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Abstract

Pavement researchers have increasingly focused on reducing production and

compaction temperatures in order to improve the environmental and economic
impacts of hot mixasphaltwithout adversely affecting the workability, durability
and performance of asplh pavements. The introduction of innovations and
technologies in the form of warm mix asphalt will lead to substantial
environmental improvementand economic prosperity. Moreoven, order to
maximise the benefits of such technology, the inclusion gtidvi percentages of
reclaimed asphalt pavement materials warm mix asphaltallows the

development of a more sustainable and-effgictive pavement structure.

This thesis studies the characterisation of warm asphalt mixtures with the addition
of reclaimed asphalt pavement materialhe effect of warm additiveSasobit,
Rediset WMX and Rediset LQ on the viscosity of bitumen was investigated in
detail. Furthermore, the effect of these additives on the rheological properties of
bitumen was also identified usingdgnamic Shear Rheometer. In fact, there is a
point d controversy among pavement engineers about the performamearrof

mix asphaltin terms of fatigue; therefore, firstly, the fatigue performance of
warmmodified bituminous binder was investigated in detail. Fatigue test were
conducted indynamic Shear Rfometerusing atime Sweep methodnd data

were modelled using thascoelasticcontinuumdamage approach

After proving that warm additives such as Sasobit and Rediset WMX improved
the fatigue life of asphalt bindeemphasises werpaid to investigatenanc
mechanicaproperties of warm modified bituminous binders and mix. Therefore
this study also presents an investigation into the impact of warm additives on
topography, modulus, deformation and adhesion of waodified bituminous
binders using atomid¢orce microscopy with the peakForce quantitative rano

mechanical mapping modality.

The effect of production temperatures on the performance of warm mix asphalt
was further investigated. Nanoindentation, which is an advanced technique, was
used to study theffect of warm additives on the nantechanical properties of
asphalt mixture phases, aggregate, interfacial transition zone (between aggregate

and binder) and mastic. The nanoindentation results were used: firstly, to evaluate
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the effect of productionemperatures and warm additives on the mixture phases;
of warm mix asphalt; secondly, the namechanical properties of interfacial
transition zone were used to propose a new method to evaluate the degree of
bonding between aggregate and binder in the maxand, thirdly to evaluate the

effect of each phase on the overall fatigue performahegrm mix asphalt.

The aggregatbinder bond is one of the main factors that affect the durability of
asphalt mixtures. This can be investigated based on the arergsed to fracture

the adhesive bond between binder and aggregate. In this thesis, the effect of warm
additives on the adhesive bond strength of an aggrbgader system was
investigated using the pudiff test. Furthermore, the contribution of warm
additives in improving the work of fracture has been linked to the adhesion force

determined using atomic force microscopy and work of indentation approach.

The fatigue life of WMAs was further investigated usingdgnamic Shear
Rheometerto study the effedcof warm additives production temperatures and
binder grade. It was found that the level of reduction in the production
temperatures and binder grade highly affect the fatigue performamea of mix
asphalt Moreover, asNanoindentation has shown toave the potential to
characterise the properties of mixture phadésse properties can help in
understanding the overdihtigue behaviour of warm asphaitixture and show
how improving nanamechanical properties ahterfacial transition zone and
mastc can reflect the significant improvement in the fatigue life of asphalt
mixtures It is therefore recommended that highway agenshesuld specify a
minimum production temperature favarm mix asphaltto reach acceptable
mixture stability in terms of fague performance, taking into account the binder

source and grade.

Two issues regarding the inclusion m@claimed asphalt pavement materigls
asphalt mixtures need to be further investigated: the fatigue behaviour of
reclaimed asphalt pavement materialixes and the degree of blending between
reclaimed asphalt pavemeand virgin materials. The level of blending between
virgin and reclaimed asphalt pavememdterialswas investigated under the scope

of this thesis. The level of blending was investigateased on the nane

mechanical properties of mastic aimderfacial transition zoneneasured using
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nanoindentation. Results were validated using scanning electron micrasopy
the overall performance of warm mix asphalt incorporating reclaimed asphalt
pavement materials in terms of stiffness and fatigue. Accordingly, a simple
protocol is proposed to obtain a complete blending betwesataimed asphalt
pavement bindeand virgin binder, which is a key component of suitable practices

in the pavement industry

The implications of this work for industry are that, firstly, warm additives offer a
superior performance in producing asphalt mixtures that have better fatigue
performance than tradition&lot mix asphaltMoreover, the study revealed that
warm additives improve the strength bond between aggregate and binder.
Secondly, highway agencies are advised to specify a minimum production
temperature forwarm mix asphaltto reach acceptable mixture stability. A
comgete blending betweereclaimed asphalt pavemesmd virgin materials can

be achieved usinthe proposed protocotherefore a more sustainable and €ost

effective pavement structure can be constructed.
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ChapterOne Introduction

Chapter One

Introduction

1.1Introduction

Over the last two decades, great attention has been paid to improving the overall
performance of asphalt mixtures, particularly to achieve environmental and
economic objectives. More attention has been paid recently to reducing energy
consumption throughduhe process of manufacturing asphalt mixtures without
having a negative impact on theirservice mechanical performan@@apitdoet

al. 2012. Furthermore, there is growing international pressure to minimise fossil
fuel consumption and the emission of greenhouse gases (GHG) such as carbon
dioxide (CQ). Unfortunatelythe production of hot mix asphalt (HMA) makes a
considerable contribution to energy consumption nthe release of pollutant
gases due to the process required to dry and heat the mineral aggregates and
binder at temperatures above ¥50In fact, the asphalt industry has been trying

to mitigate these challenges by promoting three strategies. Firstly, througethe

of inexhaustible and nepolluting new energy sources, secondly, through the use

of renewable natural resources and sywmnthadhesive binders to replace the
traditional binders, and, thirdly, through the development of new technologies to
produce sustainable asphalt mixtures that can be constructed and compacted at
| ower temperatures withouies(Janashkidietd.i ci ng t h
2013.

The introduction of innovations artechnologies in the form of warm mix
asphalt (WMA), which can be manufactured at temperatures ranging frai@ 100
to 14QIC (using one ofwarm technologieseither organic, chemical or foaming)
compared to mixing temperatures of 1B80JC for traditional HMA (Mo et al.
2012, can lead tosignificant improvements in energy consumption and the
release of pollutant gases. It was reported that the use of WMA produced a clear
reduction in various emissions throughout the production process in theaplant
follows: 3040% for CQ (carbon dioxide) and S{Osulphur dioxide), 50% for
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volatile organic compounds, 33D% for CO (carbon monoxide), Z5% for dust

and 6070% for NQ (nitrous oxide). Moreover, reductions of between 30% to
50% have also been reped for asphalt aerosols/fumes and polycyclic aromatic
hydrocarbons(Capitdo et al. 2012Zaumanis 201M'Angelo et al. 2008. In
addition, a 30% reduction in energy consumption was found using WMA
(Kheradmancet al. 2014. However, in spite of these remarkable economic and
environmental improvements, there is still uncertamityh respect taisng them

due to lack of data concerning their letgm performance, moisture
susceptibility due to lower production temperatures, and coating and bonding
problems(Rubio et al. 2012. Added to that, the use of WMA technologies may
involve increasing cost associated with the cost of materials such as Advera,
Asphamain, Sasobit, Rediset, Evothegtt., and with equipment modifications

in the case of foaming technolodigristjansdottiret al. 2007). However, the use

of reclaimed asphalt pavemgiRAP) materials can reduce the castWMA in

the production procesdlamzahet al. 2015. Indeed, it was reported there is a
potential benefit in using recycled materials and industrigbfogucts instead of
traditional materials in highway structures, as this can rasal20% reduction in
global warming, 16% reduction in energy consumption, 6% reduction in
hazardous waste generation and 11% reduction in water consurfimat al

2010. Of course, one of the most important recycled materials in pavement

structures is RAP materials.

The current school of thought in the asphalt industry is that WMA can be
used to incorporate a higher percentage of RAP matgifale and Mallick
2009Mallick et al. 2008El Sharkawy et al. 201§. There is already a
controversial point among pavement researchers regarding the level of blending
between RAP and virgin materials and the hypothesis behind the inclusion of
RAP materials irHMA, which needs to be resolved. Therefore, the incorporation
of RAP materials in WMA is a more complicated scenario than in the case of
HMA, as WMAs are produced at a lower temperature ttret required to
manufactue HMA. A recent study by Zaumanis and Mallick (2019
recommended the needrfa methodology to evaluate the level of blending

between RAP and virgin materials in the laboratory. This point and others
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concerning the performance of WMA that have not been addressed or studied
before are investigated in detailthisthesis.

1.2 Needfor the research

The innovation of warm asphalt technologies started in Euaogdethe research

area has more recently begaining momentum in the USA. And since then
extensive studiewave beerconducted to evaluate the performance of WMA.
However, although significant attention has been paid to investigating the
performance of different warm technologies, there are still some issues that need
to be investigated befor@ conclusioncan be made aloit replacing the current
HMA with WMA. One of the issues that need to be investigated in detail is the
fatigue performance of WMA.

In fact, it is particularly difficult to characterise the fatigue life of hot mix
asphalt for a number of reasons, sucthascomposite nature of the material, the
gradation of aggregate particle size, asphalt film thickness variation within the
mastic, air void size distribution, and the dependency of asphalt binder behaviour
on time and temperature (Masatl al. 2008). Theefore, this fatigueracking
phenomenon should be even more difficult to characterise in WMA as the mixing
temperature is lower than HMA, thus, another two factors or questions should be
addressed. The first is whether the fatigue life improves becautde dbwer
production temperature or because of the effect of warm additives. The second is
to what extent the production temperature can be decreased without causing a
negative impact on the degree of bonding between the binder and the aggregate in
the aspalt mixtures. Both of these questions are investigatedetail in the

current study.

Super Paveds f ahich fpas eecepa redansve eriticism
characterisg the fatigue life of bituminous bindgiHamzahet al. 2019. It is
therefore clear that there is a need to evaluate the effect of warm additives on the
fatigue life of binders usingtame sweep testBased on the results, the fatigue life
of WMA can be further investigated taking into account the effect of ptamuc
temperatures, warm additivasinder gradeand the effect of ITZ and mastn

the overall fatigue life.

PhD Thesis Page 3



ChapterOne Introduction

Furthermorethere is little understanding of the fundamental properties of
asphalt mixt ur e-scéale hedasss & the irabilityttharactensa n o
their mechanical properties at this scale. Undoubtedly, there is a lack of
understanding of the behaviour of asphalt mixture at the -seale and, as
recommended bygarashiet al. (1996, there is a need to characterise and
understand the mechanical properties at the 13saate because the interactions
among the composite phases happen at léisl. Atomic force microscopy
(AFM) and nanoindentation are powerful techniques to charactespbalt
mixtures at the nanscale. Up to date, there has been very limited research
conducted in this area, whilst no research has investigated thememhanical
properties of waramodified bituminous binders and mix. There is a need to
investigate andjain further understandingf the effect of warm additives on
virgin binder and mixture phases, aggregate, interfacial transition zone (ITZ)
between aggregate and binder/mastic and mastic, without separating them from
the mixture. Therefore, under the peoof this study, investigation into the effect
of warm additives on nanmechanical properties of binder using AFM and of
mixture phases using nanoindentation was conduntedder to firstlyevaluate
the effect warm additives and production temperatoregshe mixture phases;
secondly, the nanmechanical properties of ITZ can be used to investigate the
degree of bonding between aggregate and binder/mastic; and, thirdly, evaluate the
effect of each phase on the overall fatigue performance of Vib&acks occur
either in mastic or along the interface between aggregate and.binder

Regarding the inclusion of RAP materiadslimited number of researchers
have investigated the level of interaction between aged and virgin asphalt binders
(Al-Qadi 2007 and arecent study has recommended need for a methodology
to evaluate the level oblending between RAP and virgin materials in the
laboratory (Zaumanis and Mallick 2035 At present the level of interaction
between RAP and virgin materials is still ambiguous. To date, the interaction
between RAP and virgin materials has not been investigated at thesceap

which can practicallyfel ect t he r eal | evel of materi al

In summary, the research objectives waedinedin order to achieve the

aims given in this chapteBgction 15) based on the following considerations:
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U Even thougrextensive studieBave focusean the performance of WMA
compared to that of HMA, there are no clear conclusions about the fatigue
life of WMA or, in other words, there is no ansvas towhether fatigue
life improves because of the lower production temperaturéecause of
the effet¢ of warm additives.

U Very limited research studies have used AFM and nanoindentation to
investigate the nanmechanical properties of virgin binder and mix. There
is a need to address and investigate the effect of warm additives on binder
and mix at the nao-scale.

U To date no research has been conducted to investigate the effect of mixture
phases, aggregate, ITZ and mastic on overall performance of asphalt
mixtures.

U To date, the adhesive bond strength between aggregate and binder has only
been investigatedthdirectly, out the mixture. In terms of asphalt mixture,
no method has been developed to evaluatebtivel strength between
aggregate and binder in the mixture.

U To date, the level of blending between RAP and virgin materials is a
controversial point. In fact, there sneed for a method to accurately
evaluate andobtain the level of blending between RAP and virgin

materials.

1.3 Significance ofthe research

It has already been mentioned that WMA can greaitipiceenergy consumption

and the emission of greenhouse gases (GHG). However rédmagna number of
challenges to overcome. One of these challenges is the effect of production
temperature on the performance of WMA. The production temperature greatly
influences the durability of an asphalt mixture; therefore, any thoughts about
reducing the mduction temperature should be made cautiously, without
sacrificing the required properties of the mixtures. The effect of production
temperature on the performance of WMA needs to be further investigated
consideringthe effect of binder grade as well, smat highway agencies can
specify minimum reduction in the production temperature to produce asphalt

mixtures with an equal or better performance than HMA, thus achieving great
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positive economic and environmental improvements. The reason for that is
becase, if the WMA is not as durable as the HMA, the cost of maintenance may
increase and, in severe conditions, the highway or the road may need to be

reconstructethefore the time specified in the design for that infrastructure.

Although an effort was made explore the nanmechanical properties of
virgin mixture phases, aggregate, and mastic using nanoindenfatioefderet
al. 201QTarefder and Faisal 20},.3so far no research has been conducted to
investigate the nanmechanical properties difie ITZ in asphalt mixtureswhich
reflects the real bonding and interaction between aggregate and binder.
Understanding the real bonding or interaction between aggregate and binder
without separating them from the mixture can contribute to accurately assessing
the performance of thesphalt mixture. Furthermore, understanding the effect of
warm additives on the mechanical properties of ITZ of WMA can contribute to
establishing anew mixture design procedure. To date, the design procedure for
HMA has served athatfor WMA. In the future, if the WMA is to replace the
HMA, a mixture design procedure must be established. Therefore, investigation
into the effect of warm additives on mixture performance, especially at the nano

scale, is required.

In addition, establishg a methodology to investigate and obtain a
complete blending between RAP and virgin materials is necessary to give
pavement designers more confidence in incorporating RAP materials in pavement
structure, through which economic, environmentally friendiprovements and

sustainable structures can be constructed.

