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Abstract

Reclaimed Asphalt Pavement (RAP) has been favoured over virgin materials in the light of the
unstable cost of virgin asphalt binders, shortage of quality aggregates, and compelling need to
preserve the environment and natural resources. Mixes containtod?0fo RAP are commonly
considered to have similar behaviour to virgin mixes. However, during the production process of
HMA with RAP, the blending between aged and virgin binders would be partial, which would
create heterogeneity in distribution of theedgecycled binder and the soft virgin binder in the
HMA-RAP mixes.Hence it is important to control the blending process between old and new
binders to obtain more homogenous mix. Therefore, the aigéctives of this research are to
examine the kinentigs of blending of aged and virgin binders by considering thetiamperatue

effect during mixing and silstorage, and assess the themm&chanical behaviour of Hot Mix
Asphalt (HMA) containing RAP at different blending states.

The asphalt mixes usex this research were produced and collected at two plants (Plant
1) and (Plant 2)ocated inOntario, Canada. Two Marshall mixes were produced and collected
from Plant 1 including a surface course-Blcontaining 15 percent RAP and a base cours& HL
coniining 30 percent RAP. These mixes were labeledL-3 and 1HL-8 respectively. In
addition, two Marshall mixes were produced and collected from Plant 2 including a surface course
HL-3 containing 20 percent RAP and a base cours& edntaining 40 percg RAP. These mixes
were labelled as 2HB and 2HL-8 respectively. To investigate the impact of storage time on the
blending progress and achieving a cohesive final binder, the mix samples were collected as a
function of storage time in the silo. The fisstmpling was done immediftafter production (t =
0-houn), and then at several time intervals of storage; i.e., at 1, 4, 8, and 12 houmscase of
Plant 2 the samplesvereadditionally collected after 2hour of storage time. All samples were
then kept in a storage room at 7eC wunti l t he
between aged and virgin binder.

To understand the blending phenomena and its effect on the performance of the pavement,
a multiscale investigation is carried ouThe blending was examined in terms of micro
mechanical and rheological properti&se microstructure of the blending zones were examined
under The Environmental Scanning Electron Microscope (ESEMaddition the effect of the

silo-storage time on theheology of the binders was investigatdde resultsindicate that



increasing the interaction time and temperahe®veenthe aged and virgin binder significantly

results in a better blending

The performance of RAPIMA with respecto the silestoragdime was examined using Dynamic
Modules Test, Thermal Stress Restrained Specimen Test (TSRST), Rutting Test, and Flexural
Beam Fatigue Test. The experimental data indicates that samples collected-atiar df2silo

storage exhibited a reduction in théfsess due to better blending of aged andjiwvitbinder. In
addition, the 1zhour samples showed enhancement in their fracture temperature, rutting depth,
and fatigue life, accompanied with a better blending between their aged and virgin binder. On the
other hand, thesamples that collected after -Bdur silo-storage had a higher stiffness

comparison with the 8 and 4®ursamples.

Moreover,the AASHTOWare Pavemen¥echanisticEmpirical Designwas utilized to
examine the effa of the 12hoursilo-storage time on the long term performané¢éhe pavements.
Four pavement structurésve been designed for this purpose. These pavementshieasame
structure of their granular A, granular B, and the subgrade. Yet, the first layer (sutiesz ad
base course) is a silstoragetime-dependent. fie longterm field performance prediction
indicates a slight improvement with the-ti@ur pavementgPlantl 12hrs and Plant2 12hrs)
However it should be noted tha&"ASHTOWare PavemeritlechanistieEmpirical Desgn does

notappear to properlgapture the effect of blending in the pavement performance.

The collected experimental evidences unveils correlations betweertetimperature
effects and mixture performance. Based on these findings, the research proaicieslp
recommendations to the professionals of the Canadian asphalt industry for a better use of RAP
Ultimately, thisresarch recommends a 4®ur silo-storage time for the RAPIMA for better

performance and durability of the mixes.
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1 Introduction

1.1 Background

A pavement is a structure of a set of layers of selected materials that are placed on the foundation
soil or subgrade. The primary structural function of a pavement is to support the wheel loads and
distribute them to the underlying subgrdtieiang, 1993)The main factors weighed in pavement
design are; traffic volume, subgrade type and strength, climate, the range of construction materials
available, the desired service litmd thethickness of each layéMcLeod, 1956) There are two

main types of pavement based on their design considerations; flexible (asphalt) pavements and
rigid (concrete) pavements. Canada has more than 1,420,000 km o{Té8&js2014) 200,000

of them are in Ontari(OHMPA, 2012) Approximately 95 percent of paved roads in the world are
being constructed of or surfaced with asphalt. A typical flexibleepeant structure consists of

three main layers; surface course, base course, aruhsebcourse above the sgiade (natural
ground) as shown ifrigure 1-1. The surface case is usually Hot Mix Asphalt (HMA) layer.

HMA is a combination of approximately 95% aggregate and 5% asphalt binder. A 150 mm thick
and 10 m wide road needs approximately 3750 tonnes of HMA (Bi&as and Karacasu, 2012)

HMA layer can be constructed of one or several different HMAlayérs(Pavement Interactive,

2010) HMA is the stiffest layer and greatly contributes to pavement strength. The underlying
layers are less stiff but are still important to the pavement strength as well as the drainage and frost
protection. A typichstructural design results in a series of layers that gradually decrease in material
quality with depti(NAPA, 2001)

Figure 1-1 Basic flexible pavement structure
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The cost of the production of asphalt nexcomposed of four parts: cost of raw materials, plant
production, trucking and lagown (i.e., construction). Generally, the cost of the materials is the

highest among the four costs and represent about 70 percent of the costite ptlh as shown
in Figurel1-2 (Copeland, 2011)

Percent (%) of Cost
=

t T T T

Material Flant Production Trucking Lay Down

Figure 1-2 Estimated asphaltproduction cost categories (Copeland 2011)

The most expensive and economically variable material in an asphalt mixture is the asphalt binder.
As the asphalt binder is a product of crude oil, the road construction industry is strongly associated
to the petroleum industry. High volatility has beemsrsén asphalt binder price ovdret last few

years recent yeafdNRC, 2011)as shown inFigure 1-3 (OHMPA, 2019. Recycling asphalt
pavement creates a cycle of reusing materials and allows a better optimisation of the use of natural
resources. Reclaimed asphalt pavement (RAP) is an aged asphalt pavement that has been removed,
reprocessed, and combined with virgin ematl to produce HMA. It is a sustainable alternative to
virgin materials because it reduces the need for new asphalt binder and virgin aggregates for the
production of asphalt paving mixturdEmery, 1993) Therefore, the demand to use higher
percentagesf reclaimed asphalt pavement in the production of hot mix asphalt pavements has
increased in the last few decad€speland, 2011)
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Figure 1-3 MTO asphalt binder price index (OHMPA, 2019)

1.2 Research Hypothesis

This research study is based on the following hypothesis:

1 During the mixing process of HMA, only a partial blending between virgin and RAP
binders occurs.
Some researchers indicated that at least some partial blending occurs during mixing process
of the HMA. However, it depends on different components, such as mixing time and
temperaturéGaitan, 2012; Huang et al., 2005; Shirodkar et al., 2011)

1 Full blending of the two binders might happen over time.
In their recent study(Pavel Kriz et al., 20143howedthat the diffusion between thia-
contact layers of thaged and the virgin bdersmay explain the blending procegss a
significant part of the blendingakes placeduring the mix production, storage and
placementof binder but diffusion continug and drives further blendinduring road
service. While prolonged sHstorage mayesult inahomogeneous binder blendingthin
few hours it makes the binder susceptiblesignificant agingluring storage



1 Timetemperature effect of the sikiorage on HMA containing RAP can optimize the
blending between virgin and RAP binders.
In 1890, Arrheniuslaw stateshat higher temperatures accelerate reactions and blending
between the molecules. In additiah,was assumed thahe time #&ects the average
distance that the molecules travelinteract with its neighboufgquilanti et al., 201Q)

1 Improving blending efficiency of RAP and virgin binders could potentially offer a solution
to enhance the durability performance of RARRes
The aged binder in RAP causes an inadashe mixture stiffnesdor the mixtureswith
high in RAP content. Mixture stiffness then leads to a reduced durability and performance
of RAP mixtures due to fatigue and thermal crackiMpgawer et al., 2015)Thus
increasing the blending efficiency betweaged and virgin binder, and get the maximum
contribution of the aged binder in the mixture would help decreasing the stiffness and,

therefore, increasing the durability of the pavement.

1.3 Scope and Objectives

The main objectives of thigsearclare as fdbw:

1 To dudy the kinematics of blending of aged and virgin binders by considering the time

temperature effecturing mixing and silestorage,

1 to evaluate the thermechanical behavior of asphalt mixes containing RAP atrdiite
blending/diffusion statg

1 to unveil correlations between timemperatureffects and mixture performance,

1 to developaninnovative asphalt binder characterization approach using the Environmental

Scanning Electron Microscopy

1.4 Novelty of the Work
It is necessary to investigate innovative approaches to accelerate the diffusion and enhance binder
blending in RAP mixes. The literature showed that several researchers focused on evaluating the
behaviour of RAP mixes withoumvestigatingmethods to enhmee this behavioutEven though
the use of additives or rejuvenators to enhance binder blending has also been investigated but this
solution may be expensive and the long term efficacy of the rejuvenators remains dAlissue
Qadi et al., 2007; Carpenter and Wolosick, 1980; Mogawer eR@L3. Few studies have
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investigated the asphalt diffusion in RAP mixkesweverall these studies were limited to the use

of lab mixes and bindershé&refore, the novelty of this research work remains in the fact that it is
the very first study focusing on diffusion in a larger scale during the production and storage stages.
As it is estimated thamcreasing the time in the sikiorage will enhancéé blending between the

old and new binder. Thus, this study is a complete study ésfigate the effect of the sikiorage

on the diffusion rate and, consequently, the behaviour and performance of the HMA.

In addition to this, the use of ESEM for tblearacterisation of asphalt binders is not a common
technique. Developing such an approach would also be very innovative and the results obtained

are certainly very promising.

1.5 Research Methodology

The objectives of this research were achieved through aretyensive laboratory evaluation of
asphalt binder and RARAMA. This is to take into consideration the tirtemperature effect on

the blending between aged and virgin binder. [@beratory testing was performed at the stite
the-art testing facility athe Centre for Pavement and Transportation Technology (CPATT) at the
University of Waterloo Moreover, characterizatiof the corresponding rheological and
physicochemicaproperties of the recovery tinder from the collected mixes are analyzed by
Sarna Technology Application and Research Center of Imperial Oil Ltd, Ontario, Canada
addition, a longerm performance prediction of the RAMMA was conducted for 2§ear service

life. The research methodology is explained in details in Chapter 3.

1.6 Organization of the thesis

This thesis is organized into chapters with following contents:

Chapter 1: Introduction - This chapter provides the scope and overall objectives of this research

project.

Chapter 2: Literature Review - A comprehensive review into details on current state of
knowledge on concepts and methods associated with materials characterization, mix design, test

methods, and field performance relating to hot mix asphalt containing recycled asphalt pavement.

Chapter 3: Research Methodology The methodology used to examine the blending between
aged and virgin binder and evaluate the hot mix asphalt containing recycled asphalt pavement is



explained in this chapter in terms of: (1) material collection, (2) sampeiateon, and (3) details

of performing laboratory testing and protocols for both asphalt binder and HMA.

Chapter 4: Asphalt binder TestingAnalysis and Discussioni The results of ESEM images for
virgin, aged and blended binders are analysed and discussettidition, the rheological
characterization of the asphalt binders sidaring the effect of the sHstorage time was
investigated

Chapter 5: HMA Performance TestingAnalysis and Discussion Laboratory evaluation of the

RAP-HMA is presented, discussed, and analysed statistically.

Chapter 6: Long-Term Field Performance Prediction- Longterm field performance of the
collected samples are predicted bylizing AASHTOWare Pavement Mechanistanpirical
Designfor 20 years of service.

Chapter 7: Conclusions, recommendations, and future research This chapter provides a
general conclusion and summary of key findings of the research. Recommendations for future

research guidelines are also highlighted.



2 Literature Review
Due to mostly economic and environmental considerations, Reclaimed Asphalt Pavement (RAP)
has been commonly used in asphalt paving mixtures for pavement construction and maintenance
activities since the 197Q€opeland, 2011)As a first step in this research, ardiepth study of the
literature related to blending between RAP asphalt binder and virgin asphalt binder is performed.
In addition, the main propéesand peformance tests are explained in this chapter.

