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Abstract

Asphalt pavement is subjected to external loads including mechanical loading induced by traffic and
thermal loading induced by thermariations The last decadehavewitnessed a significant rise in number

of heavyvehiclesespeciallyjcommercialtuckswith higher axle loadsn rural and arterial roa@s Ontaria
Consequently, by increasintpe number and amplitude of traffic loading and severe environmental
condition, servile life of asphalt pavements has been adversely affected. In many cases, istnesses

were occurred before expected service life of asphalt pavenmeagtses to its end

On the other hand, new pavement materials, design procedures and construction technologies have been
developed worldwide. One of these technologigs En r dviodile Elevé ( E ME ) #ligheModuliis
Asphalt Mix0. EME is atype of asphalt concrete that represents high modulus/stiffness, high durability,
superior rutting performance and good fatigue resistarigetype ofmix wasdeveloped in France in the

1 9 8.ENIEis avery good option to be used in lower and upper binder courses in the pavement structure
which are subject to the highest levels of tensile and compressive stiddg&esffers several advantages

over conventional binder course matesiatluding reducing the thickness of the pavement structure with
improved service life and reduction in raw mater@nsumptionDespitethe excellenperformance at
higherand intermediateemperaturegraditionalEME mixeswould bevery susceptible tmw-temperature
cracking which is associated using very hard grade asphalt bindir.addition to the cold climate
condition, some otheaspectssuch as traffic volume, vehicle attributgeroperties of raw materials,

construction methogdandtestingstandards are specific to Ontario.

Based on the aforementioned reasons, adopting EME technalbdyeb e nef i ci al t o. Ont ar i
However, @velopment ofi suitable EME mix desigprocedurdn Ontario cannot be a duplicate copy of

the French methqar any other methods usedadther countries or jurisdictionsThis study, funded by

the Highway Infrastructure Innovation Funding Program (HIBBR5), aims to introduce a new approach

to EME mix design that contributes to good performance at liigtlium and low temperaturékhis could

be achievedby using premium aggregate particles wigmse structure (high packing density), along with

utilizing high qualityasphalt binder with precise content in the mix.

A performanceébasednix design approads developedor EME mix design in Ontarivhich isamodified
version of Superpave mix design proced@empressible Packing Model (CPM) was used for the first
time to optimize the packing density of aggregate particles for two categories of mixesizabd 19

mm Nominal Maximum Aggregate Size (NMAS)). Three types of modified asphalt binders were also
consideredPG 8828, PG 8228 and PG 5&8 + modifiers (Elastomer additives). In addition to measuring



compaction ability (compactibility) of the ddeped mixes, several theramechanical testing methods

were designateth be usedh this studyto evaluate the performance of asphalt matedifferent levels

Results of this studghowed thathe CPM-obtainedgradation limits werevithin the grading control points

of EME mixesrecommended by French specificatidime asphalt mixes had higher compattibthan

the conventional mix, andEME 19was more compactible than EME 12.5 although it had less binder
content than EME 12.5Complexmodulus test results illustrated that the mixes had high modulus values,
and that the values of EME 19 were generally higher than those of EMEAZburg wheel track rutting

test results showed both mix types had superior rutting performance. Fatitprenpace of developed
mixes was assessed using fpoint bending beam fatigue texttdifferent strain levels to develop fatigue
curves. The test results showed that the minimum strain level to meet 1,00@;R800ffatigue Ife ( &)

was more than 30@m/m for all the mixes. Additionally,Thermal Stress Restrained Specimen Test
(TSRST) results showed that the cracking temperatures of the developed mixes were I@s§tha@; and
that EME 12.5 performed slightly better than EME 19.

Binder nicrostructureand rheological propertiesere assessed usimggvironmental scanning electron
microscope (ESEMpand dynamic shear rheometer (DSR) equipment respectively. springs, two
pambolic elements and one dashp262P1D rheological model is usetb model and compare the
viscoelastic behavior of the binders as well as the mE8EM test results showekatmicrostructure of

PG 8828 binder was the densest and connected with thicker fibril size. P8 $&lastomer additives

had highly intertwind structural network with the thinnest fibsize among the binder typeaS2P1D
results showed it is a powerful tool for modeling highly polymer modified asphalt binders as well as EME
mixes.According to developed master curvesg mi X e s (e faitoovddihe samepatternasfor the
binder& al t houghbpmhdse nangleese di fferent. Correlatio
microstructures and their rheological propertigiaders with denser structure and stronger bonds showed
to have lowephase angles. Although binders with more intertwined structural network had higher modulus

particularly at higher frequencies.

The EME mix design approach was validated by using the second source of aggregate anadefi@ls

82-28 asphalthinder The SGC compactibility test results showed ttie¢ mixeswere more compactible

than the convention&uperpave mixAccording to therutting test resulighe mixes had almost not rut

after 20,000 wheel passes the submerged specimens at 5Qf@-depth < 1mm). In addition, the

devel oped mixes with the second source of saggregeé
values wergreatet han 550 ¢ m/ m25andrEMB I9TSRSTEHadWHS also depicted that the

cracking temperatures of both mixes wieetow-30°C.
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CHAPTER 1
INTRODUCTION

1.1 Preface

In addition to a general introduction, a background chapter and a general conclusion, tlaerestes
of three journahrticlesand oneunpublished chapte¢hatfocuson developmenand characterizatioof a
new paving materigknown as Enrobé & Module Elevé (EMd)High-Modulus Asphalt Mix The first
paper, which was published tine Journal of Construction and Building Materials, preseapplication of
Compressible Packing Model (CPM) as a new technigogtimization of asphalt concrete mix design by
optimizing aggregate packing densitieshie mix. The optimization waserformedfor two different EME
types based on Nominal MaximuAggregate Size (NMAS) and different asphalt bind@itse second
paper evaluates performance of EME mixeterms of permanent deformation, fatiquepertiesand low
temperature crackingesistance of EME mixed he paper ipublishedin the Journal of Road Materials
and Pavement Desigihe third paperalso published irthe Journal of Construction and Building
Materials investigates the rheological characterization of EME mikethis paper2S2P1D rheological
model was used to detaine rheological parameters of EME binders as well the mixes. In addition,
morphological properties of EME binders were determimsithg environmental scanning electron
microscope (ESEM) equipment, and correlation between morphological properties of iMElzind the
rheological properties of EME mixes were discussed ip#per The unpublished chapter investigates the
effects of second aggregate source on EME mix design. This chapter provides experimental results for the

two EME mix types.

The work preented in this thesis was conducted under supervision of Professor Hassarh®aaj
provided tremendous help and suppauting my PED. study This project was funded by Ministry of
Transportation Ontario (MTO) through Highway Infrastructure InnovationdifgnProgram (HIIFP
2015).Imran Bashifrom MTO also provided very useful commeintsthe meetings we had in the past
All the materials in composition of the original articles provided in the thesis are the sole production of the
primary investigatotisted as first author in the journal publicatiom&e research presented in this thesis
is result ofcollaboration withmaterials suppliersMcAsphalt Industries LtdBitumar Inc., the Miller

Group,Roadway SolutionandDufferin Construction



1.2 Motivation

Road pavement design and construction technol@gedeingdevelopedwvorldwide. On the other
hand, as result of severe environmental conditions and increasing traffic intensity espemeadiging
number ofpassingheavy truckswi t h hi gher axl e | oads on Ontariobs
(asphalt) pavementuld bereduced considerably. Buchsituation, transferringechnologies that can
help to enhance pavement performance to Ontario and adopting them accotigéngged would be very

beneficial.

One of these technologies is Enrobé a Module Elevé (EME). EME was developed in the 1980s in France
to address the problems of rutting and premature fatigue cracking in flexible pavements. The continual
increase in trafti and the fact that the legal axle loads are very high in France (the single axedémel
France is 13 tonnes) have indeed been the two major factors behind the development of this type of
materials. EME represents a category of asphaltwitix high stiffness modulus (dynamic or complex
modulus) together with excellent resistance to rutting and fatigue cracking. EME mixes are mainly used in
the binder and the base course (upper and lower binder courses) of a pavement structure. They can be used
in bath new and rehabilitation pavement projects. In Francegctasses of EME mixes exist. EME Class
2 has an excellent resistance ttidae and ruttingwhile EMEClass i s a degraded dl ow

has similar stiffness and rutting resistance tebut with a relately lower fatigue resistance

The use of EME mixes in the pavement structuoelld lead to a better distribution of stresses and
strains in pavemeitdyers The use of EME mix in the binder course should limit the effect of compeessi
stresses in this layer angstrictsdeformation orutting. The base courskyerbeneath théinder course)
is subjecto repeated tensile stresses which would lead to premature fatigue cracking. The use of EME mix
in this layer would decrease significantly the risk of fatigh@mne esearch projects have however led to
the development of EME mixes with higher éév of iecycled material¢éBaaj et al., 2013, Olard, 2013)
and a Warm Mix Asphalt version of EMBaaj et al., 2012)

The use of EME became common in several European countries such as (Bardkrs and Nunn,
2005) Belgium(De Backer, 2007)SwitzerlandJunod and Dumont, 2008jd this technology isow in
development in several other countries worldwide such as Audtfatho and Denneman, 201$puth
Africa (Denneman and Nkgapel2011) In Canada, Bitume Quebec has recently published a technical
bulletin on High Modulus Asphalts adapted to cold clim@&Bigime Québec, 2014Yhe primaryaim of
this research project is to transfer EME technology to Ontario as part of collaboration between Centre for
Pavement and Transportation Technology (CPATT) at the University of Waterloo and Ministry of
Transportation Ontario (MTO).



1.3 Problem Statementand Objectives

Some aspects such as the cold climate, traffic, properties of available construction materials,
construction methods and standards are specific to Ontario and therefore, development of a suitable EME
mix design in Ontario cannot be a duplicate copy oftlemich method or any other method useahiother
country or jurisdictionThe project should adequately address the needs and specificities of Ontario while
preserving the authenticity of the concept and the adgestaf the original technology.

The sucess of EME mixes relates to the use of premium angular aggregates with dense structure (i.e.,
high packing density), along witlilizing high quality binderThe binder content, grade, and quality ensure
excellent resistare to fatigue, rutting, and lotemperature cracking while offering a very high stiffness of
the mix at intermediate and high temperatur€be criteria for the selection of aggregates and the right
mix design are then the key elemetatseachvery high-performanceequirements of the im In addition,
the climatic context of Ontario dictates another performance criterion to takeoims@eration which is

the lowtemperature cracking resistance.

The main challenge is then to be able to design a mixemibnghbindercontento ensurgyood fatigue
resistancewhile addingtoo much bindeccan adversely affect th&tiffness and permanent deformation
resistance of the mixn addition, the binder should be hard enough to ensure good resistance to rutting but
at the same time, it should flexible and ductileat lowertemperatursto avoid lowtemperature cracking.

The global objective of this studyassistingTO with transferring and adoption EME technology
to Ontariobased on Ontaré sonditionsincluding climatic and traffic conditions, available materials and

currently used test procedur@$e outcome of the study is:

I.  The feasibility study and mix designs for different categories of EM#(categorie9/12.5 and

0/19);

II.  Adoption of a new aggregate pacgi method based on ComprdssiPacking Model (CPM)
technique.

Il Developing mix design approach and providing recommendations on design procedure and
specifications (design parameters, gradation envelopes, volumetrics, advanced testing).

V. Rheological analysis of modified asphalt binders as well as asphalt mixes using 2S2P1D
rheological model.

V. ValidatingEME mix desigrapproacHor adifferentsource of aggregate



1.4 Thesis Contribution

The first contribution of this thesis is providing insight into developraénigh modulus asphalt mixes
with acceptable performander regions withcold climatic conditions In this regard, using highly polymer
modified asphalt binders and elastomer additives (pellets) are investidatedmix categories based on
NMAS aredevelopedAccording to the literature, depend onwhat type of mix is producedlifferent
aggregate gradation envelog®uld be usedhe second contribution this thesids theuse ofCPM as
a potential technigufr optimization ofasphalt mix degn which was conductetbr the first time And
the last contributiorf this thesigs evaluation anagnodelingof rheologicalpropertiesof highly polymer
modifiedbinders the developednixeswith low air void contentandfinding correlations between asphalt
b i n dnaicrostricturesind their rheological parameteBchematic representation of thesis contribution

is provided in Figure 1 1.