1.4 Scope ofthe research

The asphalt industry has been pressured in recent years to mitigate the significant
contribution to increasing energy consumption and the release of pollutant gases
dueto using hot mix asphalt (HMA). One of the main solutions to overcome this
problem is to manufacture asphalt mixtures at lower temperatures than that

required for HMA without sacrificing the

Under the scope of this thesis, a consabér amount of work was

conducted to characterise the performance of WMA and WMA incorporating

PhD Thesis Page 6



ChapterOne Introduction

RAP materials at differerlevels Three warm additives, Sasobit, Rediset WMX
and Rediset LQ, were used and these warm additives were incorporating into two
binder grades, namely 40/60 and 100/150. Granite aggregate and rocks of granite
supplied from the same granite aggregate quarry were used. Real reclaimed
asphalt pavement materials (RAP) were also adopted. The effects of different
dosages of warm additives éime viscosity and rheological properties of binders
were investigated in depth. More importantly, a time sweep method was used to
characterise the fatigue life of wammodified bituminous binders (WMBBsIn

terms of the nanmechanical properties of WMBBand mix, the study also
focusedon the impacbf SasobitRediset WMX and LQ on topography, modulus,
adhesion and deformation of wamodified bituminous binders using Atomic
Force Microscopy (AFM) with the PeakForce Quantitative Nanomechanical
Mapping (FFQNM) modality, whereas the nameechanical properties of the
WMA phases were investigated using nanoindentation. Regarding the use of
nanoindentation, a very smooth sample surface is required; therefore, a technique
was developed to prepare the asphalttune samples for nanoindentation. In
order to validate the adhesion results measured using AFM and nanoindentation,
the effects of warm additives on the adhesive bond strength of an aggregate
binder system was investigated using the -pfflitest. In terms of asphalt
mixtures, the time sweep method was also used to measure the fatigue life of
cylindrical DSR samples (12mm diameter and 50mm height) taking into account
the effect of production temperature and binder grade and study how asphalt
mixture phaseswith particular reference to ITZ and mastic contribute to the
overall fatigue performanceA methodology to investigate the level of blending
between RAP and virgin materials was proposed based on thememanical

properties of the mixtunghasesITZ and mastic.

1.5 Aims and objectives of the research

1.5.1 Overall aims

On the basis of the foregoing, the overall aim of the present investigedio
evaluate the effect of warm additives on theological propertiesf WMBBs. A
further aim wasto investigate the effect of warm additiveproduction

temperatures, and binder grade on the marohanical properties of WMBBs and
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WMA to gain moreinsight intothe behaviour and response of binder and asphalt
mixtures to different conditions. Moreoveunderstanding of the individual
mixture phases and how the interaction between aggregate and binder contributes
to the overall performance of asphalt mixtures is required to aid pavement
designers design more sustainable and-effsttive asphalt mixt@s.In term of

level of blending between RAP and virgin materials, further aim was to propose a
methodology or protocol to investigate and achieve complete blending in the

laboratory.

1.5.2 Objectives

The specific objectives of the research are summaaiséollows:

U Toreviewthe international literature on the performance of WMA.

U To review the international literature on the level of blending between
RAP and virgin materials.

U To investigate the effect of different dosages of Sasobit, Rediset WMX
and Redset LQ on the viscosity and rheological properties of binder.

U To investigate the fatigue life of WMBBSs using the time sweep method.

U To evaluate the impact of warm additives Sasobit and Rediset WMX and
LQ on topography, modulusleformatiorand adhesion ofarmmodified
bituminous binders using Atomic Force Microscopy (AFM) with the
PeakForce Quantitative Nanomechanical Mapping (PFQNM) modality.

U To quantify the effect of warm additives, production temperatures and
binder grade on the mechanical propertiesnofture phases aggregate,
ITZ and mastic.

U To propose new approaches to evaluate the strength of the bond between
aggregate and binder without separating them from the mixture.

U To link the effect of warm additives on the work of fracture to the
adhesionforce determined using AFM and the work of indentation
approach.

U To evaluate the fatigue life of WMA taking into account the effect of
production temperatures and binder grade

U To assess the effect of mechanical properties of mixture phases on the
overall fatigue life of asphalt mixture.
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U To investigate the effect of warm additives and production temperatures
on the level of blending between RAP and virgin materials at mard
nanascales.

U To establish a protocol or methodology to obtain and approve etempl

blending between RAP and virgin materials in the laboratory.

1.6 Thesis layout

The thesis is organised inten chapters. Chapters 1 ad@ are the introduction
and conclusion respectivelyhile Chapter 9 summarises the effect of warm
additives on biiminous binder and mixture propertiéshe main body of the
research is presented in chapters 2 to 8, as follows:

Chapter 2- Warm Mix Asphalt (WMA)/Reclaimed Asphalt Pavement (RAP)
State-of-the-Art: the stateof-the-art chapter reviews the more commonikaide

warm technologies with particular reference to the organic technology and
chemical technology. The chapter also reviews the hypotheses regarding the level
of blending between RAP and virgin materials, as well as the performance to date
of includingRAP in WMA.

Chapter 3- Viscosity, Rheological Properties, and Fatigue of WaraModified
Bituminous Binders (WMBBSs): in this chapter, the effect of warm additives on
the viscosity of bitumeris investigated in detail. Furthermore, the effect of these
additives on the rheological properties of bitumenalso identified using a
Dynamic Shear Rheometer (DSR). The investigation of rheological properties
includes the effect of these additives on theear viscoelastic region using
amplitude strain sweep and ald®ir effect on the stiffness and phase angles of
bitumen using sweep frequency. Furthermore, the fatigue performance of WMBB
is investigated using dime sweep test, and datare modelled ging the
Viscoelastic Continuum Damage approach (VECD).

Chapter 4- Nano-scale Properties of WMBBs Determined with Atomic Force
Microscopy (AFM): this chapter presents firstly a brief background on the
general utilisation of AFM in pavement engineering. sThs followed by
experimental details, results and discussion about an investigation into the impact

of warm additives on topography, modulus, adhesion and deformation of binder
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using Atomic Force Microscopy (AFM) with the PeakForce Quantitative
Nanomechaigal Mapping (PFQNM) modality.

Chapter 5- Nano-Mechanical Properties of WMA Determined with
Nanoindentation: this chapter presents an investigation into the impact of warm
additives, production temperatures and binder grades on the mechanical properties
of mixture phases aggregate, ITZ and mastic. It also presents a technique to
prepare asphalt mixture samples to be used in nanoindentation.

Chapter 6- Adhesion Performance of WMA:this chapter presentise results of

an investigation to evaluate the effettthe warm additives on the adhesive bond
strength of an aggregabender system using the pudff test. It also presents a
new approach called work of indentation to evaluate the strength bond between
aggregate and binder/mastic in the mixture basedhenITZ properties. In
addition, it presents a comparison between the required work of fracture to break
the adhesive bond of the aggreghiieder system and adhesion force between the
probe and the bitumen surface using atomic force microscopy (AFM)hand t

work of indentation.

Chapter 7- Fatigue-cracking Characterisation of Warm Mix Asphalt
(WMA): this chapter presents stiffnessgeasurements arfdtigue life of WMA
tested in a DSR. The chapter also presesgults of sweep stress measurements to
select the stress value for the fatigue test after the region daMageover, it
presents the effect of mixture phases ITZ and mastic on the overall fatigue
performance of WMA.

Chapter 8- Level of Blending betweenRAP and Virgin Materials: this chapter
presentghe effect of warm additives and production temperature on the level of
blending between RAP and virgin material using the advanced technology of
nanoindentation. The chapter also presents the validation of complete blending
between RAP and virgin matergsabased omand highresolution images obtained
using a scanning electron microscopy (SEM) #dradstiffness and fatigue life of
asphalt mixtures. It also introduces a new protocol to investigate and obtain a
complete blending between RAP and virgin matsrian the laboratory.
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Chapter Two

Warm Mix Asphalt - Reclaimed Asphalt
Pavement -State -of -Art

2.1 Introduction

In recent years, pavement researchers have increasingly focused on reducing
production and compaction temperatures to improve the environmental and
economic impacts of hot mix asphalt (HMA) without adversely affecting the
workability, durability and perfenance of asphalt pavements. The introduction of
innovations and technologies in the form of warm mix asphalt (WMA), which is
one of the main focuses of future pavement technology endeavours, will lead to
substantial improvements in quality of life and emmic prosperity. Warm mix
asphalt (WMA) is an environmentally friendly asphalt mixture that can typically
be manufactured at a temperature of approxim&28RC less than the typical
temperature used in HMA productiarsing one of warm technologies organic
chemical or foaming Moreover, in order to maximise the benefits of such
technology, the inclusion of higher percentages of reclaimed asphalt pavement
(RAP) in WMA allows the development of a more sustainable andeftesttive
pavement structure in tesmof reducing greenhouse gas emissions and fuel
consumption, and conserving the natural resources of the materials used. The
current statef-the-art chapter reviews the more common available warm
technologies with particular reference to the organic t@ldgy (Sasobit) and
chemical technology (Rediset). The chapter also reviews the hypotheses regarding
the level of interaction between RAP and conventional materials, as well as the

performance of including RAP in WMt date
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2.2 Asphalt mixtures

In general, pavement is a composite material used to surface caagsrksand
airports. It consists of mineral aggregatsound together withbitumen The
production of asphalt mixtures can benductedusing either hot mix asphalt
(HMA), warm mix asphalfZWWMA) or cold mix asphal(CMA). Traditionally, hot

mix asphalt is used to manufacture asphalt mixtures by heatinigittheento
decrease its viscosity, and drying the aggregate to remove moisture from it prior
to mixing. Hot mix asphalis generally manufactured at temperasubetween
150)C and 18QJC, whereas warm mix asphalt can be manufactured at
temperature ranging from 100145JC using one ofa number of warm
technologies either zeolites waxes, surfactantr asphalt emulsionsCold mix
asphalt is manufactured by emulsifying the asphalt in watdnile in its
emulsified statethe asphalt is less viscquberefore the mixture is easy to work
and compact.Whatever mixture type is usethe flexible pavement structyras
shownin Figure 2.1, should providgood ride quality at high spegdy reducing
noise leved both inside and outside the cayperior nightime visibility, an
adequate level of skid resistanegequate drainagkgw maintenance, andnore
importantly redue traffic stress to a leveéhat can be sustained by sgjpade

level.

Surfacing (surface &

binder courses
Base'Layer

Figure 21 Typical flexible pavement structuf@bd 201)

Bitumen is a binding agent likeortlandcement but it has vergifferent
properties. Cementreates a rigid material whicbhannotdeform appreciably

unlessit first cracks, while bitumemxhibits viscoelastic behaviour at norpamal
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service temperaturethe lattertherefore has the ability to deform. However,
despite this viscoelastic behaviour, it can still crack andmpessible to define a
tensile strength since this will vary with temperature and rate of loatleg
relevant parameter is the fatigue characteristitich is defined aghe resistance

to cracking under repeated loatihe key properties for design atherefore
stiffness, resistance to deformation under repeated load and fatigue characteristics
(Thom 2008.

2.3 Background history of warm mix asphalt development

From a historical point of view, the concept of using lower production and
compaction temperatures is not completely new. The earliest work was started by
Professor Ladis Csanyi in 1956 at lowa State University, when the potential of
foamed bitumen was imstigated for use as a soil binder. From that time,
successful foamed asphalt technologies have been developed in many countries
(Chowdhury and Button 2008However, despite the fact that the concept of
introducing steam into hot bitumen was successful, the work was impractical for
in situ foamimg operations. For this reason, in 1968, Mobile Oil Australia obtained
the patent rights for Csanyi 6s invention
process by supplying cold water instead of steam to the hot bit(lhaimen
1998KTristjansdottir 200%

Further advancement in this technology was introduced to the market in
the USA as the Conoco product, which was evaluated as a base stabiliser in both
the field and the laboratorfLittle et al. 1983Chowdhury and Button 2008In
the early 1970s, new methodologies of pavement mixtures stabilised with
emulsified asphalt were successfully developed by Chevron, who published the
Bitumuls Mix Manualas a practical guideline in 19{Zhowdhury and Button
2008Zettler 2009.

In terms of producing mixture atnaambient temperature, in 1994,
Houeran andMaccarone investigated and stutli€oldmixed asphatbased
foamed bitumen, which is produced at approximately420C and highlighted
that, due to the lower emissions and greater energy efficiency of this system, cold

mi x was broadly gaining acceptance. Il ndeec
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represent the f u(Chowdhuryand Buttora2008idowevdr,a c i n g o
despite the fact that cold asphalixes (CAMs) have many good properties, they

have not taken the place of hot mixé3AMs cannot replace HMAs as the
primary road surfacing materialsecause of their requirement for curing time,
which means that there is a long delay after laying beforeotiae can be opened

to traffic, and they also have an inadequate overall kemg performance in
comparison with HMAs(Gandhi 2008ph However, rising fuel prices, global
warming and more stringent environmental regulations have resulted in more
demand to reduce production and @action temperature. It is therefore
necessary to heat the aggregate to at least above the ambient temperature so that
appropriate coating occurs between the aggregate and the binder. From this idea,
in 1999, Jenkinset al. introduced a new concept of halarm foamed bitumen

treatment, which can enhance mix cohesiensile strength and compaction.

A warm asphalt mixture process has been developed in Europe. Between
1996 and1999, several road trials in Europe were conducted to study and
demonstrate the warm mixtureds perfor mancé¢
companies in Norway, the UK and the Netherlands, and the results were first
reported by Harrison and Christodli at the First International Conference of
Asphalt Pavement in Sydney, 200@ones 200¢ Afterwards, a more
comprehensive and complete report was introduceddanderset al. (2000 at
the Eurobitume Congress in 2000, which described the innovative warm asphalt
mixture and its performance based on laboratory tests and-deatge field
evaluation. It can therefore be said that some
technologies @ the brainchild of European researchers trying to reduce

mixing/compaction temperatures.

In recent years, and despite the fact that the innovation of warm asphalt
technologies remarkably started in Europe, the topic has been gaining momentum
in the USA.In May 2007, a team of 13 materials experts from the USA visited
four European countries, Belgium, France, Germany and Norway, to assess and
evaluate various WMA technologiéS'Angeloet al.2008§. Since then, extensive
research has been carried out to establish the potential benefits of using WMA and
evaluate its performance coargd to the traditional HMAs and, tiate;there

have been no negative reports about the performance of WMA in the field.
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2.4 Available warm technologies

In general, despite the fact that different WMA technologies have different
methods of reducing the manufacturing and paving temperatures, they obviously
tend to follow the same patterns. Different methods of classification can be used
for the WMA technolgies. One is to classify the technologies based on the
degree of temperature reductioWarm mix signifies an asphalt mix that can
practically be achieved at temperatures aro@@e80°C lessthan the typical
temperature used in HMA production, and slighalyove 108C and, for some
technologies, even below the boiling point of water. FigugilRistrates the
different production temperatures of flexible pavement mixtures.

