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ABSTRACT

In the present research complete studyvascarried out investigating the effectivenessnotel cellulose

based polyfunctional fibresin enhancing thenechanical and performance propertiesaoirgin and 25%

RAP containing Stone Mastic Asphalt (SMAJherefore, there could be a significant economic advantage
and a welbalanced solution between eco sustainability and technology in using RAP in SMA, if it could be
used without sacrificing thexcellent performance of SMA mixtureBhe fibres modification was carried out

by addingmineral @lasg fibre, a type of Plastomeric polymer andfmwderedtire rubber. The mix of
mineral fibres and rubber witpolymeric componentvas supposed to perform similgrto the regular
bitumen modifieramproving the dynamichechanical performance of the bituminous bind&ise fibrous
component contributes to further improving the rheological and thixotropic behaviour of the bituminous
mastic The test progranincludednumerous tests iboth binder and mixturescalein addition toprimary
microscopic analys providinga wide range of datto achieve aompleteunderstanding of fibre interaction

with binder andts performance in asphalt mixturesSor this purposgfour different cellulosédased fibres

(with and withoutpowderedcrumb inside) a 50/70 penetration graded neat bitumand a 10/4&/0 SBS

PmB were usedo produce thebituminous compoursdand mixture to be investigaéd through the
experimental worksOverall, he resultsindicatethe possibility of modifying asphalt mixtures vianodified

fibres andthe superiority of rubberized fibregn comparison to those of nenbberized However, the
rubberizedmixtures neeed enough digestion and interactitemperaturendtime. In addition it has been
found thatwhile the substitutionof 25% virgin materials withRAP could enhance some of thdynamic
mechanical propertiesf SMA, the lowtemperature thermarackingsensitivity increasetbr all the tested

RAP containing mixturesvith different fibresrather than the type of modification

Keywords:

Recycled Asphalt Pavement (RAPYlymer modifid bitumen (PmB)StoneMastic Asphalt (SMA)

Modified fibre Rubberizedibre; Mechanical and performance propertidhermalcrackingsensitivity
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CHAPTER 1 INTRODUCTION AND OVERVIEW

1.1 Foreword and Background

Sustainablepavements forheavy-duty roads

Demands for higiperformance pavements due to ewacreasing traffic loads become more crucial
considering the sustainability principlda. addition the problembecoms more complicated once
severe climateaggravates the rate of erosion in soregions Hence, conventional Hot Mix
Asphalts (HMA) with neat bitumen cannot resgdadie the current inevitable heavy traffic flow
loadings. Although the term, heaxduty pavement has been defined differently in masynéries,
European Asphalt Pavement Associati@@PA) defines it as the roads, which carry at least 10%
to 20% Heavy Goods Vehicles (HGV) and HGV lanes that carry 3000 to 5000 HGVs/day, crawler
lanes carrying 0.3 mithn 80 kN standard axles/year or sites that have static loads of over 1 N/mm?2
[1]. For such occasion$tone Mastic Asphalt (SMA) mixtureseknown as a primary alternative
construction material for heaxduty load highway pavements due to its inherent strucRueng

the decades SMA mixtures have been introduced to agpdadiment construction induigs with
reportedy superior mechanical and performance propertiegamparisonto the conventional
HMA. SMA has been applied on heavily trafficked roads, on airports, both on runways and
taxiways, in harbour areas and for industrial usg éoading and unloading zones, parking lots and
etc. In particularhigh rutting resistance, lower noise emission amgroved moisture sensitivity
performanceare some of the remarkable characteristics of SMA mixtBhA can be peed in
several thicknesses walited for all needs of redesigningpair works and rehabilitatiosood

initial skid resistance and an ingqued optical appearance plus the possibilities of adding pigments

or colourel aggregates make SMA alatiractive pavements.

In this respectthe development of different types of Polymer modified Binders (PmB) and
stabilizing fibres, could improve the lotgnsile strength of SMA mixturenade it an ideal durable
asphalt mixture for highway pavemen@®n the other side,edpite many identifiedhdvantages of
SMA mixtures,the neededhigh bitumen contenthigh-quality coarse aggregateand stabilizing
fibores made the initial construction costs higlercomparisonto conventional HMA mixtures.
Therefore he use of waste materialarcbe the most convenient wayf reducirg the primary

production costs.

From another point of viewhe tripartite concept of sustainability in terms of environment,
economic and socidéchnicalprinciples(Fig.1.1)for the extended highway networks has prompted
to use more than ever waste materials and apply new technologies in pavement industry aimed for
more durable pavementRegardingpavement materials, Reclaimed Asphalt Pavement (RAP), End
3
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of Life Tires (ELT), waste plastics, anddustry fillers have been sonwd the practiced efforts
during the last decadeAmong the introduced materials, RAP and ELTs have been more interests
of decision makers due to rapidly increasingsts of bitumen and limited landfill spaces

considering the environmental principles.

Engineering

Economics Environmental

Fig. 1.1. The three key bentdiof recycled/reusethaterialsin road pavement@ndsustainability [2].

With the successful experieacof the last two decades and development of diffier
effective rejuvenators, noways the RAP portion in the asphalt mixtures increased significantly.
Both laboratory and practical data reported acceptable and in somecasasproved valuegor
recycled asphalt mixturesxcept forthe minor concern®n the imposed stiffness and latezduced
fatigue resistance The methodsof compensating the agedtifis binder and ensuring adequate
pavement performance include the use of rejuanat softening additives, use of soft virgin
binder gradeand increase in total mixture binder conténtoverall,using RAPreduces the amount
of costly new asphalt binder required in the production of asphalt paving mixtimesver for
higher RAP content (above 25%), design and production take extra effort, but the savings in using

the higher RAP contents significantly owtiyh the addedosts[3].

Similar to RAP, &one time, the push to use tires in asphalt seemed to primarily be just a
means of getting rid of piles of scrap tir&ut now, the emphasis of using tires in asphalt binder is
to improve pavement performandehere are mainly threedoptedmethodsdevelopedor creating

rubberized asphalt pavements

- Dry process refers to mixing crumb rubber into the mixture a small part of the
aggregatesfiller or additiverather than blending the rubber with the liquid asphalt. This

process is normally only applicable to hot mix applications.
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- Wet processrefers to blending or reacting the crumb rubber with the liquid asphalt at
elevated temperatures before incorporathmg resulting binder for use in an asphalt paving
or surfacing application.

- Terminal blendingof rubberized asphalt. For this, tire rubber is blended into the asphalt
binder at the asphalt terminal or refinery and shipped to the asphalt production plant as a
finished binder, with no additional handling or processing required. The tire rubber is
incorporated into the asphalt to provide styrene butadiene carbon black and aromatic oils
yielding a stable, homogenous material.

Each of thesenethod will result inrubberized asphatiavements with different properties and
different performancs [2]. Agencies need to understand these differences so they can make a
choice on the type of process that will perform best for their desired application.

Fibres, former stabilizers, new modifiers

Early decadesvere known as binder drainage control solution especiallytfiergap and open
graded asphalt mixtures, nowadays fibres are expected to provide adjacent lveaéditson toits
stabilizing rolesScientific dforts made understanding the mechanism of fibrdifferent types of
asphalt mixtures and binders led to introdageew generation of fibres known as pdiynctional
fibres. These types of fibreme usuallya mix of two or more reinforcing materials such glass,
plastics, rubber, antbw softening pat polymes. These ultrdreatedfibres namely Modified
Fibres (MFs)work as modifiers, producing Modified Asphalt mixtures (MAs) with improved
mechanical and performance properties as well as thigiure stabilizing genuineThe technique
provides an opportunity to benefit the individual feature of each material together. For instance,
while glass fibre has low potential ininder absorptionthe presence of it can make a three
dimensional network witthe binder and further improvementdn thecontrary, it has been shown
that cellulose fibrewith high potentials of bitumen absorption han@or marginally effects otie

mechanical properties asphalt mixtures (in particular open and degssded mixtures)

From another perspectivéhe praluction of modified asphalt mivresis very flexible: it
can take place at any given moment to the degree of modification required. This allows the asphalt
producer to organize raw materials in the most efficient pasgsible[4]. In practice, thamodified
fibres partially or completely replace the use of modified bitumen and, in addition, are specialized
depending on the type of work and specificatidtw. this reasorthey are considered an innovative

improvement in work offers.

In addition, the concepif blended fibre pellets provided a new technique for incorporating

the useful waste materials in asphalt mixtulesorporation of waste glass powder, ELTs, and
5
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some byproduct materials are some tbe potential ecefriendly materialsOverallto date thdew
valid successfutepors availableon the useof poly-functional fibres in modifying asphalt mixtures
are quite promising.While the use of fibres in dense and ojgeaded mixturess common
opportunities exist to use the pdiynctional fbres with other benefits more than binder drainage

control.

1.2 Problem Statement

The increasing demarfdr sustainable asphalt products requiresave towardshe higher use of
costeffective and green alternatives, including the use of high asphalt binder replacement from
using RAPand new ecdriendly modification approachedVhile nowalaysincorporation of RAP

into asphaltmixturesis a common green strategy, as 3MA has not defed yet. This iglue to the
concerns related tthe tensile propertieand durability ofrecycled SMAas well ago continuous

grading of RAPaggregate

On the other hand, while the effectiveness of different kinds of B the asphalt
pavementperformances undeniable severaltechnicaldeficiencieshave been reporteas well as
high costsand environmental impactslated to productioprocedureand implementation of PmBs
Fromthe technical point of viewgvery type of modification igvell suited for specifi@application
temperaturgangeand may not aabut of it. The problem will geimore significantwith the severe
climates experiencing radicahin/maximum temperaturesThis may consider as one of the

deficiencies oPmBsform technical point of view.

In addition, ©nsideringthe environmental aspectspanufacturingstoring and the use of
PmBs consume a considerable amount of eneRggarding the PmB manufacturing, high
temperature (depend on the type of polymer) isallgineeded with shear mixers produciag
homogenous compatible structure. As for asphalt mixture production with RineBégh viscosity
of PmBsrequiresa high temperature foreducing the viscositpeededor producinghomogenous

asphalt mixtures

As anew approachdirect ircorporationof additivessuch as low softening point polymers
and polyfunctional fibresinto asphalt mitures wasrecently introduced and found effective
reportedin few existingresearch and field practicesthis regardIn paricular, as for gapgraded
and opengraded mixturesthe ideais to modify the fibres tobenefit more than stabilizing
characteristicsThis could beachievel by adding polymers and modifiets the stabilizing agent of
fibres, make it as poly-functional system aimed for improving mechanical/performance properties
of asphalt mixtures besides binder drainage conlraé believel thatthe polymeric component

performs an action similar to the modifiers increasing the complex modulusibitnesfcomponent
6
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contributes to further improving the rheological and thixotropic behaviour of the bituminous mastic,
giving a better distribution of the binder and an increase of the film thickness on the aggregates,
with consequent increase of the stipihind the mechanical characteristics of the final idixown

as Modified Asphalt (MA)technology the direct addition of additivesffers logistic advantages

and therefore cost benefitsr addition, polyfunctional fiboresmake storage of BB bindes on

asphalt produ@in plants unnecessary or avditgh investments in a range obgstge tanks for
various bitumen typedn some cases,igh energy costs for hot storage of modified bitumen are
avoided or significantly reduced@heseresult in a considable eonomic energy and time saving,

and allows the application even in the most remote places, not equipped with industrial facilities.

However, eé@spite many studies on PmB modification of different types of asphalt mixtures,
there has beera lack of researches othe efficiency of direct addition othese ply-functional
systemsinto asphalt mixturesStudes on the latest research works on filmenforced asphalt
mixtures show that the relative benefits and issues with these various types of fires were-not well
documentedThi s is mainly due to scholarsd insteres
and normalized specifications regardimgodified asphaltsather than employing e8tandardized

approaches.

1.3 Objectives

The scope of thresearch work presented herein includes:

- providing a synthesis on reviewirtge existing literatur@ndthe most recenscientific research
works on the asphalt concretemodification/reinforcement viaa new generation offibres,

innovations and proveimdingsin this respect

- Investigating thefeasbility of asphalt mixture modification viaompositepolymeraddedfibres

and comparing the tests resultshhcommonly used PmB mixtures.

- Development of a fulbcale study to compare and characterise a commonly SMédmixture
produced with SBS PmB and conventional fibres with SMA mixtumeslified with composite

fibrescontaining plastomeric polyméry conductinga full-scaleexperimentaprogram.

- Examiring the effectivenes of rubberized fibres with ELST as a new eefsiendly approach
beyond the commonly used dry and wet methaidhing for developinga more economical and

practical alternative.

- Study the SBS/Rubber interactiam mixtures produced with SBBmB andrubberized poly

functional fibres
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- Evaluate the mechanical and performance propeesSMA mixtures containing RAP

aggregateanodified via binder or fibre.

1.4 ResearchPlan

The presented researalasconducted in four main stagesshown in Fig.1.2 asa comprehensive
laboratory scale researchihe experimental plan includesprimary stageof mix design which
completed by prgualificationtests.The mechanical and performance tests on optimized mixtures
were divided ito binder and mixture scales well agprimary stage microscopic anailyon fibres
micro-structure and texturd he tests have been organisedrderto provide a wide rangef test

temperature.
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1.5 ThesisOrganization
Information in this report is presented as follows

Chapter Oneintroduces the backgroundof the topic (different asphalt modification strategies,
Polymer modification and fibrenodificatior) and a problem statement. In this chapter, the research
objectives andhypothese are presented, tla@loptedmethodology is outlined, and the significance

of the research is presented.

Chapter Twoexploresthe state of the practice regarding the use of fibre additives in asphalt
mixtures. Itdiscussesbout thepast research and studies that have been related to asphalt mixture
modification, mainly gaggradedmixtures. Itprovides information relevant to thenodified Stone
Mastic Asphdt (SMA) properties shown withexperimental works and field experiencés.
continung it discusses the polymer typeghich have beemsed in binder modificatigradvantages
and disadvantages of various polymeasd effects of waste rubberin asphalt mixturesThis
chapteris concluded by presenting a reviem stabilizing fibres and statd-the-art onasphalt

mixture modification vidibre and reinforcing fibre.

Chapter Threeutlinesall the adoptedmaterials andgxperimentaivorks and procedures
addition tosamplepreparatiormethodsand test specimens for this reseaidohthis respect, firstly
some of the fundamentaharacteristics odll the adoptednateriat wereprovidedas well asrief

explanatonome c hani cal and performance testsd stand

Chapter Four deals with the specimen/sample preparation methods and adopted mix design
procedure. Adopted aggregate gradaticompaction methods, and volumetric ntmls were

addressed in detail.

Chapter FiveThis chapter is presented as a series of journal papers. The contributions of the
candidate andhe co-authors for the pg@ers comprising chaptér are hereby set fortlidence the

results and analisis provided withirfive papers.

