Figure 6-14 shows
the scatter diagram of the measured noise levalgfatent speeds and the trend
line from the regression analysis. From the figuteis concluded that the
influence of speed on certain noise levels can b# presented by a linear
equation. At each speed, the variability in thesaodepends on the surface
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characteristics; the influence of the surface attarsstics has been discussed in
the last two sections.

A comparison is also made on the predictive powethe equation using the
speed and predictive power of the equation usiegldgarithm of the speed in
the regression. The transformed sp¥eds expressed by

V; =log(-) (6-11)

ref

WhereV, is the reference speed of 70 km/h.
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Figure 6-14 Noise and speed relationship for passenger tyre

The results are shown in Table 6-21. For the nieigel at most frequencie&’
increases a bit if the logarithm of the speed edusince the difference is only
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small, the driving speed can be used directly &tirgy up a linear relation with
the tyre - road noise on thin layer surfacings.

Table 6-21 PCR resultswith thelogarithm of the speed

LA, eq L315 L400 LSOO L630 L800 L1000 L1250 L1600 LZOOO L2500 L3150

Refer to Table 6-20
0.93 0.94 0.78 0.67 0.77 0.87 0.87 0.83 0.83 0.83 0.84 0.89

Surface characteristic
A%

R 0.98 090 0.66 0.64 0.80 0.93 0.96 0.96 0.94 0.92 0.95 0.97

6.4.7 Study on truck tyres

In the previous sections, investigations were maae¢he noise produced from
passenger car tyres. Since the properties of ttyoks are different from
passenger car tyres, noise from these two typetyrefare generally studied
separately [9]. In this section, the results opacsgal analysis on the influence of
thin layer surfacings on noise levels from tructesyare presented. The programs
and methods used in this study are similar to tlwssel in previous sections. The
truck tyres involved in this study are listed inbl& 6-22. According to the
position used on a truck, the tyres can be claskifito three groups, namely the
tyre from the steering axle, drive axle and tradgle. Some worn tyres are also
taken into account in the study as marked in TébR2. All the tyres are new
expect those marked in the table as worn.

Table 6-22 Truck tyretypesused in current study

Tyre No Type Size Tyre Typ@&yre No Type Size | Tyre Type
1 | Continental HSR 315/80/22/5°€MNG| g | Michelin XDA2 13, 50055 tyrive axle
axle Energy (worn)
Goodyear 4 Steering Michelin XDN :
2 Marathon LHg | 315/80/22.8 =220 9 Grip 315/80/22.Drive axle
g | Michelin XZA2 15, 510455 g St€EMING| 14 | Briggestone M72815/80/22.Brive axle
Energy (new) axle
4 | Michelin XZA2 1 3 50055 g St€EIING| 49 | continental HTR385/65/22.6 1 aHer
Energy (worn) axle axle
5 | Continental HDR| 315/80/22|Brive axld 12 Goodyear laae 6500 & Trailer
Marathon LHT axle
Goodyear a Michelin XTA2 . Trailer
6 Marathon LHD | 315/80/22.8Drive axlg 13 | “EIEE B - T 1385/65/22.5
7 | Michelin XDAZ 141500000 dprive axid 14 | MIChelin XTAZ Haarono 5 Trailer
Energy (new) Energy (worn) axle

*315=Tyre width in mm; 80=Aspect ratio (height 8% of width); 22.5=Diameter code for rim (in inch)

Figure 6-15 gives examples for tread patterns tbémdint types of truck tyres. A

complete overview of the tread patterns of allttluek tyres can be found in the
CD attached. It can be seen from the figure thatttbck tyres have different

tread patterns. The grooves and blocks on the tyoes are not that obvious as
those on a new one.
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(b) Trugket11, trailer axle

(c Tuc tre7,drieaxe ne) S ' c ye Io

Figure 6-15 Examples of tread patternsof truck tyres

Noise levels measured on the different Kloostereasettions as produced by the
truck tyres in Figure 6-15 are shown in Figure 6-IGe driving speed during the
tests was 75 - 85 km/h.

In general, the overall noise level and the maxinmoise level on the 1/3rd
octave band from a drive axle tyre are higher casybéo those of the tyre on the
steering axle or trailer axle. In most of the casesv tyres also generate a higher
noise level than worn tyres. This is because thgashnoise between a rolling
tyre and the road surface is smaller in case ohwgres. For new axle tyres in
good condition, the noise levels below 1000 Hz iffeent surfaces are very
close to each other (the investigation is madeata ttom all the tyres, not only
restricted to the curves in Figure 6-16. For otiyess, the readers are referred to
the CD attached to this thesis). It indicates thdhis frequency range, the noise
levels are dominated by the tyre parameters anda@reensitive to the variation
in the surface characteristics. For other typesrwdk tyres, the noise level is
influenced by the combined effect of both the tymed road surface. The
increasing sound absorption coefficient leads iedaiced noise level above 1000
Hz. The surface with the lowest sound absorptialitylnd highest texture level,
namely the thin SMA section 20, has the highessadevel in nearly all the
cases.
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(d) Truck tyre 8, drive axle (worn)
Figure 6-16 Tyre- road noiselevelsfor truck tyresat 75 - 85 km/h

For different types of truck tyres, large differesdn noise level on the spectrum
band of frequency are observed. It is not suitdbleise the average value to
present the noise from all the truck tyres. In stisdy, an investigation on the
noise level is performed by using drive axle tyre.Nas an example. The
contour lines of the correlation coefficient betwegre road noise and surface
characteristics are shown in Figure 6-17. In theelofrequency range, high
correlations between long wavelength texture lered noise level are mainly
found from 500 Hz to 630 Hz, see Figure 6-17(a)e Thrrelation coefficients
are lower than -0.6 between short wavelength texiewvels €4 mm) and noise
levels in the high frequency range (>1600 Hz). Carag with the results from
passenger car tyres (shown in Figure 6-10), theseower frequency is lower, for
truck tyres it is between 1000 Hz and 1500 Hz. $twend absorption, as shown
in Figure 6-17(b), is negatively correlated withselevels above 1000 Hz. The
distribution of the contour line is similar to tHat passenger car tyres.

Frequency for noise level (Hz)

250 125 63 315 16 8 4 2 1
Wavelength for texture level (mm)

(a) Surface texture level
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(b) Sound absorption coefficient

Figure 6-17 Contour linesof the correlation coefficient between noiselevel (at 80
km/h) and surface characteristicsfor truck tyre No.7

The regression analysis results are shown in Ted#8. The coefficients listed
are from the the PLS method, and the first two comemts are selected in the
regression. For the overall noise level and thest@vels at 315 Hz, 400 Hz and
800 Hz, the linear relationships with the surfalcaracteristics are weak.

Table 6-23 Standardized coefficientsfrom PL Sfor truck tyre No. 7

Laeq Lsis Laoo Lsoo Leso Lsoo Liooo Lizso Lisoo Laooo Lasoo Laiso

Tloso 011 0.7 0.06 0.09
TLigs 012 011 0.05 0.08
Tles 011 0.12 0.05 0.08
TLsy 010 0.10 0.04 0.07
Tl 010 0.10 0.03 0.06
T 0.07 007 O. 005 009 007 001 002 -0.00.01
TL, 002 003 004 003 005 001 000 -0.09.09 -0.09 -0.09 -0.09
TL, -0.12 -0.03 -0.02 -0.04 -0.02 -0.06
L, -0.17 -0.04 -0.04 -0.06 -0.05 -0.12
ALo00 -0.30 -0.04 -0.17
Alzs -0.18 0.06 o.14“
ALs0o -0.08 -0.07 0.09 -0.03-0.02 0.01
Alsoo -0.08 -0.16 -0.17 -0.06 -0.03 0.00
Alsoo 0.04 0.01 -0.01-0.07 -0.04 0.06
Alas -0.06 0.00 -0.02-0.06 -0.05 0.01 -0.0
R 054 024 019 083 091 031 079 080 084 06®0 0.88
Numberof — —»,  » 5, 5 5 2 2 2 2 2 2 2

components selected

For the other noise levels produced by truck tyee K the influence of long
wavelength texture levels and sound absorptionficeeit are close and this is
also observed for the passenger car tyres. Thetedfeshort wavelength texture
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levels is more important. From 1000 Hz, the noeeel starts to be reduced by
increasing short wavelength texture levels. Alstmdicates that on drive axle
tyres, the noise caused by tyre vibration is irdéht between various types of
thin layer surfacings. Above 1000 Hz, the noiseseduby air pumping is

effectively reduced by the short wavelength textamed sound absorption

coefficient. This phenomenon is also found for theck tyres at other axles
(examples can be seen in the CD). Therefore, ibeaconcluded that on the thin
layer surfaces with a small variation of textutes surface sound absorption is
the primary factor in reducing noise from trucketyr

6.5 Investigation into Change of Surface Characteristics

6.5.1 Model description

From the investigation of the thin layer surfacinigjss clear that variation of the
mixture composition leads to differences of thefame characteristics, such as
texture and absorption coefficient. Correspondingie tyre - road noise level
changes with the changes in the surface charaateridodels from existing
studies all describe the relationship between tblea noise level and the surface
characteristics. In the previous sections of thspter, the work was also
focusing on relationships with global values. Instlsection, a new type of
modeling approach is developed for evaluating tlenge of the tyre - road noise
caused by the variation of the pavement materiapgnies and the surface
characteristics.

It is known that the generation of tyre - road eois a complex and sensitive
system, and there are a lot of factors influentitggnoise levels. This is the main
reason why existing models are unable to providairate predictions. In this
study, the generation of tyre - road noise is g@as a ‘black box'. It is assumed
that there are only changes of road surface priegegnd all the other factors are
considered stable. Under such condition, the chahgfee noise level is assumed
to be caused completely by the variation of thel maface properties.

The framework of the target model is shown in F&gg6f18. The model does not
attempt to relate the global noise level to a eertarface characteristic, but
calculates the difference of tyre - road noise ll@aised by changing surface
characteristics or material properties. Herein, thierpretation of the word
“change” is at a general concept level. It can @atd the effect of different
designs made by road engineers, but also changesafsurface characteristics
with time and difference in surface characterisiesveen different sections. As
to tyre - road noise, the “change” indicates th@ease or reduction of the noise
level. It provides road engineers and authoritiedirect index of the noise
reduction or noise increasing effect of road sw$a@nd can help guiding the
design of the road surface. In most existing mqdaigll changes of the material
properties affecting the tyre - road noise aretakén into account. Actually, the
changes of noise level between different typesoafirsurfaces can be used as
corrections to the prediction models. In some itaffoise models or out-door
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sound propagation models, the use of the real flumog of the road surface as
corrections to the model has proved to improvepitegliction accuracy [2, 26].
In this study, the changes of noise level withie #ame type of surfaces are
modelled. The target models can be used as camsctor existing models, and
the prediction accuracy of these models is expetctechprove by involving the
influence of small differences between surfaces.

From Figure 6-18, it can be seen that the modeltes the change of the noise
level AL from the differences of the surface charactesstigyre related indices
and environmental conditions are not involved beeathe model is mainly
intended to be related with road engineering. Tyie tand environmental
influence factors are therefore considered as firdde analysis.

Since the study concentrates on thin layer surfgcivith small variations of
surface characteristics, it is assumed that thatioel between the input and
output is linear in this small range. The relatlips were developed by means
of linear regression. The statistical expressiaasifollow:

AL(f)= iﬁiAui (6-12)

Where Au, denotes the change of a certain surface charstaterincluding
surface texture and sound absorption as mentionethis study.p; is the
coefficient to be determined via a regression @sce

InPut

Change of Surface
Characteristics Au;: OutPut
e Texture;

Change of tyre - road
e Sound absorption —» Model —» g y

noise level, AL

Figure 6-18 Framework of the model

The data used for the regression are from the idalhin layer surfacings No.2
to No. 5 in Table 6-5. The analysis is only perfechon these standard thin layer
surfacings because it was aimed to restrict thegdhdo a small interval. The
SMA and PAC type of thin layer surfacings are nuotluded. So a total of 8
sections is included, because two were built fechedesign.

From Section 6.4, it is known that the influencetle difference in surface
characteristics is important on noise generateddsgenger car tyres. Therefore,
in this part, only data from car tyres are con®defThe regression process is
shown schematically in Table 6-14. From the chargan be seen that the
different values of the noise level as well as atawns of surface characteristics
are calculated prior to the regression. Then thigf$erence values are used for
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developing the model. The initial variable selectimethod and regression
methods are the same as used in the regressigrsianaith the global data. The
details can be found in Section 6.3.

Thin layer surfacings from Kloosterzande

Data from 8 sections and 4 different surfacings

difference of
sound
absorption

difference of
road surface
texture

change of tyre -
road noise

Variable selection

Explanatory Response
variables variables

Y
Regression analysis

Figure 6-19 Development process of M odel

6.5.2 Variable selection

The ANOVA method is used for selecting the noiseele to be taken into

account in the analysis. The resulting significanakies for each noise level are
shown in Table 6-24. From the table, it can be kated that the differences of
overall noise level and noise levels at frequen@bsve 1000 Hz can be
attributed to variations of the road surface. Toadrsurface has little influence
on noise levels below 1000 Hz. The only except®the noise level at 500 Hz,
for which the significance is smaller than 0.05 dherefore this noise level is
considered to be affected by the road surface ctarstics. The changes at
those noise levels are thus chosen as responsablesrifor the regression. In
addition, the noise level generally reaches a maminat 800 Hz as shown in
Figure 6-8. The noise level at 800 Hz is also takémaccount.

The selection of the parameters describing theasarEharacteristics is based on
the investigation of the curves of texture levell @ound absorption as shown in
Figure 6-6 and Figure 6-7. However, only the figir sections are considered in
this case. The selection is aiming to detect atiogiship of the noise level
differences with the change in texture level andinsb absorption on the
spectrum band. Thus texture levels with a wavelehmgiow 4 mm and sound
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absorption coefficients below 1000 Hz are not imedl, because the differences
are very small and are considered to have no effachoise. The selected
response variable and the two combinations of t@aeatory variables are
shown in Table 6-25.