! Chapter 3 v\ Chapter 5 \
A Investigating the Use of Compressible A In-Depth Analysis and Modeling of
Packing Model for Optinziation of Rheological Propertiesf High-Modulus
Aggregate Blads in Asphalt Concrete Asphalt Mix Fabricated with Modified
) > Asphalt Binders
A Investigating the Effect of Aggregate !
Packing and Binder Content on : A Investigating the Correlations Between
Rheological Properties @éfsphalt i Asphalt Binderodos Migcros
. 1
Concreteat various Temperature and ! Rheological Parameters of the Modified
\_  Loading Frequencies / 1\ Binders and the Mixes /
\\\ ”,/ : s\\~ /z
:
) i
// ~\\\ : // N~\\
/ Chapter 4 Vi Chapter 6 )
1
! ~ . . . .
A Developing a Performandgased Mix i ¢ A Validating the Mix Design Approdc
Design Approach for HigiModulus ! Developedor High-Modulus Asphalt Mix
Asphalt Mix (EME) E Using Second Source of Aggregate
- Materials

A Investigating the Use of Different
Modified Asphalt Binders on High
Modulus Asphalt Mix Design for Regions
with Cold Climatic Conditions

______________________________________________________

Figure 1- 1: Schematic flowchart of the thesis contributions
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1.5 ThesisOrganization

This manuscripbased thesis consisiésevenchaptersas follows:
Chapter 1. General scope and overall objectives of the researdxplainedn this chapter.

Chapter 2: This chapter reviews geneihd importaninformationrelated tdflexible pavement materials
and structureinformation about HMAdesignspast andurrent state of practice for EME mix designs are

also discussed in this chapter.

Chapter 3: This chapter addresses the possibility of uSiegnpressible Packing ModéCPM) as a tool
to optimize asphalt mix design by optimizing the packingsigrof aggregate Aggregate gradation
envelopes fohigh performance asphalt mixes were determined using this approach.

1 Baghaee Moghaddam ,TBaaj H (2018) Application of compressible packing model for
optimization of asphalt concrete mix desi@Qunstuction andBuilding Mateiials. 159: 536539.
https://doi.org/10.1016/j.conbuildmat.2017.11.004

Chapter 4: This chapte evaluateperformance othe devdoped mixes at different levels. This includes
permanent deformation (rutting) performance, fatigue properties antkioperature cracking resistance.

1 Baghaee Moghaddam T Baaj H (2018).The use of compressible packimgdel and modified
asphalt binders inhighrmodulus asphalt mix designRoad Materials and Pavement
Design https://doi.org/10.1080/14680629.2018.1536611

Chapter 5: This chapter evaluatemorphological(microstructure)and rheological propertiesof used
asphalt binders as welkrheological behavior dEME mixes.

1 Baghaee Moghaddam TBaaj H. (2018)Rheologicalkcharacteization of HighModulus Asphalt
Mix with modified asphalt binders Construction and Building Materials193: 142152
https://doi.org/10.1016/j.conbuildmat.2018.10.194

Chapter 6: Thevalidationof EME mix designfor anotheraggregate source discussedn this chapter.

Chapter 7: This chapter providea general conclusion arsbmmary of key findings of the research.

Recommendation®r future research directions are also presented in this chapter.

Figure 1- 2 provides a schematic illustration of the thesis contdn&hould be noted that some basic

information(e.g. used materials properties, testing methads)epeatedccasionallyin the chapters.
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CHAPTER 2
BACKGROUND

2.1 Introduction

The background chaptepnsists ofseven sections. Each section provides relevant informeditin
regards to the objectives of this resear®bction 2.2discusseghe flexible pavement structure and its
characteristicsSection 2.3 provides informatiom ¢iMA material, components and mechanical properties.
Flexible pavement distresses aiscussed in Section 2.BMA design method¢Superpave and French
methods) are discussed in section 2.5. Information on aggregate packing density and its influgrce on m
performance are thegrovidedin section 2.6Section 2.7 provides information on ENtiaterias, history,
design proceduras well asnternational implementatioof EME.

2.2 Flexible Pavement Structure

The purpose of pavement structure, such as any ogpes ofstructures, is to transfer deduced loads
and stresses to the ground in a safe mar@rinstancewhen a truck applies a load on the pavement
surface, that load is distributed and transmitted through the pavement layers to the ground. The term
Aflexibled in flexible pavements has been adopted
In flexible pavements,niike rigid (Portland cemeng)avementsthe total pavement structure deflects, or
flexes,under loadingA flexible pavemat structure is typically composed of several layers of materials
each of which receives the loads from the above layer, spreads them out, and then passes them onto the
sublayer. Thus, the further down in the pavement structlageais, the less amoumtf load (in terms of

force per eea) it must carry

The top layer in flexible pavement structure (layer one) is called wearing layer. The function of this
layer is providing characteristics such as friction, noise control, smoothness, rut resistan@enage.d
Depends on the type, it may algmeventpenetrating sdace moisture into sub layershe top layer of
flexible pavement structure sometimes subdivided into two layers namely: surface course (top) and binder
course (bottom). A prime function dfé binder course is to help dissipate the high stress close to tire.

Following attributes should be considered for binder course materials:

a) high stiffness modulus
b) high resistance to deformation

€) good cracking resistance



d) impermeability

e) not to prone toegregatior(Sanders and Nunn, 2005)
To provide the above attributet Mix Asphalt (HMA) is often used to construct the binder course.

Under the wearing | ayer the fibase coursed | ayer
by crushed aggregate or HMBasematerial is subjected to lower shesiresseshan the binder course
which implies that the binder course should have a higher internal stability than base layer to resist higher
shear forces. Traditionally, the materials used in the base course have been generally similar to binder
course material, it employ a bigger nominal aggregaiee and have less binder contd®anders and
Nunn, 2005) The third main layer dhep ave ment st r u cPlacement osubbadicanlbb b as e 0 .
optional and depends on severity of traffic loading. The primary role of subbase layer is using it as structural
support of upper layert can also be used to minimize the intrusion of fines from the subgrade into the
pavement structure Subgrade isusually the existing natural soil (compacted if neces$aamdis not

considered as pavement structural layer.

2.3 Hot Mix Asphalt

Hot Mix Asphalt (HMA) is a composite material mainly composed of aggregate particles and asphalt
cement obinder(modified asphalt) Typically, 95% of asphalt mixture (by weight) consists of aggregate
particles and the rest of 5% is aspltainent By volume, a typical asphalt mixture is 85% aggregate, 10%

asphalitementand 5% air voids.The followingsectiongprovide a short description of each element.

2.3.1 Asphalt Binder

Asphalt binder(cement)is a thick, heavy residue remaining obtained frofimimg crude oil, and
consists mostly of carbon and hydrogen. It is viscoelastic thermoplastic material. Physical behavior of
asphalt binder considerably depends on temperature variation. At higher temperatures, it usually behaves
like a fluid, although atoom temperature it is more likely to behave like soft rubber. In addition, it becomes
very brittle whentemperature drops below zefderks et al., 2011) Thefunction of asphalt binder is
holding the aggregate particles together.

Asphalt binder is known as a complex construction material in terms of behavior. Its behavior is very
susceptible to temperature and loading time. That iswirthout accompanying a specific temperature it

is difficult to interpret the measured characterization. Additionally, asphalt lbetleves differentlynder
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the same amount of loading different duration (loading frequency). Loading time and tentpezaare

two factors that can be used interchangeabigure 2- 1. Due to asphalt binder timtemperature
dependency a slow loading rate can be simulated by high temperatures and fast loading rate can be
simulated by low temperatut®cGennis et al., 1994)

% / z 1 hour
-\ €7 e

Figure 2- 1: Asphalt binder Tim& emperature dependenfiMcGennis et al., 1994)

2.3.2 Aggregate Particles

Aggregategorm skeleton of asphalt mixture and play an important role in carrying the loads in HMA.
Aggregate particles should be tough and abrasion resistance. Additionally, shape of the aggregate particles
can significantly influence the HMA performance. When aggregates are flaky or elongated, they can be
easily crushed underompaction/traffic loadsvhich would affect HMA performanceover pavement

service life.

Different types of aggregates such as natural aggregates, processed aggregates, synthetic and waste
aggregatesan be used in production of HMAatural aggregates are simply mined from riveglacial
deposits and are used without further processing to manufacture Pildéessed aggregatmereferred
tothenatural aggregasethat havdeen separated into distinct size fractions, washed, crushed, or otherwise
treated to enhance certain penfiance characteristics of the finished HMA. However, in most cases
processed aggregatare quarried and the main processing consists of crushing and s&inthetic
aggregateconsist of any material that is not mined or quaraed, in many casesgpresents an industrial
by-product.In this regard, last furnace slag is one examplgaste products aricreasinglyused as
replacement ofiggregatein pavement structuré&crap tires and glass are the two most-kedwn waste
products that have been successfutliizedin asphalt pavement constructi@tiuang et al., 2007)

9



Regardless afhe source, processing method, or mineralogy, aggregates expected to provide a strong,
stone skeleton to resist repeated load applications. Cubical, -texigined aggregates provide more
strength than rounded, snibdextured aggregate€ven though a cubical piece and rounded piece of
aggregate may possess the same inherent strength, cubical aggregate particles tend to lock together resulting
in a stronger mass of material. Instead of locking together, roundeggatgparticles tend to slide over
each othefAsphalt Institute, 2001

2.3.3 Air Voids

Air voids, which is defined as small airspaces or pockets of air that exist between the coated aggregate
particles throughout compacted paving mixture, is an important parameter in HMA déssgmount of
air voids(or air voics contenj in a mix needs to be precisely determined. Depending on the type of asphalt
mixture, a certain percentage of air voids is necessary in the mix. Higher mount of air voids can contribute
to higher permeability of the mix which cadversely affecthe mix durability. On the other hand, if the
air voids content is too low, it would result in bleeding when asphalt binder squeezes out of the mix to the
surface. Bleeding leads to less pavement surface friction which increases risk of skidding.

2.3.4 Mechanical Properties of Hot Mix Asphalt

HMA, such as asphalt binder, is viscoelastic thermoplastic material that exhibits complex behavior. It
can be considered as elastic material at lower temperatures while at higher temperatures it behaves more
like a viscous fluid(se= Figure 2- 2). Viscous fluids and elastic solids behave differently; however,
combining these two behaviors in one is possible. Most HMA mixes have viscoelastic behavior at usual

pavement service temperature which means they behave like elastic solid and visceimiltadeously.