Chapter sixprovides a summary ofey findings viaconcluding remarksfrom all the
previous chapters as well @®me suggestions forfuture stdi es on aspha-t mi
modificationfeinforcementand the new generation of fiboresased on the information gathered in

this study.
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CHAPTER 2 LITERATURE REVIEW

2.1 The State-of-the-Knowledge and the State-of-the-Practice
This synthesis assembles and summarizéde avai | abl e slkngheermgafeatures o n
fibre resources and effectiveness in enhancing the asphalt nsixtonechanical/performance

propertiesand isconcluded with the rubberized mixturgsaracteristics.

2.2 SMA vs. Conventional DenseGraded HMA

SMA originally developed in Germany decades agdyy far the most accepted type of Hot Mix
Asphalt for heavily loaded pavements anarshclimates. SMA is best explained as a two
component HMA, which comprises a coarse aggregate skeleton ddroseda gapgraded
gradation and a high bitumen content morféhese two components combined address the
concerns of botmixture stability and dability. SMA can provide an extremelygh rutresistant
and durable HMA mixture as compared witbnsegraded asphalt mixture. This improvement is
realizedthrough the formation of a stoite-stone aggregate skeletonSMA. The major difference
between onventional mixes and SMis in its structurakkeleton[1]. SMA has high percentage
about 70 to 80 %f coarse aggregatén the mix. This increases the interlocking of the aggregates
and provides better stone to stone contact which sena#ad carrying mechanism in SMA and
hence provides better rut resistance and durability. On the other hand, conventional mixes contain
about 400 60 % coarse aggregafsee Fig. 2.& 2.2). Theydo havethe stone to stone contact, but

it often means theafrger grains essentially float in a matrix composed of smaller leartidler and
asphalt contenfThe stability of the mix is primarily controlled by the cohesion and internal friction

of the matrix which supports the coarse aggregates.
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Fig. 2.1 Typical grading curves of different types of asphaltures p].
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Fig. 22. Typical SMA vs. Densgraded HMA cross sectiofiew [3].

The second differencis the binder content which lies betweenos6 % for conventional
mixes. Below thisthe mix becomes highly unstable. Above this percent will leah&rupt drop
of stability because the binder fills all the available voids and the extra binder makes the aggregates
to float inthe binder matrix. The SMA uses very high percent of bineeé.5 percent which is
attributed tothe filling of more amount of voids present in it, due @chigh coarse aggregate

skeleton. The high bitumen content contributes to the longevity of the pavements.

The third difference is the use of stabilizing addiivin SMAmixtures,which is attributed
to filling up of alargenumberof voids in SMA so as to reduce the drain down duthépresence
of high bitumen content. On the contrary, there is no stabilizing agent in conventional mixes since
the bitumen content ifow (compared to SMA)which only serves the purpose of filling the

moderate amount of voids and binding the aggregates

SMAmi xturesd benefits
The mainfunctional characteristicef SMA mixtures ompared with conventional denrgeaded

mixtures are

- Improved pavement performanecemarkable rutting resistanaeduced ravellingprobably due to
higher binder contentcomparedto conventional mixtures. The results from practical experiences
proved the suitability of SMA for heavy load duty pavements such as truck/container terminals and

intersections and high stressed pavements such as highly trafficked motorways.

- Noise redudbn; many previous acoustic reseamgbrks showedthat the substitution of dense
gradedmixturesby SMA leads to noise reduction from 2.5 dB up tdB[4 & 5]. Taking into
account that the reduction rate greatly degamdthe Nominal Maximum Aggregate Size (NMAS)

of the mixture and the speed, the higher the speed, the more reduction iwasisported.
16
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- High skid resistance performancathough SMAis not an Opesgraded friction course (OGFC),
the rough surface pvidessafe friction coarse in particular fomotorways. In addition, SMA
similar to OGFC surfaces has less watemgpn comparison with conventional mixtures in wet

conditions.

- Wet night visibility comparing the SMA surface texture with thenventional mixtures, it
provides less lighteflection in wetcondition.

SMA manufacturing cost considerations

In comparison to conventional HMA, SMA is complex. The materials required are premium, and
the costs associated with SMA are at least commates@ased on the reported economic analys
SMA manufacturing costs are higher than conventidd@hse gradednixtures[5 & 6]. It is
deemed thathis higher cost is related tecommendoolymer malified bitumen, fibres and high
quality aggregate@aking account the stone on stone connectioMhile the use of SMA entails
higher initial costs, studies have shown that SMA mixtures used in pavement rehabilitation or as the
surface layer for new construction can outperform conventionahhoasphalt mixturesdowever,

the life-cycle cost analys within many piecesof researchefiave shown that SMA is mormst
effective consideringhe long-term maintenance and rehabilitation codtsing thelife service
length[7-10]. Experience from Germanyhere SMA was developed ime 1960s already has
shown that a performance life of 28D years is not exceptional including the use of SMA on

heavily trafficked roads like the Autobahns.

The overall advantages of SMA pavements can be shown by@ydikecost analysis but it
can be justified by using an approach based on the initial ddsstheoretically required ligpan
to obtain equal annual costs for SMA and AC is 25% longer asgutiné price of SMA laid 120%
of the price ofHMA per n¥. Given that the lifspan increase of at least 5 to 10 years can be
obtained and additional advantages covered earlier are gained it is clear that the choice of SMA is a

goodinvestmen{5].

2.3 RAP Containing SMAs

While the challenge of using RAP into derggaded mixture goes to increase the portion as much

as possible without compromising pavé¢eesott 6s p
RAP in specific mixtures such as Stone Matigphalt (SMA) isnot common practiceAlmost

most of the conducted research and practical experiences have phavdghe higher initial
manufacturing cost of SMAnixtures for whichrecycled SMA mixtures could be considered as an
economical alternativeThis is die to the higkperformance levels required atal the premium

materials needed for such a mixture, SMA maysigaificantly more expensive than conventional
17
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HMA. Combining SMA technology with RAP would potentially reduce the productiosts and
make this material environmentally sustainable witensuperior fatiguperformance ipreserved
[11].

However the use of RAP into SMA mixtures under scepticisnand is needed to be
investigated to provide an SMA mixture that is both durable esmhomical This is mainly
because the effect of RAP on the aggregate and asphalt properties is ur@agaihthe concerns
with blending RAP into an SMA mixture is the uncertainty of whether the RAP aggregate conforms
closely to the physical requirentsnof virgin aggregate because more stringent requirements are
specified for SMA aggregates.

In a research on 25% RAP aggregate containing Sbwer Los Angeles abrasion loss and
higher Indirect Tensile Stiffned3'S (for both conditioned and unconditioned samples for moisture
susceptibility testingwere recorded in comparison to the control virggdMA [12]. However,
besides thesehé researclalso showed aower fatigue properties for SMA mixtureontaining
higher than 30% RARN this casewith aresearch conducted BNCAT [13], almost similar results
were obtained. In addition to the higher tensile strength, which could be expectedimipeded
stiffness and decreased fatigue life for the SMA mixtures containing more than 20% RAP, no
statistical &ects on rutting performance werecordedlt is noteworthy that in both researatorks

no significant change in thermal cracking potentias \seen.

2.4 SMA Technically Drawbacks andFibre Role

A lot of research work tgbeen reported on the performarax@d mechanical properties SMA

mixtures and itsrutting resistancesuperiority and in particular for the heavy duty pavements
However besides the proven rutting resistanaed durability (due to high binder content)
conventional densgraded mixture showed higher tensile strength ahdyher fatigue life in
comparison to the SMA mixtures in several researofks [14-18]. Thisis generally referred tthe

inherent structure of denggaded asphalt mixtures, whidbads to bettemterlock o f mi xtur e

constituentin comparison withthe gap-graded skeleton of SMA mixtures.

Although SMA is notnearly as strong in tension as itis compression, SMA tensile
strength is important irpavement applicationsOn the other hand,hé tensile properties of
bituminous mixtures are of interest to pavemamgineers because of the problems associated with
cracking. In this case, PmBs anfibre-reinforcementare some of the suggested solutidas
increasing the tensile properties of thep-graded nature of SMA mixturedlany resarch and

field experiences showdtat while the addition of fibres is not effective on permanent deformation
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of SMA mixture, it can improve the tensile properties providing a tdmensional network
through the high bitumen contended mastiSMA mixtures.

Regarding the SMA tensile properties, two types of modification approactie$alymer
modified Binders andibres have been introducedhe use ofiibresin asphalt mixes dates back
many decadedVhile the earliestole offibresin asphalt wagontrolling the lumen drainage and
stability of openrngraded and gagraded mixturesthe later use of fibres developed as asphalt
modifier as well asthe asphalt mixture stabilizem this caseseveralpieces ofresearches have
shown that while fiboregmainly cellulose fibrey have no effect on rutting performancsf open
graded and gapradedmixtures[19-21], theycan strengthen the dergeaded mixes to both rutting
and crackingpotentialg22]. In fact, the effectivenes®f fibreson asphalt mixture propertigseatly
dependon thef i br eds or i gi-based fiblledhavesa geeat Ipbtentiabirs @raindown
control, the syntheticand mineral fiboresvere showedmprovements on tensile properties and
durability by creating a network through timastic [23& 24].

On the other hand, besides filmenforced SMA mixtures, PmBwere also found to be
effective for improving some of the SM®@ snechanical and performance properties. Several
research studies comparing tBMA mixes containing fibores and PmBs concluded the superiority
of PmBs on mixtureso6 pcelulpsefibtes 9% 2%.dHovweewerasmg t o
stabilizing additive the fibres showed superior performance in comparison to tHosextres

containing only PmB.

2.5 Fibres

While the primary advantageof the using fibres is essentiallystabilizing the mixture and prevent
bleeding of asphalt during hot weather seryitfeey arealso considered to play a key role in
mechanical and performance propertiedifferent typesasphalt mixturesMoreover, he increased
use of OGFCs and SMAs in roadway doustion has presentedifferent purposegor fibresin
asphalt mixtures aimindgo reinforcing propertiesFibres are reportedlyised to provide the
following benefitsg[26 & 27]:

- Increased tensile strength resulting in increased resistance to cracking

- Reduced severity of cracking when it did happen

- Increased fatigue resistance

- Increased rutting resistance as a result of lateral restraint within the mixture
- Increased abrasion resistance

- Higher asphalt contett¢ading to increased durability

- And potentidlower life cycle costs arising from longer service life.
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However the aforementionddnctionsare greatly depemd on thetype of the mixture andibre

sourceln summary, there are two main uses for fibres:

I.  To preventbitumendraindownin gap and opergraded mixes, and
[I.  To strengthen densgraded asphalt mixes to resist rutting aracking[28].

Despite the fibre andnixture type, he main function of fibran asphalt mikures areto
deliver additionaltensile strength in the salting asphalt concrete and itacrease strain energy
absorption of the asphalt mix mrder to inhibit the formtion and propagation of crackdich can

decrease thdrsictural integrity of the roagavemen{29].

On theother sidethe addition offibres may increase the air void of AC mixturihereby
requiresmore compaction efforts to achieve g@me density of unmodified AQixture [26]. This

is one of the reasonbkat controlling thefibre contents always crucial.

So far, many kinds ofibres had been applied in asphalt concrete. These fihohsded
three main resources afatural fibres, mineral fiores and synthetic fibrelowever, the most
frequently used fibres to prevent binder drainage in asphalt binders are cellulose fib@8% a
generally and mineral fibres (slag wool, rock wool) added in a 0A®/& stabilizing additive, the
main role of the fibres is to prevent the relatively high percentages of asphalt binder from draining
from the mixture Since then,ibres used as stabilizers include mainly cellulose and mineral fibres
[23].

Fibres can generally be purchased in two forms: loose fibres and pellets. Fibres in a dry,
loose state come packaged in plastic bags or in bulk. Fibres can also be pelletizeellethiare
added at the RAP collar of the drum mix plant or directly into themiligof a batch plant. The
heat from the aggregates causes the pellet binder to become fluid allowing the fibre to mix with the
aggregate. Some pelletized fibres contaimalsamount of asphalt cement that must be accounted

for in the overall asphalt content of the mixture.

Different typesof fibres

A wide variety of fibre types has been used in asphalt mixtures, including cellofisexal,
syntheticpolymers and glass fibres as well as some less common fibres like recycled fibre materials
such as newspaper, carpet fibres and recycled tire fibres havieealsasedThese fibres can be
divided irto two main group okynthetic and natural fibres. Mie Synthetic fibres include glass,
carbon, and polymer fibres; natur@bres include a wide variety ohaterials used as stabilizing
fibres in asphalt mixturesainly divided into three groups of plant, animal, and mineral filbtigs

2.3 exhibits thes categories in details.
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7 Seed > Cotton , Kapok
» Stem > Flax, Hemp, Jute, Ramie
R * Leaf > Sisal, Abaca
* Fruit > Coconut
Natural fibres ¢
» Wool » Sheep
' Animal < > Coat > Alpaga, Cashmere, Mohair
* Secretion > Silk
* Mineral > Asbestos

Fig. 23. Classification of naturdibres[30].

The different types of fibres have benefits agttbrtcomingsregarded to their genuine miero
structure (see Fig. 2) that makes them better suited for some applications thidwers. For
example while cellulose fibres are not strong in tensitrey are potentiallpbsorbent andanhold
bitumen, thereforéhey arewell suited for reducing the draindown in opgraded mixesbut not

for reinforcing densgraded asphalt mixtusemproving the tensil@ropertied29].
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Fig. 24. Typical SEM images of differerftbres[31].

Table 2.1summarizesome of the reported benefits ahwbacks of some afhe common fibres.
While a great deal of researchshaeen conducted on the use of fibres in asphalt mixtures, the
results ofthese researctvorks have been mixed specially regarding the use of fibres in dense
graded asphalt mixture$his is why in some cases fibres have reportédjyroved the rutting and
cracking of binders and mixtures and in the other cadbere hae been no significant
improvements.
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Table2.1. Reported benefits and disadvantages of commontfipes p8].