Table 6-24 Significance of different road surfaces on noise level

Laeq Looo Loso Lais  Laoo  Lsoo  Leso  Lsoo Liooo Lizso Lisoo Laooo Lasoo  Laiso
Sig. 0.00 0.23 0.22 0.13 010 0.01 0.83 0.10 0.00 0.00 0.00 0.00 0.00 0.00

Table 6-25 Selection of explanatory variables and response variables

Number of Number of
. Response .
Explanatory variables explanaton h responsible
; variable :
variables variables
Sound Changes of sound absorption coeffic Change of the
Absorption A at frequencies 1000, 1250, 1600, overall noise
P 2000 2500 and 3150 Hz level and changt
13 of noise leved at 9
Surface Changes of texture levels at 500, 800, 1000,
Texture wavelengths 250, 125, 63, 31.5, 16, 1250, 1600,
mm 2000, 2500 and
3150 Hz

6.5.3 Regression analysis

For the regression, the difference values of thsentevel, texture level, and

sound absorption coefficient between each two & thin layer surfacing

sections are calculated. The noise levels invobredalso the averages from the
10 passenger car tyres as used in previous sectiOms differences are

calculated between every two sections. As there8amections in total, the

number of difference values obtained is 28. Ast#dnget model is just related to
the change of the variables, no reference surtaqained.

Multivariate regressions are carried out on thedeutated data based on Eq. (6-
12). The PCR and PLS methods are employed to retheeinfluence of
multicollinearity between the explanatory variablasset of regression equations
is achieved. Regression coefficients for all thpuinparameters are given in
Table 6-26.

From the regression results, it can be seenRhfdr the equation oALsq is low.
Therefore the residual plot is checked and it isctuded that the relation
between change of surface texture amdyis not completely linear. The plot
indicates that these might be some non-linear sramdich are not taken into
account. An example of the residual plot for isegivin Figure 6-20. For the
noise levels at other frequencies, reasonable rlimekationships with the
variations of layer properties are found, asRhare all higher than 0.65.
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Table 6-26 Standardized regression coefficients by means of PCR

Alaeq Alsgg  Algoo  Aligeo  Alizso  Aligoo  Alzgoo  Alzsge  Alaiso

ATlys0 0.13 0.12 0.12 0.13 0.12 0.11 0.09 0.08 0.08
ATLyos 0.14 0.12 0.13 0.14 0.13 0.12 0.09 0.08 0.09
ATlgs 0.13 0.13 0.12 0.13 0.13 0.12 0.10 0.10 0.10
ATls, 0.13 0.12 0.12 0.13 0.13 0.12 0.09 0.09 0.09
ATl 0.13 0.12 0.12 0.13 0.12 0.11 0.09 0.08 0.09
ATlLg 0.11 0.11 0.10 0.11 0.10 0.08 0.07 0.07 0.07
ATL4 0.07 0.08 0.08 0.08 0.06 0.03 0.02 0.02 0.03
AAL;000 -0.29 -0.05 -0.26 -0.28 -0.34 -0.33 -0.06 0.03 0.06
AAL; 250 -0.18 -0.08 -0.13 -0.16 -0.20 -0.24 -0.15 -0.12 110.
AAL;600 -0.03 -0.07 0.03 0.00 -0.02 -0.10 -0.19 -0.21 -0.22
AALo00 0.11 -0.04 0.16 0.14 0.15 0.05 -0.17 -0.24 -0.26
AALs00 0.10 -0.03 0.15 0.13 0.14 0.04 -0.16 -0.22 -0.24
AALs;s0 0.02 -0.05 0.08 0.05 0.05 -0.04 -0.17 -0.21 -0.23

R 0.86 0.57 0.92 0.94 0.91 0.70 0.65 0.78 0.86
Number of
PC selected 3 2 3 3 3 3 3 3 3
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Figure 6-20 Resudial plot for regression equation of ALsg
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For the change of overall noise lewdl, .qand noise level from 800 Hz to 1600
Hz, the values and signs of the coefficients offilxe equations are similar. This
indicates that the influences of surface texturd sound absorption on noise
levels at these frequencies and overall noise lareellmost the same. On these
levels, it can be seen that the difference of éxtute level displays a positive
influence on the change of noise. In other worls, rioise increases when the
texture level becomes larger. Major contributions seen for the texture level
with wavelength from 16 mm to 250 mm, because dyeassion coefficients for
these texture levels are relatively higher. Théuarice of texture at 8 mm or 4
mm is smaller in contrast.

In terms of sound absorption, increase of the sabsbrption at 1000 Hz and
1250 Hz leads to a reduction of the overall nogsels and noise levels between
800 Hz and 1600 Hz. The sound absorption coeffisiaaround these two

frequencies are thus found to be essential fadimrgharacterize the noise
reduction function of thin layer surfacings.

The change of the noise level at high frequenced@0 Hz) decreases with
increasing sound absorption coefficients, espgcil sound absorption above
1250 Hz. The influence of the sound absorption(f101Hz is low. Therefore,
increasing the sound absorption at frequenciesehitifan 1250 Hz is an efficient
way to eliminate high frequency noise. The effddhe texture becomes smaller
compared with that on the medium frequency noi€¥ (Bz to 1600 Hz). The
reason is that the impact mechanism, which is kigklated to the surface
texture, is lower at high frequencies, while the@imping mechanism appears
to be dominant at these frequencies. The sign efctiefficient for the short
wavelength texture leveATL, changes from positive to negative at frequency
levels higher than 2000 Hz. This is because theutexlevel with small
wavelength results in a lower noise production gateel by air pumping.

Considering all the results, it is found that thelationships between the
difference of tyre - road noise and variation offace characteristics are similar
with those that were determined for the global @devels. This implies that it is
rational to investigate the impact of surface cbimmstics on tyre - road noise by
using either the global or the difference values.

A combination of the change of MPD and maximum sbusbsorption
coefficient is also employed as input variable foe linear regression. The
results by least square regression are summarne&dble 6-27. It can be seen
from the table that the effect of the road surfeae be investigated by providing
two simple inputs. Therefore, the equations are alspropriate to be used as
models to evaluate the change of the noise levehfo layer surfacings.
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Table 6-27 Regression coefficientsfor AMPD and AAL max

AlLp eq  Algp Aljgoo  Alizso  Aligoo  Alzgoo  Alzsgo  Alaisg
Constant| 0.10 0.22 0.50 0.37 -0.19 -0.90 -0.77 -0.52
AMPD 5.18 4.25 8.80 9.45 7.94 6.39 4.83 3.49
AALnax -2.32 0.78 -1.11 -3.92 -10.70 -16.57 -15.30 -11.21
R 0.91 0.89 0.92 0.89 0.83 0.76 0.76 0.76

6.6 Summary and Conclusions

The influence of road surface characteristics om tyre - road noise was
investigated for thin layer surfacings. A systematnalysis was carried out on
the Kloosterzande trial sections database witherbfit statistical methods. The
original data were pre-treated and factors with -negligible differences
between trial sections were selected as variabldsei regression. For solving the
problem of multicollinearity between different eaphtory variables, the PCR
and PLS approaches were applied. As a result, @pgod regression equations
was developed for presenting the effect of surtageure and sound absorption
on noise levels. A summary of the findings basedlbithe statistical analyses
described in this chapter are given below.

Surface characteristics:

The texture levels and sound absorption coeffisi@ain be categorized in three
groups being: the long wavelengttB(mm) texture level, the short wavelength
(<4 mm) texture level and the sound absorption. Imega, the long wavelength

texture level increases the noise level below 2880and the texture with short
wavelength reduces the noise level higher than 18@0 Increasing sound

absorption will result in noise reduction above 3@ Similar results can also

found when using the MPD to represent surface textu using the maximum

absorption coefficient to characterize the soursbgliion of the road surface.

Noise levels:

The overall noise level is mainly increased by bightexture levels at long
wavelengthsX8 mm) and effectively reduced by the sound absmmpét 1000
Hz and 1250 Hz. Therefore, decreasing the long igagéh texture level and
increasing the sound absorption at 1000 Hz and 25@re considered as two
efficient ways to reduce the tyre - road noise pobidn on thin layer surfacing.

The noise level at low frequencies (below 800 KB2)ighly related with the long
wavelength surface texture level, and the noismisidered to be caused by the
impact between tyre and road surface. Generatiomai$e in the medium
frequency range (from 1000 Hz to 2000 Hz) is regdrdas a combined
consequence of the impact and air pumping mechanisetause all the surface
parameters show to have a strong influence ondlse evels.

At high frequencies, the tyre - road noise is maitdused by the air pumping
mechanisms. Increasing of the short wavelength hm) texture level and
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increasing the sound absorption leads to reductibmoise levels at high
frequencies.

Vehicle speed:

Driving speed has a strong influence on tyre — mo@de. The influence of speed
is completely independent from the road surfaceatttaristics. Noise levels are
increasing linearly with increasing speed.

Truck tyre:

On thin layer surfacings, the surface texture latreely small compared with
other types of surface layers. The influence oftuexis not that significant
between different surfaces when truck tyres ard.usethe low frequency band,
only noise at 500 Hz and 630 Hz is strongly afféddy the texture level. The
short wavelength texture level and sound absorpéffactively decrease the
noise level at frequencies above 1000 Hz. Thusasing the texture level at
short wavelengths and sound absorption coefficiargsconsidered as essential
factors for reducing the noise from a rolling trugke on thin layer surfacings.

Analysis methods:

Two regression methods, namely PCR and PLS areduted for eliminating
the multicollinearity between the input parametafthen the combination of
texture level and sound absorption per frequencydbas utilized, the
multicollinearity can be reduced very well. The mstardized regression
coefficients for the developed equations show tmgartance of individual
variables.

The principal component analysis provides PCs whidscribe the most
important properties of the surface characteristicd these PCs generalize the
common features of different input variables. Hoe PLS method, the latent
variables are highly related with both the inputl anutput parameters. In this
study, similar regression effects are achieved sigguthe PLS method with less
components in comparison with the PCR method. it lma concluded that the
PCR gives good explanations of the surface charstits by the input PCs,
while PLS generally helps to derive a linear relaship with a high fit by using
a small amount of selected components.

Furthermore, a new type of modeling was developkithvconcentrates on the
change of noise level caused by the variationsuofase characteristics. The
current results show that the influence of surfetaracteristics inspected by this
method is in agreement with that by using the dlolmdues. However, the
method provides a direct description of how nomseduces or increases due to
changes of certain surface characteristics. This nmethod helps to correct
existing models by taking into account the chanfyéhe noise level due to the
small changes of road surface characteristics.
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CHAPTER 7
MODELING OF TYRE - ROAD NOISE

7.1 Introduction

In Chapter 5 and Chapter 6, the influence of maltguroperties on surface
characteristics and the effect of surface charsties on tyre - road noise
produced on thin layer surfacings were investigatedthis chapter, models
which relate the tyre - road noise to material pei@rs and surface
characteristics are developed based on the knoeladgieved from the previous
chapters. The models are proposed as practicad fool predicting the noise
levels when designing or inspecting a pavementasarfThe predictions help the
road designers to determine optimal mixture contosigiven a wanted
maximum noise level and consequently to optimizertiixture design of a noise
reducing surface. The models are also useful fitmating the tyre - road noise
when the surface characteristics are measured.

There are two important considerations for a mobelng effective for
application in road engineering. The considerati@msl the corresponding
modeling strategies are discussed below:

1) In practice, a model with a simple structure, smalinber of inputs as well as
a high accuracy is preferred. Statistical modelsegaly have simple
structures and they are developed by regressiordaia collected from
measurements [1-5]. In this way, the model providesnore practical
approach to evaluate of tyre - road noise compavita the theoretically
based physical models [6-8], which to some extemtbased on an idealized
situation.

Statistical models however have difficulties inyading a general rule for all
types of surfacings. For improving the accuracyhef prediction, this study
therefore provides models for a certain type ofdrearface, but not one
general model which is applicable for all typesoffacings. The accuracy of
the prediction is expected to be improved in thesywin this chapter, tyre -
road noise models for thin layer surfacings areetigped. A similar method
can also be adopted for other surface types.
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2) The mixture properties are directly related to design of the road surface
and are of interest for road engineers [9]. In tisdy, both the surface
characteristics and the basic mixture properties @nsidered as input
variables for the model. It means that the evabmatf the tyre - road noise
can be made either from the parameters of the itéyer, such as surface
texture, absorption coefficient or mixture propestisuch as aggregate size,
aggregate gradation or air voids content, etc..

Based on these two considerations, a statisticalemaising typical material

parameters and surface characteristics as inpibles are developed for thin
layer surfacings. In this chapter, Section 7.2 gigedescription of the target
models and shows the modeling methods. Sectionsiid@vs the regression
results by using certain models as examples. Sefiesodels are developed by
using different combinations of input variables arafjression methods. An
initial selection is then made to collect candidatadels with a higher prediction
power. After that, validations are performed on ¢hedidate models in 7.4. The
models which give the best prediction results aopased for use in practice.

7.2 Description of the model

7.2.1 Framework of the model

Figure 7-1 shows three possibilities to relate the - road noise with the
mixture composition and the surface characterisfi¢ee figure shows that the
noise levels can be predicted from the mixture awsiin, surface
characteristics, or a combination of the two. Thiyg®es of models can thus be
developed based on the choice linking the tyread naoise to material properties.
They are:

Type 1. Material properties are considered as ieddent variables, and the
noise levels are computed directly from the mak@naperties;

Type 2: The model has two parts. Type 2(a) links gbrface characteristics to
material properties while Type 2(b) deduces thesendievel from surface
characteristics. Models are developed independémtihese two parts;

Type 3. Combinations of the material properties #ral surface characteristics
are used as predictors to evaluate the noise levels

The diagram in Figure 7-1 is considered as the tmaypéamework.Table 7-1
gives a summary of the input and output for théed#nt models.
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—— |

Mixture Compositions : Surface Characteristics:

e Aggregate size; e Texture;

e Air voids content; Type 2(a) ® Sound absorption Type 2(b) Tyre - road noise
e Gradation; —> —> levels

e Binder content

L Type 1 JA

Figure 7-1 Three modelsfor predicting tyre - road noiselevels

Table 7-1 Inputsand outputsfor different types of models
Model Type Input Output
Tyre - road noise

Type 1 Mixture compositions levels
Type 2(a) Mixture compositions Surface charactiesst
Type 2(b) Surface characteristics Tyre [er\(,);S noise
Type 3 Mixture Compositions and surface charadtesis Tyre - road noise

levels

7.2.2 Data sources
In this study, three sources of data are available:

1) Database of Kloosterzande trial sections [10]. Taitabase has been used
in Chapter 6 for investigating the influence offage characteristics on
tyre - road noise levels. The material propertmgface characteristics
and tyre - road noise are all provided in the dadab It is involved in
modeling of all the types shown in Figure 7-1.