When a sinusoidal load is applied to an elastic solid it deforms immediately. But, in case of viscous fluid
there i s a phase | ag of appledantl theotime deforenatiomdbegms For t h e
viscoelastic materials thghase lag (phaseangl® i s bet weRgnre®3& and 90e¢,
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Figure 2- 2: Visco-Elastic behaviour of asphalt bind&uperpave Fundamentals, 2000)
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Figure 2- 3: Stressstrain response of viscoelastic material

2.4 Pavement Distresses

Road pavement is subject to external loads including mechanical loading induced by heavy traffic and

thermal loading induced by thermal changes. The applied loads, along with environmental conditions result

in pavement deterioration which, in some casesurseven before its expected service life. Pavement

damage usually occurs in the form of permanent deformation (surfaireyyufatigue failure and low

temperature crackingrigure 2- 4 illustrates schematic gfavement distresses. Every ydarge amount

of money is spent for pavement repairs and rehabilitd&attani et al., 2015) Information about three

major distresses of flexible pavemenprovided in the followng sections.
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Figure 2- 4: Schematic of distresses of flexiblaygmen{Miller et al., 1993)

2.4.1 Fatigue Cracking

Fatigue is one of the most significant distress modes in flexible pavements. This distress manifests itself
in the form of crackingfrigure 2- 5. It is associated with repetitive traffic loading and pavement thickness
(Roberts et al., 1991, McGennis et al., 1984itigue life of pavement is affected by different properties of
the mixture including type and amount of binder used in the mix; temperuwell as air voids content
(SHRP, 1994, NCHRP, 2004) wasalsoobserved that aggregate gradation is an effective factor for fatigue

resistance of asphalt mixtufé/en, 2001)

Fatigue resistance is the ability of the asphalt mix to resist repeated bending forces without fracture and
cracking. According to structural analydiatigue cracks armitiated atthe bottom of asphalt layer where
the maximum tensile strains accrue, thereafter these cracks propagate to the surface of asphalt mixtures
(Baghaee Moghaddam et al., 201A¢cording tatheliterature three phases are defined for progtamn of
fatigue cracks, namelgrack initiation, stable and unstable fatigue crack grqiéng and Zhou, 1997)
Fatigue cracks usually initiated in the form of microcracks and proceed to macrocracks, these cracks grow
due to shear and tensile stressesharoad pavement. Fgue life of asphalt concretéas an inverse
correlation with the amouribads applied by vehicles on road pavemehtsther fatigue life differs
significantly among types @fsphalt mixBaghaee Moghaddam et al., 2012)
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Figure 2- 5: Fatigue(alligator) crackingMiller et al., 1993)

2.4.2 Permanent Deformation (Rutting)

Progressive accumulation of permanent deformation is defined as r&ignge( 2- 6). Rutting, which
is caused by repeated traffic loading, is sum of the total deformatmmsin each layer of pavement
structure In this regardasphalt layer has shown a prominent magnitude in rutihgdaii and Mehrara,
2009) Ambient temperature and loading magnitude are the two important factors affecting the rutting
performance of HMA when asphalt mixtures are likely to be deformed at higher temperatures and under
severe loading conditions (heavy and slow moving trufRaghaee Moghaddam et al., 2014 utting
performance of asphamix has closeaelationwith type of road construction, type of mix aaot voids
contentin the asphalt mix. Rheological properties of asphalt such as penetration and viscosity could be
influential factors in estimating the rutting performance of HMAties(Muniandy and Huat, 2006, Lu
and Redelius, 2007, Fontes et al., 2010)
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Figure 2-6

Figure 2- 6: Rutting damagéMinistére des Transports du Québec, 2007)

2.4.3 Low-Temperature Cracking

Low-temperature crackin@rigure 2- 7) is one of the pavement distress modes masityirsin regions
with cold climatic conditions(Das et al., 2013) In such environmental conditignsestrained asphalt
mixture contracts which results in building up induced tensile thermal stress in the asphalMagethe
amount of induced tensile stresgceeds the tensile strength of mateiiafractures, and, as a result,
transverse crack appears on the surface gbdhkementThe temperature at which the fracture happens is
called fractureor crackingtemperaturgKanerva et al., 1994 here are some regions exjeeicing large

daily temperature fluctuations. In these regions, thermal cracking atggittccur(Gajewski and Langlois,
2014)
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Figure 2- 7. Low-temperature (transverse) cracki@ghnia et al., 2016)

2.5 Hot Mix Asphalt Design Methods

To manufacturea durable asphalt mixith acceptabl@erformanceparametersuch as aggregatgpe
andfraction type andamount of asphalt binder need to be precisely determined. Different methods have
been previously developed and usedHMA mix design According tothe literatures, three most well
known methods are Marshall, Hveem and Supergasgnprocedures

Marshall and Hveem mix design methods have been used extensigehe past few decaddsach
procedure uses a seriedaijoratory tests to select the optimum asphalt content. Hveem Mix design method
was developed by Francis Hveem when he was a Resident EngititeeCalifornia Division of Highways
in the late 1920s and 1930s. The Hveem stabilonistesed in this metltbwhich measures asphalt
mi xturedbds ability to r esi s Thisimathodigwréntlyimauseesevenalt unde
western stateSuperpave Fundaentals, 2000)

Marshall mix design proceduteas beeradopted by U.S. Army Corps of Engineers (USACE). The
Marshall mix asign consists dhreemajor steps(1) aggregate selection, (2) asphalt binder selection, and
(3) optimum asphalt binder content determinatidowadays Marshall method, despite its shortcomings,
is probably the most used mix design methadldwide (Baghaee Moghaddam et al., 2015karshall
compactor has been losing popularityhiepavenent bboratoriebecause itelies on falling weight which

does not simulatehefield compactiofl Tapkén and. Keskin, 2013)
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In 1987, the Strategitlighway Research Program (SHRP) began developing a new system for
specifying asphalt materials. The final product of the SHRP asphalt research program is a new system
called Superpave, short for Superior Performing Asphalt Pavements. Superpave wasl itdelnel an
improvement over the Hveem and Marshall methods by adopting a new system for satettipgcifying
asphalt binderAsphalt Institute, 2001)

2.5.1 Superpave Mix Design Method

Superpave is a system of mixture design for asphalt mixtures based on mechanistic concepts, which
includes: (1) an asphairading systencalled Performance Grading (PG) with intention of matching the
physical binder properties to the desired level of resistance to rutting, fatigue atedriperature cracking,
subjected to local climate and environmental conditions, and (2) an appro&etptaesigning the
aggregate structure based on volumetric analysis and requirements. Superpave mix design procedure
includesfive different steps a®llows:

i.  Selecting asphalt binder and aggregate particles to meet the Sugegpageequirements;
ii.  Deweloping several aggregate trial blends to meet the Superpave gradation requirements;
iii. Blending asphalt with the trial blends and sttertn oven aging the mixtures;
iv.  Mixture compaction usingSuperpave Gyratory dinpactor (SGC) and measuring the
volumetric of the trial blends;
v.  Selecting the best trial blend as design aggregate structure; and compacting samples of the
design aggregate structure at several asphalt contents to determine the design asphalt content.

2.5.1.1 AsphaltBinder Performance Grade (PG)

A unigue binder grading method is developed in Superpave system which is known as binder
Performance Grade (PG). In this approach, binders are selected with respect to climate and traffic conditions
in which pavement is intended terse. PG consists of two parts or performance temperatures (PG HH
LL). The first two digits from the left shows the highest temperature at which physical property
requirements need to be met, and the second two digits shows the lowest temperature @tysiciah
properties must be met. For instance, a binder which is classified a&-PZmeans that the binder must
meet hightemperature physical property requirements at leastougemperature of 6 C, and | ow

temperature physical properties must bednetwn t o mi nus 22eC.
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The high pavement design temperature is obtained at a depth of 20 mm below the pavement surface
using the seveday average high air temperature. However, for low pavement design temperature the
lowest pavement surface temperatureassideredlt should be noted thahe PG grades selected by
Superpave system apply for typical highway loading conditions. In case of stansliog-anovingtraffic,
Superpave requires an additional shift in the selected high PG grade to avoid pedafmmeration. Also,
an additional shift is required for high volume of design Equivalent Single Axle Loads (EGXdd)alt
Institute, 2001, Jenks et al., 2011)

Table 2- 1 lists the binder tests that aggically conducted to determine PG. These tests can be related
directly tothefield performance by engineering principlégure 2- 8 alsopresentsemperatures at which
the tests are conducted and the property that can be evalsatgdach tesmethod

Table 2- 1: Superpave bindeests

Superpave Binder Test Purpose
. M re properti high and intermedi
Dynamic Shear Rheometer (DSR) easure properties at high and intermediate
temperatures
Rotational Viscometer (RV) Measure properties at high temperatures

Bending Beam Rheometer (BBR)
Direct TensionTester (DTT)
Rolling Thin Film Oven (RTFO)
Pressure Aging Vessel (PAV)

Measure properties at low temperatures

Simulate hardening (durability) characteristics
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Figure 2- 8: Schematic view of binder tests set(@uperpave Fundamentals, 2000)

2.5.1.2 Superpave Gyratory Compactor

One of the main differences between Superpave mix desigh@ather mix design procedurestiwe
conpaction method. Superpave Gyratorgnipactor (SGC) is used in superpave mix design procedure.
The major difference between SGC and other compaction methods is that SGC can provide wfiormati
about the compactibility of thmix by capturing data (specimdmeight) during compactiohe notion
behind thatis realistically measuring the densities achieved under actual pavement climate and loading
conditiors. In addition, SGCcan accommodatkarge aggregates, and can measure compaction ability
(compactibility) of the mix. The specimen density can also be estimated during the compaction knowing
the mass of material placed in the mold, inside diametereahttid and the specimen heighigure 2- 9
provides a schematic view of mold configuration for a typical Stheee parameters affect the compaction
effortin SGCincluding:

i.  amount of applied vertical pressufeam pressure)
ii.  angle of gyration (compacticaangle) and

iii. number of gyrations.
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According to Superpave design proceduhe vertical pressure and compaction angle have constant
values of 600 kPa and 1.25e r espectedi¢ ddteyninedHo we v e
according to the traffiievel. It means at higher traffic level more compactive effort should be performed
to achievea higher mix densitylnitial number of gyrations () is alsoused to measure the compactibility
of mixture.In addition,Nmaxwhich is the maximum number gfrationgprovidesindicationof the highest
mix density which should not be exceeded in the field.

Ram
pressure 150 mm
600 kPa diameter

Specimen

30 Gyrations/Minute

Figure 2- 9: Superpave Gyratory Compactor (SGC)

2.5.2 French Mix Design Method

French mix desigapproaclis a performancéasedvhich consists ofive different levelsas shown in
Figure 2- 10.

- Level 0:The minimum binder content is determirexdpirically based on the gradation and a value
call ed #r iororioduless st d aictsour e a mi ni mum t mkckness of

- Level 1: The compaction aptitude and the moisture resistance are assessed using the French

Gyratory ShearCompactor (Called PCG) and the Duriez moisture resistance test. If the designed
mix meets the requirements, the designer moves to the next level. Otherwise, the binder content or
the gradatiorshould beadjustedpor an antistripping agent can be used.the French mix design
method, the design air voids is different from a mix to another unlike the Superpave method where
the design air voids isonsideredi% for allmix types
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- Level 2:The mix is tested for rutting resistance at 60°C using the French LCPC rutting tester.

- Level 3:The value of the complex modulus of the asphalt mix is determined using tp®itwo
bending complex modulus test at 15°C and 10 Hz.

- Level 4:When requiredthe fatigue resistance of the asphalt mix should be assessed using-the two
point bending fatigue test. Trapezoidal specimens are tested at different strain levels to determine
the parameters of Wohléor fatigud curve. The slope of the fatigue curve ahd value of ),
which is the strain that leads to the failure at 1,000,000 cycles, are then determined and used in the
pavemenstructuraldesign

Additional

-

testing

Fatigue test

Complex /
Modulus '

Gyratory
compaction and

Duriez test

Figure 2- 10: French mix design approa¢elorme et al., 2007)

In fact, Frenb asphalt mix design approach issmhancedersion of Superpave method which includes
performance testingarameterinto design consideratigPereira and Pais, 2017)



2.6 Aggregate Packing

Optimization of particle size distribution of asphalt mixes has been doneiestpifor years.Themix
design methods allow the designers to select the gradation of the asphalt migsyeébt tagradation
envelopes developed empirically fdifferentmix types. As a result,ie mix design beomean artasan
experienced esigner would be able to optireizhe gradation and enhance the compaciibereexists
however some basic and advantmuls and procedures to optiraithe gradation. Bailey method is one of
the commonempirical methods aiming to opting the asphalt mix desigivavrik et al., 2002)Baron
model is another approach that has been successfullytaggdimize the gradtion and mix design of
Stone Mastic AsphaltéPerraton et al., 2007Another avenue is using a more advanced and analytical
approach based on granular packing thedhys approach has been introdutgce Larrard(1999)for

Portland cemertoncretemix design optimiation.

The three illustrationsiFigure 2- 11 show how the optimetion of the gradation would increase the
packing and reduce the risk of segrématin the following subsections, Bailey theory as one of the most
used packing methadh the field of asphalt technologyeégplained; followed by introducing Compressible
Packing Model(CPM) as a potential technique ioptimization of asphalt concretaix design by

maximizing the Packing Density while meeting good mix stability

(a) (’ (b)

Clas

Figure 2- 11: impact of gradation on compaction and segregation of the mix (a and b: poorly graded
mixes, c: well graded mix)
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2.6.1 Bailey Method

Howe\er, introducing Superpave method was a turning point in HMA mix design in Ontario, in some
cases designers had to perform numerous triglsteproper aggregate blend. In addition, some questions
still had to be answered. For instance, should the mix be designed on coarse or fine side? How will this mix
work in the field? Will it segregate? Will it be difficult to compact, or diffido achiee sufficient VMA?