Fiber Type Reported Advantages Reported Disadvantages
Cellulose Stabilizes binder in open- and gap-graded stone matrix High binder absorption increases binder cost.
asphalt (SMA) mixtures. Mot strong in tensile mode.
= Absorbs binder, allowing high binder content for more dura-
ble mixture.
= Relatively inexpensive.
May be made from a variety of plant materials.
Widely available.
May be from recycled materials such as newsprint.
Mineral Stabilizes binder in open- and gap-graded SMA mixtures. Some may corrode or degrade because of moisture
Not as absorptive as cellulose. conditions.
= Electrically conductive fibers have been used for inductive May TR, hnm:' I'ITi:l.H:.’s that are ',“'rd Ll and may be
heating for deicing purposes or to promote healing of cracks. aggressive, causing tire damage if used in surfaces.
Polyester Resists cracking, rutting, and potholes. Higher specific gravity means fewer fibers per unit weight
* Increases mix strength and stability. added.
Higher melting point than polypropylene. Cost-effectivencas not proven/varics.
High tensile strength.
Polypropylene Reduces rutting, cracking, and shoving. Lower melting point than some other fiber materials requires
Derived from petroleum, so compatible with asphalt. control of production temperatures.
« Strongly bonds with asphalt. Begins to shorten at 300°F.
Disperses easily in asphalt. Cost-effectiveness not proven/varies.
= Resistant to acids and salts.
Low specific gravity means more fibers per unit
weight added.
Aramid Resists cracking, rutting, and potholes. Cost-cffectiveness not proven/varics.
Increases mix strength and stability.
High tensile strength.
» May contract at higher temperature, which can help resist
rutting.
Aramid and = Controls rutting, cracking, and shoving. Cost-effectiveness not proven/varies.
polyolefin Combines benefits of aramid and polyolefin ( polypropylene)
fiber types.
Fiberglass * High tensile strength. Brittle.

Low elongation.

High elastic recovery.
High softening point.

Fibers may break where they cross each other.
May break during mixing and compaction.
Cost-effectiveness not proven/varies.

2.5.1.1 Plantbased fibres

Natural cellulosebasedfibres offer low-cost, low density compositeeinforcement with good

strength and stiffness. Because of tlaginual renewability and biodegradability, natditales have

recognted as environmentaifyiendly alternatives to synthetifibres in the last two deades.

These fibres haveelen used in limited local areashély may be derived from wood materials (such

as jute, flax, and straw), leaves (such as sisakds or they may have fruit basis; such as coir,

cotton, coconubr palm. Fig. 25 exhibitsthe details on plant fibre classification.
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Plant Fibers
Bast Fibers Leaf Fibers Fruit Fibers Seed Fibers Stalk Fibers

- Flax 5 Sisal - Coconut - Cotton B Wood

H Hemp - Henequen — Oil palm - Kapok — Bamboo
B Jute - Pineapple -1 Assai L Brazil nut - Grass

- Ramie - Abaca - Barley

o Kenaf - Curaua - Rice straw
- Isora - Piassava Vs\-’t:::t
—| Banana —|  Fique — Bagasse

Fig. 25. Classification of planfibres[32].

Accordingto Fig. 25 the fibresare classifiedased ortheir location in thelant. Fg. 2.6 represents

some of the most common natural fibres used in asphalt produd®iantfibres are composed of
cellulose and hemicellulose (sugaased polymers), lignila complex polymer of aromatic
alcohols), pectin (complex set of polysaccharidss)cturalwater, and wax or oil. Since cellulose

is the principal chemical component of plditires with varying amount of hemicellulose and
lignin, they are often referred to as lignocellulosiccellulosic.The use of natural fibres provisle
benefitsto the environment with respect to the degradability and utilisation of natural materials.
Plantbased natural fibres are lignocellulosic in nature and hence they are composed of cellulose,
hemicelluloses, lignin, pectin and waxy substances. The struaaraposition and chemical

structure of fibres are presenteadlable 22.

Table 22. Structural composition of naturfiibres [33].

Name of the fibres  Cellulose (wt.%) Lignin (wt.%) Hemicellulose (wt.%) Pectin (wt%) Wax (wt.®) Micro-fibrillar/spiral angle (*) Moisture content (wt.%)

Bast fibres

Jute 61-71.5 12-13 13.6-20.4 0.2 0.5 8.0 126
Flax 71 22 18.6-20.6 23 1.7 10.0 100
Hemp 70.2-74.4 3.7-5.7 17.9-22.4 0.9 0.8 6.2 10.8
Ramie 68.6-76.2 0.6-0.7 13.1-16.7 1.9 0.3 7.5 8.0
Leaf fibres

Sisal 67-78 8.0-11.0 10.0-14.2 10.0 20 20.0 11.0
Pineapple leaf fibre  70-82 5-12 - - - 14.0 118
Seed fibres

Cotton 82.7 0.7-16 5.7 - 0.6 - 33-34
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Fig. 26. Some of the Naturdibres. A) Coconut fibre, B) Sisal fibre Ganana fibre D) Jute fibre Eugarcane fibre
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Fromthe microstructural point of view, the structure of the natural fibres@f paramount interest

for researche since itcould be considexd as adeterminanfactor in functional properties of fibres

as well as other physical properti@s,particular in composite materials such as asphalt concrete.
Fig. 2.7 represents the microstructure and surface properties of some of naturaHiwever, the
physical parameters measured are typically spread over a broader range of valuemgreflect
variability in chemical composition, crystallinity, diameter, and cisessional shape, strength, and

stiffness from fibre to fibre, and even from one section of the fibre to another.

Hemp

100 pm

Piassava Pineapple

300 pum . 100 pr

Fig. 27. Micro structural characteristics of natural fibres via Scanning Elediamscopy (SEM)mages [2)].

Table2.3. Typical physical and mechanical properties of naffiibaés[32].

Tensile Strength

Fibers Density [g/cm’] Elastic modulus [GPa] Elongation at break [%] Strength [MPa] Specific strength
Bamboo 0.6-1.1 11-17 NA 140-230 127-383
Coconut 1.15 4-6 15-40 131-175 114-152
Cotton 1.5-1.6 55-12.6 7-8 287-597 179-398
Flax 1.54 28-85 1-4 345-2000 224-1300
Hemp 1.47 17-70 1.6 368-800 250-544
Jute 1.44 10-30 1.5-1.8 393-773 273-537
Kenaf 1.2 14-53 1.6 240-930 200-775
Nettle 1.51 25-87 2.1-25 560-1600 370-1060
Ramie 1.5-1.56 27-128 1.2-3.8 400-1000 256-667
Sisal 1.45-1.5 9-22 2-7 350-700 233-483
E-glass 2.5 70 2.5 2000-3500 800-1400
Carbon 1.4 230-240 1.4-1.8 4000 2860

Inconsistency in the propertied lignocellulosic fibres requires thepplication of rigorous quality
control so that uniformityn the resulting composite may be achieved. If variability infite-to-

fibore mechanical properties is controlled, then theories and models developed for traditional,
syntheticfibre composites may also be applied to those containing ndifored Howeve, in spite

of this shortcomingegarding the natural plant fibres, there are engineering benefits by using them
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as fibres in asphalt mixturegable 2.4summarizes some of tis¢ateof the art on the use of natural
fibres in different types of asphalt mixtures.

Table2.4. Summary of statef-the-practice on aturalfibres.

Source Fibre Mixture | Bitumen m:art?i)tds Major Outcome
Coconut 6 Optic im. 6 Coconutfibre reduced the penetration grade and ductilit
s p fibres Dense 60/70 of the bitumen but increased the softening point.
Hadi ) d graded Neat 6 Empirical
Z;X\Iggfyo’ 0.75 (on Asphalt bit ena: n tests 6 0.75%Coconut fibrancreased the Mahall stability 10
154 thé weight concrete me 15%
of mixture) 5 Marshall 6 The mixture's temperature should be kept below of its
° flash point
Coconut & Cantabro 6 Caoir fibre and kenaf fibre increases the Marshall Stabilit
coir and Dense Abrasion
M. A. Sani et | Kenaffibre | graqeq 8,?'/: :to Loss o Cantabro abrasion loss of the mixture containing coir w:
al,, 2011[35] | 53 (on the Asphalt bitumen | & Marshall better than the Kenaf fibre containing mixtures
weight of concrete
aggregates
Coconut N . 6 Lower draindown comparing to mixture containing
e 6 Draindown )
coir fibre cellulose fibre
and
. Stone
S A . o . - L
Setsal \gggg C‘ililtl;rlgse Mastic VG 30 6 TSR & overall, the SMA mixture containing coir fibre was bette
[3”6] Asphalt than that of containing cellulose fibre
0.3 (onthe | (SMA) 5 ITFT
weight of
mixture)
Cair, Sisal,
banana, 6 Draindown | & coir fibre found to be better for bitumen drainagatrol
and waste Stone 60/70 test comparing to the Sisal and Banana fibres
C.S. Bindu et plastic Mastic Neat
al. 2014(37] 0.3 (on the Asphalt bitumen
Wei ht of (SMA) 6 0.7% found to be the optimum amount of plastic fibre fo
mix%ure) obtaining the draindown limit
- . 6 It was observed that only 0.28% addition of sisal fibre
: 6 Draindown | _. ..
Sisal Stone test significantly
N. Kumar R Mastic 60/70 improves the Marshall properties of SMA mixes
etal., 2016 Asphalt Neat
(28] (\Jlilii(ohnt tohfe (SMA) bitumen | & Marshall 6 The drain down characteristics of the SMA mixes with
mix%ure) 0.28 Sisal fibre met the specification limit
6 Marshall
stability and 6 Banana fibre showed increases the Marshall Stability.
Banana Stone Flow However it was not significant
R.S. Masti 60/70 9
Dikshith, astc Neat
2012[39] Asphalt | men o .
0.3 (onthe | (SMA) 6 0.3% was found as optimum fibre content of mixtures
weight of
aggregates
& Moisture 6 Same TSRs for the SMA with jute fibre and SMA with
Jute fibre L synthetic
Stone 60/70 susceptibility fib ded
P. Kumar, Mastic oot ibre was recorde
2004(40] 0.3 (on the A;ﬂflt bitumen | 6 Hamburg 6 SMA with jute fibre may be suitable for gap graded
weight of ( ) wheel bituminous mixes as supported by lower permanent
mixture) tracking deformation however the difference was insignificant

Besides the benefits regarding the use of natural fibres in asphalt mixtures, there are some
major limits, which restricted the use of these fibres commonly in asphalt mixture production. The

hydrophilicity of natural fibres results in high moisture absorp and weak adhesion to
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hydrophobic matrices. However natural fibres can be treated in order to improve their adhesion to
matrix materials. Additionally, most natural fibres have low degradation temperatures (~200°C),
which make them incompatible higmixing and curing temperatures. This also restricts natural
fibre composites to relatively lotemperature applications. There areesal other challenges, such

as large variability of mechanical properties, lower ultimate strength, lower elongationem®bl

with nozzle flow in injection moulding machines, bubbles in the product and poor resistance to

weathering presented by natufiares[33].

2.5.1.2 Cellulose fibres

Cellulose fibres are plafitased fibres obtained most commonly framoody plant, howevesome

are obtained fronthe waste newspapef.he effectiveness of cellulose fibres in preventing binder
draindown in porous and SMA asphalt mixtures was demonstrated by many experimental and field
research worksAddition of cellulose fibre to SMA does nohemically modify the bitumen used;
rather, it enhances performance of the finished product by allowing the use of higher bitumen
contents that tend to thicken and bulk the aggregate coatingsurfeee characteristics and the
structure of cellulose Fibrassists the bitumen to maintain a high viscosity and avoid binder
drainage during storing, transportation and laying. The thicker coating of bitumen around each
stone also reduces loitgrm oxidation, ageing and moistyvenetratiorf31]. Besides the befies

of cellulosefibres it should be noted thahey can be damaged by high temperature and it is
important that they do not come in contact with aggregates or drum mix gases at a temperature

greater than 200°C. Such restrictions do not apply to mineral fibres suatka®ol and glass fibre
[2].

2.5.1.3 Mineralfibres

In general,mineral fibres have been the preferreibres of manyroad administrationgfor use in

OGFC mixesWhile Cellulose has better stabilizing capacity than mineral fibirés,not used as
frequently as mineral fibres. This dkie to concerns that the organic celluléibees may absorb

water and, therefore, be susceptible to moisture damage in theifieddite of some researches
showing comparableesults[42]. As a commonly used mina fibres, it is thought that addirgdass
fibre to the asphalt mi xture enhances the m
increasing the ductility. It is believed that due to their excellent mechanical properties, glass fibres

might offer excellent potentiafor asphaltmodification [43].

2.5.1.4 Synthetic fibres
The 1980s brought more research on the use of syntfiletés to prevent, or at least retard,

cracking in HMA pavements (e.qg., reflective crackinbie most commonly used synthetic fibres
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are polyester, polypropylene, aramisiuch these polymers have different melting points, which
need to be considered when adding to HMWFe use of synthetidibres was explored for
reinforcement due to high tensile strengths and durability. In this tespeesearch by Freeman et

al. concluded that polyester fibres, while increasing the optimum asphalt content, provided
reinforcement of the HMA mixtures tested. The polyester fibores mbf mcreased mixture
toughnessbut also significantly reduced theomture susceptibility of the mixes by producing

higher tensile strength ratios than the control mixture witfibres[44].

2.5.1.5 Waste or recycled fibres

The increasing importance of sustainability in construction has led to increased interest in reusing
mateials that would otherwise be disposed of, including waste fifsaas a variety of sources.
Waste carpet fibregplastic wastesand tire fibres are the most common recycled fibres with some

favourable results in enhancing asphalt mixtures properties.

2.5.1.6 Innovativemodified fibres

Besides theaforementioned stabilizidigeinforcing fibre resources, several mixtures of cellulose
fibre and various modifiers are also available. These types of compounds haverbdered
mainly bearingn mindthat binder stabilization and a change in specific characteristitseaihix
[45]. These compositions enable the simultaneous feeding of mixtures atililizing agent and
modifier additive.These polyfunctional fibres are usually pdoaced in granulatedorm, which
makes dosage production contraasier. These compsite products may be produced e
combination of oneor two different natural/mineral resources or by additionaof type of
polymers and recycled materialsWhile it is generally accepted that a polymer additive may
substantially improvethe performanceof the mixtures cellulose fibre is typically regarded as
having only a marginal improvement on the performance of SMA during its lifebmtbis case

the commonly used cellulose fibneellets have recently been further modified by the addition of a
polymer. The addition of polymer into bitumen typically modifies its viscosity of binder giving it

improved temperature susceptibility.

Natural and syntheticrubbersas fibre

2.5.1.7 Rubberasfibre - experimental records

Through the decades of intr oduc iettegundérdtandingf r ub b
the potentiaphysical and rheologicaffectsincreasd the variety ofrubberpracticealternativesn
pavement technologyBesides the effectiveness of rubberized bindemxtures (via both wet
process and dry process) in improving the mechanical and performance propettiedirdl

rubberizedproduct the well-recognizedswelling propertiesshownin Fig. 28) of CR led to
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considering itas a great source of draindown contmaterialand mixture stabilizerHowever,

there are jusa few research works concentrating on stabilizing potentials of CR (dry process) and
rubberizedbinders (et process)in this respect, the recent research work of the author on the
feasibility of CR in draindown control of a typical porouplaslt showed comparabtesults[46]

with commonly usedibres In this study, dry processed mixtureasxcompared wi mixtures
containing cellulosévased loose and granulated fibres (peket shapéitumen treated The
results showedhat the rubberized mixtures are of great potentials of daindown cortre.
noteworthy thata higher daindownwas recordedfor the mixturescontaining pelletized fibres
comparison to the rubberized mixtu®@milarly, astudyon rubberized porous asphéiund that

the use of the rubber modified binder was effectiveninimizing the binder draindown and was

comparable to the addition 0f39% cellulosefibresto themix [47].