2) Material properties and the surface characteristesasured on slabs.
Specific measurement methods and measurement sresibitained on
laboratory produced slabs are shown in Chapter 4 @hapter 5
respectively. Data on mixture compositions and axefcharacteristics
were collected, but obviously no measurements o -tyoad noise could
be collected. Thus the data from the laboratoristean only be used in
developing models of Type 2(a) as shown in Figufle For samples from
Kloosterzande sections, though laboratory measurtsmeere taken in
this study, only the data from the database ard t@emodeling. This is
because all these data (material properties, surtaracteristics and
noise levels) from the database were collectedarsame time period.

3) Another database is supplied by DVS, which contaimes measurement
results from thin layer surfacing sections on highgwA6 in the
Netherlands. Those sections were built by diffenttractors in 2006 as
part of the Dutch Noise Innovation Programme orsaanitigation (IPG,
in Dutch: Innovatieprogramma Geluid) [11]. There agcords on mixture
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compositions, surface texture, sound absorptiontaedyre - road noise
of four sections. Data from these four sectionsugem in the validation of
the models.

Table 7-2 summarizes how the data from the thraeces are used.

Table 7-2 Data sour ces and the applications

Source Data included Use in this study
Mixture compositions;
Database of Surface characteristics; All the modeling

Kloosterzande sections )
Tyre - road noise.

Laboratory measurementdviixture compositions;

on slabs Surface characteristics. Modeling Type 2(a)

Mixture compositions;
Surface characteristics; Validations
Tyre - road noise.

Thin layer surfacings
on highway A6

7.2.3 Initial variable selection

It is known that there are different indices to m@gs the mixture composition,
surface properties and tyre - road noise respdgtiiagure 7-2 shows the
specific indicators for the three groups based han durrent data base. In the
figure, six parameters are given to describe theure compositions. It should
be noted that thickness is not a material propergy strict sense. The thickness
mainly influences the positions of the peak soumsbgption on frequency bands,
and does not directly influence the level of tyreoad noise. Hence, layer
thickness is considered as an indirect parametébalongs to the same group as
the material properties.

According to Table 7-1, tyre - road noise is coasdl as output of the model.
The overall noise level and noise levels in thgdency range from 315 Hz up to
3150 Hz are all taken into account. The basic seleccriteria for taking a
specific parameter into account in this study wetke parameters are
representative, related to the design of surfager lanixtures and can easily be
tested or evaluated in practice. This will factiétdhe application of the model in
practice in the future.

The six parameters denoting the mixture compostion Figure 7-2 are all
initially selected as input variables. Further ahle selections are performed in
the modeling process. For surface characterighestwo most important factors,
namely surface texture and sound absorption ceefiare taken into account.
In previous chapters, it is mentioned that the as@ftexture can be denoted by
MPD or texture level with various wavelengths. Tdwind absorption can be
expressed by either the maximum absorption coefitcior absorption
coefficients at frequency bands. Thus there arder@ift combinations of
indicators for surface texture and sound absorptavailable for model
development. In this study, three combinations wfface characteristics are
adopted: 1) MPD and maximum absorption coefficie2it; selected surface
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texture levels and sound absorptions on the frequeand; 3) selected surface
texture levels and maximum absorption coefficieritee variables from the
initial selection are given in Table 7-3. It sholle noted that the “noise levels”
in this chapter refer to the noise levels from @RX tests with passenger car
tyres. Further selections of the input variablesdifferent types of models will
be explained in detail in Section 7.3.

Table 7-3 Initial selection of the input and output variables

Mixture composition Unit Surface characteristic ¢onation Unit Noise levelUnit
Maximum aggregate size; mm MPD; mm Overall
Combination Maximum Absorption level (from
Coarse aggregate contenfb by mass coefficient. - Ciﬁ( test
i
Fine aggregate content; % by mass Selected texture levels dB, ref 10° mmPassenger
with various wavelengths; tyre);
Combination 2
Air voids content; % by volume ﬁstz%g)ggzcliegﬁrzg&éicy. - ::Ie?/leslz o UB(A)
% by mass 1/3 octave
Binder content: ratio_with the S_electe(_j texture levels dB. ref 10° mm?rznd of
' mineral with various wavelengths; ' quency
aggregate Combination 3 (from ;:px
. . test with
Thickness. mm 'V'ax'!“.”m Absorption passenger
coefficient. tyre).
Mixture Compositions: Surface Characteristics: Tyre - Road Noise Levels:
e Aggregate size; e Texture e Overall level;
e Coarse aggregate -MPD; e Noise levels on 1/3
content; -Texture levels at octave band:
e Fine aggregate different wavelengths: Lsso;
content; > TL;>5; ™ L0,
e Air voids content; TL
Binder content; L5005
Thickness. Ls;50.

Sound absorption:
- Maximum absorption;
- Absorption at different

LICUUCIIVICS

14,3750

Figure 7-2 Expressions for material properties, surface characteristicsand tyre-
road noise levels

7.24 Regresson methods

Overall noise levels and noise levels at each #aqy band are modelled. The
target model is a set of linear regression equatidDertain equations are
developed corresponding to the overall noise lewel the noise level at each
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frequency band (350 Hz to 3150 Hz on 1/3 octavalpalss there is more than
one independent variable in the regression, muitte linear equations are
constructed. Multivariate regression estimatescuaton with the form:

y=a+Xb (7-1)

Wherey is the vector of response variable; it presergsréain noise level or, in
case of model Type 2(a), a certain surface charsiite X is ann x p matrix,
containing n observations ofp predictor variables, which can be mixture
composition, surface characteristics, or a comimnatf the two when different
types of models are concernedis the constantb is the vector of regression
coefficients for the predictor variablea.and b are to be determined via the
regression process.

The ordinary least squares approach is used tolajevbe linear regression
models for each type of model with different val@lnput combinations. In

addition, alternative models are also set up bynmeaf variable selection
methods. This aims to reduce the dimension of tldependent variable vector
and to simplify the structure of the model. Theoaiipms used in this study are
backward elimination and the stepwise selectior].[A2 introduction to both

methods is given below:

(1) Backward elimination

The backward selection starts with the equationwimch all variables are
included. Based on a certain comparison critetiomeast useful variable (if any)
is eliminated. The regression is then performedh Whe remaining variables and
the selection is repeated until all the remainirgl@natory variables satisfy the
criterion stated hereafter. In this study, the @lmtion of variables is done
according to the maximum probability Bfto-remove (POUT) [13]. At each step,
the F value for a certain input variable is calculateshi theF-test based on the
hypothesis that the regression coefficient for thasiable is 0, i.eb, =0. The
largest probability of thé- value from all the variables is compared with the
POUT. If the value is larger than POUT, it means W#ariable has indifferent
influence on the response variable, and the variablemoved. The regression
stops when no more variables are eligible for reshdw the study, the POUT is
setas 0.1.

(2) Stepwise selection

The stepwise selection starts with no variablena équation. The variables are
selected into the equation one by one. At each winen a new variable enters
the equation, the backward elimination is perfornbedcheck if there is one

variable that should be deleted. If so, such aabéeiis removed. The procedure
Is a repetition of entering and backward elimingitof the input variables. The

final regression equation is obtained when no Wéias entered or removed.
Probability of F-to-enter (PIN) is used to determine whether onétée should
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be entered or not. The value of PIN is taken a5.0l@e elimination criterion is
based on the POUT as mentioned above, and it esdtl.

It should be noticed that multicollinearity may istx between the input

parameters. As the input variables are not completdependent, the regression
coefficients achieved in the model do not reflée influence of a certain input
parameter on the noise levels. However, the miuiiiearity does not influence

the prediction ability of the model as a whole [14] this chapter, the goal is to
find the model with the best prediction accuradyefefore, the multicollinearity

is not examined or eliminated on purpose. This iespthat the models might not
allow to determine the effect of changing the vadi®ne parameter. From the
previous chapter it is also known that the prinkcgganponent regression (PCR)
or partial least square regression (PLS) distributee weights to the input
variables based on the importance, but does notirgie the variables. The
study in this chapter prefers a model with a smatiount of input variables.

Therefore, the PCR and PLS methods are not used.

7.2.5 Surface groups

In the Kloosterzande trial sections database, tlaeeevarious types of road
surfaces. The surface types and the number ofossctor each type of surface
are shown in Figure 7-3. From Figure 7-3 and Chafté is clear that there are
18 thin layer surfacing sections based on 9 diffedesigns. The research aims
to find a prediction model of tyre - road noise tbin layer surfacings. The
regression starts by using all the measured data the 18 thin layer surfacing
sections. In some regressions, there is a largdauof input variables. In these
cases, a large amount of observations are prefeskedbigger data set is
constituted by adding data from other types ofae$ to the dataset of thin layer
surfacings. As shown in Figure 7-3, the two data ssed in this study are: 1)
data set of thin layer surfacings, including meesents from 18 thin layer
surfacing sections; 2) dataset of all the surfacedyuding both the single layer
and two-layer porous asphalt surfaces as well asedasphalt and SMA surfaces,
this made the total number of sections 58. In thapter, models are to be
constructed separately by using the two data sets.

All

Standard thin layer surfacings (8 sections);

Thin porous asphalt (6 sections);

Thin layer SMA (4 sections);

Porous asphalt (8 sections);

Normal SMA (4 sections); Thi
n1n

Dense surface (4 sections); surfacings

Two-layer porous asphalt (24 sections).

Figure 7-3 Road surface layer groupsin the database of the Klooser zande sections
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7.2.6 Other considerations

It has been shown in Chapter 6 that the influerficéhe driving speed of the

vehicle on the noise levels is independent fromdindace characteristics. The
noise levels at different speeds can be deduced the noise at a reference
speed. In this research, the speed is not consider@an independent variable in
the model. The noise levels used in the regresmierall collected at a speed of
80 km/h.

Passenger car tyres are taken into account fomtiaeling. Information of the
tyres is given in Table 6-2. In the modeling pracethe author actually
developed models for each type of tyre. The stad@€hapter 6 showed that the
average of the CPX noise levels from the 10 passeoars can represent the
near field tyre - road noise levels. In the trafficeam, there are different types of
tyres. Hence using the average noise level is egigk for reflecting the general
influence of various types of tyres. The averageike levels from the 10
passenger cars are used in the modeling. In otbetlsymodels developed in this
study evaluate the average noise level at the atdr@PX test positions [15].

Based on the discussions above, all the considesator model development are
summarized in Table 7-4. A complete overvies ofrtimdeling process is given
in Figure 7-4. By taking into account all the cdrahs, a total of 28 models were
constructed. Each of these models is given a numbgh is shown in Figure 7-

4. An initial selection is then performed on ther@8dels to choose those with
the best fit to the measured data. The selectedeisicare validated using

measurement data. The final models were deternbasdd on the results of the
validation.

Table 7-4 Consider ations of the model development

tem Material Combination of surface Tyre - Tvie tyoe  Speed Surface  Model Regression
properties characteristics road noise ' Y'¢ P P group type method
1. MPD and maximum 1. Thin
absorption coefficient; é;/g?ge layer 5 oo 1. Ordinary
. ) surfaéng; yp least square;
6 parameters 2. Texture level and absorptiomoise Passenger 80 as
Details as showin coefficient on 1/3 octave bandjevels 9 shown in .
Table 7-3 from 10 car tyre km/h Figure 2._ Regrgssmn
. 2. All the with variable
3. Texture level and maximumpassenger 7-1 -
asphalt selection.

absorption coefficient.
P cartyres surfaces.
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Data sets Thin layer

surfacing

I ] | l

Model type Type 1

All the surfaces

Type 2 Type 3

! - ! ! ‘ ! - Thesame
Surface

| The same |
. . . . . . . - . - . . procedure as for
characteristic Comb;naﬂon Comb;natlon Comb;natlon Comb;naﬂon Comb|2nat|on Comb;natlon | thin layer |
combination surfacings
Regression
method
Model Model Model Model Model Model Model Model Model Model Model Model Model Model Model Model 15 to 28
number 1 2 3 4 5 6 T 8 9 10 11 12 13 14
[ | [ | | | | | | | | | | | |

A4
( Initial selection of model )

A 4

Initially selected
models

v
( Model validation with measured data )

A 4

Final
models

Figure 7-4 Complete model development process
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7.3 Model Development

In this part the models, which are developed ifiedgnt ways, are introduced.
As there are 28 models in total, only the regressesults of some of the

models are shown as examples. For the specifiesgns of all the models,
the readers are referred to the CD attached tatibss. In the end, candidate
models are selected by investigating the qualitgata fitting of the models.

These candidates are then validated by meanslofdaa.

7.3.1 Modeling using least square method

The regression results obtained with the standeastlsquare method are
shown in this sub-section. The modeling is basedhenthin layer surfacing
data set with surface characteristic combinatigset Table 7-3). It means that
the three models given in Figure 7-5 were developed

Model 1:  Material properties Model 1 Noise levels

Model 3:  Material properties Model 3(a) MPD and Max. absorption Model 3(b) Noise levels

Model 9:  Material properties + MPD and Max. absorption Model 9 Noise levels

Figure 7-5 Examples of the noise models developed with least squar e regression
method

The detailed results of the regression coefficiarts given in Table 7-5 to
Table 7-8. Table 7-5 shows a complete overviewhefregression results. For
each model, the regression results are storeddridim in excel files. It gives

the regression coefficients for each input variaddl@ifferent noise levels. In

addition toR?, there are also various statistics for indicatimegfit of the model.

Definitions of the statistics are as follows:

Adjusted R% It is a modification oR?that adjusts for the number of
explanatory variables in a model. When more in@rtables are added to the
regression model, the unadjustBdgenerally increases. This even happens
when the additional variables do little to expldahe output variable. The
adjustedR? helps to compensate this problem, as it is nositea to the
number of the input variables. The adjus®dncreases only if the new term
improves the prediction effect of the model. ThpisidR? is always less than
or equal to that oR*

MSE: The mean squared error. This statistic quastihe difference between
the values estimated by means of the regressioatiequand the true value of
the quantity being estimated. MSE is calculatedhieyequation:

MSE:M (7-2)
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Where\?i is the estimated value and is the true valuen is the number of

observations. The smaller the MSE is, the closerdstimator is to the true
value. As shown in Table 7-5, the MSE achieved oisenlevels at 1250 Hz,
1600 Hz and 2000 Hz are larger compared to noisddeat other frequencies.
This means the deviations of the predicted valuem fthe actual data are
greater at these three frequencies.