In such cases, Bailey method cobklused t@rovide a good starting point when adjustment was required.
The method was developed by Robert. D. Bailey in the early 1980s. This method is one ofiticalemp
methods aiming to optimezthe asphalt mix desig(Vavrik et al., 2002) The primary purpose of this
methodology is to control the mix properties such as volunsetsegregation, workability, and
compactiblity during constructiofoy focusing on aggregate packing. Bailey method consists obésir

principles as below:

i.  How to differentiate between coarse and fine aggregate particles. The coarse fraction creates voids
and the fine fraction fills in the vosd
ii. How to analyse coarse fraction which influences the packing of fine fraction.
iii. How to analyse coarse part of the fine fraction, which relates to the packing of the overall fine
fraction in the blend.
iv.  How to analyse fine part of the fine fraction, whielhates to the packing of the fine portion of the

gradation in the blend.

According to Bailey method procedure, the result of ONIMAS (or NMPS)of a mix is threshold
between coarse and fine in a combined blend gradation. Based on definition, the Bontaoy Sieve
(PCS) is the closest sieve to the result of 0.2246M

In this method, determining unity weight and consequently air voids in aggregate mix is vital. In order
to achieve this aim, Loose Unit Weight (LUW) and Rodded Unit Weight (RUW) of aajgretpy need to
be calculated according B£ASHTO T 19 Thereafter, amount of Chosen Unit Weight (CUW) needs to be
determined. The CUW value should be picked up according to mix typewside within ranges provided
in Table 2- 2.
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Table 2- 2: Chosen unit weight (CUW) requirement

cuw
Mix type % Reference Unit Weight
(LUW or RUW)
Fine-graded 90 or less LUW
Coarsegraded 95 to 105 LUW
SMA 110to 125 RUW

Figure 2- 12 summarizeshe steps for coarse/firgraded mixesAdditionally, Table 2- 3 andTable 2

- 4 respectively provide ratio guidelines for coagsaded and fingradedmixes(Aurilio et al., 205).

| Original

Coarse I Coarge Original Half Sieve
- Half Sieve=05 «NMps ~ (@—[CARatio] | |Fraction D

Fraction oria

| riginal PCS

New
Coarse .
PCS=022xNMPS (1) CACUW Fraction New Half Sieve 2)

FA. Ratio ©

Fine | scs=022xpcs 3

Fraction
TCS=0.22 % SCS i
} @—[FARato] |
|

MNew SC3

|
|
|
|
|
|
|
|
New PCS :
|
|
|
|
|
|
|

F New TCS @ New FA; Ratio

Figure 2- 12: Combine blend evaluation for coargeded mixes (Left) and fingraded mixes (Right)
(Xiao, 2009)

Table 2- 3: Ratio guidelines for coarsgaded mixes

NMAS 37.5mm 25 mm 19.0 mm 12.5 mm 9.5 mm 4.75 mm
CA Ratio | 0.80-0.95 | 0.70-0.85 | 0.60-0.75 | 0.50-0.65 | 0.40-0.55 | 0.30-0.45
FA: Ratio 0.35-0.50
FA: Ratio 0.35-0.50

Table 2- 4: Ratio guidelines for fingraded mixes
NMAS 37.5mm| 25mm [ 190mm | 125mm | 95mm | 4.75mm
New CA Ratio 0.6-1.0
New FA: Ratio 0.35-0.50
New FA Ratio 0.35-0.50
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Although Bailey method is intuitive, there are several pointsstilabheed clarificatiorfShashidhar and
Gopalakrishnan, 2006)

a. It is considered that coarse aggregates form the aggregate skeleton, and that idea behind definitions
of coarse and fine aggregates is not clear (generally, coarse aggregates aresdoisluie greater than

Sieves No. 4 (4.75 mm) or No. 8 (2.36 mm).

b. The origin of the cubff for the coarse aggregates (02AMAS) is uncertain, and it is unclear

that the aggregates below this-ofit would participate in aggregate skeleton. Role @fragate gradation

on this cutoff is also uncertain.

C. Role of finesis not clear. Do they just fill the voids in the skeleton and make the mix more

impermeable?

2.6.2 Compressible Packing Model (CPM)

The Compressible Packing Mod€&FM) was introduced by de Larrard, 1999 to predict the packing
density of aggregates, cements and cementitious materials along with properties of fresh and hardened
concrete. CPM igleveloped based aie concept of irtual packing density which is defined ést h e
maximum packing density which can be achieved by placing the grains one by one while keeping their

original shapebo.

Imaginea mix of n classes of monosize grains. In this mix the partial voiurigethe volume occupied
by class i in a unit bulk vohae of the granular mi¥%o is the maximum volume that particles i may occupy
in the mix, given the presencéthe other particles, or, iother words, the maxiomvalue of «; if the mix
was fully packed by an excess of i grains. Residual packing gefigtch class of grains is showrj as
In any mix of grains, one class, e.g. class i, may be dominant. In thi§ césée residual packing density

which is the virtual packing density displayed when the classlated and fully packed.

Tohave better understanding about the packing de
classesn=3(Figure 2- 13). In this case, the middle class (class 2) is domiandtve haved; O , @ 3.d
To calculate the packing density of the overall mixture we consider that the bulk volume of the class 2 fills
the space between the class 1 grains. Similarly, the volumes of the class 3 grains inserted into the voids of
class 2 grains. To get the optimum value, the effect of two interactions meshéideredncludingthe
wall effect and loosening effect (alsalled asinterference effect). The wall effect happens in the vicinity

of coarser grains though the loosening effect occurs as result of loss etiostbolee contact due to exerting
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too much fine in a mix. In CPM model, these two interactions are coadides additives. This means a

possible intersection between the perturbed zones is neg(Paedrrard and Sedran, 2002)

t—Loosening effect

—Wall effect

Figure 2- 13: Ternary packing of particles, where the intermediate class is donjPeuhfarrard and
Sedran, 2002)

For this casehie virual packing densitgan be calculated using tfalowing Equation2.1

s = Equation 2.1

Inthis equationp i s vi r t eah aggregatekciagsrgpactell along is the volume ofthe
fractiors in the mix = is the virtual packing of thélend when class 2 is dominaagz is interaction
coefficientd es cr i bi ng t h existed ketweeer alassr? gnd eldsg#itebe destribes théd wa | |
e f f mteraction between class ldaciass 2Thereforewhenn classes of aggregates are usieghenéhg
on which class of grain is dominantequations ofirtual packing density can be developead the one
that gives the lowest amount is chosen as the real virtual packing deipstty our knowledgeCPM has
not been usefbr the optimization of high modulus asphalt mixes befor¢histhesisthe use of CPM was
investigated omptimizing(maximizing the packing densitgf aggregate blend iHMA without lowering

the mix stabiliy. Complete and detailed information on CPM is provided in the Chapfehis document.

2.7 Enrobé a Module Elevé (EME)

fiEnrobé a Module Eleédo r A Asphal t wi t h (EMB)isB type ofadpleat codetd ul us 0
that represents higmodulus/stiffness, high durability, superior rutting performance and good fatigue
resistance.lhas been dev ealLabgatode Ceniral ded Boatdet Chaussées (LCPC), France,
in co-operation with road enterpris€Sybilski et al., 2010)EME was firstly designated to reinforce old
pavement structure and reconstruct thinner layers in wn#as due to having underground facilities such
as pipes and curbs which restricts the pavement thickness to a specifi@Qatee2001)Additionally, it
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has the advantage of avoiding the complete removal of old asphakayeontributes to lower pavement

thickness(Capitdo and PicadBantos, 2006)In subsequent, it was utilized to reduce the pavement

constructiorncost by reducing the thickness of road pavement especially when the aggregate used had low

(weak) crushing index value or in case the traffic was intense, slow and chg@aelefland Corté, 1994)

The first type of EME was patented in 1980 and just after about five years ahfitetmentationin
1985, significant number of applications was reported. The oil crisis in 1980s was anothethaastped
the reputation of this type of mixture becadsgsamount of asphalbinder could be incorporated in
construction of EMEnixes Since the fist application of EME, it has be@mcludedin severalmanuals

including: Pavement Design for Motorways, 19914,

Overthe years and because of the level of development and diversifiohiiE mixes it was decided
to be included and codified by AFNOR standard, published in October 1992, under referenceNfumber
P 98140(1992)

According to the European specifications, EME mixes/e continues aggregate gradation which
usually contains 3235% of material smaller than 2 mm and abo@24 of material smaller than 0.075
mm. Additionally, theasphaliayer thickness can vawith respect tanaximum aggregate siné the mix
Maximum aggregate sizes of 10, 14 or 20 mm can be used for the thipghness betweenX cm, 712
cm and 1615 cm respectivel{PicadeSantos et al., 2003, Espersson, 2014)

Hard asphalt binder is used in construction of EEFE is manufacturedising high amount of asphalt
with lower air voids (close structure) to assure workability, durability and fategistance of the mixture
(Sybilski et al., 2008, Haritonovs et al., 2013)

Based on the successful application of EME in binder and basesdayess, some researchers have

successfully tried to use high stiffness mixes for wearing course layers. In France, this type of wearing

R

course | ayer is called Ab®t ons bitumineux ~ modul

with EME. The mairpurpose of using BBME was to reduce the thickness of the wearing course layers
while maintaining the same mechanical performance under traffic (dedsot, 1993) BBME wasused

in the wearing course layers of urban arterial roads, toll gate and dpplysg spots. BBME s
characteristics were regulated in the French standard NFLRI9&apitdo and PicadB8antos, 2006)

EME base layers are wsly covered with Béton Bitumineux Trés Mince (BBTM). BBTM has similar
composition to Stone Mast{or Matrix) Asphalt (SMA) mixture. The basic difference between BBTM and

SMA mixtures is that BBTM is a necontinuous gaygraded mixture with lack of fineggregate (sand)
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fraction. As it was rantioned bySybilsky et al. (2010)BBTM layer is thinner than SMAnixture; it has
thicknesséss than 35 mm, mostly 20 mm.

2.7.1 EME Binders

Technically, high stfiness asphalt mixture can be designeing lower binder content or utilizing
stiffer asphalt binder; however, the first optionynmot be appropriate because durability of mixture will
adversely affected if lower amount of binder is u@ddupin and Diefenderfer, 20Q6)herefore, utilizing
hard grade asphalt bi nder (e. g. 15/ 25, 10/ 20 or
manufacturing high modulus asphalt is inevitable to assugk hiixture stiffness and resistance to
permanent deformatiqiiRohde et al., 2008] he mechanical properties of high grade asphalt binder heavily
depend on binder manufacturing process. Hard grade asphalt binders can be obtained using different
methods. These type$asphalt bindexwerefirstly producedusing blowing process.HE binde produced
using this method showed to be very brittle and vulnerable to fatigue artdrigyerature cracking. As a
result, other techniques such as vacuum distillation and prgpeangpitatedasphalt have been designated
to produce the hard grade asphalt bir{@mrte, 2001)

Polymer modified asphalt binders canused as alternative to the use of hard grddgn asphalt
binder Using polymer modifiers, such as styrdndgadienestyrene (SBS) and polyethylerfPE), in
developinghardgrade asphalt binder is promisiwtich can helpo improve the cracking resistee ofthe
binder. EME mixes are then fabricated using high grade asphalt binder to assure the rutting resistance of
the mix. In additionhigher amount of binder content is used to assure the durability of the hiles.
worth mentioning thatising hardyradeasphalbinder with high viscosity needs higher mixing temperature
andtimeto coattheaggreat e particles (eCgfomarPGndolor=@8sphalt
2001)

One ofthe leading countries in producir@rd grade asphalt binder is France. According to the
literature, in France, production cdiflgrade bindewasinitiatedin 1980, and it reached to 39,0001es
and 100,000 tamesin 1990 and 2000 respectivdlgorte, 2001)It is good mentioning that in 1998rance

was placed in leading position for the use of hard grade binder by the World Road Association.