2.1 The Basic Theory of Diffusion

The RAP binder is a thin layer that coats RAP aggregates and does not exist as a free mass in the
mixture. Therefore, it may be unreasonable to assume mechanical blending bbsveged

binder and virgin binder during the mixing process. The blending can be described using other
phenomena which can help the two binders blend at proper temperatures for a requifeaiviaine

Kriz et al., 2014; P. Kriz et al., 2014Jhis mechanism is called diffusion, which allows molecules
transfer in the matter when they have enough energy to move. Raardefined the diffusion of

a material as below:

ADi ffusion is the process by which matter is

result of rando(@ankd®7/8)cul ar moti ono

For an aton{or a molecule}o make such a move, two requirements must be met. Firstly, there
must be an empty adjacent site. Secondly, the &omnolecule)must have sufficient energy to
break bonds with its neighbor atoms and then cause some lattice distortion during thendkisyilace

At a specific temperature, some small fraction of the total number of atoms is capable of diffusive
motion. This fraction increases with rising temperature. In other words, diffusion is the thermal
movement of all particles at temperatures abovelatesaero. The rate of this movement is a
function of temperature, the viscosity of the fluid, and the size of the particles. As the temperature
rises, the average speed at which the molecules of a material are moving increases. In addition, the
time affeds the average distance that the molecules travels to interact with its neighbours.
Diffusion explains the flow of molecules from a regioradiigher concentration timatof alower
concentration. Once the concentrations are equal, the molecules comtmaee, but since there

is no concentration graeht the process of molecular diffusion has stopped and is rather directed
by the process of seffiffusion, starting from the random motion of the molecules. The result of
diffusion is a gradual mixing ahaterial such that the distribution of molecules is uniform. The
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diffusion can be influenced by several factors such as shape and size of molecules, temperature,
forces between molecules, and the structural rigidity of diffusing mole@tiéeam and Callister,
2007)

There are two mechanisms diffusion: Vacancy Diffusion and Interstitial Difsion. Vacancy
diffusion involves the interchange of an atom from a normal lattice position to a nearby empty
lattice site or vacancy as illustrated Bygure 2-1 (a). As diffusing atoms and vacancies switch
positions, the diffusion of atoms in one direction corresponds to the movement of vacancies in the
reverse direction. On the other hand, interstitial diffusioRigure2-1 (b), isusually faster than
vacancy diffusionandinvolves atoms that transfer from an interstitial position to a neighboring
one that is empty. Interstitial diffusion is found for mtkffusion of impurities such as hydrogen,
carbon, and oxygen, which have atoms that are small enough to implement into the interstitial

positions (Krishan and Abromeit 1984).

Mation of a host or
substitutional atom

2000 0000
200 00
20-.0 9000
200 000

(a)

Position of interstitial Position of interstitial
atom before diffusion atom after diffusion

200 o000
200 000
200 000

(&)

Figure 2-1 Schematic representations of (a) vacancy diffusion and (b) interstitial (William and

Callister 2007)
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Cussler statethat the diffusion rate has an inverse relationship with the viscosity of the material.
The diffusion of material is described thediffusion coefficientwhich demonstragsthe mobility

of material caused by diffusion. Diffusion coefficient is assigned as the amount of diffusing
material across a unit area during 1 second. Theoretically, the diffusion coefficient is determined
using firstand second Fick's laws. The assumption of the mathematical theory of diffusion is an
isotropic substanc@Cussler, 2009)The rate of transfer of diffusing matter over the unit area is
equivalent to the perpendicular gradient of concentration measured in the section as shown in the
equation below which was adjusted by Fick and called Fick's first eqy&tok 1855)

Equation 2-1
F=-D Oc/ Ox

where:

F = rate of transfer per unit of area,

C = concentration of diffusing material,

X = space coordinate,

D = diffusion coefficient.

Diffusion coefficients can be modeled using Arrhergggsiation In 1899, the Swedish chemist
Svante Arrhenius (1859927) develomd one of the most importar@mpirical relationships in

physical chemistry:

Equation 2-2

v 0Q

where:
A = pre-exponential factor,
E. = activation energy,

RT = average kinetic energy,

'Q 7 = the fraction of reactant molecules.
At higher temperatures, the likelihood that two molecules will interact is greater. This higher
interaction rate leads to a higher kinetic energy, which has an effect on the activation egergy (E

Eaisthe amount of energy demanded to ensure that a reaction (&guiiginti et al., 201Q)When
9



the activation energy (temperature) is zero, or the kinetic energy of all molecules excgéded E

K can be expresdeasEquation2-3 below.
Equation 2-3
k=A

Yet, limited studies have been accomplished on diffusi@ehanism between virgin and RAP
binders, and none of them have utilized Arrhenius law to estimate the degree of blending between
the two bindersn a large scale during the production process of {RIVA .

2.2 Properties of the materials

2.2.1 Elasticity, Viscosity,and Plasticity

Elasticity is the ability of a substance to deform under an applied load and to return to the original
size and shape, instantaneously, when the load is removed. Solid objects will deform when forces
are applied to thenf the material is lastic, it will return to its initial shape and size when these
forces are removed. Perfect elasticity does not exist in the real world as few materials remain purely
elastic even after very small deformati¢Bsad, 2005)In engineering, the elasticity of a material

is characterized using twoajorpropertiesnamelyElastic( a k a Y o adulugamndthe elastic

limit. The former is also an indication of the resistance to deformdfmninstance, a higher
modulus indictes that the material is harder to deform. THteris a measure of the limit of stress
beyond which the material no longer behaves elastically and permanent deformation of the material
will take place. This mearnbat wherthe stress is released, thaterial will elastically return to a
permanently deformed shape insteadaihg back to it®riginal shapeTo properly comparavo
materials, botlthe modulus andheelastic limitshouldbe considered. For instance, rubbers have

a low modulus and highaestic limit comparing to metals which typically have high modulus but

low elastic limit. Thus, rubber teado stretch significantly and then return to its original shape
(Landau and Lipshitz, 1959)

The viscosity of a fluid is a measure of its resistance to continuous deformafiomw,ander the

effect of shear stress or tensile stress. For fluids, it corresponds to the informal concept of thickness;
for instance, honey has a much higher viscosity than water. Viscosity is a property arising from
collisions between neighboring piates of a fluid that are moving at different velocities. For a
given velocity pattern, the stress required is proportional to the fluid's viscosity. A fluid that has
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no resistance to shear stress is known as an ideal or inviscid fluid. Zero viscosdggsized

only at very low temperatures in superfluids. Yet, a liquaaild beconsideredo be viscous if its
viscosity is greater than that of water, and may be described as mobile if its viscosity is less than
water(Mohammadi and AMcCulloch, 2014) The main characteristic of the viscous behavior is

time-temperature dependency

Plasticity describes the deformation of a material undergoingewasible changes of shaipe
response to applied forces. In engineering, the transition from elastic behavior to plastic behavior
is called yield(Symon, 1971)Plastic deformation is recognized in most materials, especially
metals, soils, rocks, and concrete. Yetyide range ophysical mechanismsan contribute to
indudng plastic deformation. In brittle materials such as concpdesticity is caused by slip at
microcracks(Aifantis, 1987) For many ductile metals, tensieads applied to a sample auld

leadto an elasticdesponseAny increasdn load can becharacterized by an equivalent increment

in extensionWhile in the elastic regigrthesample recovers to its original siaierremovingthe

load. However, if the load exceeds the yield strength of the sample, the extension develops more
rapidlyas compared to the casetloé elastic region. In this case, when the load is removed, some

degres of extension wuld remain (Kapoor, 1994)

2.2.2 ViscoelasticM aterials

Viscoelasticity is the property of substances that exhibit both viscous and elastideristics

when undergoing deformatioNiscous materials resist shear flow and strain linearly with time
when a stress is employed. Elastic materials, on the other hand, strain when stretched and then
restore their original shape once the load is excludesdoelastic materials have components of

both characteristics, and they show tidependent straifChawla, 1999)
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Stress

Strain

Figure 2-2 Stressstrain curve A) an elastic material B) an ElastiePlastic material C) a Plastic

material D) a viscoelastic material (Chawla, 1999)

The behavior of asphalt is generally assumed to be vistimdglathe domain of small strains (<10

*mm/mm)(Airey et al, 2003; Benedetto et al., 200However, the property that asphalt displays

depends on temperature and time of loading. The flow behavior of an asphalt could be the same

for one hour at 60°C or 10 hours at 25°C as showviguare2-3 below. This means that the effects

of time and temperature are related; the behavior at high temperatures over short time periods is

equivalent to what occurs at lower temgteres and longer times. This is often referred to as the

time-temperature shift or superposition concept of asphalt b{iB#gredetto et al., 2007)

&
o
50
N4
Vo

=

: 1 hour ; 10 hours
;.'I ll‘ll

Figure 2-3 Asphalt behavior at different temperatures(McGennis et al., 1994)
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2.3 SuperPave Performance Grade Binder System (PG)

Asphalt binder is a thermoplastic substance that behaves as an elastic solid at low temperatures,

and vigous liquid at high temperatures. It may be obtained in natural deposits or may be a refined

product; it is a substance classified as a pitch. The most common procedure to evaluate asphalt

binderin North Americais the SuperPave performance grade (PGlidrirsystem which is a

relatively new Aphalt Binder Specification for deciding the appropriate binder for pavement

performance concerning rutting, fatigue cracking, and thermal cracking. PG system is based on

climate and traffic loadingOHMPA, 1999) The standal notation for PG binder is PG XXY

where XX is the averageeven day maximum pavement design temperature and YY is the

minimum pavement design temperature. For instance, the most common PG in the southern

Ontario is PG 5&8, as the average extreme terapgres are 58 an@8. Design temperatures for

PG are in increments of 6 degrees. PG binders that differ in the high and low temperature

specification by 90°C or more generally require some sort of modification such as polymer and oll

as shown irFigure2-4.
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Figure 2-4 Prediction of PG grades for different crude oil blends (Pavement Interactive, 2010)
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2.4 Recycled Asphalt Pavement

RAP was firg practiced in 1915 in the United Sta{gsndhal and Foo, 1997t has become more
popular in the last two decades due to a general rise in crude oil priwed as environmental

waste consideration®ratheepan and Hajj, 2008 ecently, the use of RAP in asphalt mixes is
becoming a common practice by asphalt paving industries. Mixes containing up to 20% RAP are
commonly considered to have similar behavito virgin mixegMcDaniel and Anderson, 20Q1)
However, theuse of RAP is usually limited by recycling capability of asphalt plants and the
restrictions in the specifications. In Canada, the use of RAP into new HMA is a regular practice.
For example, the Ministry of Transportation Ontario (MTO) allows up to 20% &A# standard
content in many asphalt mixes and up to 40% RAP in some other mixes such as binder base layer
(OHMPA, 2007) MTO regulates the use of virgin binders according to the climate zone and the
RAP content in accordance with the American Association of State Highway and Transportation
Officials (AASHTO) recommendations. According to AASHTO M323 mix desigecEjgation

for HMA containing RAP, the binder grade selection depends on the RAP content as shown in
Table2-1 below. Yet, the longerm performance of asphalt mixtures is still the key challenge,

especally when RAP is used in the mix design.

Table 2-1 AASHTO specification for selecting binder for RAP mixes

Recommended fresh asphalt binder grade| RAP %

No change in grade <15

One grade softer than normal 15 to 25

Follow recommendations from blending chg > 25

Some researchefBaaj et al., 2013, 2011, 2004; Tapsoba et al., 20a4¥ studied the
impact of recycledasphaltic materials (Recycled Asphalt Pavement and Recycled Asphalt
Shingles) on the Linear Visdélastic belaviour and on the performance (fatigue cracking, rutting,
low temperature cracking and moisture resistance) of asphalt mixtures. These studies showed the
great potential of using these recycled materials as both substitution material and mixture
behaviourmodifier. By analyzing the rheological behaviour of HMA produced with up to 40%
binder substitution, the authors concluded that the overall performance of the&ied mixes
were almost equivalent to the control one. Hence, mixes with RAP should ¢rowde

14



economical pavement designs using empirical or mechanistic pavement design methods. Other
researchers have examined an organic rejuvenator solution to accelerate binder diffusion and
enhance the blending (Ech et al. 2014).

Researchers hawasobeenworkingon projects testablish a guidelin®r using RAP based
on its performance assessments under local climate cond#iorimiowel, 2014; Sanchez, 2014;
Yang et al., 2013)For example, the performance of laboratprgparedSuperPavé! SP12.5
mixtures with varying percentages of RAP contents were investigated by exposing the specimens
to repetitive loading, low temperature cracking and rut8anchez, 2014Although these studies
have shown the potential of using RAP with minimal negative impacts on the behavior of asphalt
mixeswith respect tautting and fatigue, it appears that the low temperature crgpidrformance
remains a major challenge. This cantbesome extenattributed to insufficient (inefficient)

blending between the aged RAP and virgin binders.

2.4.1 Current Studies an Blending

The rheological behavior of the aged binder differs from the vingidds due to thgradualloss

of some ofits components during thgavementonstructionprocessandover theservice lifeof
pavementsTherefore, it is important to control the blending process between old and new binders.
(Kandhal and Mallick, 1998)oncluded that the use of20% of RAP in HMA does not affect the
properties of the blend of new and RAP bintiwever, more than 20% of RAP can significantly

affect the properties of tH#end and may change the stiffness of the binder.

A serious concern directly affecting the performance of HMA that incorporates RAP relates
to the level of blending that occurs between the residual and virgin asphalt binders. The level of
blending affects both the performance of the produced HMA anadtm®mic competitiveness of
the recycling process. If thmix designer assumes thiatl blending happens betweehe two
sources obinders wiile the RAP is actually behaving as a black rock, the binder will not be stiff
enough andhe mix will havedeficient asphalt binderontent Many design methods including the
lllinois Department of Transportation (IDOTdesign method assume that the aged binder
effectively contribute to the blendLighting, 2013) Hence, the amount of virgin asphalt binder
can be decreased in the mix design by the full amount of the RAP binder for the percentage
specified(Al-Qadi et al., 2007)n contrast, if it is assumed that RAP does not blend with the virgin

asphalt binder when it is actually blending, then the binder will be more viscous than expected.
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The problem can baifther complicate@henconsideing that the blending process may take some
time to occur andhat itis alsoinfluenced by the rejuvenating agd@arpenter and Wolosick,
1980) Despite some differences between the mix design proceduredovantionaimix and a
mix containing RAP, both mixtures shouldveacceptableharacteristicand delivethe required

pavement performance.