P value for the full model: This is the probabilityat the regression equation
does not explain the variation yni.e. that any fit is purely by chance. This is
based on thé probability distribution. An ANOVA analysis of ¢hdata is
performed in order to determine whether the astionidetween the variables
Is statistically significant. This is determined the result of thé&-test (‘F”),
and is indicated by “Significand€’, the associate® value for theF test. The
value of “SignificanceF” displayed depends on the results of the regrassio
analysis and the confidence level chosen in theessgon analysis dialog box.
For a confidence level of 95%, if “SignificanEé is <0.05, the null hypothesis
is rejected (there is a statistically significarsis@ciation betweelX andy).
Conversely, if “Significancé&” is >0.05, the null hypothesis is accepted (there
Is no statistically significant association betweéandy). In Table 7-5, alP
values are equal to 0.00, which denotes good eafars of the noise levels
by the linear combinations of the material promstti

In this section, the fit of the regression modslImainly based on observing the
R? and adjusted®. The MSE and® value are used as the optional measures.
They are not decisive for the model selection is #ection. In the following
sub-sections, only thB? and adjusted? are given in the tables showing the
results of the regression analyses.

Some of the regression equations from Model 1 iated below as examples,
the acceptable ranges for input values for thiedayrfacing are also given:

Ly =56.77+ 0.601S+ 0.5CA+ 0.35A- 0.08C- 003 0.4,
R’=0.93 (7-3)
Lo = 28.09+ 1.281S+ 0.68A+ 0.45A+ 0.58G- 007 0.4,
R*=0.95 (7-4)
where

La eq — the overall noise level, dB (A);

Ligoo — noise level at 1000 Hz, dB (A);

MS — maximum aggregate size, mm, for thin layerasingy, 4
MM<MS<8mm;

CA - coarse aggregate content, % by mass, in ity st50.8%CA<91.5%;

FA —fine aggregate content, % by mass, in thisyst@i8%<FA<49.2%;

BC - binder content, % by mass ratio with the aggtes) in this study, the
input value oBC is between 5.4% and 7.8%;

Q — air voids content, % by volume, for thin lagerfacing, 4%Q<25%;
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h — thickness of surface layer, mm, for thin layerrfating,
20mnxh<30mm .

Table 7-5 shows the detailed results of the regresmalysis for Model 1. The
table, shows that a good linear relationship isioied between the noise levels
and the mixture compositions, as all tRé achieved are higher than 0.8
(adjustedR? higher than 0.7). This indicates that the noiseele can be
reasonably predicted directly from the six mixtyyeperties with a good
accuracy.

Table 7-5 Regression resultsfor Model 1

Laeq Lsis Laco Lsoo  Leso  Lsoo  Liooo Lizso Lisoo Looco  Losoo  Laiso
Constant 56.77 40.14 34.34 3757 63.21 6055 28084 -251 25.23 92.87 104.87
Max. Aggregate size 0.60 0.98 1.21 119 053 047281 162 1.96 1.89 0.00 -0.74

Coarse aggregate content  0.51 0.19 031 036 02337 0065 089 09 048 -0.09 -0.08
Fine aggregate content 0.35 0.19 028 031 0.1750D245 063 073 045 -0.04 -0.09

Binder content -0.09 121 1.00 051 -0.20 -0.13 30.51.07 2.05 223 -1.13 -2.34
Air voids content -0.13  0.09 0.07 0.06 0.07 -0.03.07# -0.14 -0.23 -0.25 -0.45 -0.51
Thickness -0.34 -0.07 -0.15 -0.14 -0.08 -0.26 -0.36.64 -0.91 -0.58 0.26 0.27
R 0.93 0.83 095 095 094 095 095 091 0.86 0.90940 0.96
AdjustedrR? 0.89 0.74 092 092 091 093 092 085 0.78 0.84910 0.94
MSE 0.30 0.23 0.14 028 030 017 058 121 205831.094 045

P value for the full model 0.00 0.00 0.00 0.00 0.0m0.00 0.00 000 0.00 0.00 0.00 o0.00

In developing the models of Type 2(a), thicknessassidered to have no
direct relation with the parameters in the threefam@ characteristic
combinations. Thickness is thus not used as inpuable for model Type 2(a),
and only the other five material properties arduded. Table 7-6 gives the
regression results for Model 3(a), which computes MPD and maximum
absorption from the material properties. Lineaatiehships with a high¥ are
found between the surface characteristics and tlaermal properties. It
indicates that the MPD and maximum absorption @predicted from the five
material properties with a high accuracy. Accordiagrable 7-7, Model 3(b)
works well for predicting the overall noise leveldanoise level at most of the
frequencies based on MPD and maximum absorptioa.ohty exception is the
model for the noise level at 1600 Hz.

Table 7-6 Regression resultsfor Model 3(a)
MPD Max. Absorption

Constant -4.72 -0.15
Max. Aggregate size 0.17 -0.01
Coarse aggregate content 0.04 0.01
Fine aggregate content 0.03 0.00
Binder content 0.08 -0.03
Air voids content 0.01 0.02
R 0.94 0.86
AdjustedR? 0.93 0.83
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Table 7-7 Regression resultsfor Model 3(b)

I—A, eq I—315 I—400 I—500 L630 LSOO LlOOO I—1250 I-1600 I-2000 I—2500 L3150

Constant 90.08 69.89 70.77 74.07 80.01 84.08 79.96 78.08 78.88 79.86 80.29 78.62

MPD 6.32 265 470 6.06 4.22 501 9.47 1085 9.92 6.36 3.11 244
Max. Absorption 456 -0.59 -2.18 -1.59 1.46 -1.23 -4.93 -8.44 -1497 -18.26 -15.26 -12.02
R 0.78 0.76 090 094 096 092 087 075 059 0.80 082 071

AdjustedR? 075 0.72 0.89 093 096 091 0.86 072 053 077 0.80 0.67

As seen in Table 7-8, Model 9 has the best prexdtiaif all three models shown
in Figure 7-5. When the combination of the six miet compositions and the
two surface characteristics are used as predidieed®’ is above 0.88 for all
noise levels. By comparing the results shown inl§ &B8 with the results in
Table 7-5, the increase oR’is limited when MPD and maximum absorption
coefficientare added. This is because the effects of MPD aagimum
absorption coefficient are already expressed bymiagerial properties to a
great extent as shown in Table 7-6.

Table 7-8 Regression resultsfor Model 9

I—A, eq I—315 I—400 I—500 I—630 I—800 I—lOOO I—1250 L1600 I-2000 I-2500 I—3150

Constant 59.9647.38 46.91 59.13 84.55 68.70 35.13 7.64 -11.99 14.72 90.63 100.99

z’i'zaé‘Aggregate 040 0.87 0.81 050 -0.100.13 093 1.47 1.92 1.65 -0.31 -0.74
Sgrifriaggregate 052 0.02 011 002 -0.14029 0.61 096 1.29 096 0.15 0.05

E(')”n?eﬁgregate 034 0.08 014 008 -0.070.18 040 066 091 069 0.06 -0.02

Binder content -0.36 1.67 1.19 0.83 0.27 -0.260.25 063 086 029 -236 -2.77
Air voids content  -0.12 0.06 0.04 0.02 0.02 -0.030.07 -0.12 -0.16 -0.14 -0.39 -0.48
Thickness -0.35 0.04 -0.02 0.08 0.15 -0.21-0.33 -0.69 -1.12 -0.88 0.11 0.19
MPD 046 256 359 6.13 6.30 196 146 -0.54.20 -552 -233 -1.64
Max. Absorption -1.77 212 020 024 117 -1.352.12 -253 -6.16 -10.34 -6.84 -2.19
R 094 088 097 098 098 09 095 091 0.88 0.94960 0.97
AdjustedR? 088 0.77 095 097 097 093 090 083 0.77 0.89.930 0.93

7.3.2 Modeling with variable selection

In this sub-section, an example of the regressiatyais by means of variable
selection is given. It aims to set up Model 2 showrrigure 7-6. The model
relates the noise levels directly to the selecteatermal properties. The
selections are performed by using backward elimonatnd stepwise selection
respectively. For certain noise levels, the regoessquation with the better fit
based on the two methods is held for further caraiibn.

Variable selection

Model 2:  Material properties —»{ Model 2 —» Noise levels

Figure 7-6 Example for modeling with variable selection method

The regression results by the backward and stepsetection are given in
Table 7-9 and Table 7-10 respectively. It can bensinat the two selection
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procedures lead to different models except in @ées forl,500 andLsisg iN
which identical variables are selected. In Table The maximum aggregate
size, the content of coarse and fine aggregatesseeeted in the models for
overall noise level and noise below 2000 Hz. Tmeler content is not included
in any model from the backward elimination. The\ards content is kept for
predicting the overall noise level and noise atqdlencies> 2000 Hz.
According to Table 7-10, a smaller number of vdaabare retained by the
stepwise selection for most of the models compé#&veolackward elimination.
In comparison with the models from backward elitio® the binder is
selected as a predictor for most of the modelsthmitoarse and fine aggregate
content are excluded in all cases.

From the regression results with the two varialdéedion methods, it is
learned that the noise levels can be evaluatedobybmations of different
selected material properties. However, when consigehe fit of the models,
the models from the backward elimination are appted, as the®® of the
models are generally higher than or equal to tlfiase the stepwise selection.
This can be seen by comparing Table 7-9 and Tallé. in this case, the
models shown in Table 7-9 are considered as tla¢ $election of Model 2.

Table 7-9 Regression resultsfor Model 2 with backward elimination

LA, eq I—315 L400 I—500 L630 I—800 I—lOOO I-1250 I—1600 I-2000 I-2500 I—3150

Constant 55.4356.07 47.54 43.37 61.44 60.86 36.25 23.78 29.17 79.91 76.35 73.14
Max. Aggregate size 064 044 080 0.88 060 058101124 1.22 0.63

Coarse aggregate conten®.52 0.14 0.28 0.33 0.20 035 0.62 0.82 0.83 - - -
Fine aggregate content 0.35 0.12 0.24 0.27 0.153 042 0.57 0.61 -

Binder content - - - - - - - -

Air voids content -0.12 - - - 0.08 - -0.10 -0.19 -0.34 -0.37 -0.43 -0.38
Thickness -0.34 - -0.15 - - -0.26 -0.36 -0.64 -0.91 - 0.30 0.35
R 093 076 093 093 094 095 094 090 0.85 0.80300.94
AdjustedR2 090 071 091 091 092 094 092 0.86 0.78 0.7M09200.94

Table 7-10 Regression resultsfor Model 2 with stepwise selection

LA, eq I—315 L400 I—500 L630 I—800 I—lOOO I-1250 I—1600 I-2000 I-2500 I—3150

Constant 87.0578.53 77.98 87.92 98.99 92.56 85.63 72.68 75.96 97.75 76.35 73.14
Max. Aggregate size 1.02 - 0.39 0.38 - 0.48 1.24741.1.37 - - -
Coarse aggregate content - - - - - - - -

Fine aggregate content - - - - - -

Binder content - -0.98-0.99 -1.76 -2.22 -1.17 -1.14 - - -1.80

Air voids content - - - - - - - - -0.22-0.48 -0.43 -0.38
Thickness - - - - - - - - - - 0.30 0.35
R? 069 065 0.80 087 090 083 0.82 0.69 0.60 0.809300.94
AdjustedR? 0.67 063 0.78 085 089 081 0.80 0.67 0.55 0.78920 0.94

7.3.3 Modeling with surface characteristic combination 2 and 3

In addition to MPD and the maximum absorption ceefht, there are two
surface characteristic combinations containinguextievel on the spectrum
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band of wavelength and the absorption coefficianttee frequency band. In
Table 7-3 they are respectively named combinati@am@ combination 3. The
texture levels are included in both the combinaioin terms of sound
absorption, a selected absorption coefficient cartain frequency is taken into
account in combination 2, while the maximum absorptoefficient is used in
combination 3. In Chapter 6, it was shown that dkeeeration of tyre - road
noise levels is attributed to surface charactessti three groups:

1) texture level at long wavelengti8(mm);

2) texture level at short waveleng#(mm);

3) sound absorption coefficients.

According to the results of the principal compon@gression analysis given in
Table 6-13, the noise levels can be expressed biyear combination of
energetic averaged texture levels with a wavelefrgth 1 mm to 250 mm and
sound absorption coefficients from 1000 Hz to 3Hz01t is possible to use the
PCA regression equation for predicting noise levddat it contains 15
explanatory variables, which makes the model redonhdor engineering
applications. According to Chapter 6 (as shown abl& 6-8), there are high
inter-correlations between each texture level, #mel sound absorption at
neighbouring frequencies are also significantlyrelated. Therefore, it is
reasonable to choose one representative parameierelach group to denote
the long wavelength texture level, short wavelengtkture level and sound
absorption respectively. This can be considere@e-selection of variables.

The selection of the surface characteristic paramstbased on Table 6-13. In
each of the three surface characteristic groups,pdrameter which has the
largest standardized regression coefficient froras¢h shown to have an
important influence on the noise level (with stamdlileed coefficients higher
than 0.1) is chosen. The following representataameters are selected:

1) Texture level at long wavelengtk§ mm): for the overall noise level
and noise at frequencies 2000 Hz, the regression coefficients of
texture level from 16 mm to 250 mm are quite simiksccording to the
previous study [16], the texture level at 63 mmgenerally used as
predictor of noise at low frequencies (below 1008).Hrherefore the
averaged texture level at 63 mm is also selectgutdeent the texture
level at long wavelength in this study.

2) Texture level at short waveleng#d( mm): the short wavelength texture
level mainly influences the noise at high frequesdt 1600 Hz). So the
parameter is only selected for modeling the naesellat frequencies
1600 Hz. The texture level at 1 mm has the highegiression
coefficient for noise level between 1600 Hz and B13z, and is
therefore selected in the modeling.

3) Sound absorption coefficients: for thin layer saonfgs, the sound
absorption reduces the noise level above 800 Hzso#dbion
coefficients at different frequencies are included the modeling
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corresponding to various noise levels. For the aVerise level, the
sound absorption at 1000 Hz is taken as prediétoroverview of the
input variable selection for combination 2 is shawable 7-11.