A

204+

15+

104

DRYING

Cold Mix
Asphal

alf-Warm
ix Asphalt

Figure 22 Productiontemperaturesf asphalt mixtureéBueche 2009

However, for a more instructive and comprehensive definition, warm
technologies can be classified based on their products into foaming processes,
which could be suldivided into watercontaining and watdbased processes,
organic additives such as Fishieiopsch synthesis wax, fatty acid amides and
Montan wax, and the addition of chemical additives (surfactants), which can be
either emulsification agents or polymdRubio et al. 2012). Table 2.1 presents

the available warm technologies.

In general, reduction in theroduction temperatures using warm additives

can be achieved based on the three mechanisms:

PhD Thesis Page 15



Chapter Two Stateof-Art

(1) First mechanism: the organic additives reduce the viscosity of the asphalt
binder; therefore, the aggregate can be fully coated at lower production
temperatures.

(2) Second mechanism: foaming the asphalt binder by using injected water or
hydrophilic (zeolite) in the vaporisation process.

(3) Third mechanism: surfactants decrease the internal frictional forces
between the interfaces of the aggregate and the binder and dettreas
surface tension of the asphalt bindBanerjeeet al. 2012Capitdoet al.

2012, which leads to improve wettability of aggregate by asphalt binder.

This section of the research literature mainly focuses on thekihesh
technologieswhich have been extensively studied by researchers. However, more

attention will be paid to the performance of Sasobit and Rediset to date.

Table 21 Available warm technologies

Product Company
Low Energy Asphalt AdvancedConcepts Engineering Co
Rediest WMX and Liquid Akzo Nobel
CECABASE RTF Arkema Group
Double Barrel Green Astec Industries
AsphaMin Eurovia Services
Ultrafoam GX" Gencor Industries
Aquablack WMA Maxam Equipment Inc.
Low Emission Asphalt McConnaughay Technologies
Evothern MeadWestvaco Asphalt Innovation
Advera PQ Corporation
Sasobit Sasol Wax Americas
WAM Foam Shell Bitumen
Warm Mix Asphalt System Terex Roadbuilding
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2.4.1 Foamtechnology

With this technology, a small amount wfater is injected into the preheated
asphalt binder or it can be injected directly into the asphalt mixing chamber. This
will result in the evaporation of the water and the liberated steam is encapsulated
in the binder, which can then produce a large velwhfoam. This action will
rapidly and considerably lower the viscosity of the binder by increasing the
surface area of the bitumen, leading to a better distribution of the binder with the
mixture, which enhances coating and workability. However, caratfigintion
should be paid during this process: just enough water to produce foam must be
added otherwise stripping problems may well occur. To overcome this problem,
anti-stripping additives can act as a bridge between the aggregate surface and the
asphaltbinder so that moisture susceptibility is minimised. Foaming technologies

are sukcategorised into two groups: water based and water containing.

24.1.1 Water-bearing/Containing additives
From the perspectivevatercontaining warm processes there are twotlsetic

zeolites, AsphaMin and Advera, which work in a similar manner.

24.1.11 Aspha-Min

AsphaMin is a fine white powdered synthetic zeolite. Zeolites anestalline
hydrated aluminium silicates that exist in the natural environment and are also
produced artificially. In general, synthetic zeolite has the ability to hold different
guantities of water; therefore, in order to utilise this advantage to |dveer t
production temperature of asphalt mixtures, Eurovia Services GmbH, based in
Bottrop, Germany, developed Asphhn, which is a manufactured synthetic
sodium aluminium silicatgHurley and Prowell 2005a From the chemical
structure point of view, zeolite generally has a framework of silicates with large
empty spaces in its structure that allow és¢ablishmenof large cations such as
sodium, barium and calciur@roups of large molecules, such as water molecules
may also be available. The available water can be driven from the zeolite structure
by heating; the available spaces can itwerconnected and form long, wide
channels of varying sizes depending on theem@h These channels allow the

easy movement of the resident ions and molecules into and out of the zeolite;
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therefore, zeolite acts as a delivery system for the new {Bidton et al.
2007,Corrigan 200% The released water, which is typically up to 20% by mass,
will evaporate and the liberated steam will be encapsulated in the Healding

to a volume expansion of the binder, which results in asphalt foam and enhances

the workability of the mixture as wedbating the aggregaseg lower temperatures.

The recommended dosage of AsMia is 3.0% by the total weight of the
asphalt mixture massyhich can yield and promote a reduction in the production
temperature of approximately XD and save 30% enerdiKristjansdéttir 200Y.

As declared by Eurovia, it accommodates the addition of RAP and uses different
polymermodified binders. The foaming can effectively last up to §Aesmimanis
2010).

In 2005, Hurley and Prowell studied the influence of Aspha
extensively at the National Centre for Asphalt Technology (NCAT). It was
highlighted that Asph#lin decreased the air voids by 65% on average and in
parallel the compaction was improvattemperatures as low asJ88 Moreover,
the resilience modulus was not adversely affected by the addition of -Miphet
any compaction temperatures, but the compactability improvement of Adipha
mixtures led to improved resilience modulus valuethia research. The rutting
potential was not increased by the addition of zeolite. On the other hand,
apparently incomplete drying of the aggregate due to decreasing production and
compaction temperature attributed to a reduction in tensile strengtiefoteer
visual stripping was noticed in WMA mixes manufactured atJC21n order to
mitigate the moisture damage problem, 1.5% of hydrated lime was added to
enhance the cohesion and moisture susceptibility of WMA in comparison with
mixtures without the hyeted lime. This was remarkable in enhancing the results
obtained from theHamburg wheeltracking test, which confirmed that the
hydrated lime improved the rutting resistance of warm mixtures compacted at

lower temperatures.

The authors concluded that taddition of AsphaMin should not be taken
into account during the determination of the optimum asphalt content.
Furthermore, if the manufactured temperature is higher thadCl136e same

binder can be used in the design; otherwise, the high temperatdle ftas to be
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increased by one grade, or it is possible to minimise the tendency towards
decreased rutting resistance by adding hydrated lime. It is also recommended that
tensile strength ratio testing should be carried foutWMA manufacturedat
temperéure same tohe expected site productieemperatur€Hurley and Prowell
20053. It was, however, concluded in a study ®gndhiet al. (2010 that the
moisture susceptibility of warm asphalt additives was improved when Sasobit and
AsphaMin were used. Theyhowed that tensile strength ratio values of the
unaged mixes increased. Batpre importantly, according tidheradmancet al.

(2014 and Xiao and Amirkhanian(2010, warm asphalt mixtures containing
AsphaMin have the worst moisture susceptibility in comparison with other warm
additives. However, Medeiros Jret al. (2012 highlighted that Asphdin

mixtures did not indicate moisture susceptibility.

Goh et al. (2007 also highlighted that the use of Asplan has no
influence on the dynamic modulus. It has also been demonstrated that the addition
of AsphaMin does not significantly affect the asphalt binder gradifgsiuddin
et al. 2007Barthelet al. 2004). At temperatures of 136 and 120C, AsphaMin
has no significant effect on the viscosity of the bindersomparison with base
binder and, more importantly, the viscosity is notably higher than the viscosity of
conventional binders after 60 to 90 minut@andhi 2008ph This is surely
because of the addition of fine solid material to the binder. In 2009, it was shown
that AsphaMin has a negative effect on the viscosity of recycled binders, as the
viscosity increases when Asphin is used. The study also found that it had no
positive effect on the resistance to fatigue cracking of recycled biflosz®t al.

2009.

24.1.1.2Advera

Advera is another type of synthetic zeolite, which is developed and manufactured
by PQ Corporation in Malvern, PA, USA. Advera has the ability to store
approximately 20% water in its chemical struct(ifanz et al. 2011), and the
water is released at a temperature o®@%vhich allows a reduction in the
production temperature of approximatelyi 20JC (Perkins 200% It is worth

mentioning that, although Adverads mechan
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of AsphaMin, it has no notable effects on the rheological properties of the mix

because the zeolite will reabsorb the water afiéeradmancet al.2014).

Several studies have been carried out to investigate the physical and
mechanical properties of WMAs containing Advera. A study conducted by
Mogaweret al. (20113 showed that, in terms of moisture resistance, as the ageing
time increased, the moisturesseptibility of the warm mixtures including Advera
I mproved significantly, and the greatest

was observed with the addition of hydrated lime over the use of liquidtaipti

Another study conducted bylogaweret al. (20119 showed thatpased
on the foaming process, Advera was more susceptible to moisture damage than
other warm technologies such as Evotherm, Sasobit and Sonnewarmix. This issue
may result from water enclosed in the aggregate, which weakens the interface
between the asphiabinder and aggregate, leading to stripping problems. This
corresponds to a study conductedHil} et al. (20123, who reported that Advera
reduced the tensile strength ratio by 23% in comparison with the control HMA
mixture. However, a study conducted by other researchers revealed that the
addition of Advera did not make the mixture more prone to moisture damage, an
also concluded that Advera did not confer favourable properties on mixtures with
highly acidic aggregates such as graf@habchiet al. 2013. In 2011, Goh and
You demonstrated that warm mixtures with Sasobit and Advera had lower
dynamic modulus values at most mix and compaction temperaturesC(100
115)C and 130C) and frequecies tested (from 0.1 Hz to 25 Hz). This issue was
particularly significant at higher testing temperatures. In terms of WMA fatigue
life, most WMAs performed similarly to or even better than the control HMA,
apart from warm mixtures manufactured at X30More importantly, WMAs
tested at 11% had the highest fatigue life as compared with other WiZeh
and You 2011p However, in another study, the presence of Advera decreased the
number of wheel passes required to reach 12.5 mm of rutting in the Hamburg
device by 38%Hill et al.20123.
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24.1.2\Water based

24.1.2.1Double barrel green

The concept of this technology is to use some type of nozzle to inject a small
amount of water into an asphalt binder stream. The nozzle should be computerised
to control the amount of water and the foaming (&etton et al. 2007). The
additionalwater, which is delivered to the system using a positive displacement
piston pump capable of accurately rating water induced into the system, will
microscopically foam the binder, which creates encapsulated steam in the binder,
leading to a forceful increa in the volume of the binder and a decrease in its

viscosity

G1 and G2 are two generations of this technology, which has been in
existence since 2007, and was developed by Astec Industries in the USA. The
main difference between these two types is tbezie system functionality.
However, there is typically no need to make any changes to the mixture design
process, but a foaming device should be used in the laboratory in order to simulate

plant mixing.

Middleton and Forfylow(2009 reported that the properties asphalt
binder and mixtures were the same as those of HMAs. The rutting susceptibility
of mixtures produced with the Double Barrel Green proeess identified to be
adequatemoreover, this technology has no negative influence on the moisture
susceptibity of mixtures. Environmentally, a 10% reduction in nitrogen oxide,
carbon monoxide and carbon dioxide was determined and reported in this process

as well as a 24% reduction in energy consumption.

It is thought that this technology may eliminate the ni®dexpensive
additives because only a small amount of water is required to be injected into the
binder stream, provided that the water is accurately injected to avoid potential
stripping problems. However, despite the fact that this technology has gained
more popularity in the USA, not much research has been conducted in this area
compared with other technologies such as Advera and Adpharhe following

figure illustrates the process of this technology.
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Figure 23 Double Barrel Gree(Equipment and Lounge 20,J@nkinset al. 1999

2.3.1.2.2Low energy asphalt

Low Energy Asphalt WMAtechnology is developed by Advanced Concepts
Engineering and distributed in the USA by McConnaughay Technologies. This
technology has a different process to Double Barrel Green. The process involves
mixing the hot bitumen (14Q80QJC) with hot coarseggregate at a temperature of
around 290F/145]C and then incorporating wet fine aggregates at an ambient
temperature. This process releases the moisture in the fine aggregates as steam
and, therefore, a foaming action results, which facilitates the fyygegate
coating(D'Angeloet al.2008Perkins 200Rubioet al.2012). This technology is
reported to reduce the production mixing temperature to approximatégy 90
which vyields significant reductionis energy costs and gas emissions. However,
the author thinks that coating and adhesion promoters should be introduced into
this technology to enhance the performance of the asphalt mixtures by minimising

stripping problems.

Despite the fact that thisdenology offers a great advantage in terms of
the production temperature, it requires a major plant modification. In 2006,
Romieret al developed a kit that can be attached to a batch plant. The kit can
control the amount of cold sand by the addition apacific hopper and is also
integrated with a device for adding water to the fine aggregate. The RAP can also
be introduced directly into the mixé€howdhury and Button 200Romieret al.
2006. They also interestingly highlighted the reduced soiling of production
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equipment resultinfrom this method due to the available moisture, which results

in minimising the cleaning requirements and corresponding use of solvents.

Between 2005 and 2010, more than 400,000 tonndsvefenergy asphalt
were manufactured iworldwide (LEA-CO 2014 and it isreported that specific
multifunctional system were mostly used to enhance the foamability and the
coating ability of the binder. This technology has been used successfully mainly
in France by EIFFAGE and FAIRCO and the USA by Suit Kote, and to a lesser
extent in the UK by PetroPlus, in Spain by EIFFAGE Infrastructures and in New
Zealand by Fulton Hogan. However, few studies have been published in this area;
therefore further work is highly recommended in order to gain more
understanding of the propertiesasphalt mixtures and also to check the validity
of this process with other materials, climates and mix design methods in order to
discriminate the process from other warm technologieGaaslefroyet al. (2007

believes it is a WMA process with a great degbatential.

2.3.1.2.3Warm asphalt mix foam
Warm asphalt mixoam is a watebased foaming technology that was presented
for the first timeat the Eurasphalt and Eurobitum€ongress in 2000 and was a
result of work from a cooperation between Kolo Veidekke and -$higdted
work on WMAs with laboratory experimenback in 199%Koenderset al. 200Q
20032). From a practical point of viewyarm asphalt mixoam is slightly different
from other watebased technologies because soft and hard binders are introduced
at different times in the mixing cycle. The first stage involves heating up the
aggregate to around 1RD and then coating it with the soft binder, which
accounts for about 20% to 30% of the total binder. At the second stage, the hard
binder is foamed by introducing water &62 of the mass of the hard binder at a
temperature of aboul8QJC. The main advantage of this process is to ensure
adequate bitumen absorption of the coarse aggregate by the use of the soft binder
(which may not be satisfactory with the hard binder at a lower temperature),
which then leads to sufficient distriboh of the binder in the mixture and an
adequateoating andvorkability for paving.

In spite of a reported 30% plant fuel reduction and 30% reduction in

emission rateg¢Larsenet al. 2004, it is still necessary to heat the hard binder to
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the temperature required for HMA, and stripping problems may occur because of
incomplete water evaporation. However, some researchers have demonstrated that
warm asphalt mifoam can successfully be used in the base course and in the
wearing course and, in terms of volumetric properties, its performance is very
similar to that of HMA using the same materials. Consequently, the mechanical
properties ofwarm asphlt mix foam are equal to thos# HMA. Furthermore,

field studies have reported that the paved sectiditising warm asphalt mix

foam were equivalent to HMA in terms of permanent deformation and surface
texture(Larsenet al.2004). Another study, by.osaet al. (2009, confirmed good

results for this process in terms of fatigue life and permanent deformation.