Rubber
Bitumen
Bitumen Maltenes Rubber-bitumen Rubber swelling

reaction

Fig. 28. Schematic of rubber swelling in rubbigitumen interactiori4g].

In addition tostabilizing characteristicshé idea of adding CR into gapaded mixtures is
to benefit the elastic propertieshich couldbe achievel by rubber particledlistributedthrough the

mixture theoretically shown in Fig. 9).
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Crumb rubber

")‘

Aggregate —mt particles

Mastic

Fig. 29. Rubber particles distribution within a gap graded rubbenmsietures f9].

Specifically considering SMA mixtureshé dry method of incorporating CR into gap
graded mixtures was initially targeteadl controlling the effects of snow and ice tire pavement
surface. The resulted rubberised mixture was expected to have the advantages of breaking up ice
and providing betteskid resistance during icy conditions than conventional asphalt mixtures. The
effectiveness of such application lateas proved within several research works and field data

observations.

CR as mixture stabilizer has been investigated in some experimenta In this respect
the earliest researahorks comparedhe 3 to 13mm crumb rubber with commonly used cellulose
and polyester fibrevith the same known quantity of 08 [21]. The results showed the great
potentials of CR in binder drainagentrolof SMA with providinga comparable draindowrateof
the mixture containing ellulose fibres. It is noteworthy that even if the recorded dvaamdwas
slightly higher than those oktulose fibrecontainingsthe SMA mixture containing CR showed
improved tensile propertiesin another research work, SMA mixtures made with SBS PmB
containing fibrewere compared witlrubberized SBS PmB. The results showeddingeriorityof
rubberized SBS PmB in binder drainage condrad higher permanent deformatioresistanced0].
Considering the SMA mixtures, the efficiency of CR in draindown conted also observed for
the SMA mixtures containin@0% of combined CR andow-Density Polyethylené DPE (30%
CR+70% LDPE, approximately 10% CR on the weight of binflaRes It is noteworthy that the
CR concentrationless than this showedn insignificant effect on binder drainage and further
performance and mechanigaopertieg51]. In line with these aforementioned research works, in
an experimental workthe effectiveness of Crumb Rubber Modified Binder (CRMiB)binder
drainagewas shown comparing the SMA mixtures consisted of natural fibre@aidbitumen52].
The keyfinding of this study like as most of thereviousresearch workswas the improved

mixture performance and in particular tensile properties besides draindown control.
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2.5.1.8 Optimum rubber contera@nd rubberized mixture properties

The effectivenessf usingrubberin asphalt bindersand mixturevarnes widely depending on the
mixture type, production processing methoduantity of rubber incorporation methadand the

adoptel productionvariables.Regarding the CR production and processingré are two main
methods for processingcrap tyes, namely ambient granulatiagd cryogenic grinding'see Fig.

2.10).

20150907 14441 LU 500 pm

TM3030PIus0028

L Al

20150807 14091 LU 500 pm

TM3030PIesD020

Fig. 210. SEM of crumb rubber (top) ambient granulating synthetic tyre rubber (Hattgogenically crushed
synthetictyre rubber [53].

Both processes essentially reduce the size of the tyre and separate the steel belting and fibre from
the rubber compound. The ambient granulating usingaeker millprocess is currently the most

common and most productive means of producing crumb rubber. The process comprises a series of
granulators for tearing the scrap tyres, screeners, conveyors, and various magnets for steel removal.

The end product of theracke mill process is an irregularly shaped particle with a large surface
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area, O6spongy s ur.fCayogenic granding is acamplished ai extresalyzlioav
temperatures-87 to -198°C) by submerging the scrap tyre in liquid nitrogen. Below thesgla
transition temperature, the rubber is very brittle and easily fractured to the desired size (0.85 mm to
6 mm) [48]. The surface of rubber obtained from cryogenic grinding is dllessvith a lower
surface area and elastic recovery compared to ambiamulgted crumb rubber of similar
gradation. Ambient granulated crumb rubber results in a higher binder viscosity than any of the
modified binders produced with an equal amount of cryogenic crumb rubbe B5]. This is
possible due to the very high sacé area and irregular shape of the ambient rubber particles which
permits a faster reaction of the bitumen with the rubber than when cryogenic rubber is utilised.

Among them probably the most important factdthe optimum percentage ofubber in
binder/mixture. Many research works have beeonduced comparing theperformanceand
mechanical properties of mixtures containing different anwomtrubber. However it greatly
depends orthe applicationmethod (dry or wet)a nd b i n d enistics Regahdeg ta the e
rubberized bitumenASTM D6 1 1défines asphalt rubber (rubberized bitumen) as material
consisting othevirgin binder and a minimum of 15% CR.

Besides the CR concentration, the binder/rubber interaction also plays a key role in the
effectiveness of the final product. It is generally believed that the lack of interaction between CR
and binderis the reason for some inconsistencies experiencedryigprocessNonetheless, the
problem could be removedslith considering enough conditioning time through the asphalt mixture

production.

In addition to CR quantity and the binder/rubber interaction time needed for rubber
digestion, it was found that He poperties of pure bitumen used to produagbberized
binder/mixturealso are very important to the quality of thieal product Softer bitumen with
higher lichtweight fraction gives a highewelling rate to the rubber particles and thus displays a
betterhigh and lowtemperature properties comparedhtrder bitumen with the same amount of

rubber modification
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Table2.5. Summay of some of thdindings on rubberizedsphalt mixtures.

Process Used Optimum Test
Source Method- Binder Rubber Major Outcomes
Mix Type | & OBC | Content | Methods
Drv-orocess|  Neat 6 Marshall o The CR contributes to the significant improvement
H.T. Tai y-p 60/70 1.52% 6 Hamburg the Marshall stability and rutting resistance
Nguyen 5&5.5% (onthe | wheel . . .
etal. (on fhe weight of | tracking 6 At the optl_mal content of CR, the rutting resistance of «
2017 B6] | AC & SMA weight of total mix) | _ processed mixtures was as good as that of SBS and CR mo
total mix) 0ITS mixtures using wet process
. & The addition of rubber by dry process increased the stiffr
Dry-process|  Ne& 0 1TSM modulus
e 35/50 9 5 5 Whie d d SMA showed i i
A. Subhy 0.6% (_on 6 RLAT 0 ile ry-processe showe superior  ruttir
‘etal the weight | performance, still the weirocessedSMA outperformed all the
2017 E7] 5.6% (on |  of total | © ITFT tested mixtures
SMA .thﬁtf mix) sLow fatigue |life at 100eU
weight o comparing to control mix. Overall, wgrocessed mix
total mix) -
outperformed all the mixtures.
& Stiffness & Dry processed mixes were less sensitivehigh temperatures
IL Drv-process| Neat than the reference miwithout rubber. However the stiffnes
Feiteira y-p 35/50 17-21.8% $ 4-point ben. moduli were slightly lowerthan those made by wet proce
Dias et (onthe | fatigue method.
al. 2014 8:9% (on | weight of
0 g the bitumen) & Comparable fatigue performance recorded for both
[58] Gapgraded ; 5 wheel .
weight of tracking processed and wet processed mixtures
total mix)
brv-orocess|  Neat oPermeability | 5 Increasing the CR size and content significantly reduced
A. Cetin, -p 50/70 tr}O% (_Ofr:t % Cantabro permeability,
e welg . . .
2013 p9] Porous 6.50% ofOBC) | © ITS & Increasing the CR size and content more than 10% reduce
asphalt ’ & Stiffness ITS values
DIV-Drocess Neat 0TSR 6 increasing the CR content more than 1% resulted
F. P 50/70 051% | .\ heel considerable reduced density
Moreno (on the tracki ; . ) . L
et al. weight of | FacKing o 45 min. was recorded as the optimum digestion time for CR
2011 p0] | Gapgraded | 6.50% | total mix) o The amount of CR had great impact on Moist&en. and
plastic def.
DIV-Drocess Neat & The mechanicalperformance of the mixes was affecte
F. P 50/70 < 1% (on by variations in the digestion time
Motrelno 4-5% (on thef\t/v?glyht & Marshall 8 The additon of CR improved permanent deformati
eta. G ded the ottota resistance
2010 p1] | Gapgraded | | i o | mix)
agg.) ¢ Digestion time of 90 Min. @ 16%°C led to best results
. & The higher rubber content than optimum led to berb
D Neat o Marshall agglomeration
F. ry-process| 000 a9 ; o o
Hernande 1% (on the s Wheel 6 Depending on maturation time (conditioning time) the prese
z- weight of tracking of rubber resulted in better resistance to plastic deformation
Olivares, | semi dense totalagg.$ durability
2009 B2 graded 5.50% o Moisture o laboratory wheel tracking were nabnsistenceo the field
Sen. samples
Wet- 0 Bitumen 6 Due to high viscosity and the ease of pavement manufactt
16%(on conventional ) . -
N.S. process Neat the weight | test and laying, 20% and above is not suitable
Mashaan, 80/100
2014 B3] | No Mixture - bitu?;en) & Dynamic o6 even if the presence of 4% CR could make changes to the
scaletests shear test bitumen, the recorded differences were not significant
6 The addition of CR can significantly improve the viscosity
Wet PG 6422 1020% | © Rotational binders
H. Wang, process (on the Viscosity 6 The addition of CR into asphalt binder can reduce the ci
2012[64] weight of stiffness
No Mixture i bitumen) | 8 BBR o Finer CR resulted in higher viscosity at high temp. &ovder
scale tests 8 RTFOT creep stiffness at low temp.
Bit 6 Higher stiffness modulusvere recorded witt8% CR added
Wet- AC 0 Bitumen modified mixture
B.Vural process 160/220 | 8%(on the cor(;vte)nnona}l exhibited performance similar to the 4% SBS modified mixti
Kok et al. weight of 2ﬂear¥rr;asr:;'c and had a 50% higher stiffness modulus value than the base
2011[65 bitumen e . .
551 D;r:jseed ) ) o 8%-CR modification was determined as the most suits
?—IMA 5 Marshall content according to both binder and mixttests
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Table 2.5 Continuing

Process )
Method- L}sed Optimum Test .
Source Mix Binder Rubber methods Major Outcome
Type &OBC Content
. ... | & Lower porosity for the mixures containing CR when
Dry- SBS PmB oPermeability compared tdheref. mixtures
C. process | 45/8070 1.00% (on | B PR
Sangiorgi the weight | ° Cantabro o Improved thermal sensitivity in terms of ITSM modulus
etal. 2017 of - N . L
ITS mparable IT | h th fn ntaining CR
(46] Porous 6.00% Aggregates)| 6 Co .p.a able ITS Ya ues with t o§e of not co. tal. ing C
asphalt : . o Addition of CR improved reelling properties in terms o
6 ITSM
Cantabro test
Drv- SBS PmB 01 TS 6 Higher ITS and ITSM results fohé SMA containing 0.75%
prorgess 45/8070 | 0.75%and CR andcomparable values for the SMA mixture containi
Sanc;.iorgi 1.2% (on | 6ITSM 1.2% CR when compared to the ref. Mixture.
et al. 2018 the weight 5§ Ski g | ©Addition of CRreduced the emission of noise if compared t
[66] sma | 75%and| of . Ref. SMA layer
8.5% ggregates) 6 Noise 6 The ref. mixureperformed better that CR containing SMAs i
analysis terms of skid parameters
Both dry SBS PmB 1.8%for |01 TS & Both mixtures showed similar ITS values.
a?gc\gg 45/8070 ;v(e)(tyapo: 5 MR 5 Wet processed mixturehewed higher macrotexture value
M.Losaet| P ’ d 010 when compared to dry ntixre
al. 2012 8.5% for rocrgssed . . o Acoustic measurementshowed nomeaningful difference
[67] wetand | P 6 Skid| phetween the mixtures
Gap (on the :
9% for . .
graded weight of | & Noise _ :
dry Aggregates) : & Comparable MR recorded for the both mixtures.
processed ggreg analysis

2.5.1.9 Rubberized binder antla s t prapértes

Besides the bitumen drainagentrol the addition of CR to the binder/mixture has m&aghnical
benefitsshownby many research works (somé them summarizeé table 25). However, hese
advantagegreatly depend on the binder characteristics mndure propertieswhenCR is added

to bitumen even in relatively small quantities, the rheological behaviour of the resulting binder is
often dramatically different from that of then-rubberizedbitumen. Empirical test methosldo

show decrease@enetrationindex and increasedsoftening pointdepenihg on the base bitumen
characteristics and CébncentrationBesides thesepyhdamental rheological testing can be used to
accurately define the rheological responserudfberizedbindersand masticsover a very wide
range of temperatureAs a commonlyseen effect, the addition of CR will result ihetmal
sensitivity improvements even for the binders already modified with SBS PmB. In this case, a
researchwork studied the effects of CR addition on mastics made with SBS PmB. The mesults
terms of commx modulus and phase angle masiaves(Fig. 211) showedthat the addition of

CR improve the thermal sensitivity ofmastic atboth low and high temperatur@s addition to

evidentvisco-elastic improvementat linear visceelaticregion[68].
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Fig.2.11. G* andPhase angle master curves of mastics made with SBS PmB with and withadtiGéh B8].

Il n the same research, t he ma wdrd invaestigatqu ow pfehe t | e ¢
linear viscoeelastic region by means of MultipietressCreepRecovery Test (MSCRT). The results
representeth Fg. 2.12 showed thaas could be expectete addition ofCR rubber couldenhance

the elastic properties (see Fig13) comparingto the mastic without CR in it.

Creep-Recovery curve at 58°C
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Fig. 212. CreepRecovery curvesf mastics made with SBS PmB with and without &Rlition[68].
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Creep-Recovery curve at (.1 kPa at 58°C
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Fig. 213. CreepRecovery curves ahastics made with SBS PmB with and without CR addition atRal68].

Fibresbshapes andorms

Fibres may be supplied in bulk or packaged in pld#ticthat melts on contact with h@iggregate
Considering the form,ilfres may be loose or pelletizeid improve ease of handlinNg]. Loose
fibres may be pressed into pellets to keep the fibres together withauith abindingagent Some
types of pelletized fibresontaina bituminous bindethat must be considerad the mix design
These fibres arknown as bitumeitreated fibre areshown in Fig. 214. Comparedvith pure fibre
pellets, much shorter premixing times are required with bituooered fibre pelletdn addition,

bitumencoated fibre pellets are not sensitive against humidity

Fig. 214. From left to right: Loose cellulose fibre, Bitumen treated cellulose fibre, and fine ¢yoerinbber.Scale

coin diameter: 23.25 mm.