Table 7-11 Selected variables for surface characteristic combination 2

Laeg Lais Lao Lsoo Leso  Lsoo Licoo  Lizso  Lisoo  Laooo  Lasoo  Laiso

Long wavelength texture level TLss Tles Tles Tles Tles Tles Tles Tles  Tles  Tles
Short wavelength texture level - - - - - - - - Th TL TL TL
Sound absorption coefficient ALlOOO - - - - ALmoo ALmoo ALmoo AL1250 AI—lGOO AL2500 AL2500

As to the surface characteristic combination 3, thaximum absorption

coefficient is used instead of all the sound alsmmpcoefficients shown in

Table 7-11. The selected variables for combinaBi@re shown in Table 7-12.
The selected variables for surface characteristmbgnation 2 and 3 will also

be used in the modeling with all types of surfaagslescribed in Section 7.3.4.
All the selections were made based on the thinrlayefacings. The choices
could be different when other types of surfacesirekided. The influence on

other types of surfaces needs to be determinedtumef work.

Table 7-12 Selected variables for surface characteristic combination 3

Laeg Lsis Lao Lsoo Leso  Lsoo Liooo  Lizso  Lisoo  Laooo  Lasoo  Laiso

Long wavelength texture level TLss Tles Tles Tles Tles Tles Tles Tles  Tles  Tles
Short wavelength texture level - - - - - - - - Th TL TL TL
Sound absorption coefficient ALmax - - - - Almnax  Almax Almax Almax Almax  Almax  Almax

In this sub-section, the models are developed bggughe representative
variables of texture level and absorption coeffitcsewhich are given in Table
7-11 and Table 7-12. The regression results of Médend Model 8 are shown
as examples of modeling by using surface charatiteicombination 2 and 3
respectively as input. The models are illustrateBigure 7-7.

Variable selection
) . . Combination 2: Selected texture .
Model 6:  Material properties Model 6(a) levels and absorption coefficients Model 6(b) Noise levels

Variable selection

Model 8:  Material properties Co:::é?:gﬁg ﬁ;lasxelggic:gﬁé:]ure Noise levels
Figure 7-7 Modeling with surface characteristic combination 2 and 3

Table 7-13 gives the regression coefficients ford®lo6(a) which relates the
representative surface characteristics of comlwna2i with the basic material
properties. The results are from the variable seleanethods. In the last row,
the variable selection methods from which the regjom coefficients are
achieved are shown. According to the results shwiine table, the texture
level TLgzand TL; can be estimated from the maximum aggregate sidetsn
air voids content with a higR® value. However, in terms of sound absorption
coefficients, good regression results are not folamcall the cases?* for the
equations ofAL;ggo and AL,,50 are very low, which means poor linear
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relationships. It also indicates that the absorptoefficients at 1000 Hz and
1250 Hz cannot be well evaluated by the linear doatlon of the five material
properties. As a result, Model 6(a) is rejectedalise of the low fit.

Table 7-13 Regression resultsfor Model 6(a)
Tles L Aljooo Alizso  Alseoo  Alosoo
Constant 1939 3314 005 002 -031 128
Max. Aggregate size 2.85 0.29 - - - -0.02
Coarse aggregate content - - - - -
Fine aggregate content - - - - - -

Binder content - - - - - -0.13
Air voids content 0.19 0.18 0.01 0.01 0.01
R? 0.95 0.88 0.26 0.41 0.51 0.52
AdjustedR? 0.94 0.86 0.25 0.40 0.49 0.50
Selection method 'S B"&S B&S B&S B B

*Stepwise selection;
**Backward elimination.

Regression results of Model 6(b) are summarizedable 7-14. Good linear
regression equations are found for nearly all tosenlevels. For the overall
level and noise at frequencies above 500 HzRfhealues are higher than 0.9,
This means the noise levels can be well describedhb selected surface
characteristic parameters. Furthermore, the nurabérput variables in each
sub-model is not more than 3. According to TablE37the sound absorption
coefficientsAL,o00 andAL;os0cannot be evaluated from the material properties;
Model 6 is not able to make predictions based oteriz properties. However
sub-model Model 6(b) is suggested to be used inubpely to deduce the
noise levels in cases when surface characteristies measured from the
existing road surface or the sound absorption coefits are predicted by other
methods, such as the physical model built in Sedid.3.

Table 7-14 Regression resultsfor M odel 6(b)

Laeq Lais  Lao  Lsoo Leso  Leoo  Liooo Lizso Lisoo  Loooo  Lesoo  Laiso
Constant 85.89 65.10 63.65 63.78 70.38 77.71 69.98577 111.74121.97 133.86 117.73
Tles 023 017 025 036 033 027 044 038 058 0.40-

L - - - - - - - - -1.37 -1.55 -1.47 -1.05
Aljgee  -12.45 - - - - -7.51 -14.60-22.39

Aly2s0 - - - - - - - - -10.66

Aleoo - - - - - - - - - -7.67 - -

Alzs00 - - - - - - - - - - 474 -7.83
R? 092 071 080 084 091 094 09 093 090 0.96.930 0.95

Adjusted’”’* 0.88 065 076 081 089 090 094 089 084 093.900 0.92

Table 7-15 and Table 7-16 show the modeling reswl®n the surface
characteristic combination 3 is considered. Theaggion equations foflLgs

andTL, are the same as those with combination 2 in Tald8.7As shown in
Table 7-15, the maximum absorption is linearly tedia with the coarse
aggregate content and the air voids content; a Rfghf 0.86 is obtained. In
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Table 7-16, model 8(b) provides a good predictibthe noise levels with the
three surface parameters in combination 3. Comgarable 7-16 with Table
7-14 shows that only for the noise level at 160Q &iowerR’ is obtained by
using the maximum absorption coefficient instead\lof s

Table 7-15 Regression resultsfor M odel 8(a)
Tlegs TL;  Max. Absorption

Constant 19.39 33.14 -0.42
Max. Aggregate size 2.85 0.29
Coarse aggregate content - - 0.01

Fine aggregate content
Binder content

Air voids content 0.19 0.18 0.02
R 0.95 0.88 0.86
AdjustedR? 094 086 0.85
Selection method S B&S B&S

Table 7-16 Regression resultsfor M odel 8(b)

LA, eq L315 I—400 LSOO L630 LSOO LlOOO L1250 L1600 LZOOO I—2500 L3150

Constant 79.9065.10 63.65 63.78 70.38 76.14 64.06 60.22 127.69 114.80 115.15 122.46

Tles 035 0.17 025 036 033 028 055 0.62 0.67 0.45 -
TL, - - - - - - - - -195 -137 -094 -121
Max. absorption -1.79 - - - - 1.00 -1.00 -382 0.05 -8.09 -594 821.
R? 090 071 080 084 091 092 093 087 076 0.88.930 0.90

AdjustedR? 087 065 076 081 089 09 092 084 071 085920 0.88

7.3.4 Modeling with data from all surfaces

As mentioned before, data from other road surfaeeie also available and
therefore an attempt was made to develop a modekyfe - road noise
predictions using the data sets from all typesoafirsurface. The development
of Model 24 is taken as an example. The framewdrth® model is shown in
Figure 7-8. The model generates noise levels frororabination of material
properties, MPD and maximum absorption coefficigh& variable selection
regression method was used. For two-layer poroyhadts the material
properties used for regression are from the toprlayhe thickness taken into
account is also that of the top layer. Mixture cosipons and the thickness of
the bottom layer of two-layer porous asphalt comecege not considered in the
regression analysis.

Variable selection

Model 24 (data set of all

the surfaces): Material properties + MPD and Max. absorption —» Model 24 —» Noise levels

Figure 7-8 Example for modeling with data sets of all the surfaces

Models obtained from regression analyses with datdl the road surfaces are
shown in Table 7-17. From the results shown in @ablL7, it can be seen that
the R? (or adjusted®’) values are generally lower in comparison withstho
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from the models based on thin layer surfacings. él@ws, the predictions are
still good for the overall noise level and noiseeleat most of the frequencies.
Only at frequencies between 1000 Hz and 1600 HZRilis lower than 0.7.

Table 7-17 Regression resultsfor Model 24 (with data set of all the surfaces)

LA, eq L315 L4OO LSOO L630 L800 LlOOO L1250 I—1600 I—2000 L2500 L3150

Constant 02.2564.17 68.79 72.15 81.47 82.43 82.70 74.93 79.83 83.14 82.18 80.05
Max /;%geregate 033 020 018 029 032 048 048 054 027 - - 160.
Coarse aggregate _ _ _ _ _ 0.06 _ 0.11 0.06

content
Fine aggregate

0.04 0.05 0.06
content

Binder content - 0.42 - - - - - - - -
Air voids content  -0.06 - -0.07 - 0.11 0.14 - -0.14 -0.30 -0.34 -0.30 -0.29
Thickness -0.07 - -0.02 -0.07 -0.13 -0.11 -0.07 -0.03 - 0.02 - -0.02
MPD 227 338 461 563 3.30 - 3.01 - - 151 1.53

Max. Absorption - - 1.76 2.32 - -4,223.25 - - -2.49 -3.48
R 084 093 094 087 085 072 063 060 0.69 0.84.860 0.89
AdjustedR? 083 092 093 086 083 069 060 057 0.67 0.83.850 0.88
Selection method B&S B B B B B B B B B B B&S

7.3.5 Model selection

In total 28 models have been developed and theiqunesow is which of these
models are to be preferred. It has been mentidmetdthie adjuste& helps to

check the goodness of fit of the multiple regressmodels without being
influenced by the number of input variables. Soimitial selection of the
models was performed by investigating the adjufed

Models of Type 2 consist of two parts. Type 2(a)ates the surface
characteristics to the material properties, andeTg2fb) generates the tyre -
road noise from the surface characteristics. Thdetsoof Type 2(a) are firstly
discussed. The adjust&d values for various models are shown in Table 7-18.
The surface group, meaning only thin layer or atfaces, regression method
and surface characteristic combination for eachehack also listed. From the
table, it can be seen that most of the regressiotieta show a good fit except
for those used for evaluating the sound absorgtmm 1000 to 2500 Hz. This
reveals that the sound absorption on 1/3 octavd bannot be explained well
by a linear combination of material properties. rEfiere models 5(a), 6(a),
19(a) and 20(a) are excluded from the selection.

As to modeling with different regression method® adjusted?’ from the

least square regressions and the variable selaetitbinods are similar. In some
cases, the adjusteé® from variable selection regressions are even higher
reveals that variables with less effect on theasgjon fit are eliminated from
the model. After the selection, there are generabg input variables in an
equation, and such an equation is more appropoateeing used in practice.
Therefore only these models are considered fohéurtesting in a next step.
When considering the surface groups, models degdldyy using all types of
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surfaces show a lower adjustBd However, those adjustéef values are still
quite high in general(0.76). In this case, models for both surface gscane
taken into account.

In summary, four sub-models are selected based\@siigating the adjusted
R? and considering the number of the input variables Table 7-18 they are
Model 4(a), 8(a), 18(a) and 22(a). Because thosgeiaalo not predict directly
the noise levels, the final selection was mader aftedels of Type (b) were
evaluated.

Table 7-18 Adjusted R? for sub-models relating material propertiesto surface
characteristics

. Surface
Model Regression characteristic MPD TLes TL Max.

Surface group Aliooo Alizso Alssoo Alzsoo

number method combination absorption
3(a) Least square 1 0.93 0.83
4(a) Variable selection 1 0.92 0.85
Thin layer 5(@) Least square 2 0.95 0.85 0.24 0.04 064 0.61
suffacing  g@)  variable selection 2 0.94 0.86 0.00 024 068 062
7(a) Least square 3 0.95 0.85 0.83
8(a) Variable selection 3 0.94 0.86 0.86
17(a) Least square 1 0.85 0.84
18(a) Variable selection 1 0.85 0.84
All the 19(a) Least square 2 0.86 0.77 029 047 051505
surfaces  50(a)  Variable selection 2 0.86 0.75 0.25 043 049 0.50
21(a) Least square 3 0.86 0.77 0.84
22(a) Variable selection 3 0.86 0.76 0.84

The second round of model selection is accomplisednvestigating the
adjustedR? of the regression models which work for evaluatimgise levels.
The adjusted? for all the models are shown in Table 7-19. Thkofang
comments are made:

For models developed by using data purely from tayer surfacings, most
equations have a high adjust®d(higher than 0.7). This implies that nearly all
the models are able to predict the noise levelgdiyg different input variables.
Considering the first round of model selection,hbtite (a) and (b) parts for
model 4 and 8 show good regression results. Thexrefoodel 4 and 8 are
selected for further testing. Models numbered 365and 7 are left out.
However, model 6(b) has a good fit with the datad acan be used
independently to calculate the noise levels frorovkm surface characteristic
parameters. Moreover, models from the variablectiele method generally
possess similar adjustéd as those from the least square regressions bit wit
less input variables. Herein, models with selectadables are retained. In
summary, the models selected for the thin surfacemare model 2, 4, 6(b), 8,
10, 12 and 14.
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When all types of surfaces are considered, highsaeiR® values are mainly
found at frequencies below 630 Hz or above 125Gddanost of the models.
For the overall noise level and noise levels betw@®0 Hz and 1250 Hz, the
fit is generally poor. In comparison with models tbe thin layer surfacing
group, the adjusteB” for models for all surfaces generally smaller,eptcfor
predicting noise at 315 Hz and 400 Hz. From thebsewvations, it is
concluded that the noise levels are not well lihesglated with the material
properties or the selected indicators for surfabaracteristics at all the
frequencies. This indicates that it is necessafgdas on a certain type of road
surface when developing linear regression modeisthis study, only two
models with a relatively gool for all frequencies are selected for validation;
they are Model 16 and Model 24 (see Table 7-1%e@tare not studied any
more.