2.4.2 Chemicaltechnology

Another technology that is utilised to reduce manufactured and compaction
temperature is chemical additives, whialork in a different way to produce
WMAs when added to the mix. This technology involves different packages such
as surfactants, emulsification agents, aggregate coating enhancers and anti
stripping additives. This summary of the research focuses on theimpustant

chemical additives such as Evotherm and Rediset.

2.3.2.1Evotherm

Evotherm is a chemical package that is manufactured by MeadWestvaco Asphalt
Innovations, USA, and was introduced to the market in 2005. It includes materials
to improve workability, adhesion promoters and emulsification agents. It is
currently delivered vih relatively high asphalt residue (around 7q¥yirley and
Prowell 2006tBennertet al.2010. MeadWestvaco has developed and distributed
three kinds of Evotherm to the market, Evotherm DAT, ET andKd@radmand

et al. 2014). It is reported by the manufacturer that no special requirements or
modifications are needed to pump Evotherm to the asphalt plant. In the field
paving to date, Evotherm has been pumped directly from a tanker trugn Wh
Evotherm is mixed with the hot aggregate, the water in the emulsion will be
liberated in the form of steam, enhancing mixture workability and aggregate
coating. This process allows asphalt application at a temperatid@et607QC

lower than traditionaHMA. It has been reported in field testing that production
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temperature has been successfully reduced by upXo. Sthis allowed energy
savings of up to 55%, with a 45% reduction in&@d SQ emissions as well as

a 50% reduction in NQand a 41% reduction in the total organic materials
(Sampath 2010

Evotherm has a minor effect on the rheological properties of bitumen.
Xiao et al. (20129 looked at the performance of different warm additives
including Evotherm, and found that Evotherm did not exhibit a significantly
different failure temperature to control binder. Moreover, in spite of the increasing
m-valueof Evothermmodified binder(m-valueis the measure of binder ability to
resist lowtemperaturecracking obtained from bendirfgeometetesting) which
can enhance low temperature properties, in terms of strain response, amplitude
sweep testing at 8C did not reveal any difference the complex modulus and
phase angle of any of the evaluated warm additives in the study, apart from
Sasobit. In addition, Evotherm exhibited the highest value of creep compliance. It
is therefore thought that Evotherm may be more prone to permeant dédorntat
is also important to mention that Evotherm generally has no influence on the
viscosity properties of asphalt binder when investigated based on both the
rotational viscosity and NCHRP-39 Method(Bennertet al. 2010. As a matter
of fact, as recommended by supplidEyvotherm enhances the workability of

asphalt mixtures where they can be compacted at lower temperatures.

In 2006, Hurley and Prowell highlighted that the addition of Evotherm
reduced air voids measured in the Gyratory Compactor for given asphalt content.
However, as per their recommendation, further research is required to fully
investigate this issue becaufsourable performance, in terms of compaction,
resulting from the addition of Evotherm may be negated by a reduction in the
optimum asphalt conterfHurley and Prowell 2008bIn addition to the fact that
Evothem has the potential to decrease rutting compared to controlled HMA as
found by certain author@urley and Prowell 2006Kiao et al. 2010Mogaweret
al. 2011¢Sampath 201 visual stripping problems have also been observed.
However,Hill et al. (20123 also addressed the effect of Evotherm and found that
Evotherm performed approximately 13% better than the control mixture in terms
of tensile strength ratjoalthough a 40% reduction ithe required number of

wheel passes for the Hamburg device to reach a depth of 12.5 mm was reported.
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Consequently, liquid anstrip or hydrated lime could be utilised in order to

remedi at e t he WMA mi xtureods susceptibil:i
mentoned this, there is a need to simulate the required ageing time in the
laboratory because, in fact, to date, no problem with WMA moisture damage has

been highlighted in the field.

2.3.2.2Rediset WMX and LQ
Rediset is a product delivering significant adtzgges to road construction in one
very convenient chemical package. This is the most recent innovation of
AkzoNobel, Sweden, the United States and The Netherlands, and Rediset WMX
was firstly introduced in 2007 in the United Sta(Benaquist 201)Lin order to
reduce the deficiencies of some existing WMA additiidamzahet al. 20195.
Two kinds of Rediset have been supplied by AkzoNobel, Rediset WMX and
Rediset LQ, which do not significantly differ from each other. Rediset WMX is a
solid palletised additive and is designed in such a manner that it does not have a
negative effect on the binder in terms of the Higimperature or loviemperature
properties of bitumen at a wider dosage lei#&kzonobel 2011 ogaraj and
Almeida 2009. This additive is classified as both a viscosity reducer and a
surfactant beasse it includes a long chain aliphatic hydrocarbon structure and an
0 "O group which could chemically react with the aggregate su(Byg®mezhko
et al.2011).

Rediset LQ, which was recently developed by AkzoNobel, is actartg
compaction aid and active adhesive, as it enables the bitumen to displace residual
water from the incompletely dried aggregate surface and creates a strong chemical
bond between the aggregate and the bitumen that is resistant to moisture damage.
It is reported by the manufacturer that Rediset LQ does not alter the binder
properties and bitumen grade at the recommended dosage between 0.4 and 0.75%
of the total effective binder weight. As mentioned, Rediset LQ also functions as
an adhesion promoter; gtefore, the potential need for additional attip is
eliminated. Moreover, Rediset LQ could potentially improve the stress
characteristics of asphalt concrdtdill et al. 2012h). However, in spite of its
superior performance, Rediset LQ has not been extensively studied, and there has

been limited research on the effect of this warm additive on the performance of
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asphalt binder and mixturédslamzahet al. 2019. Thus, researchers are highly

recommended to deeply investigate its performance.

The next sutsections will mainly focus on the effect of Rediset WMX on

binder and mixture because of the aforementioned reason.

2.3.2.2.1Effect of Rediset onasphalt binder properties

Studies conducted byiao et al. (20113 2011h 20123 to investigate the
rheological properties of neimaming additives revealed that the viscosity values
of all asphalt binder modified with Rediset WMX decreased the test
temperature increased, and it should also be mentioned that no negative effect of
storage duration on viscosity was found. Therefore, the modified binder could be
stored for a certain period if this is required. This is also confirme&téyaet al.

(2011 andSengozet al. (2013. However,Aregaet al. (2011 highlighted during

their study that some warm additives involving Rediset WMX reduced the binder
viscosity measured at 135 with minor exceptions. This fact agreed with a study
conductd by Sengoz and Oylumluogl(2013, who reported thtaRediset WMX
decreased the mixing and compaction temperatures of WMA by d@ly&d GC
respectively, based on the results of rotational viscosity. It seems that the
estimation of reduction in the production temperatures based on rotational
viscosity test cannot predict the real reduction in the production temperatures of
WMA as obtained irthe current thesis, which will be discussed in detail in the
next chapter. However, another study conducteAregaet al.(2011) observed a
negative effect of using 2% of Rediset WMX on the rotational viscosity of a
PG7622asphalt binder, which contains a high amount of natural wax.

Attention should be drawn to the performance of Rediset WMX in terms
of permanent deformation because researchers have reported different behaviour.
Some studies have shown that binder medifivith Rediset WMX exhibited high
levels of compliance in terms of the creep and creep recovery test and was more
stress sensitive relative to the virgin binder but without a significant adverse effect
on hightemperature continuous gra@féanzet al. 2011, Xiao et al. 20123. This
means that asphalt binder modified with Rediset is more prone to rutting issues.

However, these findings do not agree with other stughem et al. 2011gDoyle
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et al.2013. Xiao et al. (2011 claimed that modied binders with Rediset WMX

increased the high temperature failure of asphalt binders while a stiRlyyte/et

al. (2013 showed that incorporating 1.5% of Rediset WMX increased the rutting

factor G/Sinl, G* is compl ex shear mafdsphalus and
binders by 48% and 15% for taged and shoterm ageing conditions at JO. In

spite of the controversial point about the effect of Rediset WMX on permeant
deformation among the aforementioned researclkans, et al. (20113 studied

the impact of warm additives on rheological properties of polymadified

asphalt binders, highlighted that the performance grade of asphalt binders at low

and higher temperatures was not affected by adding 2% of Rediset WMX.

Most researchergArega et al. 2011 Xiao et al. 2013 investigated the
fatigue performance of Rediset WMXodified binders based on Superpave
fatigue cracking@ Sin , G* is complex shear modulus dnds the phase angle)
which has received extensive criticigidamzahet al. 2015. In most scenarios,
Rediset WMX decreased the value @f Sii of the asphalt binders, which
implies that Rediset WMX makes the asphalt binder less stiff than the control
binders. It was also found that it has a higlvalue in comparison with virgin
binder, and therefore the addition of Rediset WMX may well lead to better fatigue
life performance. This matter has been highlightedAbggaet al. (2011), who
also reported that the recommeddstrategies to compensate for the reduced
initial stiffness in WMA (such as addition of RAP) must be tailored to the specific
kind of WMA mixture, because subjecting the skerim aged modified binder to
long-term ageingled to lowtemperature and fraote properties similar to or
lower than thelongterm ageingresidues of conventional or control asphalt
binders, which means that lotgrm ageing may erase the variation in reduced
shortterm ageing of WMA. Consequently, the incorporation of RAP maseoial
any other strategy to overcome the reduced initial stiffness in WMA may

adversely affect the loemperature behaviour of warm asphalt mixtures.

This finding does not correspond with another study carried out by
Banerjeeet al. (2012, who studied the effect of lortigrm ageing on the rheology
of warmrmodified binders. Results suggested that wanmdified binder not only
reduced the influence of shddrm ageing on rheological properties, but could

also retard the rate of ageing in which stiffness increases over time. Surprisingly,
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and more importantly, Redis®/MX exhibited the lowest rate of ageing of the
additives used in this study.

During all the aforementioned studies, unsurprisingly, the binder source
also significantly affected the viscosity values and rheological properties of the
same binder grade. Thfact indicates that the chemical interaction between warm
additives and different asphalt binder sources shouttdreughlyinvestigated in
order to select the appropriate additive dosage to enable the warm mixture to have
a similar or better performaa than HMA. The author of this thesis believes
and it is also the recommendation of a recent studyidgzahet al. (2015 i that
the intermediate temperature properties of asphalt binders in terms of fatigue
cracking should be evaluakteby time sweep tests. This point is one of the

objectives in the framework of this thesis.

Rediset LQ has not been investigated in detail in the literature; therefore,
researchers are encouragedhtroughlyinvestigate it, ashe author of this thesis

believesit is expected to display superior performance.

2.3.2.2.2effect of Rediset onasphalt mixture properties

Some researchers have investigated the effect of Rediset on reducing the
manufacturing and placement temperatures of WMA. It has been reported that the
recommended dosage of Rediset WMX, which is 2% of binder weight, exhibited
the best workability and coraptability compared with 1%Bennertet al. 2010.

This was certainly achieved by the action of Rediset WMX in reducing binder
viscosity and enhancing the wetting of the aggregate surface. Redkistlizas

been confirmed by a study carried outlbgmzahet al. (2013, who proclaimed

that there is a slight decrease in the Marshall stability if 3% Rediset is used
instead of 2%; therefore, one can deduce that 2% of Rediset gives the desired and
adequatéMarshallstability. In addition, the higher the Rediset content, the higher

its softening role in the asphalt mixtures will be.

In terms of fatigue performance of asphalt mixtures, there is little
information and study evaluating the effects of both Rediset WMXL#) on the
fatigue performance of asphalt mixtur@damzahet al. 2015. The fatigue

properties of asphalt mixtures containing Rediset WMX in both wet and dry
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conditions were investigated B@pneset al. (2010. They conducted fatigue tests

at two different strain levels and at three different temperatures using a flexural
controlleddeformation fatigue test. It was concluded that the fatigue life of
asphalt mixtures at 50% stiffness reduction and also on the initial phase angles
was not affected by addition of Rediset WMX in both wet and dry conditions.
However, this fact des not agree with a study conductedBeynertet al.(2011),

who claimed the fatigue life based on the number of cycles measured by overlay
tester for asphalt mixtures containing Rediset was higher than that of controlled
HMA produced at normal temperatures. It is therefore believed that the effect of
Rediset on he fatigue cracking of asphalt mixtures should be further studied,

taking into account the effect of fabricated temperature and binder grades.

The susceptibility of chemical additives to thermal cracking was explored
by Hill et al. (20128H. They found that the fracture energy of chemioalified
WMA mixtures including Rediset LQ and Evotherm slightly increabgd/% in
comparison with the control HMA andsplayed the greatest creep compliance,
whereas the addition of an organic additive (Sasobit) and a foaming additive
(Advera) decreased the fracture energy by 12.7% and 11.1%, respectively. This
finding exactly coincides with another study conductedtiilyet al. (20123, who
indicated that the use of chemical technology (Evotherm and Rediset LQ)
increased the fracture energy by 7% and increased the resistance to moisture
damage by 13% ah23%, respectively; however, at the same time these additives
reduced the resistance to permanent deformation by 40%. It can therefore be
demonstrated that lotemperature characteristics are sensitive to the kind of
warm technology used. The influencens&nufactured temperature was not clear,
as two WMA systems had higher fracture energy values, whereas others had
lower values. Study of the performance when including RAP materials in WMA
is urgently required to find the counterbalance between potentiathlermal

cracking issues and an adequate level of rutting performance.

Bennert et al. (2011) conducted a study to evaluate the impact of
production temperatures on the rutting prapsrbf WMA with the inclusion of
1% and 2% of Rediset WMX using the Hamburg whestking test. It was
reported that the resistance of mixtures to permeant deformation deceases as the

production decreases, and the resistance of asphalt mixtures con&étiog
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Rediset WMX was higher than those containing 1% of the same additive. This
positive performance was also observed(8gmpath 2010 who showed that
mixtures containing Rediset WMX had sufficient capability to pass the
requirement of @,000 cycles in a simple performance tester. On the other hand,
Mo et al. (2012 reported that WMAs containing Rediset WMX do not have a
comparable performance to that of HMAs.

Regarding the effect of Rediset on moisture damage, it was thahthe
indirect tensile stress ratio of mixtures containing Rediset WMX was less than
80% (Sampath 2010 However, the addition of Rediset WMX had no effect on
the moisture sensitivity of the asphalt mixtures investigated based on the
Hambug wheeltracking test (Joneset al. 2010. Furthermore, a study on the
mechanisms of debsion between aggregate and binder conductelaw et al.

(2012 pointed out that the bond strength ratio of binder containing Rediset WMX
was higher than 0.7, which implies that Rediset WMX could provide acceptance
resistance to moisture damage. It seems that the mechanisms used to evaluate the
degree of bonding betwa aggregate and binder exhibited different behaviour,
and there is a need to find a way to directly estimate the degree of aggregate

binder bonding in the mixtures.