In NCHRP 912 study, three scenario$ blendingbetween aged and virgin binders were
examined experimentally: black rock (0% blending), total blending (100% blending), and actual
practice (blending as it usually occurs over timegllthree cases, the overall gedihn and total
asphalt binder content were kept constant. The maximum and minimum percentages of RAP used
were 40% and 10% respectively. Reclaimed asphalt pavement was extracted from sources in
Arizona, Connecticut, and Florida. Produced mixtures were paed using SuperPaveTM
performance parameters obtained from the frequency sweep test, the simple shear test, and the
repeated shear at constant height test. The indirect tensile creep and strength tests were also used
to evaluate the HMA performance ai@emperature. The results of this study indicate that 10%
RAP content in the mixture shows no significant difference in terms of using different blending
assumptions. However, at a RAP content of 40%, the black rock case was statistically different
from the actual practice and total blending cdsgsire2-5. These results indicate that no change
in binder grade is required at low RAP contents; though, total blending was not likely at a higher
RAP conten{McDaniel and Anderson, 20Q1)

BRAP=10% |
BRAP=40% |

Percentage of Valid Samples

Same AP=TB AP=BR Different

Figure 2-5 Statistical results of interaction between aged and virgin binders evaluatl in NCHRP 9

12 study
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Where,

Same: Actual Practice
AP = TB: Actual Practice=
AP = BR: Actual Practice=

Different: Actual Practicd

=Total Blending
Total Blending |
Black Rock i
Black Rock i

Black Rock
Black Rock
Total Blending
Total Blending

In summarythree possible scenarios can be considerettiending, partial blending, and

complete blendings shown irFigure 2-6 (Moghaddam and Baaj, 2016b)

RAP aggregate

Virgin binder ‘

Scenario 1
No blending

Partial blending|

Scenario 3
Total blending

Figure 2-6 RAP binder and virgin binder blending scenarios(Moghaddam and Baaj, 2016b)

In parallelto McDaniela n d

Ander

, Broerp@rgnentabprogram was carried out by

(Stephens et al., 20019 assess the eifts of blending between RAP aged and virgin binders on

the asphalt mixture. Eleven mixes were prepared with the same gradation, RAP percentage (15%),

and virgin binder. The only difference between the samples was the RAP preheating5#oe (0

minutes) lefore beingadded to virgin aggregates and binder. Another sample with no RAP was

prepared for comparison purposes. As showrigure2-7, the preheatingime had a significant

effect on the asphalt mixture strength, confirming that blending does occur between aged and virgin

binders.Besides, when comparing the mix with no preheating to control mix with only virgin

materials, an improvement in the indiréensile strength is recognized upon adding the RAP to

the virgin materials even without any prehea{i8tgphens et al., 2001)
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Figure 2-7 RAP preheat time before mixing comparing the unconfined compression and indirect

tension

Karlsson and Isacsson have done a series of studies of the mechanism o§btessphalt
binder and diffusion rate utilizing Fourier Transform Infrared Spectroscopy (ATIR) and
Dynamic Shear Rheometer (DSR) tests. The results of the-ATHRanalysis revealed that the
increase in polarity and molecular size of the binder nudsas a result of further distillation of
bitumen to stiffer grades reduces the rate of diffusion. They also presumed that the diffusion rate
is examined by the viscosity of maltene phase rather than the whole binder. They hypothesized
that aging has srilaeffect on viscosity of the maltenes as diffusion process is not affected
considerably by agin@Karlsson and Isacsson, 2008) this study, they used DSR to determine
the diffusion coefficient by studying the rheological properties of the binders. Their findings
showed that diffusion determined by FFARR method happens with the change in rheological
properties of the binderfter aging. The significant outcome of this study is the indication that the
time scales for diffusion identified by FTARTR and rheological changes due to diffusion are of
the same order of magnitude. Hence, confirming the prior conclusions thatketio¢ défusion in
the binder is enough to contribute to the production of isotropically recycled binders during the

recycling proceséKarlsson et al., 2007).

The National Center for Asphalt Technology (NCAT) at Auburn Univeed#tly conducted

a comprehensivestudy where the performance of sections ofasphalt concretgpavements
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containingat least 30% RARNdbuilt with entirely virgin asphaltoncreteat the same time ave
compared. The selected pavements for this study were built between 1990 and 2000 in sixteen
states in the I&. and two Canadian provinces. Most selected sections with RAPesktsowilar
performance or even better than the ones aactsdl using only virgin asphalt in terms of resisting
rutting, cracking, ravelling, and other defe@tgest and Willis, 2014)

Oliver has also investigated the blending process between agedgndisphalt binders
utilizing mechanical testing (fatigue and rutting performance)teas2001. Results of laboratory
testingindicatedthat the 50% RAP mix showed higher fatigue and lower rutting performance than
the virginHMA. Table2-2 shows that the fatigue life of the RAP mixture is approximately 37.5%
longer than the virgin mixture. On the other hahable2-3 shows that théracking rate, defined
as the rutting depth per 1,000 cycles, was lower for the virgin mix than for the RAP mix and; thus,
more likely the RAP mix will have higher rutting in the field. Based on these rg€diitsgr, 2001)
concluded that aged and virgin binders might not fully blend in HMA due to the formation of
agglomerates of aggregate and filler, making it difficult for the fresh binder to penstcetiee
RAP binder. Therefore, incomplete blending between virgin and aged binder was presumed to
create regions with soft binder in the mixtuFéis results in an overall softer binder than regular
HMA.

Table 2-2 Fatigue life performance of virgin and RAP mixture (Oliver, 2001)

Average

fatigue

Average air void content %

Mixture with o Mixture with 50% |
Virgin mixture Virgin Mixture
50% RAP RAP
238375 89,485 2 2.6

Table 2-3 Rutting performance of virgin and RAP mixture (Oliver, 2001)

Average wheel tracking Average air void content %
Mixture with o Mixture with o
Virgin mixture Virgin Mixture
50% RAP 50% RAP
0.27 0.18 5.1 54
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(Huang et al., 2005¢xamined the blending between aged and virgin binders in HMA
containing RAP. For the RAP, onllge materiat passing througkhe No. 4 sieve wreused. For
the virgin aggregates, only the particles retainedherNo. 4 sieve were used. To evaluate the
blending due to mechanical mixing, RAP materials were mixed with virgin aggregates without
adding anyvirgin binder. After mixing, it was resolvetidt the asphalt binder was decreased by
approximately 11%rom the RAP materialdue to pure mechanical mixing. The authors conducted
staged extractions to obtain asphalt binders from various layers coating the RAP aggregates.
Results showed that after hbing, outside layers of asphalt binder around RAP aggregates were
softer than the inside layers of binder. Approximately 60% of the aged binder did not blend with
the virgin binder while 40% of the outside binder was a blend between aged and virgis.binder
Despite the fact that the authors admitted that the mixtures utilized in that study do not reflect the
common HMA used in fields, it was evident that the level of contribution of the residual asphalt

binder should be considerably lower than 100% bleptbnthe given mixing procedure.

(Kandhal and Foo, 199@ssumed that if the RAP binder does not blend with the virgin
binder; the pavement performance cout dompromised. More than 15% of RAP makes the
Performance Grade (PG) of the virgin binder decreased due to the increasing in the stiffness of the

mixture.

(Poulikakos et al., 2014mployed anethodology Figure2-8), for calculatinghe degree
of partial blending in the HMA containing RAP. They concluded that the mixtures containing RAP
have a lower cumulative stress and strain rate than the virgin mixtures. It was revealedphea
the differences in chemical and miestiuctural characteristics, a welésigned mixture
containing RAP up to 40% can perform as well mechanically as the virgin mixture in laboratory

tests.
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RAP aggregates
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and fme aggregates with virgin aggregates coated with RAP
virgin binder binder and virgmn binder

Figure 2-8 Schematic representation of procedure of blending study (Poulikakos et al., 2014)

(Shirodkar et al., 2011goncluded that there is a partial blending between aged and virgin
binder and the degree of this blending is ireteent of binder testing temperature. They pointed
out that thedegree oblending for 25% RARontentwith PG 7028 virgin binder is 70%. The
degree of partial blending for 35% RAP with PGZBvirgin binder is 96%. Yet, the author stated
that these redtis should not be generalized as they depend on various factors such as RAP and

virgin binder properties, gradation, and mixing temperature.

Literature indicates that two factors can have significant impact on the blending process
between aged and new berd in RARcontaining HMA mixes: i) mechanical blending, and ii)
diffusion between aged and new binders. While mechanical blending is mainly controlled by
production conditions, higher temperatures can provide enhanced driving force for blending
between ders(Alavi et al., 2015; Pavel Kriz et al., 2014; P. Kriz et al., 2014; Rad et al., 2014)
The previous work done by Kriz et al. has contributedh®s understanding of the blending
phenomenon. Their research showed that the diffusion betweendbetact layers of the aged
and the virgin binders may explain the blending process. Also, it has been stated that a significant
part of blending can takglace during the mix production, storage, and placement of the asphalt

mix, wherediffusion continues at a much slower rate, during road selfgcdn asphalt plants,
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silo-storage is a staging platform where higher temperatures coupled with longgrtenes can

facilitate the progress of blending.
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Figure 2-9 Diffusion at varying temperature. (Kriz et al, 2014)

Conversely, the analysis of the Dynamic Modulus Test results of a another study indicate
that there was a general increase in the stiffness of HMA containiRgWRA the increase of the
silo-storage time to 7.5 hours due to oxidation. This indicated that the silo conditions play a key
role in changing the HMA characteristics and would leasbtoe aging. This aging would have a

negative impact on the overall performance and durability of the RMR (Jacques et al., 2016)

(West and Willis, 2014fested the chemical and physical differences of asphalt mixture made with
binder and RAP using Differential Scanning Calorimetry (DSC) and the Automated Flocculation
Titrimeter (AFT). They determined that the PG of the virgin binder glaycrucial rolein the

blending efficiency betweethevirgin and aged binder.

Yousefi (2013) utilized @other experimental study to quantify the time and temperature
responsiveness of the diffusion rate and final degree of blending that happens between aged and
fresh birders. In this study, it is confirmed that at conditioning temperatures below 100°C very
limited blending occur between the fresh and RAP binder occurs. Thus, increasing the temperature
could enhance the blending phenoménausefi, 2013)
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Bowers 013)found that different additives, such as foaming, can improve the blending
efficiency of RAP in mixtures which results in a better pavement performance. He has also
examined the impact of mixing time and mixing temperature on blending efficiency using
rhedogical testing and Gel permeation chromatography (GPC). All mixing factors were found to
influence the asphalt mixture. Blending efficiency, determined with a blending ratio, was less than

80% in all cases.

Bressi et al(2015)have poduced a mniltiple regression models at different temperatures
(30, 40, 50 and 60UC) for the prediction of ¢t
The models examine four variables at the same time: the source of virgin and aged binders, the
percentag®f aged binder, the loading frequency, and the temperature. They have confirmed that
in the hightemperature domain binders are more sensitive to blending than in the low temperature

domain.

Results ofanothedaboratorystudyreveal that during mixing poess aged RAP binder and
virgin binder do not blend¢ompletelyand only partial blending occurs. The degree of partial
blending was determined by utilizing the rheological tests such as complex modulus and phase
angle conducted in Dynamic Shear Rheomd&R) (Liphardt et al., 2015)

To conclude this part, mixing time and temperature, RAP content, asphalt binder content,
the presence of the additives can play a significant role in thdibteprocess between the aged
and virgin binder in RAFHMA.

2.4.2 Microstructure of virgin and aged binder

The blending of RAP binder with the virgin binder is an essential factor in the characteristic of
RAP mixtures. Microstructure analysis was utilized imesal studies to understand the physical
and chemical processestbt interaction between the aged binder and the virgin binder. Atomic
Force Microscopy (AFM)Nahar et al., 2013; Zhao et al., 20E5)d Environmental Scanning
Electron Microscope (ESEMEI Béze et al., 2012; Mohajeri et al., 2014; Navaro et al., 2012,
Rinaldini et al., 2014)have been used for this purpose in the last few years. Hence, the

microstructure of the blending zone between virgin and ageler can be examined using ESEM.

ESEM utilizes a higipressure gas in the chamber to accommodate a relatively natural state
in which materials may be scanned analogously to a standard SEM, but without routine preparation

for compatibility(Poulikakos and Partl, 201@ue to the viscous and volatile nature ofabphalt
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cement certain issuewould beencountereadvhen an electron beam is focused on the sample in
high vacuum. For instance, the use of the En@®nigpersive XRay Spectrometry (EDS)
attachment is restricted due to the carbon atoms that flood the observation chamber from the
efflorescence imigh vacuum, considerably altering the accuracy of the analysis. Furthermore, the
presence of vaporized carbon matterloaa seriousoncerrfor the vacuum pumpsf the device

that is originallydesigned for crystalline materia{Mikhailenko et al., 2016)Moreover, the
viscous nature of bitumen makes it challenging to implement a conductive coating as is performed
for SEM observationfYousefi, 2013)

Furthermorge ESEM utilizes an electron beamdaelectromagnetic microscopes to focus
and direct the beam on the specimen surface. A very small focused electron point is examined in a
raster form over a small specimen area. The beam electrons interact with the specimen surface and
produce numerous sigls that are collected with proper detect@viéchon et al., 1998) ESEM
can be utilized to examine wet, diéaring, and insulating materials without prior specimen
preparation or applicationof a conductive coating allowing for a gaseous environment in the
specimen chambé6tangl et al., 2006)

The use of ESEM to examine tHaending between aged and virgin binder has been
investigatedn few studiesAnalysis of theeSEM imagesn (Rinaldini et al., 20143tudy, confirm
that the blending of new bitumemd RAP is location dependent. The boundary between the RAP
and virgin materials arebserved inFigure 2-10. This figureshows weak spotthat cancreate
micro-cracks at this bordewhich may be an evidence of poor adhesion between old and new
material. The results show that it is not possible to clearly see the blending between the two binders,

however, there is evidence of a good blending of virgin indd RAP.
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Figure 2-10 ESEM image showing the crack formation at the border between RAP and virgin
materials (Rinaldini et al., 2014)

In another experimental studyvohajeri et al., 2014gmployedESEM and other tests
towardsfundamental understanding of blendipgenomenorbetween RAP binder and virgin
binderThey stated that a fAblending zoneodo bet ween

recognised by utilising ESEM in micrand nanescales.