According to the model selection process in thistise, nine models are
chosen as candidates for application. They areetodhbdated by comparing
predicted values with the measurement data frorotiped road surfaces. The
selected models are numbered as 2, 4, 6(b), 812014, 16 and 24. The
specific regression coefficients of the modelslsarfiound in Appendix C.
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Table 7-19 Adjusted R? of models for calculating noise levels

Surface  Model . Model Surfac_e .
group number Regression method Type charagterl_stlc LA eq Lais Laoo Lsoo Leso Leoo L1000 Li2so L1600 Lo0o Lasoo La1s0
combination
1 Least square 1 - 0.89 0.74 0.92 0.92 0.91 0.93 0.920.85 0.78 0.84 0.91 0.94
2 Variable selection - 0.90 0.71 0.91 0.91 0.92 0.94 0.92 0.86 0.78 0.770.92 0.94
3(b) Least square 1 0.75 0.72 0.89 0.93 0.96 091 .86 0 0.72 0.53 0.77 0.80 0.67
4(b) Variable selection 1 0.75 0.73 0.89 0.93 0.96 0.90 0.86 0.72 0.53 0.77 0.80 0.65
5(b) Least square 5 2 0.88 0.57 0.69 0.77 0.86 0.90 .94 0 0.89 0.84 0.93 0.90 0.92
6(b) Least square 2 0.88 0.57 0.69 0.77 0.86 0.90 .94 0 0.89 0.84 0.93 0.90 0.92
Thin layer  7(b) Least square 3 0.87 0.65 0.76 0.81 0.89 0.900.92 0.84 0.71 0.85 0.92 0.88
surfacing 8(b) Least square 3 0.87 0.65 0.76 0.81 0.89 0.90 0.92 0.84 0.71 0.850.92 0.88
9 Least square 1 0.88 0.77 0.95 0.97 0.97 0.93 0.900.83 0.77 0.89 0.93 0.93
10 Variable selection 1 0.90 0.73 0.95 0.97 0.97 940. 0.92 0.86 0.78 0.90 0.94 0.94
11 Least square 3 2 0.97 0.59 0.90 0.93 0.93 096 7 0.90.96 0.91 0.93 0.97 0.98
12 Variable selection 2 0.92 0.75 0.91 0.93 0.93 950. 0.94 0.91 0.94 0.94 0.93 0.97
13 Least square 3 0.95 0.72 0.92 0.91 0.90 096 5 0.90.90 0.83 0.89 0.94 0.96
14 Variable selection 3 0.90 0.75 0.91 0.93 0.93 0.94 0.92 0.86 0.86 0.890.95 0.97
15 Least square 1 - 0.45 0.74 0.73 0.55 0.06 0.15 9 0.30.54 0.70 0.82 0.83 0.87
16 Variable selection - 0.78 0.75 0.76 0.75 0.79 0.67 0.58 0.57 0.67 0.820.84 0.88
17(b) Least square 1 0.42 0.84 0.84 0.68 0.24 0.260.41 0.34 0.29 0.56 0.64 0.63
18(b) Least square 1 0.42 0.84 0.84 0.68 0.24 0.260.41 0.34 0.29 0.56 0.64 0.63
19(b) Least square 2 2 0.66 0.81 0.84 0.76 0.40 0.360.68 0.87 0.92 0.94 0.90 0.92
20(b) Least square 2 0.66 0.81 0.84 0.76 0.40 0.360.68 0.87 0.92 0.94 0.90 0.92
All the 21(b) Least square 3 0.60 0.81 0.83 0.65 0.17 0.260.53 0.65 0.70 0.85 0.87 0.88
surfaces  22(b) Least square 3 0.60 0.81 0.83 0.65 0.17 0.26 0.53 0.65 0.70 0.850.87 0.88
23 Least square 1 0.58 0.93 0.93 0.72 0.20 0.25 0 0.50.58 0.70 0.86 0.87 0.89
24 Variable selection 1 0.83 0.92 0.93 0.85 0.83 670. 0.59 0.50 0.66 0.82 0.85 0.88
25 Least square 2 0.66 0.91 0.92 0.84 0.45 0.33 9 0.6 0.87 0.91 0.95 0.91 0.94
26 Variable selection 2 0.52 0.89 0.89 0.71 0.22 210. 0.55 0.85 0.90 0.95 0.85 0.92
27 Least square 3 0.60 0.93 0.93 0.71 0.13 0.23 3 0.50.65 0.74 0.88 0.90 0.92
28 Variable selection 3 0.53 0.89 0.89 0.71 0.22 0.24 0.51 0.58 0.75 0.880.88 0.90
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7.4 Validation of the Models

Validation of the model is performed by comparihg predicted noise levels
with those measured on practical road sectionsleTa20 summarizes all the
candidate models which are to be validated togeftitarthe input variables.

Table 7-20 I nput variable combinations and the corresponding models

Input variables

Models to be validated

Material properties

MPD, Max. absorption

Tles, TL1, Aligoo, AL12so Alison Alzsoo

TLes, TLy, Max. absorption

Material properties, MPD, Max. absorption

Model 2, Model 4, Model 8, Model 16
Model 4(b)
Model 6(b)
Model 8(b)
Model Mndel 24

Material prOpertieSTLeg, TLy, ALloooyAL1250, Alssoo Alssoo Model 12
Material properties] Lgs, TL;, Max. absorption Model 14

7.4.1 Road surfacesfor validation

As introduced in Section 7.2.2, the data used &idation are from four thin

layer surfacing sections on highway A6. The sestiamre built in 2006 by
different contractors. The basic material propertod the four surfaces are
given in Table 7-21. These material properties faven the quality control

reports made during production. In the validatitime thickness of all the
surfaces is considered to be 30 mm.

Table 7-21 Material properties of road surfacesfor validation

Coarse Fine aggregate Binder content,

Air voids
- 0,
Section Aggregate Max. aggregate (0.063mm _ % py mass content,
Aggregat (>2mm) 2mm) Binder type ratio with
number type . . % by
e size content, % content,% by mineral
volume
by mass mass aggregate
1 Bestone 6 81 11 SHperiphalt g g 17.9
45A spec
Augit Cariphalte
2 Rheolit 6 4 18 ZSA SD ! 115
Gres Cariphalte
3 D'Ardennes 6 76.9 14.8 XS 6.5 10.7
4 Bestone 6 72.4 22.4 Car[')‘cz‘a'te 6.3 12.3

Four 1 km long sections were constructed with thetures shown in Table

7-21. Tyre - road noise levels, surface texturesmthd absorption coefficients
were measured on the newly built sections in 20)&all as after half a year
service of the road in 2007. In this study, asrtiaerial properties are given
for the newly produced mixtures, only the measur@ndata in 2006 are used.
The measurement positions on each lane of the aoddthe available data
obtained from the different tests are listed inl€ab22. According to the table,
sound absorption coefficients were only determiaie@ positions on each lane.
So the surface texture and CPX noise levels redoatiéhe same positions as
well as the sound absorption measurements are instee validation. This

ensures that the results of different measuremargsall from the same
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positions. In total six sets of measurement datauoface characteristics and
noise levels for each section are available, whighgs the total number of
data sets available for the validation at 6 x 4=24.

From Table 7-22, it is also known that just the MR&s recorded for denoting
the surface texture, and no texture level on thavecband of wavelength was
provided. However, for certain models, texture lsevVidq; and TL; are required
for performing the evaluation. In this study, thie;; andTL, are determined by
using the Model 8(a), see Table 7-15. It shoulahdiied that measured data are
always to be preferred for model validation. Théhau strongly recommends
that the models witiTLgz and TL; are validated with measured data in the
future. In terms of the CPX measurements, differgpies of tyres were
involved. As the present model is developed puvéth a passenger car tyre
moving at 80 km/h, only the CPX noise levels meegby using the standard
passenger car tyre, namely type A in ISO/CD 1181295}, are used in the
validation. The driving speed was 80 km/m.

Table 7-22 M easurement positions and therecording form of thetest results

Test positions on one Total test number

ltem Recorded data

lane recorded on one lane
Surface texture every 10 meters on the 100 MPD
whole lane

Absorption  every 100 meters on the 6 Absorption coefficients

coefficient central part of the lane on 1/3 octave band
Near field noise Overall noise level and

measured by on the whole lane 50 for each test noise level on 1/3 octave

CPX band

7.4.2 Final model selection

Noise levels are calculated by using the modeledisn Table 7-20. The root
mean square error (RMSE) is calculated to assesprédictive power of the
model. RMSE is a measure for the difference betwwedicted value from a
model and the value actually observed. A smaller SEMimplies higher
accuracy of the prediction. Calculation of RMSEb&ssed on the following
equation:

n _ 2

RMSE:\/zizl(Yobsi YmodeJD (7_5)
n

Where Y,y is the observed values aiYgoqe ;i iS the predicted value from the

model. n is the number of observations. In this study24. RMSE has the

same units as the quantity being estimated.

The calculated RMSE values are given in Table 712@ models are listed in
decreasing sequence of RMSE for the overall n@gel L, ¢, In addition, the
maximum number of input parameters required by e@aolel and the input
parameter type are also shown. A final selectiothef model was made by
investigating the validation results.
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The ideal model is considered to have the followdhgracteristics:

1) A high adjusted?® of the regression equation. This has been exanimed
Section 7.3.6, and all the candidate models indudethe validation process
have a high adjuste®”

2) A low RMSE value when comparing the predictethwihe measured data.
3) A low number of input variables.

4) The input variables are material properties.

5) The regression relationship is physically carrec

Based on these considerations, the following mogael® finally selected.

1) Modeling tyre - road noise from surface charactécs

Model 4(b) and Model 8(b) calculate the noise Isvélom the surface

characteristics, and have a better prediction pawesromparison with other

models on most of the noise levels. Model (4) mesithe best prediction of
the overall noise level and shows a good fit witle tmeasured data at
frequencies below 2000 Hz. This reveals that thesse levels can be well

predicted from the linear combination of MPD andé thaximum absorption

coefficient. In previous studies, the MPD is novays considered as a good
predictor for tyre - road noise. However, from tigsearch, it is found that
when concentrating on a certain type of surface thim layer surfacing in this

study, the MPD can be used very well to predicttyhe - road noise levels.

In the 2000 Hz and 2500 HZ frequency band, the RM&E Model 8(b) are
lower which denotes a better prediction power. T$ibecause the noise level
at a high frequency is greatly influenced by therskwavelength texture level
(see Chapter 6), and usifig, as an input variable is thought to improve the
prediction capability of Model 8(b). Towards a eetprediction, a new model
is set up by combining certain equations seleatech iModel 4(b) and Model
8(b). In the new model, equations for overall ndeseel and noise levels from
315 Hz to 1600 Hz are from Model 4(b), and equatifor noise levels above
2000 Hz are from Model 8(b). The selection is mdrky the blue color in
Table 7-23. The new model is called Model |, and ba used to predict the
noise levels on thin layer surfacings with MPD, maxm absorption
coefficient, TLgz and TL; as input parameters. A summary of the regression
coefficient of Model | is given in Table 7-24.

2) Modeling tyre - road noise from material properties
As shown in Table 7-23, Model 8 performs the besbiag the models for
predicting noise level from material propertieseThodel calculates the noise
level from the evaluatedles; and TL; and maximum absorption coefficient
based on the material properties. Only three natgroperties, namely
maximum aggregate size, coarse aggregate contdnaiawvoids content are
required as input variables. This means that the tyroad noise can be
evaluated from the three material properties. Adicgy to Table 7-15, the sign
of the regression coefficients for the three mateparameters are also in
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accordance with the analysis of the laboratory nnemsent results described in
Chapter 5. All the findings reflect that Model &iskes the requirements of
being an ideal model. The model is suggested taskeel for predicting noise
levels from material properties (green colour ibl€a7-23), and it is renamed
as Model II. For the regression coefficients of Mbd, the reader is referred to
Table 7-15 and Table 7-16.

Model 24 also has a low RMSE for most of the prisdicnoise levels. The
number of input variables is considered to be tagh hn comparison with
Model | and Model 1l as eight input variables imdilig both material
properties and surface characteristics are reguli@g model is for that reason
not recommended in this study. However, the maldeveloped by using data
from all types of road surfaces. This shows thatrtiodel has the potential to
predict tyre - road noise for all types of paverseint addition to thin layer
surfacings. The author suggests that the modellégHme validated for other
types of surfaces as well. If good predictions mele on other surfaces too,
the model can be rated as a general model whiapp#cable for all types of
surfaces.
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Table 7-23 RM SE between the observed and predicted noise levels

Maximum number .
Laeq Lais  Laoo Lsoo Leso Lsoo Liooo Lizso Lisoo Leooo Losoo Laiso of input parameter Input variable type

589 487 1.35 2 Surface

Model 8(b) 2.23 0.89 1.76 243 272 344 343 333 3 Surface
Model 24 235 087 211 275 257 3.00 325 3.77364.3.20 284 1.73 8 Material and surface
Model 12 250 0.81 2.17 248 3.08 241 417 6.01185.3.20 3.01 3.28 12 Material and surface
Model 16 251 1.21 180 285 3.03 3.06 360 3.77364.3.22 286 1.73 6 Material
Model 2 253 1.07 217 257 298 3.03 370 4.1106.8.74 237 3.23 6 Material
Model 14 253 081 217 248 3.08 3.02 370 4.11526.6.38 2.27 3.28 9 Material and surface
Model 10 253 097 201 266 338 333 370 4.11406.7.10 230 3.23 8 Material and surface
Model4 2.68 1.01 177 247 291 367 371 3.8984.68.07 338 1.68 4 Material
Model 6(b) 3.05 0.89 1.76 243 272 252 495 6.03 327 3.20621.83 6 Surface
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For other models, the amount of input variablegeiserally large, and the RMSE
values are higher than those of Model | and Molélhese models are excluded
from the investigation.

Table 7-24 Regression coefficientsfor Modd |

LA, eq L315 L400 LSOO L630 L800 LlOOO L1250 L1600 LZOOO L2500 L3150

Constant 90.0869.95 70.77 74.07 80.01 84.21 79.96 78.08 78.88 114.80115.15 122.46

MPD 6.32 233 470 6.06 422 433 947 10.8592
Tles - - - - - - - - - 045 -
TL, 137 -094 -1.21

Max. absorption -4.56 0.00 -2.18 -1.59 146 0.00 -4.93-8.44 -14.97 -8.09 -594 -1.82

R 078 075 090 094 09 091 0.87 075 059 0.88.930 0.90
AdjustedR® 075 073 089 093 09 090 0.86 0.72 053 085920 0.88

7.4.3 Validation of the final models

Model | and Model Il are finally selected. The roigvels predicted with these
two models are compared to the noise levels measamrehe four sections. The
results are shown in Figure 7-9 and Figure 7-1peesvely. The error bars in
the figures denote the standard deviation of thaswmed or predicted values on a
certain road surface.