Table 2- 5 lists the requirement for hard penetpatigrade binder according N 13924(2006)
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Table 2- 5: Requirements for hard grade penetration binder according to the European Standards

. . Penetration grade
Requirement Property Unit Method 10120 15/25
Consistency at Penetration at 2& 0.1 EN1426 | 10t020| 15t025

mid-temperatures mm
Consistency at Softening point °C EN 1427 58t078 | 55to 71
high - -
Mass change % | EN 126071 or-3 n/a O 0.
Long-term Retained penetration % EN 1426 n/a O 55
performance . . O ori
(resistance to Softening pglnt after °C EN 1427 n/a minimum
. hardening
hardening +2
Increase in softening poin| °C EN 1427 O 1 O 8
Other properties '”ema;'ggﬁcos'ty a | s | EN 12595 6 70 O 60

2.7.2 EME Aggregates

European standard has specified particle size lifoit€ME mixes which depends on the nominal
aggregate sizeNAS) of the mix (D). Four sieve sizes are used for the grading envelope including: 1.4D,
D, 2 mm and 0.063 mm. As is mentioned in EN 13043, D and an optional sieve size between D and 2 mm
should be chosen using specific sieve siaggiregate gradation limitsf three different EME categories
basednNAS are provided iTable 2- 6. The particle gradation limit of each category is provideHdble
2-17.

Table 2- 6: Gradation limits for AC EMEmMixes according to the nominal aggregate size of the mix (D)
(NF EN 131081, 2007)

D (mm) 10 14 20
Sievesize Passing(%)

(mm) Min Max | Min Max  Min Max
1.4D 100 100 100 100 100 100
D 90 100 920 100 90 100
2 10 60 10 50 10 50
0.063 2 12 0 12 0 11
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Table 2- 7: Grading control points of EME mix¢Belorme et al., 2007, NEN 131081, 2007)

Sieve 0/10 0/14 0/20
(mm) Minimum Maximum Minimum | Maximum | Minimum | Maximum
(%) (%) (%) (%) (%) (%)
31.5 - - - - 100 100
20 - - 100 100 90 100
14 100 100 90.0 100 - -
10 90 100 - - - -
6.3 45.0 65 50.0 70.0 45.0 65.0
4 - - 40.0 60.0 40.0 60.0
2 28.0 38.0 25.0 38.0 25.0 38.0
0.063 6.3 7.2 5.4 7.7 5.4 7.7

The quality of aggregates & influential factorof the mix stiffness as well as its performance. EME
mix should be manufactured with crushed aggregates which have high aggregate angularity. The flakiness

index of aggregates shoube restricted t@5 (Delorme et al., 2007)

The possibility of using aggregate particles with lower quality isragsy advantage of EME. This
advantage is adopted from inherited structure of EME mixes which have close structure and incorporation
of stiffer asphalt binder with higher content. These characteristics result in better resistance to induced
stresses andrains at road base layer, and higher durability of these types of mixes.

Among the aggregate types, limestone or dolomite aggregates have weak mechanical properties. Thus,
the use of these types of aggregates has been reduced even at places where they are locally available.
Incorporating limestone aggregates in asphalt mixtare contribute to better bindaggregate affinity,
better moisture resistan¢®olaimanian et al., 200@nd improved resistance to agif@hamsi et al., 2006)

It was reported byirgisson et al.(2003)that basic aggregates such as limestone aggregates may cause
microcracking inthecourse layer. On the other hand, granite (acid aggregate) lvas ghod mechanical
properties and higher resistance to {mmperature cracking; however, it was observed dheite had

weaker adhesion which could cause ravelling and separation of aggregates from the binder in presence of
water(Sybilski et al., 2010)

2.7.3 EME Mix Design

EME mix design approach is combination of engair andperformancebasedest methodswhichis

more costly and time consuming than the conventional mix design. The most recent specification for EME
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mix is given inFrench specificatiorNF EN 131081, 2007) According toNF EN 131081 two classes of
EME are defined known as; EME Class 1 and EME Class 2. The difference between these two classes is in
richness modulus valuwesrepresentative of binder filttickness Table 2- 8.

Table 2- 8: Richness modulus of EME classes

Richness Modulus
EME — -
Minimum Maximum
Class 1 2.5 34
Class 2 34 -

There are basically five steps for EME ndesignbased on French specificatiofihe first step is
determining aggregate grading curve and binder content according to the richness modulus. Second step
focuses on the compactibility of the mix based on air voids content in compactdd Fiance French
Gyratory Compactor (also called PCG) is ysadd theair voids contentis measured as the basis of
specimen height. EME has relatively lower air voids compared to converaigptadlt mix used in base
course layer. Having lower air voids, EME mixomid have better durabilityAdditionally, moisture
sensitivity of EME mix should be addressed as the part of the second step using unconfined compression
tests (Duriez test) test. The ratio of results befamd afterconditioning shouldmeet the minimum

requirement o5 % for EMEClass 2.

Permanent deformation (ruttinggdormanceof EME mixesis thenevaluated in the third steRutting
test is performedsing French LCPC rutting testeit e mper at ur e ,000fcyclésdfee@ardsh d 30
gtiffness ofthemi xes is charact er i s eatl5 Hzioadingfraquencysihguwee of 1 E
point bending test on trapezoidal specimens accotdiaij 1269726 (2004) method A.

Finally, fatigue characteristicof the mix are evaluated Two-point bending beamfatigue test is
performed on trapezoidal specimens accortingN 1269724 (2004) method A. This test is performed
at 10°C Different strain levelsare selectetb determine fatigue curvygarametersslope of the curve as
we | | gwrich is tlle strain value at 1,000,000 loading cycledle 2- 9 shows the minimum stiffness
a n dvallies for EME classd®elorme et al., 2007, NF EN 13108 2007)

Table 2- 9: Stiffness andatigue requirements for EME classes

EME Minimum stiffness modulus at Fatigue resistarce at 10C, 25Hz
15 °C and 10 Hz (MPa) (microstrain) - es

Class 1 14,000 100

Class 2 14,000 130

30



2.7.4 International Implementation of EME

Somecountries have attempted to transfer and standardize EME technology based on their climatic and
traffic conditions and with respect to the available test methods and locally available materials. The United
Kingdom (UK), South Africa, and Australia are amgothe countries that have done extensive research in
the past few years. This section provides information on implementation of EME in these countries.

Manufacturing impermeable base course material with high durability and the superior stress
distribuion was the main reason behind transferring EME technology to the UK. The LCPC design
approach (French method) was used along with locally available materials. In the first trial, EME Class 2
was fabricated with high binder film thickness as a binderseolayer. Thin surface course (SMA-14
based on NMAS) was used above the EME layer; and under the layer, Heavy Duty Macadam (HDM) was
laid ona granular subbase. The UK trigas a success and the developed mix showed great permanent
deformation resistanceith excellent durability compared to HDM binder course material. It was also
concluded that EME Class 2 is great option for fabricating modern impermeablegnigimance flexible
pavementg§Sanders and Nunn, 2005urther, according to the British dgs manual for roads and bridges,
an EME foundation needs to meet the minimum surface stiffness of 120 MPa at time of construction
(Highway Agency, 2006)

South Africa is a country with aohclimate and consequently permanent deformation of asphalt layers
becomes a serious issue in that region. Due to the high permanent deformation resistance of EME mixes,
in 2008, a project was initiated by the South African Bitumen Association (SABIT&Apbtser EME
technology totheregion Thi s proj ect was n anAJTechhblogyfrangferd ul us
(T? {Denneman et al., 201I)he first field trial of EME in South Africa wasplemented on a heavily
trafficked access road in 2011. Upon the first successful experience of manufacturing EME, an interim
report was released ingdlsame yea(Denneman and Nkgapele, 201$ABITA Manual 33(2013)is the

first South African interim EME design procedures.

Potential transfer of EME to Australia was started in 2012 as part of a project by Australian road
transport and traffic agencies (Austroads TT1353). The Australian final mix design development and
specifications of EME was released in 2017; Austroadsgaildn number API32317 (2017).

In both the South Africa and Australia experiences, comparative testing was conducted using both the
French and local testing procedures. Using this approsicwas possible to compare the relative
performance of the mixes. In the Australian experience, the existing and widely used EME materials with

known characteristics were shipped from France to Australia to be tested using Australian testing
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equipmentln addition, EME mixes that were developed with Australian procedures were sent to France
for additional testing and evaluation. Using this approach, the design team was able to benchmark EME
mix performance test results obtained from Australian test metiwdh those of the French. Information
about the testing results was provided g Australian interim mix desigguide(Petho et al., 2014)Table

2 - 10summarizes EME design requirements based on the above experiences.
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Table 2- 10: EME performance requiremer(@anders and Nunn, 2005, Denneman et al., 2015)

EME Performance
Country Test Standard Method Requirements
Class 1 Class 2
Gyratory compactor, air voids after 100 S S
gyrations EN 1269731 O 10% O 6%
Moisture sensitivity, Duriez EN 1269712 O 0.7 O 0.7
Rutting, Wheel tracking (large device) at N . N
France 60°C and 30,000 cycles EN 1269722 O75%strain| O 7. 5%
Stiffness, Two point bending flexural < -
modulus 15°C, 10 Hz EN 1269726 O 14 (¢ O 14 (
Fatigue, Two point bending 10°C, 25 Hz t o & o
50% stiffness reduction EN 1269724 bo 100 WO 130
Gyratorycompactor, air voids after 100 S
gyrations (0/14 mix) EN 1269731 N/A O 6%
Moisture sensitivity, Duriez Basedzé)]r-]_lNF P 98 N/A O 0.7
The
. Rutting, Wheel tracking (large device) at 3 0
pnlted 60°C and 30,000 cycles EN 1269722 N/A O 7.5%
Kingdom
Stiffness, Indirect Tensile Stiffness Moduly DD 213: BSI 1996 N/A 5.5 GPa
Fatigue, Twepoint bending 10°C, 25 Hz to L o
50% stiffness reduction NF P 98261-1 N/A LO 130
Gyratory compactor, air voids after 45 S S
gyrations ASTM D6926 O 10% 06%
Moisture sensitivity, Modified Lottman < <
(including freezethaw) ASTM DA4867 O 0.8 O 0.8
if?i‘f: Rutting, RSSTCH, 55°C, 5,000 repetitiond AASHTOT32003 | O 1. 1%| O 1. 1%
Stiffness, Dynamic|_r|nzodulus test at 15°C, | AASHTO TP 79 6 16 ¢ O GBa
Fatigue, Four point bending at 10 Hz, 10°f o A o <
to 50% stiffness reduction AASHTO T 321 UO 210 UO 260
Gyratory compactor, air voids after 100 Based on N o
gyrations EN 1269731 N/A O 6%
Water sensitivity, Modified Lottman
(includingfreezethaw) AGPT T232 N/A O 0.8
Australia Rutting, Wheel tracking (small device) at
60°C and 30,000 cycles AGPT 1231 N/A O 4.0
Stiffness, Foupoint bending flexural
modulus 15°C, 10 Hz AGPT/T274 N/A O 14 (
Fatigue, Foupoint bending at 20°C, 10 Hz o
to 50% stiffness reduction AGPT/T274 N/A BO 150
*Not e: It was r ecommevnadl eude tfhoart EtMEe Oniansismuzm (UL 30 OU0)

testing. This was decided due to good fatigue performance of EME 2 mixes with high binder content.
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CHAPTER 3
APPLICATION OF COMPRESSIBLE PACKING MODEL FOR
OPTIMIZATION OF ASPHALT CONCRETE MI X DESIGN

This chapter is based on the following published articl¢henJournal of Construction and Building
Materials Baghaee Moghaddarf, Baaj H. (2018). Application of Compressible Packing Model for
Optimization of Asphalt Concrete Mix Design. Construction and Building Materials 159, pp38300OI.:
10.1016/j.conbuildmat.2017.11.008ome minor modifications may have been applied aiisfy the
examinerso6 comments.