In fact, in order to reach acceptable and adequate mixture stability, rutting
and fatigie resistance, and also to produce asphalt mixtures that have equal or
even better performance than traditional HMA, highways agencies may need to
specify minimum production temperatures for WMA taking into account the

effect of production temperatures dmndder grade and source as well.

2.4.3 Organic additives

This technology is based on using waxes, which contain high molegeight
hydrocarbon chains, in the asphalt mixture because when the temperature reaches
the melting point of the waxes, they melt, leading to a viscosity reduction in the
asphalt binder. However, when the mixture cools these additives will solidify into
microscopcally small and uniformly distributed particles in the bitunjenbioet

al. 2012. This pheomenon leads to stiffening of the binder in a similar manner

to fibre-reinforced materials. Some researchers have highlighted that complicated
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problems exist when the melting point of the wax is below theemice
temperature, and careful selection ofxwiype is needed to avoid potential
temperature problem(ilva et al. 201QShanget al. 2011). As a matter of fact,

not only the kind of wax but also the type of binder plays an important role in
determining the performance of included synthetic waxes, as the internal
crystallising fraction depends on the bitumen type and so(Edevards and
Redelius 2008 In general, the introduction of synthetic waxes to the asphalt
mixture will boost the permanent deformation resistance by increasing the mixture
stiffness propei¢s. On the other hand, there may be an adverse effect on the
fatigue response because stiffer materials exhibit less ductile behi®avbatiet

al. 2009.

Three wellknown technologies of synthetic waxes are availaplex
FischerTropsch wax, fatty acid amide and Montan wax. This research is only
going to focus on the most frequently used wax in WMAs, whetheeiffigtd or
in the laboratory, which is Fischd@ropsch wax, with particular reference to
Sasobit.

Sasobit is a FisheFropsch synthetic wax produced by Sasol Wax GmbH
in Germany. From the industrial point of viewhe FischefTropsch synthesis,
coal or natiral gas is partially oxidized to carbon monoxide that is subsequently
reacted with hydrogen under catalytic conditions producing a mixture of
hydrocarbons which have molecular chain length of carbgnt& Cioo plus
carbon atoms. The process starts wigmayation of synthesis gas then reacted
with cobalt or iron catalyst to form products such as kerosene, gas oil, synthetic
naphtha and waxes. Finally, recovered Sasobit is carbon in the chain length range
of C45t0 Cioo plus, which is longer than microcrystalline bituminous paraffin wax,
with chain lengths from £ to Gso (Hurley and Prowell 2005Butz et al.
2001, Wasiuddinet al.2011h.

Sasobit is supplied in the form of greyisihite to yellowish pastilles and
pills (Jamshidiet al. 2013. It does not require highhear mixing apparatus and
can be easily blended manually and/or mechanically, and the method used has no
effect on the properties of Sasebibdified asphalt bindgiSasolwax2014Ji and
Xu 2010. Therefore, no major modification is required to introduce Sasobit into
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the asphalt plant because it can be either mixed witlvitumen or added directly
to the aggregate. The recommended dosage of Sasobit 420 binder mass.
However, more than 4% has a negative effect in terms of theelmperature

properties of bitumef(Edwards and Isacsson 2002

24.3.1Performance ofasphalt binder containing Sasobit

24.3.1.1Effect of Sasobit onasphalt binder rheologicalproperties

As mentioned above, Sasobit has a predominant range of hydrocarbons of chain
length from 45 to 100 carbon atoms, while natural asphalt paraffin waxes are
normally in the range of 25 to 45 carbon atoms. The long chains of carbon atoms
increase the plastic limit and also increask e asphal t bi ndersd r ai
temperaturegWasiuddinet al. 2011a 2011h. It has been determined that the
melting point of Sasobit is approximately A0 Above this temperature Sasobit
liquefies the asphalt binder, resulting in a reduction of asphalt binder viscosity;
therefore, theproductiontemperature at which the mixture should be produced
decreases. However, below the melting point of wax, Sagobiis a lattice
structure which acts as a bridge between molecules and prevents their movement;
consequently, it increases the viscosity of asphalt binders at lower temperatures. It
should also be mentioned that Sasobit exhibits Newtonian behavidughet
temperatures and ndwewtonian behaviour below its melting poiidamshidiet

al. 2013. According to the manufacturer, with the addition of Sasobit the
production temperature can be reduced by approximaté020. However, this

is not always true because the reduction in the production temperature is also
highly affected by the binder source and gra8iéva et al. (2009, 2010) reported

that, in order to maximise the benefits of using Sasobit, softer base bitumen
should be used, and it was found that a maximum temperature reductiadCof 15

was achieved by using 4% $asobit with a softer binder.

Many researchers have investigated the rheological properties of Sasobit
modified asphalt binder. In all scenarios, Sasobit increases the complex shear
modulus G') of asphalt binder while decreasing the phase angleegjardless of
binder type and grade. Moreover, the addition of Sasobit increases the failure
temperatures of all binders and leads to lower creep compliance and high creep

stiffness with lowem-value.It subsequently enhances the permanent deformation
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of asphalt binder but may adversely affect itsli@mperature propertigXiao et

al. 2012aXiao et al. 2011aXiao et al. 2011hGandhiet al. 2010Doyle et al.

2013. However, a study conducted ym et al. (20113 highlighted that the
addition of Sasobit increased the elastic behaviof warmmodified polymer
modified binders at lower temperatures and enhanced the rutting resistance
properties at high pavement temperatuBzsed on these studies, it is the author
opinion although there is a clear conclusion that Sasobit imprdwesutting
resistance of asphalt mixtures, the fatigue cracking of asphalt mixtures is still a

controversial point.

However, a study conducted Bgnerjeeet al. (2012 showed that Sasobit
causes a slower increase in stiffness over time, therefore retarding the rate at
which binder stiffness increases over time in comparison with conventional
asphalt binder. Moreover, 2% of Sasobit increases the cohesive strength of the
asphalt binder evaluated by surface free energy measurefiiésdgiddinet al.

20113. It must also be mentioned thaetimteraction between Sasobit and asphalt
binder is only physical, because a study conductedlbgapaceet al. (2014
outlined thatnuclearmagneticresonance did not detect any chieahinteraction

due to the addition of Sasobit.

From a sustainable engineering point of view, the Sasobit dosage should
be carefully selected because it has been reported thdaehoperature cracking
resistance of both waged and longermaged binder ecreases as the Sasobit
dosage increases. In other words, asphalt binder containing a high percentage of

Sasobit will be more prone to cracking iss(lgs et al.2012).

2.3.3.1.2Effect of Sasobit on theopography ofasphalt binder structure

The surface of the asphalt binder can be investigated by using the recently
developed and sophisticated Atomic Force Microscopy (AFM) in order to
subsequently bridge and lirdbserved behaviour of the asphalt bindeith wheir
chemical makeaip and bulk propertiegMenapaceet al. 2014Rebelo et al.
2014aMassonet al. 2006. Briefly, bitumen can be separated into four fractions:
saturates, aromatics, resins and asphalt¢hiessonet al. 2007Nahar et al.

20130. The more asphaltenes there are in the asphalt binder, the harder and more
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viscous that bitumen is likely to be,daise molecules can form easily as they
carry positive and negative charges at different points; therefore, bonds between
molecules are easily made. At the other end of the scale, the more saturates there
are, the softer the binder will be. Saturates amerepolar fraction and they form

a soup surrounding the other molecules. However, the other kinds of molecules,
aromatics and resins, are intermediate components in the soup. Resins are similar
to the asphaltenes and are highly polar, which influenceslélgeee to which
asphaltenes are readily dispersed within the bitumen, whereas aromatics behave as
a solvent to both resins and asphaltdiié&®m 200§.

These compnents are explained bybeelike structurewhich consists of
the catana phase, which is assigned to the most rigid and polar bitumens, the
asphaltenes; the peri phase, which is attributed to the less polar aromatics and
resins; and the para phase, whieffers to nofpolar saturates. It was therefore
possible to investigate the effect of different polymers on the components of
asphal't binders and make a |ink bet ween
structure and its rheological propert{éseberet al. 1996 1998.

It was reported that Sasobit greatly affedtthe morphology of asphalt
binder. Menapaceet al. (2014 found Sasobit enlarges the Hée structures of
bitumen. In other words, Sasobit caused the catana phase and the peri phase to
grow. The followingFigures, 24 and 25, illustrate the effects of Sasobit 60/70
Pen and PG 782 observed by using Atomic Force Microscopy (AFM).

60/70 Pen PG 7622

Figure 24 Height (left) andPhaseright) images with scan size 10 and 25 as
presented exactlv ifMenapace et al. 2014

60/70 Pen + Sasobit PG 7622 + Sasobit
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Figure 25 Height (left) andPhase(right) images with scan size 25n as
presented exactly in (Menapace et al. 2014)

24.3.2Performance ofasphalt mixture containing Sasobit

2.4.3.2.1Effect of Sasobit onmix design andvolumetric properties

Sasobit is a flow modifier and viscosity reducer; therefore, it is expected to have
an influence on the volumetric properties and mix design of asphatey and
Prowell (20050 found that air voids in asphalt mixtures decreasedwdesobit

was added, which may result in a reduction in the optimum asphalt content. It was
found that using 2.5% of Sasobit improved the compactability of the mixtures in
both the Superpavegyratory compacter and the vibratory compactor, with a
reduction in air voids of up to 0.87%. However, another study highlighted that the
addition of Sasobit has no significant influence on optimum asphalt binder
content, and 3% of Sasobit resulted in an energyga up to 12%{Hamzahet

al. 2010. This could be used to confirm that achieving the required density is
quicker for SasobiwWMA mixtures than for HMA even at lower compaction
temperatures, as reported in a studyZbymanig2010. In this studythe asphalt
mixtures modified with Sasobreached the final density after 100 gyrations at
1351C, whereas HMA reached the final density after 170 gyrations akC1386

fact, it was noticed that Sasobit improved the workability of the asphalt mixtures
(SanchezAlonso et al. 2011). A later study conducted I¥haoand Guo(2012
agrees with this finding, as they noticed the workability of Sasobit asphalt mixture
manufactured at 14& is equivalent to that of control HMA fabricated at 325

It can therefore be said that Sasobit generally has no negative efteoins of

mix design and volumetric properties.

24.3.2.2Effect of Sasobit onrutting susceptibility
In terms of lower production temperature, warm mixtures may be softer because

of reduced oxidative ageing and incompletely drying aggregate. The performance
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of Sasobit with particular reference to rutting susceptibility has been investigated
by a number ofesearchers. Testing conducted using the Hambbeglracking

test showed that Sasolpitodified mixtures were within the allowable rutting
limit after 10,000 loading cyclegHurley and Prowell 2005Kim et 4.
2012Estakhri et al. 2010. The superior performance of Sasobit was also
confirmed by using aasphaltpavementnalyser It was reported that the control
HMA and SasobitWMA performed similarly and met the criterion for rutting
resistance. In other words, warm mixtures containing 1.5% Sasobit had a similar
performance to HMA after 8000 loading cycléslearon and Diefenderfer
2008Goh and You 2009

Moreover, althoughMohammadet al. (2008 reported that Sasobit
modified mixtures presented lower modulus values, other reseafEletitet al.
2012Haggaget al. 2011Yang et al. 2009 have shown that Sasotntodified
mixtures had a highestiffnessvalue, and it has also been revealed that Sasobit
WMA exhibited an added stiféss, particularly at higher reduced frequencies
and/or lower temperatures, because the addition of synthetic wax resulted in a
more stable asphalt binder and consequently led to a more stable asphalt mixture
due to its crystallised forrgPetitet al.2012).

Sasobimodified mixture containing moist aggregate has been
investigated byXiao et al. (2010, who declared that using Sasobit in moist
aggregate mixtures didot require additional treatment to satisfy the required
pavement performance in terms of rutting, and concluded that the mixture with
Sasobit exhibited the best rutting resistance. This coincides with another study
undertaken byennertet al. (201]) to study the effect of production temperature
and aggregate moisture content, which revealed that, as the mixing temperature
reduced, the flow number also decreased, but not in the c&sesobitmodified
mixture, which was able to maintdilow numbervalues at thd32JC production
temperature at the 1.0% and 1.5% dosage rates, and achievednpgrature

stiffness and permanent deformation that surpassed the baseline mixture.

In general, ashighlighted byEdwardset al. (2009, Sasobimodified

mixture offered the smallest strain in dynamic creep testing; thus, it can be
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concluded that the rutting performance of Sas@llA is similar to or even
better than HMA.

2.4.3.2.3Effect of Sasobit onlow-temperature performance andfatigue life

The fatigue performance of asphalt mixtures can be affected by a number of
factors such as an inadequate structural design, repeated heavy loads, poor
drainage and construction and asphalt binder stiffening dueetogagt low and
intermediate temperaturggamshidiet al. 2013. Sasobit stiffens the asphalt
binder, which consequently leads to a stiffer asphalt mixture; however, the lower
production temperature may offset the negative effect of the addition of Sasobit in
terms of lowtemperature properties and fatigue life beeatiss expected that the
binder will be less oxidative, which results in a more ductile mixture. However,
this may not be true becauddill et al. (2012h) found that the effect of
manufactured temperature was not conclusive and the selection of warm additive
affects the lowtemperature properties. In that study, the organic additive
presented in the form of Sasobit reduced fracture energy by approxima#@ly 12.

in comparison with chemical technologies, which were able to increase the
fracture energy by around 7%, because chemical technologies may have had a
tendency to emulsify the neat asphalt binder, whereas Sasobit resulted in stiffer
asphalt mixtures. Thizorresponds with the results of another study, which
indicated the inclusion of Sasobit increased the chances otelowerature
cracking as lower tensile strength and failure strain were reported for Sasobit

modified binder, especially at lower temperag(Liu et al.2012).

In fact, the effect of warm additives including Sasobit on fatigue
performance is not clear, as some studies have shown that the fatigue life of
Sasobimodified mixtures was similar to @ven better than the control HMA
when evaluated based on fequoint beam fatigue testing and the cyclic direct
tension tes{Goh and You 2011blaggaget al. 2011). The substantial effect of
the synthetic wax additive was detrimental in terms of the fatigue cracking
resistance, as highlighted [Silva et al. (2010, who also recommended that
fatigue resistance may only improve without compromising the rutting resistance

if softer binders are used, due to the brittle behaviour of wax additives. Therefore,
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the issue may be more challenging when RAP mataralsonsidered, as stiffer

materials make the mixtures more prone to fatigue deterioration.

24.3.2.4Effect of Sasobit onmoisture resistance

Loss of bonding between aggregate and asphalt binder, known as stripping, is the
major problem with which pavement engineers are concerned, and it causes many
surface manifestations such as rutting, corrugations and cratkiag et al.
2012RhCaroet al. 2008Kim and Amirkhanian 199Xiao and Amirkhanian 2009
Generally, the strength of an asphalt pavement structure is affected by three major
factors: theadhesivebond between the aggregate and the asphalt binder, the
cohesive strength of the binder, and the frictional resistance and deesiopf
interlock between aggregate particldamshidiet al. 2013. Anything affecting

these factors can result in deterioration of the pavement structure. In fact,
stripping can be caused by the following mechanisms, as identified in the
literature: detachment, displacements, spontaneous emulsification, poregyressur
hydraulic scour and pH instabilifittle and Jones 200Riggundu and Roberts
1988Mogaweret al.20119. However, these mechanisms are beyond the scope of

this research.