From Figure 7-9 (a), it can be seen that Model kesavery good predictions of
the overall tyre - road noise levels on section® dnd 4. On section 3, the model
underestimates the noise level with around 3 dB (A)Figure 7-10 (a), the
overall noise level is perfectly predicted by Mddiélon surface 1. On other
sections, the difference between the predictionthedneasurement is between
2.5dB (A) to 3dB (A).

For noise levels on 1/3 octave band, as shownguargi7-9 (b) to (e) and Figure
7-10 (b) to (e), the modeled curves generally haiwelar shapes as those from
the measurements. At most of the frequencies, &dlyefrequencies below 800
Hz, the predicted noise levels are in agreemertt thié measured ones, with a
difference not larger than 2 dB (A). The noise Is\a&e underestimated between
1600 Hz and 2500 HZ on surface 1, and between X0@&nd 2500 Hz for
surface 2. There are overestimations of noise sdvetween 630 Hz and 1250 Hz
on surface 3. The best predictions are obtainedudace 4 by means of Model |
and Model Il.

It should be noticed that the models are develd@es®d on the averaged CPX
levels from 10 different passenger car tyres. m\thlidation, the measurement
data are just from one type of tyre. Considerirgguariations of noise among the
tyres, the prediction results are rather good,has predicted noise levels are
generally close to the measured data, and thebdistn of the noise levels over
the frequencies is also fairly well predicted bg thodels.

The fact that both models only need a small amafninput variables is
considered to be an advantage. The change of tensé with changing basic
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material properties can also be determined with @llotl. This is an
improvement in comparison with existing models lIROT. Therefore, the
models are recommended to be used for the folloapmications:

1) prediction of the tyre - road noise level whessigning thin layer surfacings
(Model 1I);

2) evaluation of the tyre - road noise level basmd collected surface
characteristic data (Model I).

It is suggested that the proposed models are exahaind improved in the future

by using more measurement data. The models caedreas a basic module and
need to be extended for wider usage. As the cumexel only predicts the CPX

noise level from passenger car tyres, future worbuld take into account the

influence of truck tyres and the far field receiymsitions, such as SPB test
positions [17, 18]. The same method is also swetédldevelop models for other
types of road surfaces. It is recommended thatainmodels are to be developed
for different types of road surfaces, such as dewustaces, porous asphalt and
two-layer asphalt.
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7.5 Summary

The goal of this chapter was to develop modelspfedicting tyre - road noise
levels from material properties and surface charatics of thin layer surfacings.
The modeling was accomplished by linear regressiin data from laboratory

and field measurements. 28 models were initiallpstacted using different

input variable combinations, regression methods surflace types. An initial

selection of appropriate models was performed bgstigating the adjustef.

It was found that the models developed by the tégiselection methods
generally have a similar prediction power as thesé up by least square
regressions, but with less input variables. Ninedadate models were collected
from the initial model selection. The models arbdaded with measurement data
from thin layer surfacings on highway A6 in the Matands. By comparing the
prediction results obtained with the candidate nofd®m the measured values
and considering the number and type of the inpuiakkes, two models were
finally proposed as outcome of the study.

The near field noise at the CPX positions can baluated with the models.
Model | generates the noise level from the giverfase characteristics. The
MPD and maximum absorption are used to predictotherall noise level and

noise level at frequencies below 2000 Hz. Above 0204z, the energetic

averaged texture levels are used as predictorsthiagevith the maximum

absorption. The input variables for Model Il areeth basic material properties,
namely maximum aggregate size, coarse aggregatentand air voids content.
The tyre - road noise levels are calculated from #urface characteristics
simulated by these three material properties. Ti@nge of the noise levels
caused by the variations of material propertiesalan be investigated by using
Model I1.

By comparing the prediction results of the two nisdeth field data, it is shown

that the predictions are reliable. The models &importance for road engineers.
Model | can be used to determine the tyre - roadentevels from existing thin

layer surfacings of which the surface charactesséire measured. Model 1l is
applicable for making predictions of tyre - roadseoduring the design process,
before the pavements are constructed. It would hleép road engineers to
compare the noise levels from surfaces with difiereaterial properties and in
turn to optimize the designs. However, it is sugggdo further validate the

models with extra data from practical road surfadegprovements could be

made towards a higher prediction accuracy. Moreaver present models need
to be extended by considering different types afirsurfaces and truck tyres.
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CHAPTER 8
CONCLUSIONS AND RECOMMENDATIONS

8.1 Highlights of the Thesis

The thesis focuses on tyre - road noise from tyed surfacings. Measurements,
including laboratory and field measurements, wexeied out for studying the
influence of road material properties on the swegfadharacteristics. Next,
statistical analyses were performed to investighéeinfluence of road surface
characteristics on the tyre - road noise levelghénend, statistical models were
developed for evaluating the tyre - road noise frimm layer surfacings in
practical circumstances. In this thesis, the follmyvcontributions have been
made to the existing research work of tyre - roaidal

* The connected air voids content and degree of ativitgy were calculated
by means of a cluster-labeling algorithm applied@h scanning results of
the test samples. The degree of connectivity whdea to the overall air
voids content and the sound absorption coefficients

* P-U technology was used to measure sound absor@mmtinuous curves of
the absorption coefficient in the frequency domazonld be achieved by this
method. Procedures were developed for performirggtéist on slab and core
samples in the laboratory.

* A relationship between the mechanical impedancenamture stiffness was
developed. From the relation, the mechanical impeel@an be deduced from
stiffness measurement.

« PCR and PLS methods were employed to investigatenfluence of surface
texture and sound absorption on noise levels. Thétioollinearity of the
explanatory variables was reduced by using thesbads. The influence of
each road surface parameters on noise levels cateteemined from the
developed linear regression equations.

« Statistical models which predict tyre - road nowse thin layer surfacings
were developed. The models are proposed to beins@ design of noise
reducing road surfaces. The advantages of the ma@del they use material
properties as input; they have simple structure arel convenient for
extension; a small number of inputs are required] they give reliable
predictions.
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8.2 Conclusions
As presented in Chapter 1, the main objectivefisfRhD thesis are:

« Develop and improve laboratory measurement methods surface
characteristics which are related to tyre - roaideno

» Investigate the influence of material propertiestlo® surface characteristics
which are related to tyre - road noise of thin fay@facings.

* Investigate the influence of surface charactessit tyre - road noise for thin
layer surfacings.

* Develop a practical model which is suitable fordicéng the tyre - road
noise of thin layer surfacings and which can bdiaggor road engineers.

With respect to the objectives of the research follewing conclusions can be
drawn from this PhD research:

8.2.1 Measurement methods (Chapter 4)

The surface impedance setup based on P-U technalagyapplied in the
sound absorption measurements. The test providaswdsocabsorption
coefficients on a much larger frequency range caexbavith the impedance
tube method. P-U technology is suggested to be @@edeasuring sound
absorption of the road surface in both laboratarg a-situ conditions.

Requirements for using this method in laboratorgtdewere proposed. It
requires that the test surface should be large gimowith the dimension of a
sample not smaller than 400 mm x 400 mm. Core sasnpte not suggested
to be used for evaluating the sound absorption obaal surface. In case a
core sample has to be tested, the assisting phatftould be used. The
influence of the height of the core can be elimadain the test with the
platform.

8.2.2 Conclusionsfrom the measurements (Chapter 5)

Mixture compositions:

The mixture compositions of the samples were obthiby means of CT

scanning. It was shown that the division in storection, mortar and voids

content worked well for the purpose of contributit;m noise. The degree of
connectivity of the road surface was obtained byamseof a cluster-labeling

algorithm. It was found that the connectivity higldepends on the air voids
content. For a mixture with an air voids contergsl¢han 12%, the degree of
connectivity is generally below 0.1 and close t¢0r mixtures with an air voids

content higher than 19%, a large amount of condeaievoids were observed,
with the degree of connectivity degree close toerceeding 0.9. A relation

between the degree of connectivity and air voidstexat was developed in this
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study and can be used for estimating the degreeruofectivity from the air voids
content in future studies.

Surface texture:

Surface profile data were collected by means ofaser profilometer. The
measurement results show that the maximum aggregiatee is the most
important factor influencing the surface texturematerial with a larger stone
size shows a higher peak value of the texture lemdl MPD. The peak texture
level generally occurs at a wavelength which isaéqu close to the maximum
aggregate sizeA linear relationship was developed between theximmam
aggregate size and the MPD. The test results A®oex] that the surface texture
increases with increasing air voids content ande@m&ing coarse aggregate
content.

Sound absor ption:

Sound absorption was measured with the P-U surfapedance setup. High
absorption coefficient peaks, equal to or highantB.7, were generally observed
for surfaces with an air voids content higher th&@fo and with exposed pores at
the surface. For a surface layer with a designegauls content below 12%, or
with a clogged surface, a first peak of the absomptoefficient is generally
observed between 800 Hz and 1250 Hz; the absorptiefiicient is then smaller
than 0.35. Regression analysis showed that thedlrsorption coefficient peak
increases linearly with the connected air voidsteohand the overall air voids
content. The connected air voids content is comstlg¢o be an essential
parameter determining the maximum absorption. Tderse aggregate content
and mortar content are together contributing tocibrenected air voids content in
the surface layer after compaction.

Acoustical models were developed for simulatinggbend absorption curves of
thin layer surfacing slabs. From the models, it banseen that the overall air
voids content can be used directly to simulatestnend absorption of a semi-
open surfaces. For a semi-dense type of thin lsyefacing, a better fit is
achieved when connected the air voids contentad.us

Mechanical impedance:

The mechanical impedance tests showed that thes ¢ the road sections
have comparable mechanical impedance independenhertype of asphalt
mixtures. Also slab samples made in the lab havsinailar mechanical
impedance. When comparing two materials, the diffee in mechanical
impedance of materials is only significant whenythave a great difference in
stiffness.

A relationship between the mechanical impedanceséfidess was developed. It
was shown that the mechanical impedance is lingatted to the logarithm of
the resilient modulus. From the relationship, ikiarned that an effective way to
reduce the mechanical impedance is by using loffnetis materials, such as
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poro-elastic materials. It will not be possible psoduce low mechanical
impedance layers using standard asphalt concretenes.

8.2.3 Influence of surface characteristicson tyre - road noise (Chapter 6)

Surface characteristics:

Texture levels and sound absorption coefficients ba categorized in three
groups being: the long wavelengttB(mm) texture level, the short wavelength
(<4 mm) texture level and the sound absorption. Imegal, the long wavelength

texture level increases the noise level below 2B@0 and texture with short

wavelengths reduces the noise level at frequenhigher than 1600 Hz.

Increasing sound absorption results in a noisectemiuabove 800 Hz. Similar

results can also be found when using MPD to presarface texture or the

maximum absorption coefficient to denote the soabhdorption of the road

surface.

Noise levels:

The overall noise level mainly increases with largexture levels at long
wavelength ¥8 mm) and is effectively reduced by the sound giigmr at 1000

Hz and 1250 Hz. Therefore, decreasing the long leagé¢h texture level and
increasing the sound absorption at 1000 Hz and 25@re considered as two
important ways to eliminate the tyre - road noigedpction on thin layer

surfacings.

The noise level at low frequencies (below 800 K2)ighly related with the long
wavelength surface texture level, and the noiseorssidered to be caused by
impact mechanisms between tyre and road surfaceer@@on of noise in the
medium frequency range (from 1000 Hz to 2000 Hzpissidered as a combined
consequence of the impact and air pumping mechanisetause all the surface
parameters show to have a great influence on theenlkevels. At high
frequencies, tyre - road noise is mainly causedhleyair pumping mechanism.
An increase of the short wavelengttd(mm) texture level and increasing the
sound absorption leads to a reduction of noisddeatehigh frequencies.

A new type of modeling was developed which reléteschange of noise level to
the changes in surface characteristics. The mgthoddes a direct description
of the noise reduction or increase on thin layafasing, and it can help to
correct existing models by taking into account ¢thange of the noise level due
to the small changes of road surface charactesistic

Vehicle speed:

Speed has a strong influence on noise. Speed ipletaty independent from the
road surface characteristics in the regressionyaisal The noise levels are
increasing linearly with the increasing speed fay @ombination of surface
characteristics.
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Truck tyre:

On thin layer surfacings, the surface texture latreely small compared with
other types of surface layers. The influence oftuex is not that significant
between different surfaces when truck tyres aresidened. In the low frequency
band, only noise at 500 Hz and 630 Hz is stronffigcted by the texture level.
The short wavelength texture level and sound alisoreffectively decrease the
noise level at frequencies above 1000 Hz. Thuseasing the texture level at
short wavelengths and sound absorption coefficiargsconsidered as essential
factors for reducing the noise from the truck moking on thin layer surfacing.

8.24 Tyre-road noise modelling (Chapter 7)

Models for predicting tyre - road noise levels froine material properties and
surface characteristics of thin layer surfacingsendeveloped. Two models were
finally selected as outcome of the study.

The models are used for predicting the near fi@ther at the CPX positions.
Model | generates the noise level from the giverfage characteristics. The
MPD and maximum absorption are used to predictoterall noise level and
noise levels at frequencies below 2000 Hz. AbovB02Biz, selected texture
levels are used as predictors together with theirmax absorption. The input
variables for Model Il are three basic material gaidies, namely maximum
aggregate size, coarse aggregate content andids ontent. In Model Il, the
tyre - road noise levels are calculated from th#ase characteristics which are
simulated by these three material properties. Ti@nge of the noise levels
caused by the variations of material propertiesalan be investigated by using
Model I1.

By comparing the prediction results of the two medsith the measurement
data obtained on thin surface layers, it was caleduhat the models give rather
accurate predictions. The models are proposed tppbed by road engineers.
Model | can be used in the cases where surfaceacieaistics are measured. The
tyre - road noise levels are to be deduced fromse¢hmeasured surface
characteristics. Model Il is applicable for makimggdictions of tyre - road noise
in the mixture design process, before the pavensenonstructed. It will help
road engineers to compare the noise levels frofiases with different material
properties and to optimize the designs.

8.3 Recommendations

Although some promising results have been obtafn@t the research in this
thesis, much work still needs to be carried oue Técommendations for future
research are as follows:

* The study has focused on a certain type of roadaeirnamely the thin layer
surfacing. Similar analyses as used in this thesisluding laboratory
measurements, statistical analyses and modelinglsarbe adopted for other
surface types, such as a dense asphalt surfacgesispasphalt and two-layer
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porous asphalts. It should be noted that the sairfaaracteristics or material
properties to be taken into account can changendiépg on the type of
surface for which the model is developed. For eXxaminere is nearly no
sound absorption ability in case of dense surfaEes.porous asphalt, the
depth of an exposed pore in the surface does ndt @0 noise generation
from tyre vibration when it is beyond a certaintical value. Then the
enveloped surface texture could be used for degatie road surface profile
instead of the raw texture.