Summary

Packing of an aggregate blend is a measure reflecting how solid part and air voids would share the
volume occupied by the blend. It is usually meas:s
Compressible Packing Model (CPM) is described as a pate¢atihnique to optimize aggregate blend by
optimizing the packing density in asphalt mixes. Gradation envelops fopbifiirmance asphalt mixes
or Enrobé a Module Elevé (EME) were determined for two different mix types (12.5 mm NMAS and 19
mm NMAS) usirg CPM. Further, asphalt mixes were fabricated using two types of modified asphalt
binders. Compactibility and volumetrics of the mixes were assessed. Dynamic modulus test was performed
to evaluate the rheological behavior of the mixes at elevated termgsratwell as loading frequencies to
develop master curves. Results of this study showed that the gradation limits obtained from CPM were
very close to the grading control points of EME mixes and that the asphalt mixes had higher compactibility
than theconventional mix. Dynamic modulus test results also depicted the designed mixes could meet

stiffness requirement of EME mixes, and thixes behaved more elastically.

3.1 Introduction

Asphalt Concrete (AC) is a composite material composed mainly of aggregate particles and asphalt
binder. Large amount of aggregate particles, around 95% by weight, or 85% by volume, is used in AC.
Different fractions or sizes of aggregate materials eath syecific quantity are used in asphalt mix to
assure required mix design (volumetrics and performance) parameters. In traditional concept, large
aggregate sizes provide skeleton of the mix that transfer and distribute stresses induced by traffic loads
from vehicles to sublayers of pavement structure. In addition, fines together with asphalt binder form mastic
which fills the voids between coarse aggregates and make the mix more durable by providing adequate

bonding between them.
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There has been always aead to determine optimum aggregate gradation that should be used with
respect to available aggregate sources/types and fractions to achieve the optimum mix performance in filed.
In this regard, Packing Density (PD) of an aggregate blend, which is a meéasw good the aggregate
particles would fill up the volume of the blend, can play arods(Bressi et al., 2016)

According to the literature, much attention has been paid todghtept in the field of Portland cement
concrete (PCC) materials specifically in case of-Selhsolidating Concrete (SCC) and HiBbrformance
Concrete (HPCjMangulkar and Jamkar, 2013)

There are different methods that have been used for PCC mix proportioning based on PD. One of the
methods is Compressible Packing Model (CPM)ahiwas introduced by de Larrgft®99)to predict the
packing density of aggregates, cements and cementitious materials along with properties of fresh and
hardened concret€PM is a méhematical based model and considers combined effects of shape, texture
and grading of particles. In addition, CPM includes the compaction method to describe the actual packing
density of the mix. Thus, compared to other mixture proportioning methods,irRilatively complex.
The main objective of this paper is utilizing CPM as potential method to optimize aggregate blend in AC
by optimizing the packing density.

3.2 Packing Density (PD)

Packing Density (PD) is the ratio of solid volume of aggregates tovmlime of them and can be

measured under compacted or uncompacted condittaasletermined by Equationi3.

0 AABEATQOED U Equation 3.1
Further, voids ratio ¢abe calculated using Equation 3.2
61 EGMOOBI 0% Equation 3.2

Therefore, as PD increases, the voids ratio or mix porosity is reduced. PD can be determined under
either condition. If it is determined under compacted condition, the method of compaction needs to be
mentioned since compaction energy applied in each m&luiiflerent. PD value can be very close to one
if particles in blended aggregates are mixed together such that smaller particles fill the voids created by
larger aggregates indefinitely. However, it is somehow unrealistic to achieve a packing depsityses
to one since there is always a limitation in particle size distribution. In addition to that, the fine particles

cannot be too fine and, therefore, there is always voids remained unfilled. Shape of aggregates also plays

35



important role in PD of agggate blend, specifically particle Shape Factor and Convexity ratio. A low
shape factor and/or a low convexity ratio would adversely affect the packing density since they contribute
to large aggregate interlocking and higher voids ratite blendKwan and Mora, 2002) According to

the literature, the major factors affecting the packing property of blended aggregates are:

i. Gradation (e.g. continuoustyraded, gaygraded);
il. Shape of the particles (e.g. cubical, round and flat and elongated particles);
iii. Texture of aggregate surface (e.g. rough, smooth);

iv. Type and amount of compaction effort;
V. Aggregate strength;
Vi. Layer thickness(Olard, 2012, Corté and Di Benedetto, 2004, De Larrard and Sedran, 2002,

Chanvillard, 1999, De Larrard at., 1994)

3.3 Compressible Packing Model (CPM)

CPM can predict the packing density of polydgisse blend using three known parameters:

1) packing density of monosize aggregate;
2) size distribution of aggregates and;

3) used compaction energy.

In theory, CPM calculates Virtual packing density of the blend. It is defined as the maximum packing
density vhich can be achieved by placing the grains one by one while keeping their original (@&pes
Larrard, 1999)Actual packing can be determined using the virtual value with respect to the compaction

method.

In general, blending different classes of monosize aggregate particles would result in higher packing
density. However, two interactions between these classizes of aggregates should be considered. These

are Awal l effectodo and Adlilogratedmifignrg®1.o0r fAdi sturbing
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Loosenin

Figure 3- 1. Wall effect and loosening effect

The wall effect is defined as the interaction of aggregate particleesence of any type of wall such
as mold and pipe. This can also be referred to as interaction exists between coarse aggregates and fines.
Additionally, if the amount of fine particles increases in the blend, at some point the courser particles are
pushedaway by fires due to the loosening effg@lard, 2012, De Larrard, 1999Both the wall and
loosening effects depend on size ratios of the particles interacting with each other as well as volumetric
proportions of the different size particles. This implies that the grading of the aggregate is a controlling
factor of thesewo effects(Wong and Kwan, 2005)n order to obtain virtual and consequently actual
packing density of a blend@PM considers these two interactions as additives. In the literature, several
studies have investigated use of CPM in mixture proportioning of Portland cement concretn@HBPCC)
(Sebaibi et al., 2013, Nanthagopalan and Santhanam, 2009, Kwan and Fung, 2009, de Larrard and Sedran,
1994)

3.4 Experimental Procedures

3.4.1 Materials

In this study, five classes of aggregate particles were obtained from Havelock Quarry located in

Northern Ontario, Canada. Gradation curve of each class is plofaglie 3- 2.

Two types of asphalt binders were used (P&82and PG 5&8). High performance elastomer
additives (modifiers) were used to modify PGZBasphalt for enhancing the binder properties. The main
advantage of using this tyjoé modification is in adding the additives directly to the mix as method of dry

process which is less demanding and more environmentally friendly compared to conventional binder
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modification in which the additives are mixed with virgin binder using a klggar mixer. It is worth

mentioning that 10% of these additives by weight of total modified asphalt binder were used.
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80 MS2
=>=Screenings
0 ==i=(019-ST Clear Stone
60 *

40
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. Pl By
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Passing (%)

Figure 3- 2: Gradation curve ofach class of aggregate

3.4.1.1 Determination of Aggregates Shape Parametétsing Image
Analysis

As explained earlier, the morphology of the aggregates would significantly affect the packing of the

aggregates, the compaction and the stability of the asphalt mix under heavy traffic.

Morphological parameters of aggregate particles greatly affect the compaction ability (compactibility)
of the mix. Aggregate fractions with the same gradation sizes which obtained from different sources or
processing methods would unlikely have the sanmepeation behavior due to different induced internal
friction energy. That is to say different compaction efforts need to be applied for the same aggregate fraction

with different morphological parameters to reach the same PD.

The morphological parametecd midsize and fine aggregates were obtained using OCCHIO belt
aggregates image analygéierrie et al., 2016%eeFigure 3- 3, and the results are listed Tmble 3- 1. It
is worth noting that Concavity and Elongation of particles are gradually reduced for bigger particle sizes

while Shape Factor is increased. It can also be noticed that midsize padiddsdgher Roundness
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Figure 3- 3: OCCHIObelt aggregatesmageanalyser

Table 3- 1: Morphologic parameters of aggregate particles

Mean Roundness

Mean Concavity

Mean ShapeFactor

Mean Elongation

Fraction 5 5 g6 ) o
(mm) ) i pnn:/\ $ P —¢ "O v 00 pmtm p o
0
0.075-0.30 31.64 15.87 52.07 43.25
0.30-0.60 50.05 8.21 77.02 38.46
0.60-1.18 49.26 7.05 78.97 36.14
1.18-2.36 45.58 6.23 79.28 36.39
2.36-4.75 18.81 5.95 81.11 29.83

oO' :
Qo

r+hrid, two-dimension diameters of an ellipse having the same area as the particle
A: area of the particleP: perimeterof the particle

=., g é ¢ UMD Q@llow + orange)

r . diameter of equivalent inner circle at each peripheral point

39




3.4.2 Dry Packing Density of Aggregates

In order to determine PD of an aggregate blend in a laboratory, the basic procedure is mixing the
aggregate particles, put them into a container of known volume, and weigh the aggregate particles in the
container. PD, which represents how well the aggeegat packed together, can then be measured by
knowing the aggregates weight, density and the volume of the container. From this, the voids content, the
volume of voids in the bulk volume of aggregate to be filled up with asphalt, may also be determined.

In this study, in order to determine more realistic values of PD of aggregate blend for asphalt mix, it is
measured using Superpave Gyratory Compactor (SGC), according to a method used by Pelraton et
(2007) During the compaction, the SGC base rotates at a constant rate of 30 revolutions per minute and a
600-kPa compaction pressure was applied on the specimenngleecd gyration was kept constant at 1.25
degrees. It is good mentioning that, using SGC on aggregates only, without adding asphalt binder
lubricating effect, may cause attrition, segregation and abrasion when higher number of gyrations (e.g. 100
gyratiors) is used. According to this, in later study, Olard reduced the number of gyrations to 20 in order
to determine the respective void index of coarse, interneediad fine aggregate particiglard, 2012)

The same approach was used in this study. PD was measured experimentally for each class of aggregate
using SGC, and accordingly Virtual PD of blended aggregate was calculated as discussed in thg followi

section.

3.4.3 Optimization of Aggregates Size Distribution Using CPM

In order to make use of CPM, some parameters need to be determined initially including: density, mean
size, and packing density of each fraction. These components can be determinetcetgigri Thereatfter,
the Virtual PD of the blend can be calculated ugiggation 3.3De Larrard, 1999)

- Equation 3.3

In this equationb i i s virt uaclasspenpaktedraigpng;ds fvoluménaf each fraction in
the mix, or the ratio of the volume of size class i to the total solid volams;the virtual packing of the
blend when class i is dominant ang and [y parameters are interaction coefficients describing the
Al ommgereif fect o and Awall effecto of the particles

Equations:
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A p p — 8 when ¢dO ; d Equation 3.4

A p p - when ¢dO ; d Equation 3.5

where dand ¢ are the diameters of the granular classes i and j as defined by sieve sizes.

3.4.4 Asphalt Mix Fabrication

To fabricate asphalt mixes, aggregates and asphalt binders were heated in oven tdhessduiced
mixingtemperair e. Mi xi ng t e mpdaget wee = «fe | REBI@B@motlifer PG 5 ¢
and PG 828 respectively. After they reached to the required temperatures, they were taken out form the
oven and mixed using a mixing drum for about 90 s. Thereafter, loose mixes were compacted at their
compaction temperatures using SGC. The compactiontem at ur es wer e regf@etorivel
PG 5828 +10% modifier and PG 828. To evaluate the compaction ability of mixes, each mix was
conditioned at the compaction temperature for two hoursrialate the shorterm aging of asphalt mixes
in field then was compacted to the maximum number of gyrations)(dbf 205 according tédSuperpave

mix design requirement for high traffioadway® (Asphalt Institute, 2001)

3.4.5 Dynamic Modulus Test

Modulus or stiffress is a fundamental design parameter of flexibleemen{Baghaee Moghaddam et
al., 2015a) Asphaltmix is a viscoelastic material and the modulus value is affected by time of loading
(loading frequency) and the ambient temperatdelitionally, for a sinus@al loading, given the viscous
properties of asphalt mi x e stressant graifRamigez Casdorna etal.,, phas e
2015)

Non-destructive dynamic modulus test is used to obtain s$tesis relationship of asphalt concrete in
pavement laboratories. In this study, dynamic modulus testavafucted according hASHTO T 342
11(2011) Dynamic modulus samples were fabricated using SGC. The gyratory compacted samples were
cored and cut to produce @100x150H mm cylindrical specimens. Duringeghea sinusoidal axial
compressive stress with different loading frequencies (0.1, 0.5, 1, 5, 10 and 25 Hz) is applied to the
specimen at specific temperatures0( 4, 21, 37and 54 C) . The applied stress ar
response of the specim&ere measured continuously during the test using a data acquisition system. The

dynamic modulus values were then calculated using Equagon
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NS s z: Equation 3.6

where:
% S5s AU Al EAOE®AI1 O A EDIRAI
s’s OO OIADDI EDGA A

Ks AOAOCO\GIAALCT EBQOOAA

3.5 Results andDiscussion

This section discusses aggregate packing results after using CPM for asphalt mixes. In addition, the

compactibility and dynamic modulus test results are presented and discussed.