It is believed that Pelletized fibre have numerous benefits comparing to loose fibres including:

1 More homogenous distribution in the mixer
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1 No agglutination of the fibres within the mix
1 Improved handling on account of lower volupeckaging

1 And gacesaving storage through the optimal uspalettes

Besides the aforementioned benefits of pelletizedes compardto loose fibres, some deficiencies
have been reported in experimental research works and field experiences. In this sespect
research works shown the superiority of loose fibres in draindown control when compsoésiyto
granulated fibres and bitumen treatedes [44]. In additon field experiences showethe

importarce ofadequate preand postmixing times for full effectiveness of the pell¢&9].

2.6 Polymer-modified Bitumen (PmB)

PmB overview

Pavements demed andconstructed for heavgluty traffic and extreme weather conditions require
specially designed engineerkitimengrades.The rheological behaviour of asphablymer blends

is of great interest because it is closely related to the perforn@fnuavementsBy changing the
characteristics of normal bitumen with the addition of a polyn{efastomeric nature or
plastomerts, etc), it could be possibléo obtaina bitumen that allow the mixture to be more
cohesive, with much more strength and significant higher resistance to parameters like fatigue and
permanent deformatiorHowever it should be noted that the efficient performancepolymer
modification should fulfil the neededtbmen binder viscosityhrough the temperatur&ig. 215

represents how a typical pavement use PmB differa neat bitumen.

A

Solid
Bitumen

100 stiff = cracks

Required binder

100 501t = ruts,

bleeding, shoving

Required
performance
range

Consistency

100 VIsCous = not

workable

Bitumen
performance
— range )

-— —

Fluid

Temperature

Fig. 215. Typical PmB and neat bitumen viscosits: temperaturg70].
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Overall, the increase in the amount of bitumen modifiers can primarily attributed to the following
factors:

Everincreasingdemand on asphalt pavemengsulted in highraffic volumegloadswith
higher tire pressuréncreased significantlthe need omore rutting resistant pavements.
Most of noenmo di fi ed bitumen binders do not me e
regions with extreme climate conditions.

Environmental and economic pressures to dispose of some waste materials and industrial by
produwcts (such tire, glass, sulphur, and etc.) as additives in asphalt pavements.

Administrative willingness to pay higher costs for pavements with a longer service life to

reduce the risks of premature distresses.

Bitumen polymer modification pros and cons
Among the polymers introduced as for bitumen modification, elastomers and plastomers are
commonly used in pavement manufacturing and in particular for heavy duty pavements. From the
functional point of view, elastomers enhance the strength of bitumegratdmperature as well as
elasticity at low temperature and the plastomers enhance strength but not elasticity [4 & 70]. The
polymers from both main categories were reported to lead to some improved properties of bitumen,
such as higher stiffness at higdmperatures, higher cracking resistance at low temperatures, better
moisture resistance or longer fatigue life. Although these polymers all improve bitumen properties
to some extent, there are still some drawbacks limiting the future development of biialyr@er
modification, such as high cost, low ageing resistance and poor storage stability of polymer
modified bitumen (PMB). Researchers attempted various ways to remove these drawbacks. Table
2.6 summarizes some of the reported advantages and drawbathe wad pavement polymer

modified bitumen.

Polymersbresources

Polymers are macromolecules made by chemically reacting many (poly) smaller molecules
(monomers) with one another to from long chains of cluster. Copolymers consist of a combination
of two different monomers that can be in a random or block arrangement. For ingtalgsg/rene

is a hard, brittle plastic whereas polybutadiene is soft and rubbery if these two distinctive monomers
are randomly mixed and react together a new polymer, calledloer is formed with varying

properties depending on the molar ration of the monomers incorporateéderdbain [72].
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Table26. Road pavement sd PmBs grong&l]).and cons remar

Polymer Advantages disadvantages
Ethylene-Vinyl -Acetate (EVA) Outstanding compatibility No improvement in elastic recovery
Minimal viscosity changes

Thermally stable at normal mixing anc
handling temperatures.

Low cost, as compared to block
copolymers

Styrene-butadiene block copol. (SBS)  Higner flexibility at low temperatures ~ High cost

Better flow and deformation resistance Reduced penetration resistance
at high temperatures Higher viscosity at layout temperature

Strength and very goaelasticity.
Increase in rutting resistance

Natural Rubber Better rutting resistance Sensitive to decomposition and oxyge

Higher ductility absorption.

Higher elasticity and properties under Too high molecular weight (low
cyclical loads. compatibility).

Reclaimed Tire Rubber Rubber disposal, Low material cost  needs for high temperature and long

) ) . digestion time
Potential fatigue resistance

improvement ) )
If not de-vulcanized it may act as a

Reduced reflectiveracking flexible filler

Longer durability

Many polymers have been used as binder modifiers, and they can be classified into five
groupsconsisted opolymers used as bitumen modifiers (1) thermoplastic polymers, (2) natural and
synthetic rubbers, (Zhermoplastic rubbers, and (4) thermosetting polyniEnermoplastics tend
to harden during cooling and soften during heating whereas thermosets cannot revert to a fluid state
upon heatingThe detailsare shownin Table 27. Fromthese polymersao typesof polymer are
generally used to modify bitumen for road construction: plastomers and elastomers. EVA-(Ethene
Vinyl-Acetate) and PE (Polyethylene) are exasmpbf commonly used plastomers a88S
copolymers (StyreneButadiere-Styrene) is the most usedlastomer (Fig. 2.16). Basically,
plastomers increase the viscosity and stiffness of the bitumen. Elastomers also improve the elastic
behaviour of the bitumemhe specifications and standards of most countries focus solely on the use
of SBS,however,the use of elastomers, plastomers and other materials are highly beneficial in the

design of specifibinders[73].
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Fig. 216. EVA (EtheneVinyl-Acetate) on the leftvs. SBS (StyrendButadienStyrene)

Table 27. Main categories dfitumen modificatiorpolymers [4].

Styrene-butadiene-block copolymer (SBS)

Thermoplastic rubbers ,
et Styrene-isoprene block copolymer (SIS)

Thermosets Epoxy resins

Mixed systems

Plastomer polymers

Plastomers form a rigid threstmensional network improving rigidity and providing permanent
deformation resistance unddéwading [74]. However, theutilization of plastomers in asphalt
mixtures are limitedCommonthermoplastics used in asphalt modification include polyethylene
(PE), polypropylene (PP), polyinyl chloride (PVC),polystyrene (PS)and ethylene vinyl acetate
(EVA).

Polyethylene which can be found in in three forms; tBensity Polyethylene (LDPE), i+
Density Polyethylene (HDPE), and Linear L&ensity Polyethylene (LLDPE), is the most
common plastomer. In addition, polyolefin group includes: polypropylene, Ethplempylene
copolymers, an@EVA [71]. EVA is a plastomer, which is copolymer obtaingdcbpolymerization

of ethylene and vinydcetate. Even thougdhis considered as a potential bitumen modifier, there are
some shortcomings of which the phase separations is of more imporEordestance, some of the
plastomers(for example EVA) melt at high temperature. When added to bitumen they appear as

small droplets thaare dispersed in the bitumen. The bigger the volume of the polymer in the
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bitumen,the more it will (positively) affect the properties of the bitumelowever, it is greatly
depends on the type of the polymers and bitumen oi®pmetimeghe polymer is added directly

to the asphalt mixture in an asphalt plant. In this ,céeepolymer has almost no time to interact

with the bitumen and therefore will n@how a significantinfluence on mixtures properties
Besides, it is unlikely that a homogensoend product is obtained.t8gether the improvement of

the asphalt properties will be significantly less than with a proper polymer modified bitumen with
the ame polymercontent. [B]. However,someimportant factors, including the characteristics of

the bitumen and the polymer themselves, the content of polymer and the manufacturing processes,

determine the final properties of polymer modified bitumemBIpP[76].

Fig. 217. Low EVA content and phassperatiorf75].

Level of bitumen polymer modification

In the bitumen modification via polymers, depend on the quantity of polymer artkvieéoped
bitumen/polymer systenthe level of modification can be divided into low polymer content,
polymer content around 5%, and sufficiently high polymer content. In the low polymer content, the
bitumen is the continuous phase of the system and the polymer, which less than 4% ssdlisper
through it. For the modified bitumen containing around 5% polymer, $histem may show
microstructures in which the twghases are continuousdaimterlocked. Such systems ayenerally
difficult to control and pose stability problemé8s for sufficiertly high polymer contenbitumen,
more than 7% in generaf,the bitumen and polymer amrrectly chosen. The pgher phase is the
matrix of thesystem.In this case, th@olymer is the continuous phase and the asphalt is therein
dispersedFig. 2.17 typically represents the differences between bitumen/polyhasedy means

fluorescence imagesf a modified bitumen containing Ethylene Vinyl Acetate (EVAhe
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properties of such a system are fundamentdifferent from those of a bitumemnd depend
essentially on those of the polym&hese materials are usually employedr@mfing [73].

Fig. 217. Fluorescence imaged PmB containing a) 3% EVA, b) 5% EVA, and c) B¥A [77)].
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CHAPTER 3 MATERIALS AND METHODS

3.1 Materials
Virgin fine and coarse agregates

The first step in the mix design proceduie to select aggregates that meet specification
requirements. For the current stutlye composition of the 12mm SMA mixturpsoducedconsists

of: fine (4/8mm) and coarse (B2mm) porphyry aggregatatiownin Fig. 3.1 andlimestonesand.
For the SMA mixturesthe aggregate propertieseaextremely important sindde stoneon-stone
contact is theessentiabackbone of SMA mixtureslhereforeaggregateshardness and shaper
SMA mixturesare more importanthan conventional HMA mixturesChe physical and chemical
properties of aggregates result from the geologic origin and aoggrof the potential source and
its subsequent weathering. On the other hand, many of the properties of aggedgtgds grain
size andsurfacetexture. In the following some of the aforementioned propertia® briefly

discused for the porphyry aggretesin general

Fig. 31 Fractionated 4/8s. 8/12 porphyry aggregates.

3.1.1.1 Mineralogyof porphyry

Porphyry is a reddisbrown to purple igneous rock containing large phenocrysts of various
minerals embedded in a figgained matrixThe main chemical component is silica, while other
major components are iron, potassium ahaminium oxides. Porphyry is rich ithe following

minerals: quartz, sanidine, plagioclase, and lesaer extent, pyroxenes and glass matrix.
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3.1.1.2 Physicaland mechaical characteristicef porphyry

The mechanical characteristics deemed to be importarasfanalt mixtures andiparticularfor
SMA construction.Table 31 pointsout the physical and mechanical characteristafsporphyry
aggregateadoptedn this study.

Table 3.1. Porphyry aggregates given physical and fundanpeofadrtieq 1].

Test Standard Value
Apparent Particle Density (Mg/m3  EN 10976 2.63
Los Angeles Coefficient (LA) EN 10972 15
Water Absorption (%) EN 10976 1.4
AggregateAbrasion Value (AAV) EN 10978 1.6
Polished Stone Value (PSV) EN 10978 52
Resistance to Breakage Bsl) EN 1926 82

Reclaimed Asphalt Pavement (RAPaggregates

The recycling of existing asphalt pavement materials produces new pavements with considerable
savings inthe material resource, cost, and enerdior this research workwo differently
fractionatedRAP aggregate (different stockpiles based on different sizegre used as fine and
coarse RARggregateshownin Fig. 3.2.

Fig. 3.2. Fine and coarse RAP aggregates before and after binder extraction.

As the first and most important step in the desigrany recycled HMA the properties of RAP
aggregate and RAP bindevere determine. The basic required properties of RAP materials
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included: binder viscosity, bitumen content and particle size distribution of aggregatethis
purpose, the binder of the RAIggregates was extracted fbe main following reasons:

i. RAP aggregates grain distributiorwhich wasdetermined by sieving analysis of RAP
aggregates before and after binder extraction providing Black and White grading curves
represented in Fig. 3.3hex wereneededor determinng the final grading of the mixture
andthejob mix formula In this experimental work, RAP was added at a rate of 25% of total
aggregate weights.

ii. RAP aggregate typewhich, in particubr, is important for SMA mixture storen-stone
skeleton.Such this type of RAP is not desirable if the aggregate does not meet specified
requirements for the new HMA.

iii.  Aged bitumen content determinatiovhich should be considered as the existing recoverable
bitumen binder for the mixtures containing RAP.

100

----- Ave. Fine RAP - After extraction

90 T === == Ave.Coarse RAP - After extraction

Ave. Fine RAP - Before Extraction

80 —

Ave. Coarse RAP - Before Extraction

70

60
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20 - /L
————— - _ / /
10 =

Sieve size (mm)
Fig. 33. Fine and coarse RAgtain distribution before and after binder extractiBfa¢k and Whitecurves.

Filler

SMA, as typically defined, requires a relatively high content of asphalt cememhiaedal filler
mastic to bind together the large aggregate partidiémestonebased fillers are the most
commonly used in the construction of asphalt pavement, especially with gtasgd aggregates.
Limestone filler is a product obtained from theefigrinding of limestone and contains a high
degree of calcium carbonate (min. 90%andling, storing, and introducing the mineral filler into

the SMA mixture ar®f paramount importander proper mix production.
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Binders

Polymer modified Bitumen (PmBsare widely usedn the pavement construction to improve the
mechanical performance of pavement materials and allow todutfil their design requirements.
Among the polymer modifierdor asphalt binder, StyrerAgutadieneStyrene (SBS)copolymer
modified bitumen are usually us® in SMAs. Styrenic block copolymergommonly termed
thermoplastic rubbers due to their ability to combine both elastic and thermoplastic properties, can
be produced by a sequential operation of successive polymerisation of styrene butadiene styrene
(SBS). At suitable SBS concentration, antmuous polymer phase is formed throughout the

bitumen and significantly modifies the base bitumen properties.

In the present experimental work, two different bitumens including a 40/50 penetration
graded bitumen and a 1040 SBS polymer modified Bituem (PmB) were usedSome of the

physical characteristics @bth bitumes wereprovidedin Table 32 and 33.