The lower production temperature of WMAs may well make those
mixtures more prone to moisture damage because of incomplete drying of
entrapped water in the aggregate. A study conducteBuidghalaet al. (2012
pointed out that Sasobit had no detrimental effect on the surface adhesion, as the
adhesion increased in wet and dry conditions; moreover, the rate of increase in the
surface adhesion was more conspicuous between 0 and 2%, whereas little increase
was notced between 2 and 3%. However, this study iscoosistentvith another
finding, by Arabani et al. (2011, who highlighted that the aggregaasphalt
surface energy of adhesion of WMA with Asplittn and Sasobit was lower than
the adhesive surface egg measured in the reference mix; and likewise those
warm additives have the ability to increase the acid component, which leads to a
significant decrease in adhesion, especially when acidic aggregate is considered,
such as graniteMedeiros Jret al. (2012 evaluated the moisture and low
temperature cracking susceptibility of WMA included Sasobit and Asghalt
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was concluded that Sasobit mixtures were more susceptible to moisture damage

while Asphamin mixtures did noappear to be affected by moisture.

Despite the fact that Sasobit enhances and increases the wettability of
asphalt binder over aggregates, it has also been mentioned that it shows a general
trend of decreasing the adhesion between étspiveture componenté/Nasiuddin
et al. 2008. However, its behaviour in the development of moisture damage in
asphalt mixes and using different measurement methodgetigo be fully
understood. The results of research on the cohesive strengths of -Basdibigd
asphalt binder did not correlate well between the surfaee energy value (SFE)
and the puHoff test, as the SFE indicated that Sasobit increased colstsngth,
whereas the latter indicated the reverl®®asiuddin et al. 2011h 20119.
Furthermore, fracture enerdpased parameters (energy ratio and ratio of energy
ratio) were sensitive to moisture susceptibility of asphalt mixtures, while the
tensile strength ratio seemed to be insensitive to moisture susceptibility of the
mixes under investigatiofGong et al. 2012. It seems that there is no final
conclusion about the effect of Sasobit on adhesion and moisture susceptibility of
asphalt mixtures, because field evaluation from BAVstudy carried out by
Sargandet al. (2011 revealed that WMA including Sasobit has a better
performance in terms of moistur@duced damage three months after opening to
traffic.

The utilisation of antstripping agents to mitigate moisture sensitivity is
widespread. the USA, 56% of asphalt mixtures are treated with liquids, 15%
with liquid and lime, and 29% with lime on{yamshidiet al. 2013. Sasobit was
also investigated with the addition of astripping additives. The addition of
Zycosoil as an anstrip agent for Sasobmodified WMA increased the surface
energy of adhgon between aggregate and asphalt in dry conditions and also in
the presence of watéArabaniet al. 201]). In addition, the addition of 2% of
hydrated lime satisfied the criteria of 80%r tensile strength ratiand a
remarkable increase in saturaiadirect tensile strengtiialues over dryndirect

tensile strengtialues was achieveg&hodaiiet al.2012).

In general, hydrated lime has the ability to act as a mineral filler, which

results in stiffening of the asphalt binder and mixture, improving resistance to
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fracture growth, adiring oxidation kinetics, and also altering the plastic properties
of clay fines to improve moisture stability and durabilityttle et al. 2001). The
efficiency of hydrated lime epends on its content and the considered method
(Little et al. 2007); particle size plays an important role in determining its
effectiveness as we{Bhenet al. 2010. Chenget al. (2011 used differentized
hydrated lime particles: 1.8m (regular hydrated limeand 660 nm (subanc
sized hydrated lime). Ithat study, most warm asphalt mixtures containgudp
nanosized hydrated limbad greateindirect tensile strengthalues than mixtures
containingregular hydrated limelt is also worth mentioning that thalues of
indirect tensile strengtin both wet and dry conditions were dependent on the
aggregate type. Therefore, it is recommended that better aggregate stockpile
management and the addition of asttips are necessary to minimise and mitigate

the potatial for moisture damage.

The effect of ageing time and temperature on the ageing of asphalt
mixtures is evident. Aged WMA mixtures including Sasobit demonstrate a
significant improvement in moisture sensitivity performance, and exposure of
WMA to longer ageing times at higher ageing temperatures results in the best
performanc€Gandhiet al.201QMogaweret al. 2011gMogaweret al.20119.

In general, the performance of Sasebitdified mixtures is a function of
many factors: Sasobit content, production and compaction temperatures, the type
of antistrip agents, the size and type of aggregatd,the ageing time and ageing

temperatures.

2.5 Advantages anddrawbacks ofwarm technologies

2.5.1 Advantages

WMA technologies exhibit a number of benefits. Based on the literature and field
performance, the advantages of WMAs can be categorisedfantogroups:
environmental benefits, production benefits, paving benefits and economic

benefits

25.1.1 Environmental benefits

1- Lower production temperature leads to reduced greenhouse gas emissions.
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2- Reduced emissions and odours, which improves the wodongitions
for production and paving workers.

3- Because of the enhanced workability of WMA, recycling materials such as
crumb rubber and RAP could be used. This will therefore minimise the
landfill area by recycling materials and conserve the natural resoofc

asphalt mixture materials (bitumen and aggregate).

2 5.1.2Production benefits

1- Greater use of RAP could be achieved because of the increased
workability of WMA (Rubioet al.2012).

2- Less oxidative binder is used during production and placement of asphalt
mixtures, which results in a more durable mixture.

3- Easier to obtain the legislation to implement plant sites in urban areas

because of reduced emissions, dust and iidesemanis 2010

2.5.1.3Paving benefits

1- Possibility of paving in cold weather because the difference between
WMA production temperature and the ambient temperature is less than for
HMA.

2- Longer haulage distances because of possibility of paving at lower
temperatures.

3- Improved volumetric properties of WMA can be obtained by reducing the
viscosity of the asphalt binder (@wgjc additives or foam additives) or by
decreasing the surface tension between aggregate and binder (chemical
additives).

4- Reduced temperature difference makes road constructiorthentme

before the road can be opened shorter.

25.1.4Economic benefits
1- Reduced fuel consumption.

2- Less wear on the asphalt plant.
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25.2 Drawbacks
1

Rutting. Less ageing of the asphalt binder makes the mixture prone to

rutting issues.

2- Moisture susceptibility. Lower production temperature leads to incomplete
drying of entrappedvater in the aggregate.

3- Longterm performance. As WMAs are relatively new, less information is
available about their lontgrm performance.

4- Economics. The costs of additives and plant modifications may outweigh
the advantages of WMA technologies.

5- The lowtemperature properties of orgamwdified mixtures can be

slightly different to those of HMA. The issue is more complicated when

stiffer materials are adopted such as RAP; therefore careful selection of

binder type and grade should be made to avoidtémperature cracking.

2.6 WMA incorporating reclaimed asphalt pavement

One of the most important objectives of warm mix asphalt (WMA) technologies is
to increase the possibility of using high percentages of Reclaimed Asphalt
Pavement (RAP) due to the abilitfthese technolags to reduce binder viscosity
andthe internal fraction between asphalt binder and aggregate, which enhances
the workability of the mixtures, resulting in an adequate aggregate coating.
However, some warm technologies such as organiithaeklincrease the stiffness

of asphalt mixtures; therefore, the inclusion of RAP materials, which are also stiff
materials, may have a negative impact on the performance of those mixtures in
terms of lowtemperature cracking and fatigue performance. Aewissue is that

the level of interaction between RAP materials and conventional materials is
unclear and yet to be investigat@d -Qadi 2007. This issue is more ambiguous

in the case of WMAs as they are produced at temperatui€&XD lower than
traditional hot mix asphalts (HMASs). This research also reviews the different
opinions of researchers regarding the degree of blending between RAP and

conventional materials and the performance MAYRAP mixtures to date.
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2.6.1 Reclaimedasphalt pavement (RAP)

One of the most important recycling materials used in asphalt mixtures is the
recycled HMA itself, which results in a reusable mixture of aggregate and asphalt
binder known as reclaimed asphalt pavement (RAP). The use of RAP is a valuable
approach for pawig, economic and environmental reasons. The reuse of recycled
asphalt mixtures decreases the amount of waste produced and significantly helps
to resolve the problems associated with disposal of highway construction
materials(Al-Qadi 2007. In Europe, data from 19 countries showed that 47% of
the available RAP was reused in HMA and WMA itabout 22 million tonnes

were used in other application&Zaumanis et al 2014. In the USA,
approximately 100 million tonnes of reclaimed asphalt pavements are annually
produced. Sixty million tons are reused in the construction of new asphalt
pavement, while 4nillion tonnes could be employed in other pavement
applicatims. In Canada, over a period of 17 years, RAP was used to pave
approximately 3,500,000 {Association 2009amshidiet al. 2013. Moreover,

it was reported that using RAP in the base andbage layers of the pavement
structure potentially reduced global warming by 20%, energy consumption by
16%, water consumption by 11% and hazardous waste generation {lyeé%t

al. 2010. Despite many states in USA have reported limits on the maximum
percentage of RAP that can be reused in the asphalt pavement structure in the
range between 10 and 500Al-Qadi 2007, high percentages of RAP are not

ordinarily used in practice becauséads to durability problem.

ResearchergAl-Qadi 2007Robertset al. 1996Karlsson and Isacsson
2009 have identified six mechanisms that age asphalt mixtures during their

construction and service life:

1 Oxidation as a result of a reactibatween the asphalt binder and oxygen

1 Volatilisation as a result of evaporation of the lighter components

1 Polymerisation because of a chemical interaction between molecular
components

1 Syneresis and separation as a result of the absorption of oily component

asphaltenes and resins by aggregate and exudation of thin oily constituents
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1 Thixotropy because of the formation of the structure of the asphalt binder

over a long period of time.

All the above mechanisms result in stiffer materials; therefore, some
studies have indicated that the RAP materials should be mixed with soft asphalt
binder and/or rejuvenating agents. The soft binder will restore the rheological
properties of recycled biter, while the rejuvenating agents can lower the
viscosity of the aged bind€Robertset al. 1996Sondaget al. 2002. It is also
worth mentioning thaDunning and Mendenha{ll978 recommended the use of
rejuvenating agents with low saturate content and high aromatic content in order

to be compatible with the aged binder and to offset its stiffer components.

In order to establish more confident design procedures with the inclusion
of RAP materials, many duralifi concerns regarding the level of interaction

between RAP and conventional materials need to be addressed.

2.6.2 Hypotheses orincluding RAP materials in asphalt mixtures

The level of interaction that occul®tween the RAP materials and the virgin
materials directly influences the performance of asphalt mixtures and the
economic competitiveness of the recycling process. If RAP materials are
considered as a black rock and do not mix with the virgin matenalaglthe
mixing process, while RAP binder may mix and blend with virgin binder, then the
total binder will stiffen, resulting in a stiffer mixture overall. However, if the
designer assumes that the RAP will totally blend with virgin materials and
actually it behaves as black rock, the mixture will not be stiff enough as
insufficient asphalt binder is used. The issue is more complicated if there is a

partial interaction between materials.

A limited number of researchers have investigated the level ohatien
between aged and virgin asphalt bindg&k-Qadi 2007. McDaniel et al. (2000
in NCHRP 912 investigated three possible levels of interaction between RAP and
virgin materials: black rock (no blending), total blending (100%) and actual
practice (mixing as it usually happens in practice). Two RAP percentages were
considered in thistedy: 10 and 40% as the minimum and maximum percentage
used practically. In all scenarios, the gradation and the total asphalt binder content
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were constant. It was found and concluded that, at 10% of RAP, no remarkable
difference was reported between tharious blends, whereas the black rock
assumption was statistically not similar to the actual practice and the total
blending at 40% of RAP content. In other words, out of 66 possible comparisons
made, there were 11 and 16 inconclusive cases at 10% and RKPRp
respectively. With 10% RAP, the majority of the cases (about 70%) supported the
conclusion that all cases were similar; on the other hand, only 42% of the
comparisons supported the assumption of total blending. However, the authors
believed that it wa unlikely that total mixing occurred in all scenarios, even with
high RAP content. Figure @summarises the possible level of interaction in the
NCHRP study. From the results, it was indicated that there is no requirement to
change the binder grade aMM&®AP content, and total blending between RAP and

virgin materials can be aswied at higher RAP percentages.

100
90 -
80 f---mmmmm
P e e T R
60 t--4 |
504--4 |
0+-14 -3
0114 |-

fg | ] | 1_hl;

Same AP=TB AP=BR Different

BRAP=10% |
ERAP=40% |

Percentage of Valid Samples

Relationship

Figure 26 Statistical results of interaction between aged and virgin binder
evaluated in NCHRP-22(McDanielet al. 2000AI-Qadi 2007
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Oliver (200)) also investigated the influence of RAP binder on recycled
asphalt paement. Artificial RAP material was manufactured in the laboratory by
using bitumen class 320 similar to a 50/65 Pen. The loose mix was exposed to
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high temperatures in the oven in order to oxidise and harden the Hindelt

was then compacted and brokep to produce artificial RAP. After that, 50% of

the manufactured RAP was mixed with 50% of new HMA (binder grade 180/200)
and compacted again. Binder was recovered from the recycled asphalt mixture in
order to prepare a binder with similar viscosityttte recoveredecycled binder.

The viscosity of the extracted binder wvZ8500Pa.s at 48C. Class 600 bitumen

was oxidised by heating and then blended with 23% of Class 170 bitumen in order
to obtain the same viscosity value of extracted recycled binder. In this way, a
manufactured mix identical to the recycled asphalt was produced but with virgi
materials. The performance of the two mixes should have been similar; however,
their performance in terms of rutting and fatigue resistance was different, and it is

postulated the recycled and virgin binders may not completely mix.

Stephenset al. (2001 also conducted a study to evaluate the degree of
blending between RAP and virgliinders in terms of the RAP preheating time
before being mixed with conventional materials. The RAP preheating time was
varied from zero to 540 minutes. The preheating time should not have any effect
on the mix properties if RAP is considered as black.rtiovas in fact found that
the preheating time had a considerable effect on the mixture strength, indicating
that blending does occur between aged and virgin binders. This finding
corresponds with the findings of a study conductedNgyyen (2009, who also
reported that long RAP reheating time, which neaxasurs industrially, enhanced
the reaction between RAP material and virgin materials. Based on his findings, he
deduced that RAP material does not act as black rock, nor is it fully blended in

recycled asphalt production.