Stangl et al.(2006) used EEM to examine the impact of environmental conditions
(temperatureand aging) on the mechanical properties of asphalt binder. In their study, the
characterization of binder, comprising the binder chemistry, its microstructure, and its viscoelastic
properties were examined considering the fresh and aged Stheefinal results of thestudy
provide new insight into the durability performance of binders, revealed by the changes in the

microstructure properties of asphalt bindeslagwn inFigure2-11 (Stand et al., 2006)

Saturate, Aromatic, Resin and Asphaltene are the four main fraction of the asphalt binder.
The fibril microstructure of the asphalt binder under ESEM is likely a combination of these
fractions, most likely the asphaltenes and the regirshould be noted that ESEM images are
formed after the upper surface layer oil (Saturate and Aromatic) are removed by the electron beam
of the ESEM(Rozeveld et al., 1997)
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Figure 2-11 ESEM images, Left fresh binder. Right: aged binder (Stangl et al., 2006)

2.5 HMA performance Tests

An ideal HMA mixture is workable, flexible, impermeable, highly resistant to permanent
deformation and fatigue cracking, and capable of providing a suitable surface textureisHMA
designed to deliver an expected service life with good resistance to deformation under predicted
traffic loads. When these mixture properties are not supported at sufficient levels, HMA can be
subject to distregssuch as fatigue cracking, thermalakiag, and ruttind TDT, 2011)

2.5.1 Dynamic Modulus Test

The dynamic modulus (E*) is a lineaisgoelastic test for HMA that was first developed at Ohio
State University. The dynamic modulus changes with temperature, the speed rate of traffic, and
age. The dynamic modulus of an asphalt mixture can be determined by utilizing laboratory tests in
eitha a stresscontrolled or a strakzontrolled mod€Dougan et al., 2003E* can be determined

as the stress amplitude divided by the strain amplituderepresents the absolute value of the

o

complex modulus |E*|= (a4 )/ (U ).

Anot her output variable of this test i's t|
indicator of the elasttw i scous properties of the rhatthe The
material is performing as a perfectly elastic matekdhereas a val ue of (0) =

perfectly viscous materigloulizi et al., 2006) The timetemperature superposition principle can
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be used for constructing an HMA master curve if the measured values are shifted horizontally from

the measured temperature to the chosen reference tempetastit.factor can be measd as

the ratio of two frequencies or times at both tempera(dias et al., 2011)Below Figure2-12) is

an example of a master curve for eight samples containing different percentage of RAP
conditioning at a set of temper af{Baajetal.r”2@lBge wi t
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Figure 2-12 Master curve of the complex modulus of asphalt mixes (Baaj et al., 2013)

Temperature and frequency have a sigenifical
at a constant temperature of °@) |E*| increases as the loading frequency and RAP content
increase. However, (G) decreases as the |l oadirt
containng RAP could be as high as twice the dynamic modulus of HMA without RAP. On the
other hand, the temperature has an inverse relationship with |E*|sndppd ve r el ati onsh

at a constant frequen¢iRahman and Tarefder, 2014)

2.5.2 Thermal Cracking Test

Thermal cracking is a serious concern in the cold regions in the world assbisaed with the
growth of high tensile stresses under repetitive exposures to extremely low temperatures (below
4°C) or moderate daily temperature cycles. Thermal cooling cycle shrinkage in an asphalt bound
layer restrainedthus, tensile stresses witlevelop It is stated thausing RAP in HMA likely
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decreases the rutting, but increases the possibility of thermal cracking at low temperatures
(Gardiner and Wagner, 1999he Thermal Stress Restrained Specimen Test (TSRST) is utilized

to determine the lovtemperature cracking of HMA. TSRST was developed at Oregon State
University (OSU) in the 1990s, and the test method got included in AASHTO (DRfhg and

Vinson, 1994) During TSRST test, the temperature and the tensile stress are recorded, and the
thermal stress temperature curve is plotted as showigure 2-13 (Baaj et al., 2013)Three or

four thermistors are attached to the surface of the meecio measure the specimen temperature

and a resistance temperature detector is used to monitor the temperature of the chamber and to
control the cooling at a chosen rate (1, 2, 5, and 10 °@Vlamasteanu et al., 20Q7)
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Figure 2-13 Typical results from the TSRST test (Baaj et al. 2013)

Various improvements were added to tinaditional TSRST method to improve the
repeatabilityof thermal stress measurements as well as provide the ability to measure the thermal
strain of an asphalt mixture from an unrestrained specimen. The improvements to the TSRST setup
were followed by adjustments to the end plates, gluing techoigbe speimens and the addition
of a modular feature for measuring the thermal strain from an unrestrained specimen
simultaneously with those of the restrained specimen (Hajj et al., 2015). After implementing these

adjustments, the new device was named the Ualidkiermal Stress and Strain Test (UTSST) to
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be differentiated from the traditional TSRST setup. However, the traditional TSRST was used in

this study.

2.5.3 Rutting Test

Permanent deformation or rutting is one of the most common distress modes of asphakfsaveme
Rutting is described as progressive accumulation of permanent deformation in one or more layers
of the pavement structure due to repetitive loading. Rutting is a primary concern in locations with
high in-service temperatures and heavy traffic loadsbdratory wheetracking devices are
usually employed to run simulative tests to evaluate HMA rutting performance by rolling small
loaded metal or rubber wheels over the surface of compacted asphalt mix samples for several
thousands of cycles (usually 20() (Izzo and Tahmoressi, 1999; Jr et al., 2008@g performance

of the specimens is compared to actusdervice pavement performance.

Studies indicate that using RAP in HMA increases the mix stiffness and, consequently,
improves the mix rutting resistanfidaas et al., 2007; Lee et al., 2009pwever, it has also been
shown that using RAP might lower the rutting resistance when aged and virgin binders are not
fully blended. Oliver(Oliver, 2001)investigated the blending process between aged and virgin
asphalt binders utilizing mechanical testing (fatigue and rutting tests). The results indicated that
the tiacking rate, defined as the rutting depth per 1,000 cycles, was lower for the virgin mix than
for the RAP mix and; thus, more likely the RAP mix will have higher rutting in the field. It was
then concluded that the RAP and virgin binders might not fukyndlin the HMA due to the
formation of agglomerates of RAP aggregate and filler, making it difficult for the virgin binder to
penetrate into the RAP binder. As such, incomplete blending between virgin and aged binder was
expected to leave softer areas,cagyible to rutting, within the asphalt mixture. This conclusion

was later confirmed by other investigatiq@hen et al., 2009; Nahar et al., 2013)

Laboratory wheetracking devices are usually employed to run simugatiests that
measure HMA performance by rolling a small loaded wheel device frequently across asphalt
samples. The performance of the test specimen is compared to aecteaVioe pavement
performance. Most commonly, the 47 mm wide wheel is trackedsaareabmerged sample for
20,000 cycles using a 158 Ib load. Rut depth is measured with a series of linear variable
displacement transducers (LVDTSs) on the sani§éndhal and Cooley, 2002)
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2.5.4 Fatigue Testing

Fatigue cracking, also known as alligator cracking, is the phenomenon that occurs due to the
repeated tensile strain at the bottom of the HMA pavements generated by heavy (Eypdeln

et al., 2015)It is generally believed that RAP has an adverse effect on the HMA regarding fatigue
resistance. Literature confirms that RAP offers inconsistent fatigue cracking in comparison to
virgin mixes(Huang et al., 2005, 2004} hus, it is important to achieve comprehensive blending
between aged and virgin binders in RAéhtaining HMA to improve the resistance to permanent
deformation as well as to fatigue cracking. The flexural fatigue test is one of the methods used to
idenify the fatigue life of HMA at intermediate pavement operating temperatures (@GMQgry,

2004) During the testhe beam iplaced ina 4point loading machine and a repeated is applied

as shown below. The load frequency is usually set at 1 to 10 Hz. The deflection caused by th
loading is measured at the center of the beam. The number of loading cycles to failure can then
give an estimate of the fatigue life for the HMA beam. Another parameter that can be calculated
through fatigue testing is the dissipated energy of specirh@hws a measure of the energy that

is lost to the material or developed through mechanical work, heat generation, or damage to the
sample(Vukosavljevic, 2006)Figure 2-14 showsa schematic of flexural fatigue tgq®tavement
Interactive, 2010)

Deflection 15 measured at
the center of the beam

P=0-5kN P=0-5kN

Beam will fatigue here *\ l

Clamp

320 mm

Figure 2-14 Schematic flexural fatigue test (Pavement Interactive, 2010)
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2.6 Asphalt Plants and SileStorage

The effect of silestorage on properties of HMA has been a topic of investigations since
introduction of silos to industry arouri®60s(Middleton et al., 1967; Tuttle, 1966¢arly silos

were found to be prone to mix segregatiagphalt migration and heat loss, which resulted in
remodels of silos in 1970s. Storage silos can improve efficiency of asphalt plant production and
transportation of material. However, keeping the asphalt mix at higher temperatures, i.e. around
140°C or abve, for extended periods posed questions about aging and hardening of the stored
material(Kandhal and Wenger, 1973; Middleton et al., 1967; Tuttle, 196&)y studies shown

that long storage times, within days, of HMA results in changes in properties of asphalt, such

as viscosity increas@ he extent of property change, however, was dependent on factors such as
type of atmosphere in the silo, source and chemistry of the asphalt binder, additives, asphalt mix
gradation, temperature and duration of storage. In cases where hardening weaslphsagnjority

of hardening occurred within the first-28 hours of storag@iddleton et al., 1967; Title, 1966)

A majority of earlier plant studies on impact of silos were carried out on virgin mixes that contained
no RAP(Middleton et al., 1967; Tuttle, 1966 a recent studylacques (2016) confirmed that an
increase in silo storage time caused an increase in stiffness for both virgin and RAP HMA.
Moreover, the difference in the stiffness of thixture was statistically significant for the samples

that been collected at a storage time of 7.5 h@lasques et al., 201&Jowever, the increase in

the stiffness of those samples in that case might be due to the silo conditions or the sampling

process.

The most common types of asphalt plants are batch (pug mill) and continuous (drum) plant.
Conventional batch plants are commaround the world as they offer more operational flexibility,
for instance when high RAP content is desired in the (keanedy and Huber, 1985)he full
mixing time in this plant usually takes 4D secondsOn the other hand, there is no interruption
in the production cycle of the continuous plants. The final asphalt mixture is fed into storage silos,
for later discharge into trucks and transport to the sigme@lly,the manufacturing procedures
can be modified to satisfy the client requirements, while keeping a high level of gu&ityorth
mentioning that storage silos are usually insulated and sealed airtight to prevent heat loss and to

prevent mixtue oxidation(Mengel, 1994)
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2.7 Summary of the Literature Review

From the above literature study, the blending efficiency of the RAP and the virgin srsdidir

unexplored clearly. Some researchers believe that the blending efficilpendson the

percentage of RAIM the asphalt mixture, mixing temperature, adationof mixing. Others

believe the blending procedure is temperature independentonet,of thestudes to date have

focused on diffusion in a larger scale during the production and storage stages.

However, it is clear that the appropriate amount of the RAP aged binder that effectively
contributes to RARHMA needs to be further investigat. An improved understanding of binder
blending would be beneficial in improvement of the themmexchanical behaviour of asphalt

mixes, which may lead to long lasting and begterforming asphalt pavements.
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3 Research Methodology

The primary objective of this study was to evaluate the performance ofHRAR and examine

the blending progress of the aged and virgimders with respect to the sikiorage time. To

achieve overall objectiveieresearch plan shown in Figurel3vas devieped.

[ Literature Review ]

'

[ SampleCollection ]

RN JEp—— 1.
L_HvA | | _Asphalt Binder |
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I
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|

*These tests were conductaad analyzedby Sarnia Technology Application aRésearch Center of Imperial Oil Ltd, Ontario, Canada.

v

|

Conclusionsand Recommendations

|

Figure 3-1 Outline of the research methodology
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3.1 Literature Review and state of the current practice

A comprehensive literatureview has been conducted in order to enhance the knowledge on RAP
binder properties, rejuvenation of recycled binder, and the blending of aged and virgin binders
through diffusion. More emphasis was given to understand the thdeotogical behaviour of
asphalt binders and its impact on blending phenomenon, especially with the operations in asphalt
plants. Also, experiences of different research groups on thetdomgfield and laboratory
performance of HMA produced with different percentages of RAP mesrewed. For this review,
technical reports from different ministries and departments of transportation in Canada and USA,

and research papers published in different journals and conference proceedings were surveyed.

3.2 Sample collection

Enhanced blendingquality of plantproducedmixescould be obtained by utilizing sHstorage
facilities. The asphalt mixes used in this study were produced and collected at two plants located
in Markham and Cambridge, Ontario, CanaBmure3-2 shows the batch and drum asphalt plants

(Plant 1)and(Plant 2), respectively.

Figure 3-2 Plant 1 (left), Plant 2 (right)

For this research projedivo Marshall mixes were produced and collected from Plant 1
including a surface course HB_containing 15 percent RAP and a base cours& Eantaining 30
percent RAP. These mixes were labelled as-BHand 1HL-8 respectively. In addition, two
Marshall mixes were produced and collected from Plant 2 including a surface cour8e HL
containing 20 percent RAP and a base cours@&ldantaining 40 percent RAP. These mixes were
labelled as 2Ht3 and 2HL8 respectivelyOne shouldhotethat HL stands for Hot Lah and the
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3 and 8represents the size of the aggregate use¢de mix Table 3-1 summarizes the job mix
formula of these mixes.