Table 3.2 Given reat bitumerphysicalproperties

Measured properties Unit Value Standard
Penetration @25°C 0.1 mm 50-70 EN 1426
SofteningPoint (R&B) °C 46-54 EN 1427
Flash Paint °C 0250 EN2592
Dynamic Viscosity @ 60 °C Pa.S 0145 EN 12596
Fraass Breaking Point °C 08 EN 12593

Table 33. GivenSBS moadified bitumemphysicalproperties

Measured properties Unit Value Standard
Penetration @25°C 0.1 mm 1040 EN 1426
Softening Point (R&B) °C 070 EN 1427
Flash Point °C 0250 EN 2592
Dynamic Viscosity @ 160 °C Pa.S 00. 4 EN13702/2
Force ductility @ 10 °C Jlen? 03 EN 13589

Rejuvenating agent

In High RAP containing nix design, both the high and low temperature pavement performance
need to be enhanced to ensure that premature failures do not \Witler both rejuvenatorand
recycling agent improvéhe cracking resistance, but there are differences betwajevenatorand
recycling agent and their respective benefRgjuvenatingagents affect both the physical and
chemical properties of the virgin asphalt binder and the RAP binder in the mix design.

They add the following benefits:
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1. Improve the lowtemperature PG gradand ncrease crack resistancEAC;
Improve workability/compaction of thRAP containing mixtures

3. Restore the aromatic resins to the high RAP asphalt binder that were Idst akidative
field aging

4. Do not cause continuous ageftening of the RAP asphalt binder which could l¢ad
increased rutting potential

5. Reduce the highemperature Performan&rade (PG)

On the other hand, thecyclingagents are also capable of reducing the visc@sityimproving the
low-temperaturggr operties of the high RAP binder. Her
agent:

1. Arecycling agent does not add the aromatic resins to balance the properties of the high RAP

binder and repair the oxidative aging.

2. Without the aromaticity restoreithe high RAP mix design will exhibit premature rutting due
to continued age softening of the RAP binder.

It is worth mentioning thatregarding the use of rejuvenating ageiitss not only important to
have a balanced mix desigegardingvolumetric, butalso to ensure that the design will provide

long-term performance without increased rutting and/or premature cracking.

In this experimental worka waste vegetable (WV) dilasel rejuvenator asused. Table3.4
provides the technical identification (physical properties) of the used rejuvehasonoteworthy
that the recommended dosagé rejuvenator by the producevas considered as an optimum

dosagewhichwas 0.15% by weight of RAP in the mixture.

Table3.4. Re | u v e n givehphygicakpropenies.o s

Properties Unit Value Appearance
Appearance - viscous liquid
Minimum operating temp. °C 0-5
Density @25°C g/lcm? 0.771 0.79
Flash point °C 090
Viscosity @25°C Pa.S 3040

Fibres
While the primary role ofibres asstabilizing additivesvasto prevent the bitumen dradown of

the mixture here theeffedivenessof composite modifiedfibres on mixture mechanical and
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performance propertiesas been studiedFor this purpose4 novel cellulosebased fibresvere
investigated including the followings

I. A cellulosebased minerdibre (glass)added fibre. The mineral component (structuisal)
supposed to forms a threemensional network and plays a role of miceanforcement in
the matrixof binder.

II. A cellulosebased fibre mainly composed of cellulose and high amount of waste tire rubber
(60-70%). It contains also a minor portion of mineral (glass) fibres.

lll. A cellulosebased fibre containing mineral fibre (glass) and a plastomeric polymer. The
compourmnl were deemed to increase the viscosity and nstimactural reinforcement of the
bitumen film.

IV. A cellulosebased fibre composedf cellulose and waste tire rubber and plastomeric
polymer(40-50%).

Fig 3.4 representshe cellulose,mineral and polymer, which wenesed for producing the
different composite fibres in this study aasl well aghe room temperature appearanceheffour
compositefibres before and after grindindt is worth mentioning that grinding the fibres was

necessaryor producing a homogenous mix throudpie laboratory scaleorks
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Fig. 34. Appearance diibresbefore and aftemixing as composite fibre in pellet and grinded foBuale coin

diameter: 23.25 mm.

3.2 Methods
In the following sectionghe applied tests during each of the defined phas#woésarch plaris
briefly described. Tis contairs the explanatiomn adoptedestmethods andalculationsaccording

to the considered standayds well as conciseintroduction ortheapparatus antestmachines.
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Dynamic rheological analyss
3.2.1.1 Dynamicrheological parameters
Significance and use

The rheological characterisation of bitumen has traditionally been based on measurements of
viscosity, penetration, ductility and softenipgint temperature. These measurements are generally
not sufficient to thoroughly describe the rheological and failure properties of bitumen needed to
relate bitumen properties to mixture properties and to pavement performance, particularly for
PMBs. In orer to accurately relate binder properties to pavement performangenecessary to

undertake more fundamental testing of bitumen.

At present the most commonly used method of fundamental rheological testing of bitumen is
by means of dynamic mechanical tth@ds using oscillatoryype testing, generally conducted
within the region of linear viscoelastic (LVE) response. These oscillatory tests are usually
undertaken by means of Dynamic Shear Rheometers (DS®svnin Fig. 3.5) which apply
oscillating sheastresses and strains to samples of bitumen sandwiched between parallel plates at

different loading frequencies and temperatures.
Test procedure

In the present researchn all the binder scale tests, the firstage was dedicated to producing
bituminous samples and compoundsh considering theractical field asphalt mixture procedure.

For this, the laboratory blends were prepared by blending the ground (powdered) fibres into hot
bitumen and stirred manually. Considering the needed timeulaber digestion into bitumen
besides the practical conditioning time (The time for transportation of asphalt concrete) the sample

preparation included the following steps:

- Blending the ground fibre with hot thet u me 1
type of bitumen
- Mixing manually the blend at 160RN5eC
The general rheological characteristics of the binders in this studymesreured under the

following test conditions:

Mode of loading: controlledtrain;
Temper at ur es:-degrédesteps; 0 82e¢ with 6
Frequencies: 0.040 Hz (eleven values);

Parallel plate geometries: 25mm diameter with a 1mm gap

= =2 A =4 -2

Strain amplitude: within LVE response (0.4.0.0%
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Fig. 3.5.Dynamic Shear Rheometers (DSR) and test samatityNIBO Lab-Roads

Calculations andutput data

The principal viscoelastic parameters that were obtained from the DSR consisted of the complex
shear modulus (G*) and phase angle (U0). G* i
maximum strain and provides a measure of the tos&teace to deformation when the bitumen is
subjected to shear loading.contains elastic and viscous components, which are designated as the
(shear) storage modulus (G6) and (shear) |1 oss
relatedtothe o mpl ex (shear) modulus and to each ot he
is the phase, or time, lag between the applied shear stress and shear strain responses during a tes
The phase angle, defined above as the phase difference betwesrasttestrain in an oscillatory
test, is a measure of t hebehavimf2loel asti c bal anc

. $ $
@) PR (3.1)

With Ghaxa n éhax having the following expressions:

z  — (Pa) (32)

[ — (33
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where
Uhax = absolute value ahe peakto-peak shear stress (Pa)
dmax = absolute value ahe peakto-peak shear strain (%)
Tmax= maximum applied torque (load) (Pa)
r = radius of specimen plate (mm)
d max= maximum deflection angle (rad)
h = specimen heightr(m)

Here for the current researchhe DSR rheological data has also been presented in the form of
complex shear modultend phase angisochronal graphs, comparing the stiffness and viscoelastic
behaviour of the fibre added compounds besides neat bituimenvorth mentioning that inroer
to investigate on the importance of the load frequency the isochronal graphs were produced
considering 1.59 Hz and 10 Hz as frequency representing the medium and high frequencies

respectively.

3.2.1.2 Bindercreep recoveryest

Significance and use

The rutting potential of asphalt binders is characterizettheraboratory using Superpave rutting
par ameter ( G* | S-Stress) CregReabveryM (MSER) ptésts. However many
researchers have reported that Superpave rutting parameter may notecaredllavith the field
performance as this parameter is determined at very low siméadinear viscoelastic range, while
rutting occuss out of this rangeThe MSCR test uses the welstablished creep and recovery test
concept t o ev potatia forgpermanent défarmatoa.t Preduces lab results that are

closely correlated with actual mix performance.
Test procedure

For the current research, MSCR tests were carried out following the European standard EN 16659
using tke Dynamic Shear Rbeneter (DSR)with parallel plates of 25 mm diameter and a gap of 1

mm. The test temperature of 88 was adopted in this test, and the obtained results were compared
with the primary Superpave rutting parameteopughthe testt s e c o nd c apgliedpo tHeo a d
asphalt't bi nder sampl e. Aft er t Haewvedlto receverdan d | o0 3
seconds The test is started with the application of a low stress (0.1 kPa) for 10 ccespiie

cycles then the stressimgreased to 3.2 kPand repeated for an additional 10 cycles.
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Calculations and output data

The MSCR test is conducted at two stress levels: 0.1 and 3.2 kPa, anelcoeerable creep
compliance (Jnr) and recovery (R) values are determined for a selected asphalThiadenalue

is calculated as #ratio between the average aeacoverable strain for 10 creep and recovery
cycles, and the applied stress for those cy@hewnin Fig. 3.6) Severalstudies observed better
correlation betweennJestimated at 3.2 kPand rutting performance of asphalt mixes in field and
laboratory B]. A lower J indicates that asphalt binder is highly rut resistant and vice versa. In
addition to Jnr, recovery (R) of asphalt binder can be estimated using MSCR test, which can further
be used to evaluate rutting performance of asphalt binder. A higher R value is desirable for asphalt

binder so it hashe capability to return back to its original shape after unloading.

Example of Binder Behavior During One Cycle for Ju
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g Cycle 2 1-' \“—____
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Fig. 3.6.Typical MSCR curve. Strain vs. time.

Bending BeamRheometer (BBR)

Significance and use

Cracking due to loviemperature stresses is the dominant failure mode in asphalt pavements built in

cold climates. This distress manifests as a set of almost parallel simfated transverse cracks
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of various lendts and widths. Among the few test methods been introduced for investigating the
binder lowtemperature properties, BBR testing is the most common andesgiructive test, which
focuses on the stiffness and the relaxation behaviour of the binder. Thisaless$ it possible to
determine different critical ohcative parameters for the letl@mperature behaviour of the bitumen.
The purpose of BBR test is to make sure that asphalt binders do not become towal dtifittle at

low temperaturesince it can canibute to transvers cracking in HMpavements4]. The BBR is

used to measure tmid-point deflection, in thre@oint bending, of a beam atbituminous binder.
Test procedure

The BBR is used to perform letemperature creep tests on beams of asphaders conditioned at

the desired temperature for 1 h in ethanadHgD). The BBR is flexural stiffness test. From the
applied load and resulted deflectiahe creep stiffness of the asphalt binder is calculated. In
analysing the BBR data, another qugntialled mValue is also calculated. The-value is the log

log of the creep curve at a given loading time. These parameters give an indication of an asphalt
binderds ability to resist |l ow temperature cI
beam measuring 6.2612.5x 127 mm(see fig 3.7). This sample is then simply supported at two
points 102 mm apart in a controlled temperature fluid bath. The beam is then loaded at the midpoint
by a 100 g load that, under normal gravity conditiomsyduces 0.98 N of force. The beam
deflection is measured at 8, 15, 30, 60, 120, and 240 seconds.

Fig. 37. BBR mould configuration and ready bitumen beam after demoulding
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Calculations and output data

From the dimensions of the test specimenntbasured test load, and the test specimen deflection
the stiffness of the test specimen at any specific loading times is calculate using following equation:

Sm@®=PB/ 4bh3U (t) (3.4)

where:
Sm(t) is flexural creep stiffness at time t (MPa);
P is measured test load (mN);
L is span length (mm);
b is width of test specimen (mm);
h is depth of test specimen (mm);
,and 0 (t) is deflecttion of test specimen at

Indirect Tensile strength (ITS)

Significarceanduse

The Indirect Tensile Strength (ITS) test also knowmhasplitting test is a common test using for
asphalt mix design and characterization. In asphalt mixtures, the mineral skeleton (aggregates)
affords the compression strength, and thieimen and mastic cohesijodeliver the tenacity
(furthermore the bitumenggregates adhesior][ Given that the tensile characteristics of asphalt
mixtures are indicators of cracking potentiality, it is considered as a fundamental parameter of
rutting [6], thermal and fatigue cracking resistance. In addition, ITS value istigidepended on

the tenacity reached by aggregateffiller and bitumen bonding |&6Y¥ehdnce ITS value is

considered a reliable comparative parameter.
Test procedure
The following steps followed according to European stantkstdmethodEN 1269723:

- Gyratorycompacted pecimenproduction(see section 2.1)

- Recordng the heightand diameter of each specimen

- Stoingthespe i mens at | e a Atter beingrswrauabaut tre tempeatar€ the
specimen wasarefully place on the lower loadingtrip of apparatushown inFig. 39

- Lowering top loading strip lswly into light contact with the specimen

- controllingthe two loading strip® remairing parallel to each other during testing
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- Applying the load at aonstant speed of deformation of (5@} mm/minand record the
peakvertical load at failure of the specimésee kg. 3.8).

Fig. 38. Loaddeformation screen capture at ITS test.

Fig. 39. Mounted specimen between loading strips for 1@

Calculations and otput data

Tensile strength of the compacted bituminous mixisideterminedising followingformula
OY'Y— (3.5)
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where:
ITSis Indirect TensileéStrength, express irGPay)
P is the peak load, expressed in (kN)
D is diameter of specimen, expressed in (mm)
, and H is the height of the specimen expressed in (mm)

Marshall Stability and Flow
Significance and use

Marshall Method despite its shortcomings, is still probably the most widely used mix design
method inthe worldprobablysinceit is a simple and inexpensivest MarshallStability is related

to the resistance of bituminous materials to distortion, displacement, rutting and shearing stresses.
The stability is derived mainly from internal friction and eslon. Cohesion is the binding force of
binder material while internal friction is the interlocking and frictional resistance of aggregates. As
bituminous pavement is subjected to seveaffic loads from time to time, it is necessary to adopt
bituminousmaterial with good stability and flo\8]. In the present researdhg MarshallMethod

was used athe prequalification test, to assure on optimized mixture throughout the primary mix

design.
Test procedure

The following stepshownin Fig. 310 followed according & European standard test methad|,
1269734:

- Making the Marshall compactespecimengseesection4.2.2). For thecurrent test 75 blows
have been chosen, considering a heavy load duty pavelnsnivorth mentioning thathe
compactedspecimens shall be d®ulded ensuring that they are cooled in aiavoid any
danger of deformation

- Immersng the demouldedspecimens on their flat surface in the wdtathat 60C for at
least 40 min

- Removng the test specimen from the water bath andipdpic centrally on its sidebetween
Marshallapparatusshields

- Applying the load to the test specimen to achieve a constant rate of deformation of (50 % 2)

mm/min
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PID system

Fig. 310. A) Proportionated materials for a Marshall specimens. B) Marshall compacted specimens. C) Conditioning
thepeci mens at 60eC. D). UNI BO Mar shall app

Calculations and output data

Accordingto Fig. 311 Marshallstability value is the total load thaauses failure of the specimen
at 60C while the Flow value is the total amount of deformafimundedto the nearest.0 mm)

that occurs up to the pointbe load start decreasing (failure poinit) is noteworthy thatthe
European approach for Marsh&fiability and Flow, EN 126934 defineshree different levels of

flow value alsadescribed in Fig. 3.1
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Fig. 311. Graphicaldepictionof the definitions for stabilityS), flow (F), tangential flow, Ft, and total flow;F
according to EN 126934.