Huanget al. (2005 also conducted a study to investigate the level of
interaction. RAP materials (passing through No. 4 sieve only) were mixed with
virgin coarse aggregate (retained by Nd.t@ assess the blending due to pure
mechanical mixing. The aim was to find out to what extent the aged binder can
get away from the RAP particles under pure mechanical blending, as RAP
materials and virgin coarse aggregate can easily be separated fitgy toi
assess the residual binder content in the RAP. It was found that the asphalt binder
content in the RAP was decreased only by about 11% due to pure mechanical

mixing. However, the use of pure mechanical mixing alone is not sufficient to
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determine tk level of interaction between RAP materials and virgin materials
because asphalt binder can diffuse in the RAP, and the intermixing between
recycled and virgin binders can also rejuvenate the aged binder, resulting in more
interaction between aged andgiir binders.Huanget al. (2005 also conducted
staged extraction and recovery for a mixture of one type (20%) of screened RAP
with virgin coarse aggregatéfter blending, it was found that the outside layers

of the RAP particles were much softer than the inside layers in terms of binder
stiffness. In other words, the experiment indicated that only a small portion of
recycled asphalt binder in the RAP (40%yeed participated in the remixing
process, while other portions (approximately 60%) did not have any interaction

with the virgin binder and acted as composite black rock.

More recently, experimental investigation of the homogeneity of aged
binder and virqn binder has been conducted BgdhahakOuni et al. (2012
based on conventional tests and infrared spectroscopy analysis in ordsede a
and quantify the evaluation of the mass proportions of RAP and virgin binders
during the stripping process (percentage of extracted bitumen). Results indicated
that poor remobilisation of the virgin binder in the blended binder correlated with

the hypothesis of the heterogeneous asphailt.

With more recent innovations in WMA technologies, the issue of the level
of interaction between RAP and virgin materials is more complicated because of
the lower production temperature of the WMA. Research carriedopuihe
NCHRP to assess the level of interaction between aged and conventional binders
at WMA temperatures revealed that the aged binder and conventional binder do
mix when they are subjected to elevated temperatures; however this may not be
valid in the &tual mixture as this study only used solvent casting of a thin film of
new binder on a simulated RAP bindBonaquist 2008 Furthermore, a study by
Naharet al (2013a)showed that the interface between the RAP binder (with a
penetration value of 21 0.1mm atJ5and a softening point of 80) and the
virgin binder (with a penetration value of 144 0.1mm aiC%nd a softening
point of 43IC) was completely blended. Thevestigation was conducted using
Atomic Force Microscopy (AFM) and a DSR. In the DSR, 100g of RAP binder
and 100g of virgin binder were blended for 5 minutes atl6The rheological

properties of three binders were characterised, and the complex maahaus

PhD Thesis Page 48



Chapter Two Stateof-Art

phase angle were used to construct a master curve for each binder. In Atomic
Force Microscopy (AFM), a bead of 15mg of RAP binder was applied to one side
of the 12mm metal sample substrate and the same amount of virgin Wwasler
applied to from the ter side. Although, a complete blending was observed in
AFM images and confirmed by DSR, the results did not rule out the black rock

hypothesis altogether.

Bowerset al. (2014 also investigated the effect of mixing time, mixing
temperatures and the inclusion of WMA additives (surfactant beads and wax
based additives) on the efficiency of blending between RAP and virgin materials.
The study involved a large virgin aggregate,G6B-22 virgin asphalt inder and
a fine RAP aggregate, thereforpam separationif was possible to distinguish
between the virgin binder recovered from coarse aggregate and aged binder
recovered from fine aggregateh&logy and molecular weight distrifimn of the
recovered binder from coarse and fine aggregate were determined using a
Dynamic Shear Rheometer (DSR) based on master curves, and Gel Permeation
Chromatography (GPC) based on large molecular size was conducted. Several
conclusions were reportad this study. Firstly, mixing temperature has a higher
impact on the level of blending that the effect of mixing time. It was reported that
the blending ratio increased from 59% at X3Qo 70% at 188C. Secondly,
including warm additives had a positieéfect on blending ratio: a 76% blending
ratio was achieved using surfactdmaised WMA produced at 130 for 105,
which was equivalent to that of the control mixture, mixed atl@@0or 150s. It
was also found that the wdpased WMA was the most workablaixture;
therefore, a suggestion was made to investigate the effect ebagad additives
on the level of blending at higher temperatures. However, one can see some issues
in this study in that the type of wax and surfactant are unknown. In addition, the
effect of surfactant additives on the complex modulus of recovered fine and
coarse binders was higher than the effect of wax on the complex modulus, which

is different to the findings of all previous studies.

Diffusion of virgin asphalt bindemto the reovered binderin RAP is
further being investigated. It has been reported that the current AASHTO
(American Association of State Highway and Transportation OfficisI8P3

specification which recommends using one grade softer performance grade

PhD Thesis Page 49



Chapter Two Stateof-Art

asphalt at lgher than 15% of RAP may not be justified. This fact has been
exhibited byKriz et al. (2014, who demonstrated that it is unnecessary to change
the binder grade up to 25% of RAP. The ability of RAP binder to blend with
virgin binder by diffusion mechanism was measured in a DSR and the results
showed that complete binder blending in both HMA anBllAVapplications was
reached a few minutes after mixing. A similar study was conductétbbet al.

(2014). The rate of diffusion of virgin asphalt binder into the RAP binder was
investigatel using two layers of binder (Imm of virgin binder and 1mm of
artificial RAP binder) tested in a 2mm gap of DSR. The DSR measurements,
di ffusion coefficient and Fickos | aw were
virgin binder into artificial RAP bindert was reported that the rate of diffusion
increased with increasing temperature as the viscosity of asphalt binder decreases
at higher temperatures. More importantly, the chemical compositions of the
asphalt binder had an effect on the rate of diffusidrerefore, it is hypothesised

that other factors rather than viscosity can have an effect on the rate of diffusion

of virgin binder into RAP binder.

Mobilisation rate of recycled bindederivative from Gel Permeation
Chromatography testing (GP@Jas inwestigated byZhaoet al. (20153. In that
study, a laboratory procedure to quantify the rate at which aged binder could be
mobilised and made available to coat aggregate was developed based on a new
term called large molecular size percentage derived from GPC testing for
recovered binderThe researchers reported the RAP binder mobilisation rate
decreased with increase in the percentage of RAP. It was noticed the RAP binder
mobilisation rate was close to 100% at low RAP mixtures (10% and 20%);
however, as the RAP percentages increasemh fB% to 80%, the rate of

mobilisation decreased from 73% to 24%.

Based on the above information, one should note that the degree of
blending between aged and virgin binders still needs to be further investigated. In
fact, most studies investigating thevél of blending have been based on the
traditional mechanical properties or only the level of blending between aged and
virgin binders, which does not rule out the black rock hypothesis or complete
blending assumptions. Therefore, one of the main obgctof this study is to

directly investigate the level of blending between RAP and virgin materials using
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the advanced technology of namechanical properties, as the author believes the
sophisticated technology of nanwlentation can be practically adegdtin order

to characterise the mechanical properties of the interfacial zone between RAP
materials and virgin binder with the advantages of including warm additives in
order to gain more understanding about the level of interaatidme micre and

nanoescales.

2.6.3 WMA -RAP performance

2.6.3.1Permanentdeformation

The lower production temperature of WMA may adversely affect the rutting
sensitivity of the asphalt mixturas the binder is less oxidised due to lower
production temperature compared to that of HNWdwever, this is not always the
case in WMA as some warm technologies such as Sasobit can offset the reduced
stiffness of the mixture. From an engineering pointvadw, adding stiffer
materials such as RAP to the WMA resulted in stiffer asphalt mixtures regardless
of whether it was completely mixed with virgin materials or considered as a black
rock. Rheology studie@ eeet al.2009Kim et al. 2011 have agreed that warm
modified binder including aged binder exhibited better rutting resistance, based on
the elastic properties, creep recovery and repeated creep recovery testing,

regardless of the type of warm additives.

The rheology investigations atia agreement with the performance of
WMA-RAP. Despite the belief that the lower mixing temperature leads to less
binder oxidisation, which makes the mixture prone to rutting issues, RAP
significantly increases the rutting resistance of WMA regardlesteokind of
warm technology, type of asphalt binder and aggre@atyle et al. 2011Hill
2011Wu et al. 2011,Zhaoet al. 2013EI Sharkawyet al. 2016Xiao et al. 2015.
Surprisingly, the permanent deformation performance when including RAP with
WMA is better than for HMA(Zhao et al. 2012. However, anther study
reported the inverse, and high RA¥MA showed lower rutting resistance than
low RAP-HMA (Zhao et al. 2013. VargasNordcbeck and Timn{2012 also
reported that the WMA technologies have a tendency to increase permanent
deformation but the inclusion of high RAP results in fewer rutting issues. It was
also added that, although the lower prdthrc temperature influenced the
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magnitude of rutting depth, variation in the materials was found to be more
significant than the lower temperature.

Consequently, it can be said that the permanent deformation of WMA
RAP mixtures may not be a major concermew it comes to the incorporation of

RAP in practice.

2.6.3.2Low-temperature properties andfatigue life

The current school of thought in the asphalt industry is that the lower manufacture
temperature associated with reduced ageing in the asphalt bmd&MA
mixtures allows additional headroom for the inclusion of higher percentages of
RAP. However, more attention should be paid to thetlwperature properties

and fatigue life of asphalt mixtures because the greater the RAP content, the more
brittle materials are included in the mixture. Studies have revealed that the
addition of RAP had no significant effect on the lmmperature properties
compared to the influence on higgmperature properties, as the {amperature
grade only increased by appnmately IIC when adding up to 25% RAP, while
using 50% RAP increased the ldemperature grade by@ (Doyle et al. 2011).
Despite the RAPGOGSs -tdmpecature grade, & fwsefaund too n
slightly reduce the fatigue life of WMA, based on the resul@haioet al. (2012,

who investigated fatigue life based on the Superpave indirect tension test and
beam fatigue test. The incorporation of RAP into the WMA led to |datigue

life based on the results of the dissipated creep strain energy threshold;\DCSE
whereas it appeared that WMA with a higher RAP content was able to tolerate
more load cycles than the control HMA and HNRRP, according to thdeam
fatigue test. Tis study is in agreement wiiao et al. (2015, who noticed that,
although increasing the RAP binder concentration improved the rutting resistance,

a reduction in the fatigue resistance was observed

There is more concern about the structural characterisation and-longer
term field performance. As part of an objective to characterise the performance of
high RAP and WAM, the National Centre for Asphalt Technology (2009)
constructed four sections includinWMA with high RAP content (50%) and a

control section without either technology. Each section was investigated based on
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strain versus temperature at three reference temperatures (10, 20 Jand 43
Moreover, beam fatigue testing was carried ouhwestigate the fatigue transfer
functions. It was indicated that, based on the combination of the laberatory
derived beam fatigue transfer functions with temperatoreected strain
responses, the WMRAP section would have the better performance daC20
(Timmet al.2011).

Hill et al. (20123 evaluated the performance of WMRAP in terms of
low-temperature crackg behaviour based on dishaped compact tension,
indirect tension creep compliance and acoustic emission tests. All these tests
correlated well and indicated that incorporating RAP led to a decrease in fracture

energy and an increase in thermal crackiatgntial.

Based on the above studies, althoughrhbkision of brittle materials may
negatively affect the lowemperature cracking performance, it seems the
preference for WMARAP mixtures is still a point for discussion. More
investigations regardinghe performance of WMARAP in terms of fatigue
resistance are required, taking into account other considerations such as the effect

of warm additives and fabricated temperature.

2.6.3.3Moisture damage

Stripping issues are the main problem associated WA, as the lower
production temperature leads to incomplete drying of entrapped water in the
aggregate, which subsequently weakens the interface and adhesive characteristics
between the aggregate and the asphalt binder. In spite of some moisture damage
issues being reported, particularly associated with foaming and some chemical
technologies, RAP significantly increasesoisture resistancgDoyle et al.

2011 Hill et al.20123; however, the percentage of RAP should be no more than
30%, based on thensile strength ratiand resilient modulus ratio results, as the
results did not diverge much when more than 30% RAP was (dbed et al.

2013. In fact, RAP has the ability to reduce moisture susceptibility, because the
bond between aged asphalt and aggregate particles is greater than in the virgi
agphalt binderaggregate system.
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2.7 Conclusion

1.

Foam technology is more prone to moisture damage because of
incomplete aggregate drying and thesidue of incomplete water
steaming. It has been reported that the addition of hydrated lime has the

ability to increase the resistance of foam technology to moisture damage.

Chemical technology has the ability to emulsify the asphalt mixtures,
resulting in inceasing fracture resistance. Moreover, it can also increase
the resistance to moisture damage because it containstrgmtiwhich
expels the residual moisture in the aggregate and provides an adequate

bonding between the asphalt binder and the aggregate.

Some warm additives, such as Algkin, are not suitable to longaul
distances, because this technology remarkably increases the viscosity of
asphalt binder in comparison with the base binder after 60 to 90 minutes.

This results in inadequate compaatiaf asphalt.

Sasobitsignificantly decrease the viscosity of asphalt binder at higher
temperatures while remarkably increasing the viscosity at pavement
service temperatures. This results in increasing the rutting resistance of
asphalt mixtures while peaps decreasing the letwermal properties as

the pavement will be more brittle. However, binder source and grade play
an important role in determining the effect of Sasobit in decreasing

production temperatures.

There is a need to investigate the fatigue resistance of asphalt binder and
warmmodified binders using Time Sweep test in order to firstly estimate
the effect of warm additives on the fatigue resistance of asphalt binder and
then address other factors Bugs production temperatures the fatigue

performance of WMA.
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6. Highway agencies are advised to specify the minimum production
temperature for WMA to reach acceptable mixture stability in terms of
rutting and fatigue performance, taking into account thdds source and

grade.

7. Sasobit significantly increases rutting resistance of asphalt binder and

mixtures regardless of binder source and type.

8. In terms of WMA field performance, there is a high demand to simulate
the required aging time in the labomatdecause in fact up to date no
such problem concerning WMA moisture damage has been highlighted in
the field.

9. The inclusion of RAP in WMA increases the moisture and rutting
resistances of WMA whereas it may decrease the fatigue life and fracture

resisance, especially in the organic technology case.

10. It should be mentioned that there is a high demand to evaluate the fatigue
life and fracture resistance of WMA technologies with/without RAP
because different methods of identifying those properties #xhib

irreconcilable performances.

11.The level of interaction between RAP and virgin materials is still
ambiguous. To date, the interaction between RAP and virgin materials has
not been investigated at the nastale, which can practically reflect the

real ley e | of material soé interactions.

PhD Thesis Page 55



Chapter Three Viscosity, Rheological Properties & Fatigue of WMBBs

Chapter Three

Viscosity , Rheological Properties and
Fatigue of Warm -Modified Bituminous
Binders (WMBBS)

3.1Introduction

In this chapter, the effect of warm additives on the viscosity of bitumen is
investigated in detail using Brookfield Viscometer. Furthermore, the effect of
these additives on the rheological propertiebitfmen is also identified using a
Dynamic Shear Rheometer (DSR). The investigation of rheological properties
included the effect of these additives on the linear viscoelastic region using
amplitude strain sweep and aldwir effect on the stiffness andhagse angle of
bitumen usingrequencysweep. Furthermore, the fatigue performanc&/afm
Modified Bituminous BindersW/MBBSs) is investigated usingme sweep test and
data are modelled using the Viscoelastic Continuum Damage approach (VECD).