Table 3-1 Job mix formula of mixes containing RAP

Nominal Voids in Recommended
) % Asphalt % o . . .
Mix o % RAP | Virgin AC Maximum Mineral Compaction
%RAP Cement Virgin

Type (AC) AC AC Grade Aggregate Aggregate Temperature
Size (NMAS) % (°C)
1HL-3 15 5 4.4 0.6 PG58-28 13.2 mm 15.3 135
1HL-8 30 4.7 35 1.2 PG 5234 19 mm 14.6 131
2HL-3 20 5 4.2 0.8 PG 5828 13.2 mm 155 135
2HL-8 40 4.7 3 1.7 PG 5234 19 mm 144 131

Silos at both plants were equipped with a heated oil circulated jacket to heat the bottom of
the silo. Sampling was performed from pads of mix collected right after mixing in the plant for O
hour storage and from silos for stored samplég main difference between the silos of the two
plants is thatPlant 1 has an otbading silestorage wheras the silo of Plant 2 is stagnant.

Production and sampling conditions of each plant versus the type of the mix sampled are
summarized imMable3-2.

Table 3-2 Silo and sampling parameters at Plant 1 and 2

Asphalt course 1HL-3 1HL-8 2HL-3 2HL-8
Ambient day high temperature (°C) 32 34 6 6
Mixing Temperature (°C) 160 160 165 175
Silo Temperature (°C) 140 140 147 147
Production Rate (ton/h) 178 180 180 150
Silo Status Off-loading | Off-loading | Stagnant| Stagnant

To investigate the impact of storage time on the blending progress and achieving a cohesive
final binder, the mix samples were collected as a functiostahge time in the silo. The first
sampling was done immediately after production (tkoQr), and then at several time intervals of
silo-storage; i.e., at 1, 4, 8, and 12 hours. For the Plant 2, the samples were additionally collected
after 24 hours oftorage time. In case of Plant 1, some samples weredmigsly compacted using
Superia v e

Gyratory Compactor
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analysis which was performed later. A refrigerated van was used to transpoet lalbske and
compacted mixes of Plant 1 to the University of Waterloo because of high ambient temperatures
during sampling. This was a crucial step to effectively minimize any further diffusion between the
time of the sampling and laboratory testing. InecddPlant2, collected samples were immediately
transferred to University of Waterloo for compaction. In both cases, all samples were compacted
to reach 7% air void content. After 24 hours of curing time, the BRD test was conducted to calculate

the air vad content. Then the samples were let tedayr before storing.

It is worth mentioning that the temperature of the collected mixes was recorded and
monitored throughout the whole process of the samphtidpose mix collectedspecimensvere
storedina ef ri gerator at University of Wistwasral oo at
very important step in this study. Keeping the RIAMA samples at constant low temperature

eliminates any further potential diffusion between the aged and virgin binder.

In addition to silestored samples, RAP samples were collected from both plants. No

information on history ofhe collectedRAP samples was available.

Figure 3-3 Monitoring the temperature of the collectedmixesduring sampling
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3.3 Asphalt Binder Testing
This section explains the material and method of Mimexhanical investigation of blending using

ESEM, the volumetric properties of the collected HMA, and the pednce tests

3.3.1 Micro structure investigation of Asphalt Binder using ESEM

A microstructureinvestigation was conducted on the blending phenomenon between aged and
virgin binders by utilizing Environmental Scanning Electron Microscope (ESEM). All ESEM tests
were performed at the Waterloo Advanced Technology Laboratory (WatLab) at the Chemistry

Science Department at the University of Waterloo, Waterloo, Ontario, Canada.

3.3.1.1 Material

The virgin asphalt bitumen was an Imperial Oil Scona P@&8 he same bitumen wasidised

by air blowing it at approximately 260°C in a fabale air blower, with 50 L/kg/min of air for a
period of 5 h. With this process, the bitumen was exposed to ageing from heat effects in addition
to oxidation from the aifThis procedure is usedylindustry for the aging of roofing materials. It

was chosen due to the severity of the method in oxidising the binder. The microstructures were
compared with ESEM observation for their relative size, abundance and other characteristics,

clearly showing arvolution in the microstructure with different ratios of oxidation.

3.3.1.2 Sample Holder

In order to employ a sample holder that fits ESEM testing methods, a sample holder was developed.
As it is important to be able to heat the binder during sample prepasitiotess steel was found

to be compatible with the needs of both heating the sample on a plate, and observing them in the
ESEM. A stainless steel mouldas designed and fabricated withcylindrical opening 8mm in
diameter and 2mm in height. The squaeempeter of the mould was 10x10mm and a 15mm long
handle was also added to be able to move it safely, with a 5Smm base to ensure that the mould did
not tip over Figure3-4Figure3-4 Stainless steel sample moulds for ESEM $bsiws the stainless

steel mould for ESEM.
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Figure 3-4 Stainless steel sample moulds for ESEM test

In addition,stainless steel sampgh®lder witha 2 mmdimeter andch 2mm thick divider in
the middle as shown iRigure3-5 was design and fabricated@he divider was intended to allow
for the examination 6the evolution of the blending zone at interface of aged and virgin asphalt
binderat different temperatureend times intervalsThe binder could be added on either side of
the wall and heated to make the two binders come into contact. This is usediuadi to evaluate
the blending of different binders for different time and temperatilese sample holders were
first designed and fabricated at the CPAMikhailenko et al., 2016)

-

Figure 3-5 Stainless steel sample mould with divider for ESEM test

After the test,lte sample holders were cleaned by submerging them in a bitumen solvent,
and removing the solvent afterwards with a cloth and ethanol
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3.3.1.3 Sample Preparatn

Three set of samples were prepares for this study. The first set is the virgin and oxidized binders.
These binders were prepared separately to exahmemicrostructureinder ESEMThe second

set is the blendesamples. The virgin and oxidized bindezre mixed at different ratio to examine

the changein the micratructurewith the increase of the oxididebinder ratio. The last set was
preparedo examinethe evolutionin the microstructure of thélending zonest the interface of

the aged and virgibinderwith respect to the conditioning time and temperafline. preparation

of these samples are explainedietails in Chapter.4

3.3.1.4 ESEM Observation
The ESEM used was an FEI Quanta 250 FEG at the Wtthle University of Waterloo, shown
in Figure3-6, with the Energy Dispersive Spectrometer EDS removed since we did not require it.

I
,ll‘:,'.':l"”u,v,lm”m

Ml
il

Figure 3-6 ESEM device at WATLAB

The observations were cordad in low vacuum mode under room temperature immediately after
being removed from the cooler to prevent the contamination with dust. The settings for microscope
were an acceleration voltage of 20 keV and a chamber pressure of 0.8 mbar. A lower axcelerati
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voltage of 10 keV was tried, but the images were found too dark and required a longer observation

time to produce the microstructures.

3.3.2 Asphalt Binder Recovery

Recovery of binder from RAP samples and -sifored samples were performed according to
ASTM D2172, using trichloroethylene (TCE). Solvent recovery was then performed according to
ASTM D1856.Afterwards, the amples were scanned withrdy Fluorescence spectroscopy for
presence of excess TCE residues in extracted samples

3.3.3 Binder rheology

Virgin binders were examined for Supax assessment according to AASHTO M320. Extracted
binders and RAP samples were examined for shear complex moduarslisetheir high
temperature performance and monitor potential aging or hardening as a function ef istsrkg
Mastercurves of binders were constructed by merging measured compldxius in the
temperature range e20 and 80°C witla frequency range of 0:100 rad/s at each temperature.

The reference temperature of the Mastercurve was selecte@®0®e

3.3.4 SAR-AD analysis

Separation of asphalt samples was performed by HPLC according the patented Saturates Aromatics
Resins and Asphaltenes (SA® ™) instrument protocol developedy Western Research
Institute(Boysen and Schabron, 2013he instrument separates asphalt into 8 fractions based on
application of solvents of varying solvency and valve switching between 4 different columns. The
columns were packed according to standard protacmghermostated to 30 °C. A quality control

sample was measured every 8 samples to ensure stability of response from the instrument.

Asphalt (200 mg) was dissolved in 2 mL of chlorobenzene at ambient temperature with
periodic shaking (~30 min). After dislution 20¢cL of the 10 % solution was injected onto the
HPLC instrument columns. The HPLC system was equilibrated with heptane prior to injection and
the sample was passed over the PTFE, glass beads, aminopropyl silica and silica gel columns
sequentiallywith a flow rate of 2.0 mL/min. The representative pressure range for the separation
sequence was @5 bar. The solvent fractions were detected in the order of saturates, napthene
saturates, cyclohexane asphaltenes, tolwsphaltenes, methylene chite: methanol (98:2)
asphaltenes, aromatics 1, aromatics 2 and resins by varying soNengeparation was complete

in 80 min after injection.
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3.4 HMA Testing
All HMA performance tests were performed at CPATT at fhepartment of Gil &

Environmental Engieering of théJniversity of Waterloo, Waterloo, i@ario, Canada

3.4.1 Volumetric Properties of the HMA

The volumetric properties of both H and HL-8 mixes were examined in accordance to
AASHTO specifications.Table 3-3 below shows the volumetric properties tests with their
equaions and specification numbers.

Table 3-3 volumetric properties tests with their equations andspecification numbers

AASHTO

Test Equation -
Specification

Gmb = A/ (B-C)
Where,

Gmp = bulk specific gravity of compacteq
specimen

Bulk Specific Gravity of the| A = mass of dry specimen in air (g)
Compacted Mixture (@) | B = mass of the saturated surfairg 110611
specimen in air (g)

C = mass of the specimen in water at
25°C (9)

Va= ((Grnm - Gmb)/ Gmm) X 100%
Where,

, ) Gmm= bulk specific gravity of compacte(
Air Void Content (\4) _ T 26911
specimen

Gmb = Theoretical maximum specific

VMA=100-(Gmpb-Ps)/Gsb
Voids in MineralAggregate | Where,

(VMA%) Gmv=bulk specific gravity of compacted

specimen
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Ps=aggregate content by weight of mix

Gs=bulk specific gravity of the aggrega

VFA=(VMA -V2)/VMA
Voids Filled with Asphalt | where,
(VFA) VMA=voids in mineral aggregate

V s=air void content

3.4.1.1 Voids in Mineral Aggregate (VMA)

VMA represents the volume of void space between the aggregate particles that is available to
accommodate the effective asphalt binder and the volume of air voids required irxtimes.mi

Based on the fact that the thicker the asphalt film on the aggregate particles the more durable the
mix, specific minimum requirements for VMA are specified in most specificatiéigsire 3-7

shows the illustration of VMA in a compacted asphalt mix specimen.

Auar voids
VMA & —

Asphalt binder

Aggregate _
particle volume

Figure 3-7 lllustration of VMA in a compacted asphalt mix specimen

VMA can be defined as the sum of the volumaiofvoids and effective (i.e., unabsorbed) binder

in a compacted asphalt sample (NHI, 2000, p. B31As it is assumed that sifdorage time

would increase the binder blending in HMA and result in overall less viscous binder, more asphalt
binder is absrbed by the aggregate particles in the mix. Hence, VMA de@e@seassess the
effect of silestorage on the VMA of Hi3 and HL-8 mixes, two replicates were examined for 0,

8, and 1zhoursamples of each mix.
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3.4.1.2 Voids Filled with Asphalt (VFA)

The VFA isthe percentage of voids in the compacted aggregate mass that are filled with asphalt
binder. It is equivalent to the asphetiid ratio. The VFA is directly linked to the relative
durability. To examine the correlation between the VFA and storagettoegplicates for 0, 8,

and 12hoursamples of both Hi3 and HL-8 were calculated.

3.4.2 Asphalt Mixture Characterization

The asphalt mixture characteristics can provide enough data to conclude its field performance.
Therefore, an evaluationvas conducted on thehigh, intermediate and low temperature
susceptibilities of the collected mixtures containing RAP from the mixing plants. Below are a set

of tests planned to evaluate susceptibilities and link the findings with the binder test results:

3.4.2.1 Specimen Compaction

I n case of Pl ant 1, some samples were i mmedi
laboratory for the dynamic modulus analysis which was performed later. In case of Plant 2,
collected samples were immediately transferred to University of Waterlaorgpaction. In both

cases, all samples for dynamic modulus measurement as well as performance tests were compacted

to reach 7% +1% air void content.

For rutting and dynamic modulus tests, SuperPave Gyratory Compactor at CPATT was used to
fabricate the sapiles. In accordance with AASHTO PP-603, St andard Practi ce
of Cylindrical Performance Test Specimens Using the Superpave Gyratory Compactor (SGC)
(Montgomery et al., 2009JAASHTO, 2013), the mixtures were compacted to a 152 mm in
diameter and approximately 180 mm in height for the dynamic modulus samples and 63 mm in
height for the rutting samplesapressure of 600 KPa. The mass of the HMA used for the Dynamic

Modulus samples and Rutting samples w#&dkg and approximately 2.5 kg respectively.

For the Fatigue and Thermal Cracking tests, the mixtures were compacted to 450 mm
length, 150 mm width, ahapproximately 160 mm height at a pressure of 750 KPa using
PReSBOX Shearbox Compactor at CPAATerward, the slabs were cut to obtain the samples at
the required dimensionThe mass ofooseHMA used for both Fatigue and Thermal Cracking
samples was &20 kg. Figure 3-8 shows the both Gyratory and Shearbox compactsiter

compaction, the dynamic modulus samples were cut and cored to form the specimens at the
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requireddimensions. Afterward the specimens were grinded to obtain a smooth leveled surfaces.

Figure3-9 shows the cutting, coring, and grinding machines at CPATT.

Figure 3-9 (a) coring machine, (b) sawcutting machine, and (c) grinding machine

After cutting, coring, and grinding, th@mpacted bulk specific gravity of the compacted

specimen (Gp) were determined. & includes the volume of air voids within the specimen.
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Determination of G was achieved using an apparatus showkignre3-10to weight compacted

specimen in water.