Indirect Tensile StiffnessModulus (ITSM)

Significance and use

Knowledge ofthe stiffnessof bituminous mixtures is obviously akelement for the analysis and
rational structural design of flexibleavementg9]. At normaltraffic flow speeds and pavement
temperatures, asphalt mixtures act almost elastjdhiyefore its elasticstiffnessis a measure of

its resistance to bending and relatively its loads spreading glilly In literature, ITSM is also
considered asmaindicator for the structural properties of mixtures as it is related to the capacity of
the mixture to traffic loads bearindL]]. In addition, given that the ITSM values gtly depend on

test temperaturethe results often consider for thermal sengytianalysis of asphalt mixtures.
Hence stiffness of asphalt mixtures is an essential parametke &valuation of induced load,

temperature stress and distribution of deformitiethé@pavement structuredl2 & 13].
Test procedure

Asphalt mixture stiffnesgan bemeasured by various test procedures described in EN 12697
(annex C) The testwas performed usinghe servehydraulic Universal Testing Machines UTM
shownin Fig. 3.12. The test equipment comprisé® loading system, incorporating a pneumatic
load actuator, a steel load frame, a load cell and two loatiipg. The deformation measurement
system, including twd.inearVariableDifferential Transducers (LVDTs)mounted on a rigid frame

clamping thetest specimen; and the recording equipment, comprising an interface unit connected to
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a personal computer which monitors and records the electrical signals from the load actuator and
LVDTs.

Fig. 312. ITSM testconfiguration

The loadapplies aepeated load pulses with rest period. The load shall hetesrersianwvaveform

shownin Fig. 313 or closeto it.

Key

1 peak load
2 pulse repetition period
3 rise-time

Fig. 313. Graphicalrepresentation foiT SM test loading characteristiescording to EN 126926.
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Calculations and output data

According toEN 1269726 Annex C, calculation of the Modulus is based on the averb§doad
pulses shown in Fig. 3.4.

PULSE 2
< bn
——— Transient Defornation

Tenperature Conditioning
A LUDT _1 Skin: 29.8°C Pulse Count
LVDT _nean Loor 2 Core: 30.3°C S
Pulse Force Peak Hor Ad) Suarr Risel ine Loadl ine | Loadfirea |Stiffness
Mo Cload) Deforn’'n Hodu lus 0___peak 0o_0 Ratio Modu lus
M) o) Wa) (ns) ns) <) (MWPa)
1 1600 .0 4.923 52 127 188 64 572
2 19570 .6 4.747 696 127 182 63 3637 |
3 1961 .9 q4.747 3677 128 183 63 3616 %
1 1973.6 4 .688 3751 127 183 63 3689 1
] 1964 .8 4.6959 7oA 127 181 63 3691 '.l
nEEN 1974 .2 4.753 1706 127.2 183 .4 63.266 3641 t
D 13.9A473 0.091 40.39 0.4 2.416 0.419 145.19 i
U/ 0.8603 1.926 1.089 0.314 1.317 0.6623 1.241 8
\.1
e =G ﬁ:&xm;m TVl e B = ’i
¢ 3 ' > fae Y C

e o e R

Fig. 3.14. ITSM screen capture after 5 load pulses

The nodulus is determined with the wédhown equation:

o — (36)

Where
E is the measured stiffness modulus, expressdiema PascalMPa);
F is the peak value of the applied vertical load, expresshiéwton(N);

z is the amplitude of the horizontdeformation (sed-ig. 3.13) obtained during the load cycle,

expressed in millimetres (mm);
h is the mean thickness of the specimen, expressed in millimetres (mm);

, ands is the Poisson's ratio, here used 0.35.
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Repeated Load Axial TestRLAT)
Significance and use

Rutting is acommon failure form for flexible pavements in which material under the wheel path
flows and densifies to form a depression or Tuto major mechanisms of rutting agdensification
(compaction) due to the repeated loading plagtic shear deformatiodue to the repeated action

of shear and tensile stress. If a pavement has been well compacted during construction, further
densification during rutting is unlikely, and permanent deformation is principally due to shear flow
[14]. The direct uniaxial yclic compression configuratiotermed the permanent deformation
properties by applying Repeated Load Axial Test known as RIB&Eides the attractions of RLA

test; including the simplicity, relatively low cost and straightforward procedmcegexperimentally
derived empirical resultshowed that RLA test is able to discriminate effectively different mixtures

in terms of permanent deformation close to practical results. In addition, it presented good
correspondence with other relative tdgts Wheel Trackingest B]. A variety of loading systems

has been used to measure mixture response in repeated loading, femminglatively simple
mechanical or pneumatic systems to more complex elagtiraulic systems. More sophisticated
systems generally include a testing chamber that permits careful control of temperature as well as

the application of repeated load comiigipressure coordinated with the vertical repeated load.
Test procedure

The test method is to determine the creep characteristics of the bituminous mixtures by means of a
cyclic uniaxial compression test with some confinement. In this éesylindrical specimen is
subjected to a cyclic axial stre3% achieve a certain confinement, the diameter of the loading plate

is lower than that ofhe sample. The test to which reference was made was the EN -28697
Method A.

A cylindrical specimen Wth a diameter of 150 mm, maintained at an elevated temperdture
conditioning(40°C), is placed between two parallel plates. The top plate has a diameter of 2700 mm
(because of a certaiinclination in reality the area of the specimen subjected to stress has a
diameter of 96 mm). There is no additional pressure applied lateral contaifinersgample must
be placed well centred with the test axle between the two plates. Two displacement transelucers a
positioned on the load plate, facing one another. Then a preload for 10 minutes (600 s) is applied.
Immediately after that ended the step of preloading, the cyclic loading is applied with a series of
pulses (1 £ 0.05) s.
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Fig. 315. RLA test sonfiguration

Calculations and output data

During the RLAT the changef the height of the sample is measuredhatspecific application of

the load values. From this, the cumulative axial deformation (permanent deformation) of the
specimen is determideasthe function of the number of load applicatiofesults are presented in

a graph fypically shownin Fig. 3.36) which involves an initial elastic part, followed by plastic
deformation. The graph shows on the ordinate the accumulated deformati@nd@mt), while the
abscissa axishowspulses on a logarithmic scale. The first part of the graph is basically linear and
represents the elastic deformation with the initial settling of the voids of the specimen, while the
subsequent part is the plastdeformation that is the part of the permanent deformation,
unrecoverable once removed the applied IoHte permanent deformation performance of the

asphalt mixtures was quantiyed by.the ultimat
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Fig. 3.16. Typical screen capture atrainload pulsegraph in Repeated Load Axial Test (RLAT).

Indirect Tensile Fatigue Test (ITFT)

Significance and use

Fatigue is one of the main failumodesoft he asphal't pavement 6s st
degradation of the bourmhvement materials and finally the whole pavement struciwe.phases

of the degradation process occur during fatigue cracking. The first phase corresponds to degradation
resulting from damage that is uniformly distributed throughout the material. THasepis
manifested by the initiation and propagation afedwork of micrecracks thatesults in decreade

rigidity (stiffness modulus) of the material. The second phase starts with the coalescence of these
microcrackd and t he ap pceaeksvehiclcpeopagate withan ¢the material. These two
phases are typically referreddscrack initiation and cracgropagatiorj15]. It generally appears in

the form of alligator or map cracking that is initially confined to localized zones and spreads at an

increasing rate

The fatigue behaviour of bituminous materials is measured in the laboratory under either
controlled stress or strain conditioby different test configurationsControlled stress is more
widely used since it reproduces site conditionsvirich load is applied to the pavement structure
and is the mode from which fatigue design equations are dedll6edn this mode, a repeated

stress or load of constant amplitude is applied to a sample which causes the stiffness to eventually

decrease andhus, the resulting strain will increase.
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From another perspectivaeveral methodsind test configurationeave been developed for the
fatigue testing of asphalt ntixes included repeated flexural beagantilever flexural, anehdirect

tensile testgraphically shownn Fig. 3.17 are usuallyused.
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Fig. 317. Some welknown fatigue tests for bituminous materials and their loapatternd 16].

Indirect Tensile Fatigue Testing (ITFT) is a method commonly used to assess the fatigue resistance

properties of asphaltic mixtures. The met hod?¢
tesing specimen is a constant load pulse that generates a steady (constant) horizontal stress in the
specimen, thus letting the resulting strain increaséha asphalt mixture specimen fails through

fatigue damage.
Test procedure

In this study, ITFT was carried out in controlled stress mode according to EN -22686r
indirect tensilefatigue testthe extensometers measure the lateral deformatiepearfimensThe
specimen was exposed aoepeated load with a load signal through the vertical diametrical plane

shownin Fig. 3.18.
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Fig. 318. Indirect Tensile Fatigue Test (ITFT) configuration apeécimen placement settings

This loadingdevelopsa relatively uniform tensile stress perpendicular to the direction of the applied
load, which induce permanent deformation leading to failure of the sample by splitting along the
central part of the vertical diamet&uring the test, thetressandmateial stiffnesswere monitored
continually (Fig 3.19) and recorded at the preselected intervals using computer datathis
research study, three cyclic loading forcesevesed (200, 250, and 300 kPahe fatigue life is
defined aghe number of load applicatiavhen the complex stiffness moduhes decreased to half

the in initial valueNyso. Complex stiffness modulus is considdrafter 100 load applications.
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Fig. 3.19. Screen capture, monitoring the initial andmentarystiffness of material

The ITFT tests were performed using the following conditions:

- Test temperatur e: 20eC
- Poissonds ratio: O0.35
- Loading condition: controlledtress

- Loading risetime: 120 ms

- Failure indication: decreased stiffness modtdubalf value after 100 cycles
Calculations and output data

The test specimen was subjected to different levels of stress, for a regression analysis on a range of
values. This allowed the development of the fatigue relationship between the numbee®atycl
failure (0 "Q and initial tensile strainThe tensile strain and stress at the centre of the specimen shall

be calculated using the following formulae:
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. . (37)
y
R > (3.8
y
- P (3.9)
Yeo p 0z (3.10)
Where:

» 1S the horizontal tensile stress at the centre in (MPa)

F is the measured force in (N)

t is the specimen thickness in (mm)

N is the specimen diameter in (mm)

-is the horizgont al strain (&m/ m)
Y'Ois the horizontal deformation in (mm)

- is the resilient horizontal tensile strain between load impulses

And Snix is the stiffness modulus, in (MRa)

Considering therinciple definitions thdracture life is calculated by the following equation:
EFQ - (3.11)

where:

Nt is the number of load applicatigns
k andn are material constants

And- is the tensile strain in 0 at the centre

Thermal Stress Restrained Specimen Test (TSRST)

Significance and use

Low-temperature cracking is the most prevalent distress found in asphalt pavemerits dmidt
weather climates. As the temperature drops the restrained pavement tries to shrink. The tensile
stresses build up to a critical point at which a crack is forffiedrmal cracksan be initiated by a

single lowtemperature event or by multiple wang and cooling cycles and then propagated by
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further lowtemperatures or traffic loadingghermal cracking can be divided into two modes of
distress: lowtemperature cracking and thermal fatigue crackivgile Low-temperature cracking
resultsfrom extranely cold temperatures; thermal fatigue cracking results from teahperature
cycles.Low-temperature cracking is attributed to tensile stresses induced in the aspitaéite
pavementwhen the tempeature drops to an extremely leimperaturelf the pavement gets
cooled, tensile stresses develop as a result of the pavement's tendemayact in the meanwhile

the contactfriction between the pavement and the base layer resists the contrdii@ntensile
stress equals the strength of the migtat that temperature, a mieccackdevelops at the surface of

the pavement. Under repeated temperature cyclesrdbk penetrates the full depth and across the
asphalt concrete layeThe primary pattern of lowemperature cracking is transverse to the
direction of traffic and is regularly spaced at intervals of approximateiy &) new pavements to

less than 3n for older pavements. If the transverse crack spacing is less than the width of the
pavement, longitudinal cracking may occur, and a blodkepa candevelop [¥]. The Thermal
StressRestrainedTest (TSRST) has been developed to evaluate the thermal cracking resistance of

asphalt concrete mixtures.
Test procedure

The test is carried out by cooling an asphal’
while keeping the specimen length constdr this, a beam or cylindrical specimen epoxied to
end platens is mounted in the load frame, which is enclogéiaelcooling cabineasshown in Fig
3.20 Two or four Linear Variable Differential Transformers (LVDTs) nton changes in the

length of the specimen, while the load cell monitors the tensile load.
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Fig. 320. Mounted specimen and placed dummy specifoemSRST.

Calculations and output data

The TSRST result@re reported in terms of the temperature at fracture and the maximum stress at
failure. Fig. 321 shows a typical TSRST graph
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Fig. 321 Schematic representation BBRST typical curve anparameters.
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The thermallyinduced stress gradually increases as the tempei@dguareaseat a constant rate of
cooling until the specimefnactures At the breakoint, the stress reaches its maximum value, which

is referred to as the fracture strength, with a corresponding fracture tempeféteirgansition
temperature divides the curve into two padlxation and nornelaxation. As the temperature
approachethe transition temperature, the asphalt cement becomes stiffer and the thermally induced
stresses are not relaxed beyond this temperdbueto the prohibited thermal shrinkage, cryogenic
stress is built up in the specimen. The results are the progredsibe cryogenic stress avihe
temperaturéT) and the failure stres&ilure at the failure temperatufeiiure[18].

Indirect Tensile Strength Ratio (IT SR)

Significance and use

One of the factors that lead to premature failure of pavememnsigure sensitivityThe presence

of moisture in bituminous mixes can either initiate new distresses or aggravate existing distresses.
In moistureinduced damage, the bond between bituraed aggregate gets weakened in the
presence of water, leading togaggate stripping or ravelling 1. The moisture damagean be
detrimental if combined witlather factors, such as freeteaw cycling[20]. Moisture damage can

be defined as the loss of strength and durability in asphalt mixtures due to the effects of moisture
[21]. Premature failure may result due to stripping when critical environmental conditions act
together with poor and/or incompatibleatarials and traffic42]. Due to the detrimental effect of
moisture damage, it is important to test the susceptibility @sahalt mixture to moisture damage.