The measurements in this thesis are mainly perfdrometest samples in the
laboratory. It is essential to measure the tyreadrnoise on the field road
surfaces with the same material properties as enlah. With in-situ tests,

researchers can compare the surface characteristidaboratory made

samples with those of real road surfaces. Thisshipalibrate and improve
the present laboratory tests for a better simulatibpractice. Relationships
can be built between the surface characteristicgsared in the lab and the
noise levels from the road surface. These relatipssare important for

evaluating the tyre - road noise based on the #bor tests on surface
characteristics.

The models developed in this thesis need to be ieahand improved in the
future by using more measurement data. The modeidhe seen as a basic
module and need to be extended for wider usagefutiwe work, the
influence of truck tyres and the far field receiypasitions, such as SPB test
positions, should be taken into account for impngvithe models. Similar
models are also recommended to be developed ftarelit types of road
surfaces, such as dense asphalt surfaces, pogheteand two-layer asphalt.
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Appendix A
Noiselevel from passenger car tyreson thin layer surfacings

((w)ap) [pAa7 punos

200 250 315 400 500 630 800 10001250160020002500

00 630 800 10001250160020002500 overall

200 250 315 400 5

overall

Frequency (Hz)

Tyre 02: Goodyear GT3

Frequency (Hz)

Tyre01: Michelin Energy 175/65R14

200 250 315 400 500 630 800 10001250160020002500

overall

200 250 315 400 500 630 800 10001250160020002500

overall

((v)@p) 12na7 punos

Frequency (Hz)

Tyre 04: Continental ContiEcoContact EP

Frequency (Hz)

Tyre 03: Pirelli P3000 Energy

0 250 315 400 500 630 800 10001250160020002500

20

overall

200 250 315 400 500 630 800 10001250160020002500

overall

n
©

((w)ap) [pAa7 punos

Frequency (Hz)

Tyre06: Vredestein Hi-Trac

Frequency (Hz)

Tyre05: Michelin Energy 195/65R15

Section 15 ------- Section 19 :------ Section 20 ------- Section 24‘

Section 9 ==r---

Section 5

Section 4

Section 3

Section 2

245



Appendix A
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Standar dized coefficients from PL Swith variable combination 1

LA,eq L315 I—400 L500 L630 I—800 I—ZI.OOO L1250 Ll600 L2000 L2500 L3150

TLoso 0.08 0.08
TLios 0.07 0.07
Tles 0.07 0.07
TLs, 0.06 0.07
TLie 0.05 0.06
TLg 0.00 0.01
TL, 0.02 004 005 006 0.09 006 005 002 -0.06 -0.09 -0.09 -0.09
TL, -0.06 0.02 0.01 004 0.08

TL, -0.09 002 000 0.04 0.09

0.01 -0.07 -0.07 -0.06

AL 1000
AL 1250 0.00 -0.04 0.01 0.09

AL 1600 -0.07 -0.01 -0.02 0.04 0.4
ALoo -0.03 0.00 -0.02 -0.01 0.03
ALsng -0.04 0.01 -0.02 -0.04 -0.02
AL -0.05 0.01 -0.02 -0.02 -0.01
R 088 070 077 082 089 091 093 090 0.86 0.88 0.88 0.90
Number of

components selected 2 2 2 2 2 2 2 2 2 2 2 2

Standar dized coefficients from PL Swith variable combination 3

LA,eq L315 L4OO L500 L63O I—800 LlOOO L1250 LlGOO I—2000 L2500 L3150

TLoso 024 016 018 0.5 007 017 021 025 025 018 0.14 0.15
TL1os 023 014 018 0415 007 017 021 024 023 016 012 0.13
TlLes 023 014 018 0.6 008 0.17 021 023 022 016 012 0.13
TLa 023 015 018 016 009 017 021 023 022 015 011 0.2
TLyg 020 012 0415 013 008 016 0219 020 0.19 012 0.09 0.09
TLg 0.12 008 0.09 0.09 008 012 013 012 0.07 001 -0.01 0.00
TL, -0.04 0.02 001 003 010 0.04 0.00 -0.05 -0.15 -0.19 -0.19 -0.19
TL, -0.19 0.00 -0.05 0.00 0.11 -0.05 -0.12 -0.20 -0.34 -0.34 -0.33 -0.34
TLy -0.25 0.02 -0.05 001 0.4 -0.08 -0.16 -0.26 -0.41 -0.41 -0.40 -0.42
Max.absorption  -0.10 0.04 -0.02 0.05 021 0.05 -0.05 -0.13 -0.33 -0.44 -0.42 -0.38
R 083 070 078 0.82 088 087 089 0.82 075 089 093 0.89
Number of

components selected 2 2 2 2 2 2 2 2 2 2 2 2
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Regression resultsfor Model 2
La e Lais Laoo Lsowo Leso Lsoo Liooo Lizso Lisoo Loooo La2soo  Laiso
Constant 5543 56.07 4754 4337 6144 60.86 36.25 2378 29.17 79.91 76.35 73.14
Max. Aggregate size 064 044 08 08 060 058 110 124 122 063 - -
ggr?tr;aggregate 052 014 028 033 020 035 062 08 08 - - -
Fineaggregatecontent 035 012 024 027 015 023 042 057 061 - - -
Binder content - - - - - - - - - - - -
Air voids content -0.12 - - - 008 - -010 -019 -0.34 -0.37 -0.43 -0.38
Thickness -0.34 - 015 - - 026 -036 -064 -091 - 030 035
R? 093 076 093 093 094 095 094 09 085 08 093 094
Adjusted R? 090 071 091 091 092 094 092 08 078 077 092 094
Selection method B B B B B B B B B B B&S B&S

Regression resultsfor Model 4(a)

MPD Max. Absorption

Constant -3.29 -0.42

Max. Aggregate size 0.15 -

Coarse aggregate content 0.03 0.01

Fine aggregate content 0.03 -

Binder content - -

Air voids content 0.01 0.02

R 0.94 0.86

Adjusted R? 0.92 0.85

Selection method B&S B&S

Regression resultsfor Model 4(b)
LA, eq I—315 I-400 I—500 I—630 I—800 I-1000 L1250 I-1600 LZOOO L2500 I—3150
Constant 90.08 69.95 70.77 7407 80.01 8421 7996 7808 7888 79.86 8029 79.72

MPD 632 233 470 606 422 433 947 1085 992 636 311 -

Max. Absorption -456 - -218 -159 146 000 -493 -844 -1497 -1826 -1526 -9.29
R 078 075 090 094 09 091 087 075 059 08 08 067
Adjusted R? 075 073 089 093 09 09 08 072 053 077 08 065
Selectionmethod B&S B&S B&S B B&S B&S B&S B&S B B&S B B&S
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Regression resultsfor Model 6(b)

La e Lais L oo Lsoo Leao Leoo Liooo Lizso  Lieoo Loooo  Losoo  Laiso
Constant 8589 6510 6365 6378 7038 77.71 6999 7157 111.74 12197 133.86 117.73
TlLgsz 023 017 025 036 033 027 04 038 058 040 - -
TL, - - - - - - - - -137 -155 -147 -1.05
AL 1000 -12.45 - - - - -751 -1460 -22.39 - - - -
AL 550 - - - - - - - - -10.66 - - -
AL 1600 - - - - - - - - - -7.67 - -
AL 500 - - - - - - - - - - -4.74  -7.83
R? 092 071 08 084 091 094 09% 093 09 09% 093 095

Adjused R*> 088 065 076 081 08 09 094 089 08 093 09 092

Regression resultsfor Model 8(a)
Tlgs TL;  Max. Absorption

Constant 1939 3314 -0.42
Max. Aggregate size 2.85 0.29 -
Coarse aggregate content - - 0.01
Fine aggregate content - - -
Binder content - - -
Air voids content 0.19 0.18 0.02
R 095 088 0.86
Adjusted R? 094 086 0.85
Selection method S B&S B&S

Regression resultsfor Model 8(b)

I—A, eq I—315 I—4OO LSOO I—630 LSOO LlOOO L1250 L1600 LZOOO L2500 L3150

Constant 79.90 6510 6365 63.78 7038 7614 6406 60.22 127.69 114.80 115.15 122.46

TlLes 03 017 025 036 033 028 05 062 067 0.45 - -
TL, - - - - - - - - -195 -137 -094 -121
Max. Absorption -1.79 - - - - 100 -100 -382 005 -809 -594 -182
R 09 071 08 08 091 092 093 087 076 08 093 0.9

Adjusted R? 087 065 07 08 08 09 092 084 071 08 092 088

250



Appendix C

Regression resultsfor Model 10

Laeg Lais  Laoo Lswo  Leso Lew Liooo Lizso  Lisoo Loooo  Lasoo  Laiso
Constant 5543 69.95 67.20 70.88 79.94 7257 3625 2378 2917 4199 8647 7314
Max Aggregatesize 064 - 041 029 - - 110 124 122 08l - -
ggrir;aggregme 052 - - - 003 020 062 08 08 064 - -
Ec')';feﬁgregate 035 - 005 005 - 012 042 057 061 045 - -
Binder content - - - - - - - - - - -1.12 -
Airvoidscontent  -0.12 - - - - -006 -010 -019 -034 -019 -036 -0.38
Thickness 034 - - - 008 -014 -036 -064 -091 -069 022 035
MPD - 233 363 573 478 343 - - - - - -
Max. Absorption - - - - 1.56 - - - - -10.76 -5.10 -
R 093 075 096 098 098 096 094 090 085 093 096 094
Adjusted R 090 073 095 097 097 094 092 086 078 090 094 094
Selection method B B&S B B B B B B B B B B&S

Regression resultsfor Model 12

LA, eq L315 L400 L500 L630 L800 LlOOO L1250 L1600 LZOOO L2500 I-3150
Constant 64.32 6137 47.54 47.73 8053 67.40 2699 2.18 1235'2 1271'9 11;"7 1063'9
Max Aggregate size - - 0.80 - -0.79 - 154 217 -270 - - -
gﬁ;aggregate 033 - 028 017 - 020 055 073 - - - -
E(')'r‘:eﬁgrega‘e 023 003 024 017 - 014 040 056 - - - -
Binder content - - - - -1.10 - 126 258 - - -1.38  -0.95
Air voids content -0.11 - - - - - - - - - -0.36 -0.32
Thickness 026 - -015 - - 019 -026 -047 -046 - - 028
Tles 025 024 - 038 040 022 - - 163 040 - -
L, - - - - - - - - 210 -155 -061 -0.62
AL 1000 621 - - - - 500 -816 -1407 - - - -
AL 15 - - - - - - - - 857 - - -
AL 1600 - - - - - - - - - 767 - -
ALssoo - - - - - - - - - - - -
R? 095 078 093 095 095 097 096 094 096 095 094 097
Adjusted R 092 075 091 093 093 095 094 091 094 094 093 097
Selection method B B&S B B B B B B B&S B B B
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Regression resultsfor Model 14

LA, eq L315 L4OO LSOO L630 LSOO LlOOO L1250 L1600 LZOOO L2500 L3150
Constant 5543 6137 47.54 47.73 8053 5895 36.25 23.78 1017'4 1159'5 102'8 1063'9
Max Aggregatesize 0.64 - 0.80 - -0.79 - 110 124 - - - -
g)rir;etaggregate 052 - 028 017 - 033 062 08 039 - - -
Eg;f;%gregate 035 003 024 017 - 022 042 057 031 - - -
Binder content - - - - -1.10 - - - - - -1.28 -0.95
Air voids content -0.12 - - - - -0.04 -0.10 -0.19 - - -0.30 -0.32
Thickness 034 - -015 - - 025 -036 -064 -08 -040 023 028
TLes - 024 - 038 040 019 - - 075 052 @ - -
L, - - - - - - - - -189 -132 -049 -0.62
Max. Absorption - - - - - - - - - -6.55 -4.24 -
R 093 078 093 095 095 096 094 090 090 092 097 097
Adjusted R? 090 075 091 093 093 094 092 08 08 08 095 097
Selection method B B&S B B B B B B B B B B

Regression resultsfor Model 16

LA, eq L315 L4OO L500 L630 L800 LlOOO L1250 L1600 L2000 L2500 L3150
Constant 88.05 7474 57.40 6058 92.88 85.62 76.86 7493 79.83 8190 80.94 80.05
Max Aggregatesize 052 022 032 030 030 055 071 054 027 024 019 016
ggr?tr;aggregate 006 004 026 037 005 000 008 011 006 000 000 000
Eg;f;%gregate 000 000 018 026 000 000 000 000 000 000 000 000
Binder content 000 -099 -1.04 -1.97 -1.74 000 000 000 000 000 000 000
Airvoidscontent 000 000 000 000 011 010 000 -014 -030 -030 -031 -0.29
Thickness 007 -001 -003 -0.08 -0.14 -011 -008 -003 000 000 000 -0.02
R? 079 077 078 077 08L 068 061 060 069 08 084 089
Adjusted R 078 075 076 075 079 067 058 057 067 08 084 088
Sdectionmethod B&S B B B&S B B&S B&S B B B&S B&S B&S
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Regression resultsfor Model 24

Laeg Lais  Laoo Lswo  Leso Lew Liooo Lizso  Lisoo Loooo  Lasoo  Laiso
Constant 9225 6417 6879 7215 8147 8243 8270 7493 7983 8314 8218 80.05
Max Aggregatesize 033 020 018 029 032 048 048 054 027 - - 016
g)rir;etaggregate . - - - . 006 - o011 006 - - -
Eg;f;%gregate - 004 005 006 - - - - - - - -
Binder content - 0.42 - - - - - - - - - -
Airvoidscontet 006 - 007 - 011 014 - -014 -030 -034 -030 -0.29
Thickness 007 - -002 -007 -013 -011 -007 -003 - 002 - 002
MPD 227 338 461 563 330 - 301 - - 151 153 -
Max. Absorption - - 176 232 - -4.22 -3.25 - - -249 -348 -
R 084 093 094 087 08 072 063 060 069 08 08 089
Adjusted R? 08 092 093 08 08 069 060 057 067 08 08 088
Selecionmethod B&S B B B B B B B B B B B&S
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