Scale |

Thermometer |

Submerged specimen |

Water bath |

Figure 3-10 Bulk Relative Density (BRD) apparatus for the compacted HMA

The test wasconducted in accordance with 1256 2 , nBul k Rel ati ve Dens
Bitumi nous Mixeso (MTO, 2012b)

3.4.2.2 HMA Performance Tests

Four performance tests were conducted to evaluate HMA from both asphalt plants. Complex
(Dynamic) Modulus test was conducted dfetent temperatures and frequencies to examine the
change in the sfifiess with the increase of siftorage time. Thermal Stress Restrained Specimen
Test (TSRST) was also carried dot evaluate the effect of sistorage time on the thermal
properties bthe mixes. In addition Hamburg WheBtack Testing was employed to examine the
improvement in the behaviour of the mixes at different time intervals under high temperature (50
° C). Finally, the fatigue life of the mixes was examined under different sénzels (500, 400,

300, 250 um) using the fodroint Bending Fatigue Test.

Dynamic (Complex) Modulus Test:

The dynamic modulus of both HR and HL-8 from both asphalt plants for time intervals at-silo
storage were determined using CPATT Material Testing System (MTS) shdwgune3-11.

45



Cored specimen

3  Epsilon, Model 3909
Extensometers at 1202 Interval
(Gauge Length of 70 mm)

Figure 3-11 MTS loading farm with dynamic modulus test setup

The test was performed according to the procedure given in AASHTO -Di7,&andard Test
Method for Determining Dynamic Modulus of Hbtix Asphalt Concrete Mixtures. The test
specimens were subjected to a repetitive, compresaivksinusoidal load. Two Linear Variable
Differential Transducers (LVDTs) were used to measure the deformation of test specimen.

Triplicate @100x150H mm cylinder specimens were used in this test.

All silo time samples were examined at six loading fregies (0.1, 0.5, 1.0, 5.0, 10.0 and 25 Hz)
and five temperaturesl( O , 4 . 4 21. 1, Hedce,. e totalanantber 6f 4he tested C) .

samples is 66.

Low temperature cracking susceptibility:

Low temperature cracking is another major mode of faibdiftexible pavements in cold regions

as well as in areas with large daily temperature fluctuation. TSRST me#soiilized to evaluate

the low temperature cracking in asphalt pavement by many researchers. To estimate the low
temperature cracking performanceHiMA mixtures considering silstorage time, TSRST was
conducted at CPATT using MTS devic&idure 3-12), according to AASTHO THO0-93
specification, Standard Test Method for Thermal Stress Restrained Specimen Tensile Strength.
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Thermoset DS-80 epoxy

Cut saw specimen

2 extensometers at
180°intervals

Figure 3-12MTS loading farm with TSRST setup

Three rectangular test specimens (50mm x 50mm x 250mem®prepared for 0, 8, 12, and 24
hour silo samples for both HR and HL-8. Each specimewere glued to two aluminium end
platens with thermoset D80 epoxy.The epoxy bond is allowed to cure for at least 6 hours prior
to conditioning the test specimen at 5°C in the CPATT Mb% environmental test chamber for
3 hours. Actual testing is performed at a constant cooling rate of 10T@total number of the
tested rutting samples is 42.

Rutting test:

The rutting test was conducted in the CPATT (Centre for Pavement and Transportation
Technology) lab to evaluate the rutting resistance of different hiMes The test was carried

out according to AASHTO T 32a4, Hamburg WheeTrack Testing of compacted asphalikes

The test setup for rutting test is shownFigure 3-13. Quadruplicate @150x63H mm cylinder
specimens were uséor each run for 0, 8, 12, and-Pur silo samples for both HB and HIL-8.

The specimens were tested in wet condition by using solid steel wheels. The test was carried out
at the temperature of 50eC. An LVDTressovof ce wa
the wheel (rutting depth). The permanent deformation of specimens was monitored and measured
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at least every 400 passes using a data acquisition syBtentotal number of the tested rutting

samples i$6.

705 N weight load

LvDT

Submerged specimen

Figure 3-13CPATT Hamburg Wheel Tracking Device

Flexural beam fatigue test:

The fourpoint bending fatigue test was used to determine the fatigue life of different HMA
mixtures. The test setup is entirely comptdentrolled and consists ofl@ad frame, a closeldop

control, and data acquisition system, as showrrigure 3-14. The test was carried out in
accordance with the AASHTO T 3Zdr oc ed ur e DeMmninihgothe Fdtigue Life of
Compacted HeMi x Asphal t ( HMA) Subjected to Repeat
380Lx63Wx50H mm beam specimens were used in this test for 0, 8, 12,-andra4o samples

for both HL-3 and HIL-8 from both plantsin a ur-point bending frame, the test beams was
subjected to repeated flexural loading at a loading frequeiity Hz. The deflection level (strain

level) was selected to allow the specimen undergo a minimum of 10,000 load cycles before its
stiffness is redusd to, at least, 50% of the initial stiffness. The initial stiffngasestimated by
applying 50 load cycles at a constant strain level of 280, 400, an&00 pum/m. The test was

performed at a temperature of 20ecC.
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I LVDT measuring deflection

| 8 clamping fixture |

| Saw cut specimen |

Figure 3-14 CPATT Repeated Flexural Fatigue Bending Test Setup

It is worth mentioning here thamore thanl68 fatigue samples were prepared for the fatigue
testing. This is after taking into consideration the desirable air void domtgsie 3-4 shows the

number of samples prepared for the fatigue testing.

Table 3-4 Total number of the tested fatigue saples

Mix # of strain levels | # of tested silestorage samples| # of replicates Total
1HL-3 4 3 3 36
1HL-8 4 3 3 36
2HL-3 4 4 3 48
2HL-8 4 4 3 48

Total = 168

The results were then analysed using the classical method with the criteria offtatigee
Nf 50% (WOHLER curve) as shown Figure3-15. In this methodgs is the main criterion which
represents the strain level that leads to failure after one mifides: The higher the value &,

the higher the fatigue resistance of the asphalt mix. Bodind the complex (Stiffness) modulus
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are used in some Empirical Mechanistic Pavement Design Methods to determine the thickness of

asphalt layers

1000
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Figure 3-15WOHLER (or fatigue) curve and determination of "G"

3.5 ANOVA Statistical Analysis

Analysis of Variance (ANOVA) approach was used in order to conduct a statstadgsis on the

effect of silastorage time on the RAPIMA properties and performance. ANOVA is a statistical

tool used for determining the relative difference between means for different data sets. A single
factor ANOVA was carried out with the data of all samples with different tineevals (0, 8, 12,

24hou) . The significance | evel (U) or confidenc
which the differencdvariability) in the variables is unlikely to have arisen by chance. A 95%
confidence | evel ( Ustudy. AOnulDhypothesisa (§l is pasredl dvithian t h e
alternative hypothesis@d t o exami ne the variability of the
does not reject the null hypot hesis then perf
null hypothess is rejected. Montgomery notdflat two types of errors aréely with these
hypothesegMontgomery et al., 2009)These include:(1) Type lerror where null hypothesis

rejected when it is true and (2ype Il error where null hypothesis is accepted when it is false.
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The hypothesis testing was carried out on the assumption that the null higoGtbemixeswith

longer silestorage time) will perform better than gewith shorter or without sHstorage.

The Ftest considers the variability in terms of the sum of squamesideringhe different source
of variation. The sum of squares (§8yorsto be geater when the null hypothesis is not true
hence SS have to be statistically independent for-tistRbution under null hypothesis to follow.
F-value was calculated as showrEquation3-1.

Equation 3-1
OO WO & YO R O QB a0 Qi SIWQL Q
Where: S2 is the variance of either control or alternative mixes.

If the Fealculated™ Feritical, the Ho is rejected concluding that there were contrasts in the HMA mixes
and it is in favor of the alternative mix. On the other hand, if Emscd;; a weak conclusion could

be drawn or indicates lack of statistical significant evidens@@tion(Montgomery et al., 2009)

In this case the control and alternative. mixes with and without siletorage)variables are

statistically observed to be consistent with each athdrperform the same
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4 Asphalt Binder Testing Analysisand Discussion
This chapter focuses on the microstructure analysis of virgin, oxidized, blended asphalabohder
blending zonesinder ESEMIn addition, thecharacterizingf thecorresponding rheological and
physicochemicaproperties of the recoverddnder from the collected mixesere analyzedat

Sarnia Technology Application and Research Center of Impg@ilidtd, Ontario, Canada

4.1 Environmental Scanning Electron Microscope(ESEM)

4.1.1 ESEM Sample Preparation
Three set of samples were prepacele tested under ESEM. The preparation protocol of each set

is explained in details below.

4.1.1.1 Virgin and OxidizedSamples

Following a type of heatasting method, both virgin and oxidized binders were softened by heating
them in an oven for approximately 1h at 110°C inside covered containers in ordered to avoid their
oxidization and contamination during the process. Apprakéty 0.1 g was transferred from the
containers into the sample holder with a spatula. The sampling was conducted under a fume hood
to reduce the contamination of the sample by dust, which can happen very easily due to the sticky
nature of asphalt cemefMlikhailenko, 2015) The sample holder was placed on a heater at 120°C

for approximately 10s to flatten the sample and stored in covered plastic containers in a cooler with

an electric fan to maintaim constantemperaturg¢8°C).

4.1.1.2 BlendedSamples

Virgin and oxidized bindersvere softened by heating them in an oven for approximately 1h at
110°C inside covered containers in ordemimimize their oxidation during the heating process.
They were then mixed at ratios of 25/75, 50/50 and 75/25 in containers, and then rehddied for
minutesto be softened again. After that, they were stirred by spatulanfondtea t 1 tQet C
isotropic mixtures. Approximately 0.1g was poured from the containers into the sample holders
using a spatula. The sample holder was placed on a hea#)°C for approximately 10s to flatten

the sample. Afterward, the samples were stored in the cooler for 19hrs.

4.1.1.3 Blending Zone at the Interface of the Aged and Virgin Binder
Both virgin and oxidized binders were softened by heating them in an ovapgiaximately 1h
at 110°C inside covered containers in ordered to avoid their oxidization and contamination during

the heating process. Approximately 0.1 g of each binder was transferred from the containers into
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the sample holder with the divider using@atila. The sampling was conducted under a fume
hood. The sample holder was placed on a heater at 120°C for appedyxidd to flatten the
sample Afterward, the divider was removed to allow blending between the two binders. Then, the
samples were put @covered container and stored at the required condoning time and temperature
as specified imable4-1. In addition the sample preparation for the blending zones sesrguie

illustrated inFigure4-1.

Table 4-1 Conditioning time and temperature of the asphalt binder samples

Temperature (°C) Comments Storage Conditioning Time (hours)

25 Room temperature Fume hood 8,12, and 24

60 Intermediate temperature Oven 8 and 12
Temperature at which the virgin binder is

90 Oven 8 and 12
workable
Temperature at which the aged binder is

120 Oven 8 and 12
workable

Virgin and oxidized asphalt binder Softening the binders by Pouring 0.1 gm

heating them in the oven from each binder to
at 110 °C for 1hr the sample holder

) Moving the covered Keeping the samples

| Asphalt sample under ESEM | Sk halles 1 I in_the
the lab for testing oven at the required

time and temperature

Figure 4-1 lllustrates the preparation procedure for ESEM samples
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4.1.2 Image processing

The resultant ESEM images were processed using MATLAB to measure the fibril size. The

developed code of fibril size measurement is shovifiigare4-2 below.The image receed from

the ESEM is a result of the interaction of the electron beam with the sample. Due to the interaction

with the primary electron beam, tlsecondaryelectrons(SE) are released by the sample and

interpret the sample topography. Two types of sigmalsensed with ESEM; the backscattered

electrons (BSE) and the secondary electron (SE). However, SE mode was found to give a clearer

image than BSE modé&his is due to the fact th&8E modeis able to reveal more of the

morphology, whereas the BSE moddetter for designating differences in elemental composition

(Milani et al., 2007.

clear
clc

geshi={"#*.dcm", 'Dicom image (*.dcm)';...
¥ _bmp', ‘Bitmap image (*.bmp)’;...
'* Jipg',"JPEG image (*.jpg)’;...

FileFullName=strcat(FilePath,FileName);
if w~ischar(FileFullName)
FileFullName=FileFullName([2:end 1])';
end
else
return;
end

Img = imread(FileFullName);
figure, imshow(Img)

[x,y] = ginput(2)

stand_value = input(‘please input the true value: ")

pixel value_stand = abs(x(2)-x(1))

result = zeros(8,2);

for 1 = 1:4

[x,y] = ginput(2);

Diameter_pixel = sqri((x(1)-x(2))"2+(y(1)-y(2))"2);

Diameter true = Diameter pixel*stand value/pixel value stand

result(i,:) = [Diameter_pixel Diameter_true];

end

Figure 4-2 The developed MATLAB code for fibril size measurement
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Saturate, Aromatic, Resin and Asphaltene are the faim fraction of the asphalt binder.
The fibril microstructure of the asphalt binder under ESEM is likely a combination of these
fractions, most likely the asphaltenes and the resins. It should be noted that ESEM images are
formed after the upper surfaceéa oil (Saturate and Aromatic) are removed by the electron beam
of the ESEM (Rozeveld et al., 1997).

4.1.3 ESEM Results

4.1.3.1 Virgin Asphalt Binder

Straight run virgin bindelPG58-28 wasobserved inside the ESENIhe preparation dhis sample

was previously explagd inpart(4.1.1.1)of this chapterUnder ESEM, it took approximately 10

15 secondfor the binder to go from flat and featureless to having a visible fibril structure and took
another 30s to stabilize. The structure was visible in Batbkscatteredlectron (BSE)and
Secondary ElectronSE) modes Figure4-3). A magnification of 1000x was found to provide a

good overall view of the structure. The fibril size was relatively large at arou@ s, but the
structure itself was relatively sparse. Bthe SE and BSE modes provided a clear image, but the

SE mode image showed more depth. The structure was consistent throughout the sample and the
fibril was similar to that found for unaged straight run asphalt bind@Razeveld et al., 1997,

Stangl et al., 2006)s they also found relagly large and sparse fibrils.