3.5.1 Aggregate Packing Density Results

Five classes of aggregates were used, nan@dl$:ST-MTO-C| ear St one, HL 1, I O
ScreeningsTable 3- 2 lists average particle size and specific gravity of each class. Further, e&xiof
class was obtained using SGC as explained in se8dio?. Having these values, CPM was used and the
virtual packing densities of blends were calculated where Class i was dominant. The optimum quantity
(volume) of each class in the mix was then deibeed to get the highest PD. This was conducted using
Excel Solver and the results attmmarized iMable 3- 3. In thistable, the volume ratiosfyof each class
in the mix were determined after the optimization process. This was done when the largest and the smallest
classes, in terms of average size, are dominant in the mix. The calculations were conducted for two different
blends based on Nomihslaximum Aggregate Size (NMAS) of the blend, 19 mm and 12.5 mm. As can
be seen inTable 3- 3, thevirtual packing densities vary between 0.86 arb0and 0.80 and 0.71 for
NMAS 12.5 mm (Mix A) and 19 mm (Mix B) respectively.
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Table 3- 2: Propertie®f aggregate classes

. Specific gravity Average diameter bi
Class i Class name (Dry) (dh-mm) (20 gyrations)
1 019-ST-MTO-Clear Stone 2.919 13.50 0.623
2 HL1 2.873 8.98 0.616
3 1/4" Chips 2.889 4.53 0.604
4 MS2 2.882 2.41 0.668
5 Screenings 2.895 2.41 0.681
Table 3- 3: The optimum percentage of each aggregate class in the mix
Mix type Class i Dominant class F =¥
1 0.50
2 0.02
oot
4 0.09
5 0.29
19 mm NMAS 1 032
2 0.13
3 C'?SS 4ef‘”i1'i"’t‘)ss ° 0.05 0.75
4 PP 0.25
5 0.25
2 0.50
3 Class 2 0.15
4 (Lower limit) 0.16 0.80
5 0.19
12.5 mm NMAS 5 031
3 Class 4 & Class 5 0.15 0.72
4 (Upper limit) 0.27 '
5 0.27

«::= volume of each fraction in the mix

= virtual packing of the blend when class i is dominant

Having the volume ratios, upper and lower gradation limits (or gradation envelopes) are plotted in
Figure 3- 4. For a better comparison, the gradation curves are compared with the theoretical maximum
density curve as an accepted traditional method where the passing percentage is plotted against sieve size
raised to 0.4power(Asphalt Institute, 2001)n this concept the Maximum Aggregate Size (MAS) which
is one sieve size largdran NMAS is used. It is traditionally accepted that the maximum density gradation
curve represents the tightest arrangement that the aggregate particledamgetier(Asphalt Institute,

2014) however, it may not be very accurate approach since regardless of the gradation, other parameters
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affect aggregate packing as deised above in the paper. It can be seeRigure 3- 4 (a) that there was
considerable difference between the gradation curves obtained from CPM and the maximum density curve
which could be due to limitation of aggregate size distribution ibldred as well as the effect of aggregate
shape parametenspwever Figure 3- 4 (b) shows a much better fit for 19 mm NMAS blend.

As another compason, the obtained results are compared to gradation limits recommended for High
Modulus/Performance Asphalt Mix, or Enrobé & Module Elevé (EME 14 and EME 20) in French, by
European/French standa(lF EN 131081, 2007) EME has closed structure and according to the
European specifications it has continuous aggregate grading which usually contab% 82 material
smaller than 2nm. It is worth mentioning that EME mixture hlagjher stiffness modulus compared to
conventional mix and is a very good option to be used in binder and base courses of pavement layers which
are subject to the highest amount of stress in the pavement striGtune 3- 4 also depicts that the
gradation envelope obtained in this study is close to the restriction valoesmeadd for EME 14 and
EME 20 mixes(NF EN 131081, 2007, Delorme et al., 20Q7)herefore, it could be concluded from the
results that CPM can be used for optimization of mix gradation for high modulus/performance asphalt

mixes.

It should be noted that the packing degree of an aggregate blend highly depends on the number of
aggregte fractions, fraction sizes as well as aggregate processing methods (sources), and that introducing
one optimized gradation is not applicable for all mixes. Therefore, CPM optimization is an approach that

can help to obtain precise blending ratios anactieve the highest packing degree.
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Figure 3- 4: Aggregate gradation limits, (a): 12.5 MiMAS; (b):19 mm NMAS
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3.5.2 Compaction Ability

Workability and volumetrics of AC are basic mix design parameters. In getheraksphalt mix should
be workable enough to facilitate placement and compaction without being very tender. According to
specifications, for conventional mixes, the air voids should be equal or greater than 11% at initial number
of gyration (Nhi) to ensue the mix is not too workable and has enough stability under heavy traffic loading.
Additionally, the minimum air voids of 2% is required at the maximum number of gyratiea$ (dlensure
no bleeding would occur at the end of pavement service lifeidrsthdy, asphalt mixes were fabricated
using mean of the upper and lower gradation limits which is named as used grddddier- 4. Asphalt
mixes were fabricated using PG-882 binder and PG 588 binder + 10% elastomer additives. Different
percentags of asphalt binder by weight of total mix were used to reach the richness factor (K) of 3.6 and
3.5 for PG 888 and PG 5&8 + 10% Maodifier accordingly using French method as described in Equation

pTT
+ % wNOAGEIT 1
where;

B is internal percentage of binder content which is the ratio of binder mass to the sumeheombass
and mass of dried aggregasd. s t he correction coefficient relati:!

specific surface area of aggregates.

It is good mentioning that the binder contents were chosen to meet the requirement for High Modulus
Asphalt Mix- Class 2 (KO3.4).

Volumetrics and compactibility of both mixes (Mix A and Mix &} providedn Table 3- 4 andFigure
3-5respectively. It can be seen from the results that the air v@id¢vitents of both mixes are lower than
the required value for conveamnal mixes(Va = 4%)(Ramirez Cardona et al., 2015, Gouvernement du
Québec, 2003As shownin Table 3- 4, the air void content at design number of gyrations are around 3.5%
for Mix A and 1.0% for MixB. In addition, ashown inFigure 3- 5, Mix B has higher compactibility and
PD (less porosity) than Mix A. This is compatible with the virtual packing density results of dry blends as
was previously describad Table 3- 3. It is worth mentioning that according to mix design criteria for
high modulus asphalt mixes (EME mixes) there is no minimum air void content requirement since hard
asphalt binder is used, drtherefore, both mixes can satisfactorily pass the compactibility requiriments
EME mixes(NF EN 1269731, 2007)
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Since Mix B was very compactible compared to Mix A, additional mixe®vabricated using smaller
richness factor, K=3.0 arttie results are depicted Figure 3- 5 (b). It is clear from the results that the
compactability of mixes was reduced after reducing the binder content; however, the compactibility of the
new mixes was still higher than Mix A. TEhirepresents aggregate gradation has great impact on
compactibility of asphalt mix.

16.00%
14.00% /2 —e—Mix A, K=3.6 (5% AC) PG 82-28
. 0
‘A, —i—Mix A, K=3.5 (4.9% AC) PG 58-28+ 10% Modifier
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©
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)
'-9 0,
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< 4.00%
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\.V —o— Mix B, K=3.6 (5.1% AC) PG 82-28
12.00% “t —A— Mix B, K=3.5 (5% AC) PG 58-28+10% Modifier
10.00% 4 o. —X=— Mix B, K=3.0 (4.3% AC) PG 82-28
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Figure 3- 5: Compactibilityof asphalt mixes
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Table 3- 4: Volumetrics of asphalt mixes

Used gradation
Obtained values
Criteria
. . Passing (%) Mix (Conventional Mix) Mix A Mix B
S'(eéfn?ze properties (Gouvernement du
Québec, 2003) Modified Modified
Mix | Mix PG8228 | pisgog | PC8228 | posgos
A B
25 100 | 100 | BRD @ Nnax - 2.624 2.633 2.670 2.664
19 100 | 95 | Va@ Nni (%) O 11.0] 119 11.64 9.20 7.70
125 945 | 77 | Va@ Nyes(%0) 4.07.0 3.70 3.38 1.20 0.90
9.5 82.5| 65 | Va@ Nnax(%) o 2 2.07 1.65 0.30 0.52
4.75 515 | 47 VMA (%) a4 15.05 14.80 13.46 13.12
2.36 314 | 29 VFA (%) 6575 75.40 77.16 91.23 93.14
1.18 21.3| 20
060 151 12 Gmm - 2.677 2.676 2.678 2.678
0.30 10.7 10 .
015 | 76| 7 | Pu t‘i_ binder 0.61.2 1.08 1.08 1.03 1.03
0075 | 49 | 4 ratio

Gmm= Maximum relative density of loose asphalt mix,

BRD: Bulk relative density of compacted mix
VMA = Voids in mineral aggregateFA= Voids filled with asphalt,Va=Air voids,

Nini=Initial number of gyrations20 gyr, Nges= Design number ofyrations=100 gyr,

Nmax= Maximum number of gyrations200 gyt

3.5.3 Dynamic Modulus Test Results

Dynamic modulus, [f, determines stress and strain responses in asphalt mix, and correlates-the time
temperature dependant properties of the mix to field performance. It is a key input parameter of flexible
pavements design according to the mechargstipirical pavement dieg guide (MEPDG). Dynamic
modulus value depends on the properties of individual constituents of asphalt mix including asphalt binder,
aggregate particles as well as physicochemical interactions between them. Since aggregate particles are the
major componet of asphalt mix, the aggregate properties and their packing can significantly affect dynamic
modulus of themix (Yu and Shen2012)

Dynamic modulus test was conducted to evaluate the effect of aggregate packing on rheological
behavior of asphalt mixegstigure 3- 6 illustrates the dynamic modulus master curve at reference

temperature of 1 5 e @eologxaissftware(RHEA, @012) s c&HE& Feem this
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figure, Mix A has higher dynamic modulus values compared to Mix B with the same richness factor values
although the PD of Mix Avas bwer. As also shown iRigure 3- 6, a& lower frequencies, mixes fabricated

with binder PG 828 had higher dynamic modulus (stiffness). On the other hand, at higher frequencies,
mixes fabricated with PG 538 + 10% modifiers were stiffer. Among the mixes, the highest modulus value
belongs taViix B with lower binder content (K=3.0). Moreovet can be seen iRigure 3i 6 (b) that the

binder content plays an important role in rheological properties of asphalt mixes specifically at lower

frequencies.

According to specification, high modulusffmance asphalt mixes or EME should meet the
mi ni mum stiffness requirement Iloading(NEENQOLBLO&L, W3 a't 15
Delorme et al., 2007)Based on the obtained results, EME 12.5 mixes and EME 19 (K=3.0) could meet
this requirement although thefBtess of other mixes were close to the required value. It should be noted
that dynamic modulus value of asphalt mixes depends not only on the aggregate structure, but also asphalt
binder type. According to European specification, very hard asphalt biitieéf20, 15/25 penetration

grade) are used in fabrication of EME mixes which are much harder than the binders used in this study.
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Figure 3- 7 andFigure 3- 8illustratt t he phase angle (0G4) of asphalt
be seen from these Figs, phase angles were increased by rising the temperature; however, phase angles are
relatively |l ow at all temper at ur ecscon(pénentof Moduguy . Th
is bigger than the viscous component and thus the mix behaved more elastically. It is observed that the
mixes fabricated with PG binder had lower phase angle compared to the mixes with-26&-580%
modifier. Itisalsocleaf r om t he results that at higher temperat
when the asphalt binder becomes soft, the optimized aggregate packing takes over the role to maintain the
modulus. This is more evident in Mix B which had higher packegree Further, as can k&een irFigure
3 - 8, the binder content had an important effect on the behavior of asphalt mixes, and elastic tendency was
increased when less amount of binder was used in the mix. This is more evident at higher temperatures

when aggregate packing plays a dominant role on the mix properties.