The moisture damage resistance of mixes is evaluated in terms of the effect of moistuieremt dif

mix parameters such as stability, indirect tensile strength, stiffness (resilient modulus, dynamic
modulus), rutting, and fatigue characteristidsimerous tests have been used to evaluate moisture
susceptibility of HMA some are tests for asphhibhder,while others are for asphalt nixes. The

tests for asphalt miMres are divided into tests for loosexesand tests for compacted mixes.

Within the framework of European test methods, the determination of the indirect tensile
strength ratio (IBR) is put forward as a measure in order to assess the water sensitivity of asphalt

mixtures which applied for the present study.
Test procedure

The test has been done following thasis m EN 1269712 standard method A, howeyér is
worth mentioningthat here we did not apply a vacuum to obtain an absolute (residual) pressure.
Hence,subsets obpecimens wersubjected talry conditioning while the correspondisgecimens

were conditioned bymmersinginto the water a t 4y 2Ch (Shownin Fig. 322). Before
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running the tensile strength tabe wet subsetvasst or ed i n t he fova2ht Bhe bat
specimens were thesubjected tandirect tensile strengtimmediately aftejust drying the surface

of the specimenslhe ITS valuesweredetermined byoading the specimens at a constate (50
mm/min) and measuring the force required to break tfiéma.tensile strength of the conditioned
specimensvasthencomparedvith thedry conditionedspecimens to determine the tensile strength
ratio (ITSR).

i ATR RN

P10 system

Fig. 3.22 Conditioning of wet subset for ITSR.

Calculations and output data

The tensile strengtiatio is calculated as follows:

OoYYY nmn

(3.12)

where
ITSRIis the indirect tensile strength ratio, in percent (%);

ITSwet is the average indirect tensile strength of the wet group, in kilopascalsrialed to

threesignificant figures;

And ITSdry is the average indirect tensile strength of the dry group, in kilopascals (kPa), rounded

to threesignificant figures.
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Rolling Bottle Test (RBT)
Significance and use

The adhesion between bitumen and aggregates is of paramount importance for asphalt mixtures
since it hadeen confirmed that weak bostrength results in a premature failure of the pavement
[23]. In addition,the adhesion between aggregate and bindericegified as one of the most
important parameters influencing moisture sensitivig].[2h order to extend the service life of the
pavement, several countries have implemented national requiremehesnedindatory addition of
adhesion promoters msphalt mixes, to secure and maintain the adhesion and durability of asphalt
pavements over timélowever it has been shown that teehesion between bitumen and aggregate
alsodepends on the chemical nature of the components and therefore the soedeitoften and

type of aggregate. Other aggregateperties such as surface texture, shape, porosity and
absorption will also influence the adhesio®][20thers factors are related to mixture design and
layer construction (air voids content, film thiclese permeability and drainage) or environmental

factors (temperature, pavement age, frebasv cycles and presence of ions inwaer) [5, 27].

Number of test methods is available to estimate the affinity between aggregates and
bituminous bindersThe standardized European approach to quantify the affinity between aggregate

and bitumen is the rolling bottle test.
Test procedure

The Rolling Bottle Test (RBT) was conducted in accordance with EN 1269With minor
modifications based on practical proceslalso considered in mixture scadsts.Fig. 3.23 shows

the applied procedure steps.

1. Aggregates, only material retained between the 8 and 11 mm sieve was used for conducting
the rolling bottle tests. To prepare samples for testing;fdestaggregate samples weighing
510 g heated up t o théprofoNiGnatel amnoure aachfibre fercat wi t h
least 5 minutes.

2. Heated binder (temperature was deelwh the type of bitumen, neat bitumen or SBS
PmB) added to the mixed aggregates fimne.

3. Aggregates, fibre, and bitumen mixed until getting fully bitumen covered aggregates.

4. Thenafter the proportiosted limestone filler added to all material.

5. After mixing all the materials, the mater.|

practical conditioning for 2&inutes
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6. Coated aggregate particlesthsindividual, loose particles were spread on silicon paper for
18 h at room temperature.

7. 150%2 g of aggregates transferred into the bottles previously approximately 50% filled with
distilled watero f .Fhe@ass rod placed in the bottlesd filled withwater.

8. The bottles finally placed on the rolling apparatus.

After 72 h rolling  Before rolling

Fig. 323. Rolling bottle test procedure.
Calculations and output data

As mentioned befordRBT consists in placing bitumetoated aggregates in a bottle filled with de
ionized water and theplacing it in a rolling machine, which subjects the material to a mechanical
stirring action in the presence of water. After defined time steps, normally 6, 12, 24, 48, and 72 h, at

least two independent operatdirs this research 3jisually estimate the residual degree of bitumen

84



CHAPTER 3 MATERIALS AND METHODS

coverage of the particlesimersed under water and under concentrated ligditgy the scale set in
the standard as showin Fig. 324. The presence of water helps the operators observe the

aggregatebetta. It alsorepresents a simple, rapid and lawst test for an indication of the affipit

between aggregate and bitumdfg. 3.5 show a sample after rotation period under water,

investigating the binder coverage

100 %

4., &8 ¢

95 % 90 % 80 %
60 % 40 % 20%

Fig. 324. Reference for estimation degree of bitumen coverage according to EN 126D7

Fig. 3.5. Aggregates after rolling, immersed under waterwmder light for observing the bitumen coverage
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At the end of the test, the degree of bitumen coverage of the aggregate particles teceftyma
visual observation of at least two independent observers and recorded to the nearest 5%

86



CHAPTER 3 MATERIALS AND METHODS

Chapter 3 References
[1] CED Stone grougttp://www.cedstone.co.uk/

[2] G.D. Airey, Fundamental Binder and Practical Mixture Evaluation of Polymer Modified
Bituminous  Materials, International Journal of Pavement Engineering, 2004.
DOI: 10.1080/10298430412331314146

[3] A. V. Kataware, D. Singh, A study on rutting susceptibility of aspbmitiers at high stresses
using MSCR testinnovative Infrastructure Solution2017.DOI: 10.1007/s4106017-005%1

[4] NCHRP Report 673A Manual for Design bHot Mix Asphalt with CommentaryiNational
academy of science, 2011.

[5] F. Moreno Navero, M. C. Rubio Gameznfluence of Crumb Rubber on the Indirect Tensile
Strength and StiffnesModulus of Hot Bituminous Mixes Journal of Materials in Civil
Engineeing, 2012.D0I: 10.1061/(ASCE)MT.1943%533.0000436.

[6] N. Paul Khosla, K.I. HarikrishnarTensile strengtii a design and evaluah tool for Superpave
mixtures FHWA/NC/200624 Final report, 2007.

[7] G. Dondi, F. Mazzotta, C. Sangiorgi, M. Pettinari, 8imone, V. Vignali, P. Tataranni,

| npuence of cement and | i mestone vylldbguminoosn t he
recycled mixturesProceeding of 3rd International Conference on Transportation Infrastructures

ICTI 2014, April 22 25, Rsa, Italy, 2014.

[8] A. Behl, G. Kumara, GSharmaaP.K Jaina Evaluation of field performance of warmix
asphalt pavements in Indiproceeding of 2nd Conference of Transportation Research Group of
India, 2013.

[9] N. Baldo, M. Dal Ben, M. Pasettd. van de Ven & A.A.A. Molenaatndirect Tensile Test for
the Determination of the Stiffness and the Resilient Modulus of Asphalt Concretes: Experimental
Analysis of the EN 1269726 and the ASTM D 443 Standards

[10] A. I. Nassar, M. KhashaaMohammed,N. Thom, T Parry, Characterization of high
performance cold bitumen emusi mixtures for surface coursdaternational Journal of Pavement
Engineering, 208. DOI: 10.1080/10298436.2016.1176165

87


http://www.cedstone.co.uk/
https://link.springer.com/journal/41062

CHAPTER 3 MATERIALS AND METHODS

[11] C. Sangiorgi, P. Tataranni, A. Simone, V. Vignali,l@ntieri, G. Dondi, Assessment of waste
bleaching clay as alternative filler for the production of porous asphalts, Constr. Build. Mater.
(2016).DOI: 10.1016/j.conbuildmat.2016.01.052

[12] C. Sangiorgi, S. Eskandarsefat, P. Tataranni, A. Simone,ighali, C. Lantieri, G. DondiA
complete laboratory assessmaeauit crumb rubber porous asphaltonstruction and Building
Materials, 2016DOI: 10.1016/j.conbuildmat.2016.12.016

[13] M. Gi mu n, Indivect tedsild téseof abalt mixture stiffness naulus proceeding of

39 international conference on road and rail infrastructure, CETRA 2014, Croatia.

[14] J. Eisenmann, and. Hilmer, Influence of Wheeload andinflation pressure orthe rutting
effect at theoretical investigationdroc. 6th Int. Conf. on the Structural Design of Asphalt
Pavements, Ann Arbor, Michigan, BS1987.

[15] A. Cocurullo, GD. Airey, A.C. Collop, C. Sangiorgindirect tensile versus twpoint bending
fatigue testing.Proceedings of the Institution of CiviEngineers: Transport 161(4), pp. 207
22(2008.DOI: 10.1680/tran.2008.161.4.207.

[16] H. A. Khalid, A comparison between bending and diametral fatigeststfor bituminous

materials Materials and Structure2000.

[17] D. Jung,Selection and Performance Evaluatioracfest Method to Assess Thern@xhacking
Resistance foAsphaltAggregate MixturesThesis of degree of Doctor of Philosophy in Civil
EngineeringOregon State University, 1994,

[18] D. Jung, and T. S. Vinsoithermalstress restrained specimen test to evaluatedomperature
crackirg of asphalaggregate mixturesTransportation Research record TRB, 1993BN:
0309055652

[19] V. B. Kakade, M. A. Reddy & K. S. Redd¥valuation of the sensitivity of different indicts
the moisture resistance of bituminous mixes modified bydtedrlime and other modifierRoad
Materials and Pavement Design, 2016. DOI: 10.1080/14680629.2016.1224198

[20] R. C. Williams, T. M. Breakah Evaluation of hot mix asphalt moisture sensitiviising the

Nottingham asphalt test equipmehtstitute for Transportation, lowa State University, 2010.

[21] D. N Little, andD. R Jones IV,Chemical and Mechanical Processes of Moisiaenag in

Hot-Mix Asphalt PavementdVioisture Sensitivity of Asphalt Pavements A

88



CHAPTER 3 MATERIALS AND METHODS

National Seminar. February@} 2003.

[22] E.R.Brown, P.S.Kandha) andJ. Zhang,Performaie Testing for Hot Mix AsphaltNational
Center for Asphalt Technology (NCAT), Report 2608, Alabama, 2001.

[23] C. Lantieri, R. Lamperti, A. Simone, V. Vignali, C. i@gorgi, G. Dondi, M. MagnaniJse of
image analysis for the evaluatioh lling bottle tests resultdnternational Journal of Pavement
Research and Technology, 2017. DOI: 10.1016/j.ijprt.2016081.0

[24] L. Porot et al., Bituminous BindeiChapter 2.ISSN: 2213204X. DQl0.1007/9783-319
710235 2

[25] M. Paliukite, V. Vorobjovas, M. Bulevicius V. Andrejevas, AEval ue
met hods for bitumen adhes i Beasearclp rPoopedia, t 2086s 0 ,
DOI: 10.1016/j.trpro.2016.05.339

[26] A. A. Cuadr i , P. Part al , N. Ahmad |, J. Gr
wi t h enhanced rheology and a d h e sComstnuctiom randp e r t
Building Materials, 2015. DOI10.1016/j.conbuildmat.2015.05.098

[27]1C. Gor k em, B. Sengoz, APredicting stripping
prepared with polymer modified bitumen and hy
2009.DOI: 10.1016/j.conbuildmat.2008.12.001

89



90

CHAPTER 3 MATERIALS AND METHODS



CHAPTER 4

MIX DESIGN AND PREQUALIFICATION TESTS



92

CHAPTER 3 MATERIALS AND METHODS



CHAPTER 4 MIX DESIGN ANDPREQUALIFICATION TESTS

CHAPTER 4 MIX DESIGN AND PREQUALIFICATION TESTS

4.1 SpecimenProduction and/or Sample PreparationM ethods

4.1.1 Totally virgin mixtures
One of the most influential variables in determining the performaased properties of the asphalt
mixtures is the specimen fabrication methBésearchers and practitioners have always recognised
that results obtained from testing of binders and mixtures can be vastly different and that
differences in the methods used to produce asphalt concrete specimens for laboratory testing can
influence themeasured material properties and predicted performa&@wmasidering the extended
experimental plan and the defined tests, different specimens, by mea®pi€dcompaction

methodandspecimergeometry were produced for the presented research work.

As thefirst stage, ace satisfactory aggregate materials have been identified, the aggregate
gradation andhe optimumasphalt cement content are select@dadation is perhaps the most
important property of an aggregatax. It affects almost all the importaproperties of asphalt
concrete mixtures including stiffness, stability, durability, permeability, workability, fatigue
resistance, frictional resistance, and resistance to moisture damage. Therefore, gradation is a
primary consideration inhe asphalt mixdesign[1]. This is accomplished by first selecting an
appropriate aggregate blend. The blended gradation should comply with the gradation specified to
provide an aggregate skia with a stoneon-stone contacand furnish a mixture that meetbe
minimum VMA requirementTable4.1 provideghe considered gradatidandrepresented in Fig.

4.1 (from Italian Specificatios of Autovie Venete [2]) considering thenominal maximum

aggregate sizes (NMAS) @2 mm

Table 4.1. Applied aggregate gradatiand.

Sieve Size (mm) Lower/Upper limit* (%) Cut surface appearance
12 100/100

10 81/100

8 60/80

4 30/52

2 22/34

1 16/26

0.5 11/21

0.063 8/14

* Fromltalian specifications, Autovie Venete
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Fig. 4.2 SMA applied grading curve argtading band.

As the first stage of mixture

production, the job mix formula of the components were determined

according with this gradation band for both mixtures with and without RAP containing mixtures.

Table 4.2 providethe job mix formula of the mixtures.

Table 42. Job mix formula of aggregates and filler.

Proportion (%)
Mixture Porphyry  Porphyry Fine Coarse )
Sand Filler
4/8 8/12 RAP RAP
Mixture without RAP 21 22 47 0 0 10
Mixture with RAP 5 24 38 12 13 8

The overall procedure and chronoldghownin Fig. 42) of producing asphalt mixtures were

la)Heaing theproportionated/irgin aggregateé/8, 8/12 porphyry, and lime stone sand)

according to job mix formulayp to 17@5°C;

1b) Heaing the RAPaggregatesp to 10@5°C;

2) Adding fibre to aggregates anahix for a minute;

3) Adding RAPto the mixtures containing RAP;

4) Adding thehot binder to mix (binder temperature depend on the binder fiypmodified
180+5°C and for neat bitumen/0+5°C);

5) Mixing all the compoun@nd wait for a minute;
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