Figure 4-3 ESEM Images of 5828 binder with SE (left) and BSE (right) modes at 1000x

magnification
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The sample holder was adequate for theérnigsThe quantity of bindefapproximately0.1g) did

not appear to pose a problem for the ESEM. It is worth noting that the height of the handle did
require the beam source to be 20 mm away from the surface of the sample as opposed to the
standard 10 mm, although this did not appedre detrimental to the analysis. Additionally, there

was a significant presence of dust in some parts of the sample, indicating that the sample
preparation could be improved especially during handling the sample from the fume hood to the

cooler.

4.1.3.2 AsphaltBinder Oxidation

The preparation of the oxidized binder was explained previonggrt (4.1.1.1) othis chaoter.

In order to determine the validity of the analysis metltloel,oxidizedasphalt binder sample was
compared tohe virginone. The resultingnages shown inFigure4-4, clearlyshowed an evolution
in the fibril structure. As observed ifrozeveld et al., 1997; Stangl et &006)afteraging, the
size ofthe fibrils became smaller{B0 um) and the structudeecame denseandintertwined The

fibrils also appears to be much more perpendicular and organized.

mode | mag @ | det HV ] S0 um e |mag [ 50 pim ———
SE | 1000 x |LFD 20.00 kV| HM-FD > 0! HM-FD

Figure 4-4 ESEM Images of oxidized 5828 binder with SE (left) and BSE (right) modes at 1000x

magnification

Although the ESEM images observed in this research is produced by the electron beam,
the modification of the structure shows an evolution in the binder miscotistruMoreover, the
evolution of the sucture into adense and connected network of fibrils is consistent with the

physical binder hardening observed during oxidatianand Isacsson, 2002¢etersen, 2009 he
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change in the structure indeed resemblesase molecular associatifire Guern et al., 2010)t

is worthrecappinghere that the fibril sizes were measured using MATLAB.

4.1.3.3 BlendedSamples

The three blended samples were prepared as explained in part (4.1.1.2) in this chapter to be
examined under ESEMhis part summarizes the evaluation of the binder structure under SE mode
imagesregarding different binder rations. Approximately it tak15 seconds for the binder to
change from flat and featurelestsuctureto having a visible fibfistructure and took another 30
secondgo stabilize inthe threetestedsamplesThe samples are labeled as showTatle 4-2

below.

Table 4-2 The blendedsamples tested under ESEM

Label | %Virgin binder content | %Oxidized binder content

Bl 75 25
B2 50 50
B3 25 75

B1 sampleterdedto have relatively comparable fibril size and shape to that of virgin binder

(Figure4-3). Figure4-5 belowshows the microstructure of Rthder ESEM.

—iy AL

4/2016 | mode mag [ HV WD HFW 40 um
:52:08 AM| SE | 1000 x [20.00 kV[21.2 mm| 127 pm 250XY1

Figure 4-5 B1 blending sample under ESEM
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Due to the high percentage of virgin bind@éb%), sample Blshowedrelatively similar
microstructure to the virgin binder. Since there is a partial interaction in the properties of the two
binders, the effeadf oxidized binder appears slightly in the organization and size of the fibrils.
Hence, the 75% ahe virgin binder dominatethe overall structure of the blendesmple.Yet,
fibrils in B1 image are more organized, connected, and relatively sraallempared with the

virgin bindet

On the other hand, the structureB&sample, 50% virgin binder and 50% oxidized binder,
showedproperties in between parent materi@gsgin and oxidized binders)ibril size appears
smaller than the virgin's and largban the oxidized's with approximately-20 um. Fibril shape
looksmore connected and denglean the virgin sample; however, it is still unorganizederall,
the propemmi xi ng temper at ur e (Eflthe GlenGed samplaksultsiinamne (1

isotropic blended sampl&igure4-6 shows the microstructuid the B2sample under ESEM.

] S b e
5/24/2016 |mode|mag B | HV | WD | HFW
11:24:46 AM| SE |1 000 x [20.00 kV|16.3 mm| 127 um 50XY1

Figure 4-6 B2 blending sample under ESEM

Looking at the strucire of 786 oxidized 234 virgin blended binde(B3) shown inFigure
4-7, fibril shape tends to appear perpendicular androrgd, similar to that of oxidized binder

sample. Yet, the fibril size looks large-16 pum) comparing with the oxidized sample.
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5/24/2016 |m ag HV WD | HFW
11:47:40 AM| SE | 1000 x |20.00 kV|18.8 mm| 127 um 750XY1

Figure 4-7 B3 blending sample under ESEM

As a result of using 75% of oxidid binder in sampl®3, fibril structure looks more
organized, systematic, perpendicular, and well connected. However, there is still a big leap in terms
of the size and shafetween samplB3 andthe oxidized binderKigure4-4). Overall, the proper
mi xing temperature (110 C) makeneden the small pércentage n )
of virgin binder(25%)affectsthe structure of the sample.

4.1.3.4 Blending Zoneat the Interface of the Aged andixgin Binder

As mentioned previously in part (4.1.1.3ppaoximately 0.1 g of eackirgin and oxidizedinder
was transferred into the sample holder with the divider using a spatwdadivider was then
removed to allow théwo binders to blend over different conditioning time and temperatures.

The blending zone was not fou(uhder ESEMAat the interface of aged and vir@sphalt
binder even after 2doursconditioning at 25 °C. This indicated that the room temperatureotas
sufficient to bring the two binders tontactand blend even over a long period of time. The images
in Figure4-8 show the unblended aged and virgin binders. Theageefibril sizes are 14.9 um

and6 um for the virgin and oxidized binders, respectively.
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Figure 4-8 ESEM images of virgin binder (left) and oxidized binder (right)

Figure4-9 andFigure4-10show the evolution otie blending zone after 8 and-th@urin the oven
at 60 °C. These inages clearly show the spatial evolvement in the microstructure of the blending
zone in terms of fibrils size and their distributions with the increase of conditioningRonthe

8-hour conditioning at 60 °C, the binders are blended partially at thiéaicé@s shown irFigure
4-9.

7/23/2018

0:36:46 AM| SE | 1000 x |20.00 kV|11.7 mm

Figure 4-9 ESEM images of the blended zonfor 8hrs sampleat 60 °C
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On the other hand,leette blending is observed after-tdurconditioning timeat 60 °C The fibril
structure ignore organized and intertwined as showiigure4-10. The average fibriliges of

the binder are 10.8m and 9.1 pm for the 8 and t®urssamples, respectively.

8 mndermag o] i \' WD |
M| SE | 1000 x20.00 kV|8.9 mm

2 Lk

Figure 4-10 ESEM images of the blended zonfor 12hrs sample60 °C

For the 90 °C samples, the microstructure of blending zones @pear to be oxidizedThe
blending zone of the-Bour sample seems to have similar microstructure as compared with the

oxidized samples at 25 °C witllightly largeraverage fibril size of 7.1 pras showrin Figure

4-11.

61



mode | mag & HV WD
SE 1163 x[20.00 kV|11.5 mm

Figure 4-11 ESEM images of the blended zonfr 8hrs sampleat 90 °C

On the other hand, the blending zone of thénd@@rsample(Figure4-12) has an average fibril size
of 2.7 um which is smaller than the fibril size of the oxidized sample at 25 °C.

Figure 4-12ESEM images of the blended zonfor 12hrs sampleat 90 °C

For the 120 °C samples, the microstructure of the blending zpmsarso be significantly
oxidized due to higheexposuregemperature. The microstructure appearbeovirtually denser
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after 12-hour conditioning. The average fibril sizes of the blending zatdeke 8hourand 12

hoursamples ar&.7 um and 0.5 pprespectivelyas shown irFigure4-13 andFigure4-14.

g -

-~
[
5
3

¥ M2
AR
50 um

R !

Figure 4-14 ESEM images of the blended zontr 12 hrs samplesat 120 °C

Overall, it was observed that for a small sample size (0.2 gm),lgending happened after 12
hourstorage at 60C. Henceit can be said that a responsible increase in the conditioning time and

temperature significantly impacts the blending process between aged and virgirHuneéser,
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the microstructure images show that the aging dominates after increasing the teraperatur
certain level As the reaction of oxygen with the asphalt bintd&ds to aging, conductirtese
tests under oxygefree environment while conditioninggould significantly minimizebinder
aging.Consequently, a better comparison between of thegssits obtained from ESEM images

and results of the recovered asphalt binder testing wouddaven

4.2 Binder Characterization
All binder characterizationwere conducted at Sarnia Technology Application and Research

Center of Imperial Oil Ltd, Ontario,&ada

Binders extracted from mes collected at different sistorage times were examined for
their high temperature PG (HTPG) and low temperature PG (LTPG) performance. This
performance was then compared with utilized virgin binders and RAP for eachndipresented
Figure4-15 and Figure4-16. This comparison helps tracking evolutiohproduced mix during
storage and whether any aging of the binder occurs during storage.

Data inFigure4-15indicates that both surface (F8) and base (H8) samples from Plant
1 did not experience a significant hardening withirhb2r of silostorage, i.e. the variations in
HTPG are within expected sampling, binder extraction and Superpave performancmessess
variations. On the other hand, the-dur stored base sample from Plant 1 is showing a trend

towards additional hardening.

In case of Plant 2, the surface (#3).course samples behaved similarly to those of Plant 1
samples, the HTPG changed varidigit associated with sampling, extraction and Superpave tests.
Furthermore, the increase in HTPG between 12 axdtbd4 are minimal. However, the base course
(HL-8) appears to have a very different binder behavior as a function &ft@ibme time. The
increase in HTPG spanned about a grade between 0 dmalid &orage. Furthermore, the increase
from 12 to 24hour storage was very drastic. The HTPG of the basho@# sample was
comparable to that of recovered RAP binder in Plant 2, indicating thaasleecburse experienced
a relatively severe aging during sétorageTo examine the nature of any observed aging, samples
were analyzed for their SARA composition (i.e. saturates, aromatics, resins and asphaltene
content).By looking at the constituent fiers, it was noticed that the PG-32 binder used in
Plant 2 is softer than the one used in Plant 1. The unusual softness of this binder was further

investigated through compositional analysis.
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Plant 1 Plant 2
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Figure 4-15 High temperature PG of source and extracted binders foall HL -3 and HL-8

Low temperature PG performance (LTPGatifthe tested samplese presented iRigure4-16.
Combining HTPG and LTPG of virgin binders utilized for surfaces-@)imixes, it is evident that

the PG 588 binder used in both plants were very similar. Evolution in LTPG of produced mix
was less than Iifaa grade over silkstorage time for both phds. In case of base (HR) mixes, the

virgin binder from Plant 2 was more than half a grade softer than the virgin binder used in Plant 1.
While the starting LTPG of produced base mixes were very similar, Plant 1 LTPG staypsd alm
the same after Bour, while Plant 2 sample & about half a grade. After 2¥burs of storage,
however, the produced mixes ended up around a similar LTPG value within resolution of test
methods. Nevertheless, similar -bdur LTPG for a virgin binder with softer grade could be
indicative of additional aging experienced during storage time, consistent with HTPG behavior
above.
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Plant 1 Plant 2
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Figure 4-16 Low temperature PG of source ancextracted binders forall HL -3 and HL-8

Figure4-17 presents the results of SARD analysis.SAR-AD analysis of virgin and recovered
RAP binders from Plants 1 and 2 gmeesented in the top paned$ the figure Compositional
evolution of HL-3 and HL-8 from Plants 1 and 2 are presented in middle and bottom panels,

respectively.
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Figure 4-17 SAR-AD analysisfor all the tested asphalt binder

Data suggest that the PG-88 virgin binders and the extracted RAP binders from the two
plants have a very similar chemical nature. However, differences are observed between virgin PG
52-34 binders from the two plantshib difference is mainly in the paraffinic components of the
two virgin bindersFigure shows that Plant 2 virgin PG-82 has 13% higher content of the oil
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fraction (Saturates) and 23% lower content of the heavy fraction (Asphaltenes) than the one of

Plart 2. These differences indicate the presence of the softener in Plant 233G 52

mPlant 1 BPlant 2

50
e Del
g 40
©
o 30
o
2 20
o
10 3
e I N =
O i ol

Saturates Aromatics Resins Asphaltenes
Fractions of PG 5234

Figure 4-18 Comparison of virgin PG 5234 of Plant 1 and Plant 2

Examining the silestored samples, SARD data suggest thahe surface and cose samples
stored at O and 1Bour in Plant 1 have almost identical chemisifgt, with the baseourses of
24-hour samplendicatingan increase in asphaltene content supporting the observed hardening in
Figure4-15 andFigure4-16. Surface (HE3) samples from Plant 2 present a similar behavior to
that of Plant 1 icomposition with time. In contrast, base course-@Jlfrom Plant 2 point to
gradual increase in heavier components, i.e. resins and asphaltenes, directionally supporting the
observed hardening iRrigure4-15 andFigure4-16. A comparison of the asphaltenes contant

the extracted binder from the s#tored mixes is presented kigure4-19. As shown inFigure

4-19, the asphaltenes content of the 28lmixes significantly increased with the increase of silo
storage time. This additional hardenoauld potentially be due to oxidatioThe extracted binder

from 24-hourof 2HL-8 had23% more asphaltenes than thiedur 2HL-8. Thesefindings support

the presence of binder softenewhich result in deteriorating impacts aging of binders during

silo-storage
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Figure 4-19 Asphaltenes content of the extracted binder from the sitstored mixes

Fourfractionsof the asphalt bindehat are separated by SARXD areshown inFigure4-20.