51



a) 1 Hz Frequency

U (deg)

G (deg)

2000
JU. UV

N
g
(o]
(e»]

\

P D
\

\
\
|
|

/

[
(e}
(o)
\

59

g
0]
(@)

o)
for)
o)

-10 0 10 20 30 40 50
Temperature (eC)

60

N

a
(e}
(o)

N
(o)
(e}
(o)

(e}
(o)

[EN
a

ey
oy
st
\
u

[REY

\

g
fon)
o)

o
o
o

-20

-10 0 10 20 30 40 50
Temperature (eC)
—o—Mix A, K=3.5 PG 58-28 + 10% Modifier =~ —m—Mix A, K=3.6 PG 82-28

Figure 3- 7: Mix A: Phase angle vs Temperature

52

60



,r

a) 1 Hz Frequency

d(deg)

60

r\
30.00 / e
e - .
,/' ‘s\
e — e =g
e TNy
=g <y
0.00
-20 -10 0 10 20 30 40 50
Temperature (eC)
b) 25 Hz Frequency
35.00
/
20000 /
JU.UVU -{-- /.
3 - ——
25.00 // ,’/ "//(
/" —X- d
a 2000 / /:’ T~ ~
> [Avmviv) -./,; L X
) /
N "
o) 1500 g
,5’
| | ‘d"
10.00 -
/ -
" 500
0.00
-20 -10 0 10 20 30 40 50 60

Temperature (eC)

58-28 + 10% Modifie—=— Mix B, K=3.6 PG 82-28

—— Mix B, K=3.4
3.0 58-28 + 10% Modifier > - Mix B, K=3.0 PG 82-28

PG
--+-Mix B, K=3.0 PG

Figure 3- 8: Mix B: Phase angle vs Temperature

53



3.6 Conclusions

This study investigated the use of CPM in optimization of aggregate packing for high performance
asphalt mix. The parameters affecting aggregate packing were discussed in the paper. Five classes of
aggregates were used in this study and morphological pteesrof fine and midsize aggregates were
determined using an aggregate image analyd@M model was used to obtain the gradation limits of
particles as discussed in this paper and the results were compared with the theoretical maximum density
curve usedn the Superpave mix design methodology. Based on the results achieved in this study the

following conclusions can be derived:

(1) The comparison showed for 12.5 mm NMAS the gradation curves obtained from CPM and the
maximum density curve were very close ans@oints. However, the two curves were considerably
different which could be attributed to the other involved factors such as aggregate shape parameters
and limitation of aggregate size distribution in the blend.

(2) There was a significantly better corretatibetween the CPMbtained gradation and the maximum
density curve for 19 mm NMAS.

(3) The CPMobtained gradation limits were compared with EME 14 and EME 20 limits. It was
concluded that the obtained limits were close the values recommended by Européiaatgpecfor
EME mixes.

(4) Asphalt mixes were fabricated using the design gradations (ofeapper and lower gradation
limits). Compactibility and volumetrics of asphalt mixes were also assessed. It was observed that both
mixes had higher workability thahe conventional mix, further, Mix B was more workable and had
smaller void content compared to mix A which could be associated with higher packing degree of the
mix.

(5) Dynamic modulus test results showed that Mix A had relatively higher stiffness thal Wiiren
both mixes had the same richness factor.

(6) Both mixes could meet the minimum requirement of stiffness valye)QMPa at 18 and 10 Hz
loading, by adjusting the binder content.

(7) Both mixes had relatively low phase angle and behaved more elgstietiect of optimized
aggregate structure was more evident on the behavior of asphalt mixes at lower frequency and higher

temperatures.

For further research, asphalt mixes will be fabricated using-OBtisined gradations and the thermo
mechanical perforamce tests will be conducted to evaluate asphalt mix performance in terms of fatigue

and pemanent deformation resistance.
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CHAPTER 4
THE USE OF COMPRESSIBLE PACKING MODEL AND
MODIFIED ASPHALT BINDERS IN HIGH -MODULUS
ASPHALT MIX DESIGN

This chapter is baseh the following published article in JournalRdad Materials and Pavement Design
Baghaee Moghaddaiin Baaj H. (2018). The Use of Compressible Packing Model aodifidd Asphalt
Binders in HighModulus Asphalt Mix [R2sign Road Materials and Pavememesign DOI:
10.1080/14680629.2018.153661%0me minor modifications may have been applied to satisfy the
examinerso6 comments.

Summary

High-modulus asphalt mix, Enrobé & Module Elevé (EME) in French, is a type of HMA representing
high modulus or stiffnes. Traditionally, EME mixes are fabricated with straight hard grade asphalt
cement which has poor performance at lower temperatures and is very susceptibléetmderature
cracking in cold regions. The main objective of this study is therefordogénweg a new approach to EME
mix design that contributes to good performance at high, medium and low temperatures. EME mixes have
dense structure. In this regard, Compressible Packing Model (CPM) was used to optimize the packing
degree of EME mixes for twdifferent mix types based on nominal maximum aggregate size (EME 12.5
and EME 19). In addition, three types of modified asphalt binders, namely: &, 8& 8228 and PG
58-28 plus 10% Elastomer additives were used in this study. Themsbanical testwere conducted to
evaluate performance of EME mixes in terms of stiffness, rutting, fatigue arhoperature cracking.
Obtained results showed that the developed mixes had acceptable performance at all levels, and that the

mixes could satisfactorily prm at lower temperatures.

4.1 Introduction

Hot Mix Asphalt (HMA)is a composite material consistinfaggregate particles and asphalt binder.
Aggregates play an important role in HMA properties since they form almost 95% of asphalt mix by weight.
Aside from aggregate mineralogy, aggregate packing is a key parameter in asphalt mix performance. In this
regard, different factors, including: aggregate gradation, aggregate shape and texture, aggregate strength,
compaction type and effort along with thickness of the asphalt layer are infl&sad, 2012, Corté and
Di Benedetto, 2004, De Larrard and Sedran, 20@2xddition, in HMA, the aggregate particles are hold

together by use of asphalt binder. Asphalt binder is a thick, heavy residue remaiaingcbtstom refining
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crude oil, and consists mainly of carbon and hydrogen. It is viscoelastic thermoplastic material. Physical
and mechanical properties of asphalt binder considerably changes by temperature variations. At higher
temperatures, it behaves radike a fluid, but at room temperature it is more likely to behave like a soft
rubber. Asphalt binder becomes very brittle when temperature drops belo@ersks et al., 2011)

Over the last decades, number of vehicles on roads has been increased considerably. Especially number
of heavy trucks with higher axle loads. By rising in number and weight of vehicles, intensity of induced
stresses on road pavements has increased significantly which has resulted in premature distresses in asphalt

pavements.

High-modulus asphalt mix, or Enrobé a Module Elevé (EME) in French, is a type of HMA which has
been devel ofyisk at a., 2019)ENESnsxture has high stiffness modulus and is a very
good option to be used in binder couss®l base course of pavement layers which are subjected to the
highest amount of stress in the pavement stru¢Baeker et al., 2008seeFigure 4- 1. EME was firstly
designated to reinforce old pavement structure and reconstruct thinner layers in urban areas due to having
underground facilities such as pipes and curbs which restricts the pavement thickness to a specific value
(Corte, 2001) Additionally, it has the advantage of avoiding the complete removal of old asphalt layer as
it contributes to lower pavement thickné€apitdo and PicadBantos, 2006)Subsequerty, it has been
also used to reduce the pavement construction cost by reducing the thickness of road pavement especially
when the aggregates had low crushing index value or in case the traffic was intemsmdskthanneled
(Caroff and Corté, 1994)

EME has several advantages over conventional asphal{Distin and Vos, 2015, Bitume Québec,
2014)

Increase the service life of the pavement without increasing the thickness of bound layers;
Reduce the thicknesses of pavement layers for the same service life;
Reduce theast of the pavement agesult of the two abovmentioned advantages;

Promote environmental gains by savings in raw materials and reduction of greenhouse gas emissions.

High modulus/stiffness of EME is derived from two essential components: 1) usingraded (with
typical penetration grade between 10 % bim and 30 x 1®mm) asphalt, and 2) structure of EME. The
second component refers to closed structure of EME mixes which contributes to higher stiffness. In other
words, in order to achieve optimumsult in EME performance using proper asphalt binder with optimum

amount along with suitable aggregate particle gradation are key components.
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There has been always an issue regarding using EME in cold regions which experience intense weather
conditions(Judycki et al., 2017, &taux et al., 1996)n cold climate conditions, traditional straigiuin
hard grade asphalt binders cannot be used since these types of binders are not adapted for such conditions
and would not meet the low temperature criteria of the Superpave performance grading @) syst

This current study therefore focuses on developing a new mix design method for EME mixes that can
be used in regions with colder climate conditions. This was achieved by maximizing packing density of
mixes as well as utilizing highmodulus modified gshalt binder with acceptable performance at both high
and low temperatures.

Tire pressure

Bound |

(1) Surface Compression

zone X
(2) Binder direction
(3) Base Tension zoneX
direction
¥
X >

Subbase (unbout

Figure 4- 1: Schematic representation of stfefmin distribution in a typical flexible pavement structure

4.2 Experimental Procedures andM ethods

In this studyCompressiblé’acking Model (CPM) was used as a new method to optimize the packing
of aggregate blends for two different mix categories based on nominal maximum aggregate size (EME 12.5
and EME 19). Further, three types of modified asphalt binders were developeddedom this study.
Thermemechanical performance tests were conducted to evaluate EME performance in &ifiness,

rutting, fatigue and lowwemperature cracking.

Figure 4- 2 providesa graphical illustration of the research methodology.
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Figure 4- 2: Graphical illustration of research methodology

4.2.1 Compressible Packing Mode(CPM) Optimization Method

EME represents a category of asphalt mix with a very dense and closed structure. Therefore, to
maximize aggregate packing degree with respect to available aggregate fractions, Compressible Packing
Model (CPM) was usedPM calculatesirtual packing densjtof the blend. It is defined as the maximum
packing density that can be achieved by placing the grains one by one while keeping their original shape
(De Larrard, 1999)Actual packing can be determined using the virtual value with respect to the compaction
method. CPM formulation is shown in &a&fion 4.1

= Equation 4.1

In this equationp i i s virt uaclasspenpaktedraigpng;ds fvoluménaf each fraction in
the mix, or the ratio of the volume of size class i to the total solume; =i is the virtual packing of the

blend when class i is dominant ang and [y parameters are interaction coefficients describing the
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il oosening effectod and fAwal | Thesé éffeatstcorrespohd ta thee par
proportions of aggregate fractions or sizes in th
to coarse aggregates increases and the coarse aggregates are pushed away by the excessive amounts of fines
inthebh end. However, the fiwall affecto is referred t
such as mold and pipe. The interaction exists between coarse and fine aggregates may also be considered
as t he n Wwigdrel4- 3dllistrages thedwall and loosening effects in the aggregate bl€hds;

and h interaction coefficients can be calculated using the following equations:

A p p — 8 when ¢dO ; d Ecquation 4.2

when ¢dO ; d Ecquation 4.3

>
©
©

|

In these equations; dnd ¢are diameters of the fractions i and j respectively as defined by sieve sizes.

To make use of CPM, density of aggregates, mean siz@acking density of the aggregate fractions
after compaction need to be determined initiallydépth analysis and method of calculations are fully

explained in a study published earl{Baghaee Moghaddam and Baaj, 2018)

Loosenir

Figure 4- 3: Wall effect and loosening effect in aggregate blends
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