3.2 Materials

3.2.1 Bindergrades

Two binder grades were used, namely 40/60 and 100/150, which are commonly
used in the UK and are expected to have different response capacities. Table 3.1
shows the basic properties of the binders. Penetration and softening point were
conducted based dBS EN 1426 200BS EN 1427 200)/respectively.
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Table3.1 Properties of straightun binders

Binder grade | Penetration0.1mm  Softening point JC
40/60 45 54.3
100/150 104 43.0

3.22 Warm additives

Three warm additives were adopted: Sasobit, Rediset WMX and Redisas LQ
presented in Figure 3.1They were supplied by their subsidiary companies,
Naylor Chemicals Ltd, UK and AkzoNobel, Swed&ime recommended dosages

of Sasobit, Rediset WMX and Rediset LQ are 2%, 2% and 0.5% by the weight of

the bitumen respectivelfProperties of warm additivesepresented in Table 3.2.

Rediset Rediset Sasobit
LO WMX

Figure 31 Warm additives
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Table3.2 Properties of warm additives

Properties Rediset WMX Rediset LQ Sasobit
Form Pastilles Liquid flakes
Colour Light brown Dark brown Off-white
Odour Ammoniacal Slight Practically odourless
pH Not applicable 10 at 0.1 solutior Neutral
Melting point 80i 951C - Above 10QC
Boiling point >1001C 2151C -
Flash point 2531C 165]C (Pensky  285]C (ASTM D92)
Martens
Solubility in Practically Partly soluble Insoluble
water insoluble

3.3Preparation of warm-modified bitumen

Sasobit, Rediset WMX and Rediset LQ were incorporatedtiowo bindersin

the study, namely 40/60 and 100/J&hetration grades. All warm additives were
added at rates within specified manufactsiréolerance. The recommended
dosagedor Sasobit, Rediset WMX and Rediset LQ whiekre adopted in this
study are 2%, 2% and 0.5% by the weight of the bitumen respectively. However,
the effect of different levels of warm additive dosages on viscosity alsts
investigated.The modified binders were prepared using the Silversgh dear

mixer under controlled temperature, time and shear rate conditions, as shown in

Figure 32.

It has been reported and recommended that Sasobit and Rediset do not
need a high shear rate for mixing; therefore, the adopted shear rates for mixing
and mixing time were 700 rpm and 5 minutes respectively, as adopted by some
researcheréXiao et al. 20123. In addition, the mixing temperature for both hard
binder 40/60gradeand soft binder 100/15¢radewas 150C. Theasphalt binder
was preheated in an oven to the selected mixing temperature while, during
mixing, the mixing temperature was maintained using armantle heater in

order to keep a uniform temperature to achieve consistent mixing; and the
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container was ab covered with an insulation mantel which was preheated to the
required temperature, as can be seen in Figa@ré\8er mixing, the viscosities of

the modified bituminous binders were measured directly while the mixing
container was kept in the fridgeatemperature below J0 to avoid the effect of
ageing. Prior to rheological and fatigue testing, the virgin and modified binders
were heated up using an oven maintained afid5@ should be noted that the
binders were just heated up for a certain tbmesoften them to prevent ageing,

and then they were stirred manually before being poured into a mould, as the
received sample must be homogenised. For the rheological and fatigue tests,
silicon moulds were then used to prepare samples for the amplitusgp swad
fatigue tests. For brevity in this chapter, the binder grades of 40/60 and 100/150
are named H and S respectively, while the warm additives are named based on the
first litter of the word: Sa, Rw and RI for Sasobit, Rediset WMX and Rediset LQ

respetively.

t
Insulation !‘I 1_ \_
mantel T~

Figure3.2 Silverson shear mixer
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3.4 Viscosity

Physically, viscosity is defined as a measure of the internal friction of a fluid. In
other words, it is used to identify the flow characteristics of asphalt binder in
order to ensure that the binder can be adequately pumped and handled at the hot
mixing facility. Therefore, viscosity measurements can be adopted to identify the
possible production and compaction temperature of the asphalt binder so that the
aggregate can hgerfectlycoated.

3.4.1 Viscosity measurements

3.4.1.1 Procedure

The maximumallowable torque was adopted (torque range between 30 and 100%
(modified hard binder) and 10 and 100%o(dified soft binder Viscosily of
modified asphalt bindera/as measured between 110 and JB(at intervals of
10)C and the shear rates varied from 12 rpm to 100 rpm depending on
temperature and warm additive conteilise recommended sample weight is 11.5
gm. The procedure followed the recommendation and standa(@SdEN 13302
2010. Two samples were measured for each control and WMBB at different
dosages. Figure 3.shows the Brookfield Viscometer (Model LVB) and its

accessories.

In order to further investigate the effect of warm additives on flow
behaviour of asphattindes, three dosages were used for each warm additis
illustrated in Table 3.3

Table 33 Different dosages of warm additives used in viscosity measurements

Additives Dosage 1 Dosage 2 Dosage 3
Sasobit 2%* 3.5* 6%0*
Rediset WMX 2%* 3.5%* 6%*
Rediset LQ 0.5%* 1%* 1.5%*

* by weight of binder
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Figure 33 & Brookfield Viscometer (Model LVBI+), b- Viscometer spindle
(SG-28), ¢ sample chamber (SC3R)

3.4.2.2 Results andliscussions

Based on the results of the viscosity measurements, Figure 3.4 shows that control
binder 40/60 grade exhibiteNewtonian flow behavioumat 13%C where the
increase in the shear rate has no effect on the flow behaviour of the binder. As the
warm additives were incorporated in this bindsiewtonian flow behaviour was

not affected. It can therefore be concluded that the inclusion of Sasobit, Rediset
WMX and Rediset LQ has no effect on the Newtonian flow behaviour of asphalt
binder at higher temperaes. Furthermore, as expected, Sasobit and Rediset

WMX slightly decreased the viscosity of the asphalt binder.

Figures 3.5 to 3.8lustrate effect of different dosages of Sasobit, Rediset
WMX and LQ on the viscosity of 40/6Binderand 100/15Minder In fact, no
significant change in binder viscosity by adding 2% Sasobit and 2% Rediset
WMX was noticed. Sasobit and Rediset WMX did not decrease the mixing
temperature significantly, as the maximuwxpectedreduction was 4. As the
amount of additives as increased, the associated viscosity of the modified
binders decreased and the maximum temperature reductions of the asphalt
modified by having 6% Sasobit and 6% Rediset binder adfié@JC and 12C
were possiblefor soft and hard binder respectively fact, the current results
correspond with those of another study in which only dCl4emperature
reduction was obtained using Sasobit with a very soft bi(iéra et al. 2009
while Aregaet al. (2011) highlighted that some warm additives involving Rediset

WMX reduced thebinder viscosity measured at 1B5with minor exceptions
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Rediset LQ has no effect on the viscosity of the virgin binder even when using up
to 1.5% of thisadditive. In fact, Rediset LQ exhibits a different behaviour in

decreasing the production and compaction temperature of asphalt mixtures.

It seems the reahe production temperature of WMéannot be directly
predicted using a Brookfield Viscometer eventhwthe inclusion of organic
additives such as SasobitRediset WMX.

0.8

Viscosity (Pa.s)
o
(o]

0.4 . . . . - -
0 10 20 30 40 50 60 70
Speed (rpm)
e H --e--H+ 2% Sa
--2--H+ 2% Rw --u--H+ 0.5% RI

Figure 34 Effect of warm additives on the flow behaviour of 40B@dergrade
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Figure 35 Effect of different dosages of Sasobit on the viscosity of 40iteder
grade
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Figure 36 Effect of different dosages of Rediset WMX on the viscosity of 40/60
bindergrade
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Figure 37 Effect of different dosages of Rediset LQ on the viscosity of 40/60
bindergrade
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Figure 38 Effect of different dosages of Sasobit on the viscosity of 100/150
bindergrade
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Figure 39 Effect of different dosages of Rediset WMX on the viscosity of
100/150bindergrade

3.5 Rheologicalproperties

3.5.1 Dynamic viscoelasticfunctions

Rheological characteristics of bituminous material can be measured by means of

dynamic mechanical analysising an oscillator typedynamic shearheometer

(DSR)tests Hi storically, rheology-bs wWwhiched f
is literally tranglh@teeadanasngtowddaodwdsciaen
l iterally mean sowiiraye2008.tThedefore, shieologyhsea f |

study of the flow properties of a mater@ provides indication of whether the

material is deformed. The rheological properties can be identified by applying

periodic strain or stress to a material sample to identify its viscoelastic behaviour.

Generally, in the dynamic tests shear stress is usaglpfied as sinusoidal

varying stress of constant amplitude and frequency. The resultant shear strain or

deformation varies sinusoidally as well but its response lags behind the applied

stress by the phase angligas illustrated in Figure 301
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Figure 310 Typical shear stress and strain waveformsdyraamic oscillatory
test

As results of strain amplitude or stress amplitudg amplitude, the

sinusoidally varying strains and stress are given in the following equations:
r rJOEJO (3.1)
£ KRIOEJO ) (3.2)
Wherg is the angular frequency in radians/second and t is the time.

As illustrated schematically in Figure 3.11, the specimen under test with
radiusr and height is held between two parallel plates. The bottom plate is fixed
whilst the top plate is oscillated by applying a torffiein the rheometer system;
the angular rotatior—is recorded by an optical encoder system. Therefore, the

shear stress and strain are calculated using equations 3.3 and 3.4:
rJ —irQ (3.3)

,J cOT i (3.4)
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Oscillating upper
plate

wer plate

Figure 311 Schematic representation of oscillatory test

The most usually quoted quantities are known as the complex modulus
(G')-complex modulus because it includes both an elastic and a viscous

componeny, and phasangle]

The complex modus includes both the elastic modul’s @& viscous
modulus (G)° The complex modulus, which gives an idea about the stiffness of a
material at a given teperature and loading time, is defined as the absolute
magnitude of shear stress divided by the absolute magnitude of shear strain,
disregarding any time lag between them as a result of viscous effects. The elastic
modulus or storage modulus is the ratio tbE amplitude of the Hphase
component of stress to the strain amplitude, and also it describes the amount of
energy stored and released in each oscillation. On the other hand, the viscous or
loss modulus is the ratio of the amplitude of theghase sess component to the
strain amplitude, describing the amount of dissipated energy rate as a result of

viscous impact.

The viscoelastic character of a material is investigated using the phase
angle] . In perfect elastic behaviour, the material wouldileixha phase angle
equal to zero, whereas, in perfect viscous behaviour, the material would exhibit a
phase angle equal to ®0Between those phases, the material would exhibit
viscoelastic behaviour; therefore, the phase angle varies bet@ée9@, based

on the conditions of the test temperature and frequency or loading time.
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3.5.2 Dynamic shear rhreometer (DSR)

Asphalt binder is classified as a rheological material. The stiffness of asphalt
binders is time dependent and also temperature dependent; consequently, both the
time of loading and temperature at loading must be considered when
characterising its flow pperties(Andersonet al. 1994). Viscoelastic properties

can be identified quite easily nowadays using a dynamic shear rheometer (DSR).
The Kinexus DSRas shown in Figure 321 which was developed by the Malvern
Instrument Company, UK, has overcome the weaknesses of the previous
generation of rheometerspmbined with advances in shear and vertical (axial)
testing, can provide a rotational rheometer platform with unprecedeiotsd

action capabilitiegMalvern 2012

Figure 312 Kinexus DSR Pro+

3.5.3 Samplepreparation

WMBB preparation was explained 8ection 3.3. As mentioned previously, prior

to measuring the rheological properties o
heated in an ovemaintained at 15KC for a certain time in order to soften the

bituminous binder. After thatt was stirred manually before being poured into a

mould, as the received sample must be homogen@gestomisedsilicon moulds

were then used to prepare the saapbr rheological measurement and fatigue

tests. Figure 33.illustrates the WMBB samples for different geometries, 8mm
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and 25mmlt should be mentioned that sample preparation were performed based
on(BS EN 14770 2072usingmanufactured silicon oulds.

In all scenarios, in order to assure a good adhesion between the samples
and the platespindle, 8mm or 25mm, the spindle was firstly lowered down to the
associated plate until the gap between them is zero. It was then heated.to 60
After that,the spindle was raised and the sample was moulded into the rheometer.
In any scenario, the sample should start flowing to get adequate adhesion to both
plates. Prior to testing, the gwas firstly decreased to 2.@8m or 1.05mm using
an 8mm base plate or 25 mm base plate respectively and then cooled down to
20JC. Then it was trimmed using a sharp unheated knife, because using a heated
tool for trimming may deform the edges of the shvgnd result in inaccurate
data. Afterwards, prior to testing, the gap was decreased to exactly the required

setting.

For 25 mm For 8mm
) 00 0 0

Figure 313 WMBBs samples for different geometries, 8mm and 25mm

3.5.4 Linear viscoelasticperformance ofwarm modified bitumen/
Amplitude Sweep Strain

Linear viscoelastic regiors defined as a linear viscoelastic representation of the
flow properties of the asphalt binder where the modulus is independent of stress
or strain. The investigation can be performed by applying a varying (increasing)
strain to the sample and observihg resulting stress or modul(Andersonret al.

1994. It has been defined that thieear viscoelastic regiohmit is the point at
which the modulus decreased to 95% loé initial modulus(Andersonet al.

1994BS EN 14770 2012 Linear viscoelastic regiowasperformed as following:
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1 For modified hard binder 40/60 grade (H), amplitude sweep strain at strain
ranged from 0.008.0% at three levels dfequency: 10, 1 and 0.1 atX5h
Threesampleswvere tested at each frequency.

1 For modified soft binder 100/150 grade (S), amplitude sweep strain at
strain ranged from 0.0080% at three levels of frequency: 10, 1 and 0.1 at
25JC. Threesampleswere tested at each frequen&esults at frequency

10Hz were only presented for brevity.

At a temperature of Z&, asphalt binder exhibits both elastic and viscous
behaviour; it was therefore decided that this temperature be adopted to perform
the test However, other researchers may select a range of temperatures to
determine the limit ofinear viscoelastic regiorFigures 3.4 and 3.5 show the
complex modulus versus strain results for the virgin binders and -wendlified
binders at 23C and 10 Hz. fnilar plots were obtained at different frequencies
but are not shown here for brevity. Based on the complex modulus versus strain
plots, the linearity limits and thinear viscoelastic regiowere determined for

each of the unmodified and modified binsler

Sasobit significantly increased the binder stiffness and reduced the limit of
linear viscoelastic regiont was found that Sasobit increased the binder stiffness
by approximately 50% and 70% for hard and soft binders respectively, whereas
minor effecé can be reported for the Rediset WMX and LQ. Furthermore, as
presented in Figures &kand 3.7, Sasobit increased the elastic behaviour of the
asphalt binder. It was noticed that the phase angle of SASOBB decreased
by approximately &

PhD Thesis Page 70











































































































































































































































































































































































































































































































































































































































































































































