L
Asphaltene Paraffinic Aromatics Napthene Aromatics Saturates1

Figure 4-20 Asphalt binder components from SARA analysis

4.3 Summary of the Results
This chapter presented the laboratory results on the use of the Environmental Scanning Electron

Microscope for the observation of asphalt binder microstructure. The following conclusions have

been drawn:

1 The binder preparation technigiee ESEM testingvas adequate, and the sample hader

wereeasy to use, handle, and clebmaddition the divider blending mould design proved
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beneficial in the evaluation of the interactionttoé two the bindergvirgin and oxidized)

These sample mouldgere designed and fabricated at CPATT.

The fibril size of the virgin binder tends to be relatively large at arous016n; however,

the structure is relatively sparse, and the fibrils intersect each Gtiméne other handhé

fibril size of the oxideed binder are smailt than that of virgin binder {60 um), and the
structure also appears to be much more perpendicular, dense, connected, interviewed, and
organized.The more the oxidized binder in the blending sample, the denser, smaller, and
more orgaized fibrils are observed.

As observed from the ESEM images, the blending between aged and virgin binder is highly
impacted by the storage time and temperaflines is inanagreement with Arrhenius law

which states that diffusion rate increases witl@asing temperature.

Conducting ESEM tests under oxygeee environment while conditioning would

significantly minimize binder aging.

Overall, development of innovative asphalt binder characterization approach using the
ESEMwas achieved in this studinstead of the visual traditional method, a MATLAB
code was developed to accurately measurélihésize and efficiently detect the change
in the microstructure of thielending zonest the interface of the aged and virgindess

with the change in theonditioning time and temperature.

The data obtained from the rheological analysis of the binders suggedie ttauet frame
required for diffusion to progress towamsmpletion was around B2 hourdor the mixes
examined in this work, which is very close to that of estimated by labowatodyced
mixes by Kriz et al(Kriz et al., 2014)

For the base course mixes from Plant 2, tiesgnce of binder softeners, compared to softer
grades manufactured from straight run binders, epaew mix formulation might result

in deteriorating impactsn aging of binders during sHstorage.
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5 HMA Performance Testing Analysis and Discussion
Using RAP in HMA is a sustainable alternative to virgin materials because it reduces the need for
new asphalt binder and virgin aggregates for the production of asphalt paving miEiuney,
1993) Therefore, the demand to use higher percentages of reclaimed asphalt pavement in the
production of hot mix asphalt pavements has increased in the ladetadegCopeland, 2011)
However the rheological behavior of the aged binder differs from the virgin binder due to the
gradual loss of some of its components during the pavement construction process and over the
service life of pavenms. In order to improve the overall performance of the asphalt mix with
RAP, it would be beneficialo enhance the blending between old and new bindsrexplained
before, extended sHstorage time would contribute to a better blendirgide, irthis chapter, the
thermoemechanical behaviowf theRAP-HMA with respect to differergilo-storage time utilizing
different performanceests are discussed in details. In addition, ANOVA test was carried out to

examine the statistical significance of thésdings

5.1 Volumetric Properties

As the rutting test of HMA have a close relationship with the percentage afrtiieids in the

asphalt mixFontes et al., 2010; Seo Youngguk et al., 20@Particular attention was given to air

void contents in the tested samples. For the rutting test, all samples were intentionally compacted
to a target of 7 £ 0.3 percent air content which is nerahat the 7 + 1 percent specified by
AASHTO. This is because the main focus of this studg examine the influence of sikiorage

and eliminate the influence of air voids cemit on the rutting resistanceable5-1 summarizes the

air void content values for all the tested samples for the rutting. For the Fatigue, TSRST and
Dynamic Modulus testing, the samples were compacted to 7 = 1 percent air void coming down to
5 £ 0.3 percent aftezoring andsaw cuttingAs the sampling of both HB and HL-8 from Plant 1

of 24 hours in the silstorage was napplicable it was referred to it as N/A in the table below.
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Table 5-1 Air void content of all the tested materials for rutting test

. Storage time Air ' Storage time Air
Mix type ) Mix Type ]
(hours) Voids (hours) Voids
7.10% 7.10%
6.99% 7.14%
0 0
7.10% 7.00%
7.08% 7.13%
6.88% 6.50%
6.69% 6.97%
8 8
6.99% 7.00%
7.00% 7.00%
1HL-3 2HL-3
7.20% 6.80%
7.11% 6.76%
12 12
7.12% 6.83%
7.00% 6.79%
N/A 7.00%
N/A 7.11%
24 24
N/A 7.15%
N/A 7.15%
6.78% 7.20%
6.85% 7.22%
0 0
6.90% 7.34%
6.90% 7.36%
1HL-8 7.10% 2HL-8 7.00%
7.03% 7.00%
8 8
7.00% 7.13%
7.20% 7.20%
12 7.10% 12 6.87%
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7.13% 6.77%
7.13% 6.69%
7.14% 6.91%
N/A 7.14%
N/A 7.16%
24 24
N/A 7.11%
N/A 7.00%
mOhrs m8hrs m12hrs O24hrs mOhrs m8hrs @12hrs O24hrs
54 54
53 53
52 T 52
< 51 < 51
> Iel i >
50 50 g
1 HL-3 2 HL-3 1 HL-8 2 HL-8
Mix Type Mix Type

Figure5-1 andFigure5-2 illustratethe measured void in mineral aggregate (VMA) and itled -
with asphalt (VFA) contents of asphatixes with respect to the sikiorage tne. It is observed
that as silestorage time increases, VMA decreases while VFA increases. This observation is

consistent among all the tested samples from both Plantl an@Plant
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mOhrs m8hrs @12hrs O24hrs mOhrs m8hrs ©12hrs O24hrs
54 54
53 53
52 e 52
T s1 T 51
> Iel i >
50 50
49 49
48 & : 48 H
1 HL-3 2 HL-3
Mix Type Mix Type

Figure 5-1 Effect of silo-storage time onVFA for (left) HL -3 and (right) HL -8 mixes

BmOhrs m8hrs =12hrs O24hrs mOhrs m8hrs B112hrs O24hrs
15.80 15.80
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15.00 15.00 - ]
X . X .
g 14.60 g 14.60
= =
> 14.20 - = > 14.20
13.80 H 13.80
13.40 ] 3t 13.40 3t
1 HL-8 2 HL-8 1 HL-3 2 HL-3
Mix Type Mix Type

Figure 5-2 Effect of silo-storage time on VMAfor (left) HL -3 and(right) HL -8 mixes

One should note hetbe decrese in VMA value for virgin HMAwas also observed in a
previous studyChadbourn et al., 1999}t was determined that the manufacturing temperature
playing a key role in the reduction of the viscosity of thehalt binder, hence further absorption
of the binder by aggregates is followed. Further absorption of the asphalt binder would result in
VMA reduction(Chadbourn et al., 1999 the present case, given that RAP aggregates have been

through absorption process before, absorption may not essentially be a dominating factor in the
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observed changes in volumetric propert{€sgure 51). Therefore evolution of volumetric

properties in the present mix samples can then point to changes in RAP binder rble. At

beginning of production (@our storage), RAP actgllya s f

this stage,

mi

X

toted bindest gpmtemtanfrthe id is ryotat ita feinctiorking level.

I | er

or

a

o0bl

This behavior leads to relatively higher VMA and lower VFA confentthe Ghour samples

However, @ RAP mix gets heated during production, and is kept heated during stb4@gdet7

ack

°C), its binder content becomes more fluid and active. This activation of RAP binder helps the

diffusion with the added virgin binder to progress further. As more RAP binder diffuses with the

virgin binder, it contribution as a filler decreases and binder cbofemix increases, i.e. final

binder blend approaches its full functional level. As a result, a gradual decrease in VMA and

increase in VFA would be expectedConsequently, the effective binder volurf\&,) slightly

increases in the migawith the increse of the silestorage time as shovim Figure5-3 andFigure

5-4. One thing to note is that the effective binder volume in the mix depends considerably on the

virgin binder content, RAP content, and aggregate gradation. Hence, both base course mixes

exhibited lower \beas compared with the surface course mixes from both Plant 1 and Plant 2. This

is due to the fact that the base course mixes have lower virgin binder content, higher RAP content,

and larger NMAS.

8.40
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8.00

Vbe

7.80

7.60

7.40

mOhrs m8hrs @12hrs O24hrs

1 HL-3

Mix Type

2 HL-3

Figure 5-3 Effect of silo-storage time on the \.for HL -3 mixes
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Figure 5-4 Effect of silo-storage time on the \.for HL -8 mixes

It is worth mentioning here thaté time it takes binders to diffuse cd@pend on binder
thickness, aggregapropertiesand plant processes such as preheating RAP aggregates as well as

mixing and storage temperatures.

To assess whether the results obtained from the tests are statistically significant, Variance
(ANOVA)single f actor analysis was conducted. A 95%
the volumetric properties,thenhlly p ot hesi s wasorage timedoes aos dffectghes i | o
VMA% valuesd whereas t he al t €bleb®tcanfines thhtyhp ot he s

effect of increasing silo time on both VMA% values are statistically significant.

Table 5-2 ANOVA for VMA values

Mix Type F P-value | Fcritical Remark

1HL-3 [3863.364.67E10[ 5.14 | statistically significan

1HL-8 [2793.441.23E09| 5.14 | statistically significan

2HL-3 | 124.23|4.76E07| 4.07 | statistically significan

2HL-8 |1246.575.11E11| 4.07 | statisticallysignificant

5.2 Dynamic Modulus Test Results
Master curves for all the collected samples were developed with @& a reference temperature.

For Plant 1 and Plant 2 mixes, the master curve for each silo time indicates that complex modulus
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of HL-3 sample<ollected between 0 andhbur do not differ significantly as shown in Figure 5
2. Hence, this would indicate that there was no camable effect of a-fiour silestorage on the
rheology of this mixture. Each panel presents evolution of |E*| versuseckfiaquency as a
function of silestorage durationAs observed irFigure 5-5, the change in behavior is more
prominent in case of base courses comparel sutface ones. It is worth reminding that base

courses had higher RAP content compared to surface courses, i.e. 30% and 40% for Plant 1 and

Plant 2, respectively.
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Figure 5-5 Master curve of HL-3 and HL-8 for all mixes

An additional feature in the data is the onset time of behavioral change in master curves. It
seems that for the surface course from Plant 1, with lowest RAP content of 15%, the mix started

to manifes blending progress at around-four (the difference between 8 and-H&ur are
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neglectable). However, when the RAP content increased to 20% and thieawgacof blending
started to manifest between 8 toHidurs. As it is difficult to visualize the differencestaesen the
samples in the lotpg master curvemodulus ratiovasused to better repsent the influence of
the silestorage on the stiffnesBach ratio value represents the stiffness of the mix without silo
storage (called EO) divided by the stiffsefthe mix with 12hour silestorage for both Hi3 and
HL-8 (called E12)Figure5-6 andFigure5-7 clearly show that the complex modulus valte O-

hour storage is two times higherah that of 1zhour in the silestorage for 1HL3 and 2HL-3
mixes.
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Figure 5-6 Modulus Ratio Values (EOQ/E12) of 1HL3 mixes
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Figure 5-7 Modulus Ratio Values (EOQ/E12) oRPHL -3 mixes

For the baseourse mixesapproximatelgyhe complex modulus value foflburstoragdas
1.6 and 3.3 times higherah that of 1zhour in the silestorage for 1HE8 and 2HL-8 mixes,

respectivelyas shown irfFigure5-8 andFigure5-9, respectively.
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Figure 5-8 Modulus Ratio Values (EO/E12) oflHL -8 mixes

79



2HL-8
3.50

3.00

25

o

m25Hz
m10Hz
m5Hz

1Hz
m05Hz
III II m0.1Hz
-10 4 21 37 54

Temperature (AC)

2.0

o

15

Modulus Ratio (EO/E12)
o

1.0

o

0.5

o

0.0

o

Figure 5-9 Modulus Ratio Values (EO/E12) oPHL -8 mixes

A general observation ¢figure5-6 - Figure5-9 indicate that the modulus ratwaluesfor
the collectednixesareless than 1 at low temperaturd@ °C). One possible explanation of this
observation is thahe blending at ®our silostorage time is minimal, hence, the virgin binder
takes over more of the deformatiaiuring the compressive loadiaglow temperaturesiowever
the blended binder, which is stiffer than the virginder, is not activated at low temperature.
Consequentlythe stiffness of thé-hour mixesis less than the one of 4®ur mixesat low
temperatureOn the hand, more ailable binder througtblending of the 12hour mixes as
compared with the-Bour mixes, plays a rolat higher temperatures of the tessultingin lower
stiffness.

When the 24our silostored surface and base course mixes from Plant 2 were examined
for dynamic modulus, both samples exhibited hardening and elevated stiffness. This behavior
suggests that there may be an optimumsitwage dura&n for each mix design beyond which
hardening occurs. This optimum time appears to be betwé&&rh8urs for the mixes examined in
this field study. Figure5-10 andFigure5-11 show that lhe complex modulus values fof@ur
storage are slightly lower din that of 24ourin the silestorage for both 2H{3 and 2HL-8 mixes.
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5.3 Thermal Cracking Test Results
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Figure 5-11 Modulus Ratio Values (E0/24) oRHL -8 mixes

As the RAP asphalt binder is generally harder than virgin asphalt binder, asphalt mixes with
additional recycled materials could thehow a brittle behaviour at low temperatures and
premature thermal cracking could be exhibited. However, more blendingdretaged and virgin
binder could enhance the thermal cracking behaviour of these riixiele 5-3 reports the test



results in terms of the average maximum stress at which the specimen fails (fracture stress) with

an average corresponding fracture temperature.

A general observation of thesdts is that the values of the standard deviat{&n3) for
fracture temperature ranged from 0.091 °C to 1.3 °C for the tested mixes of plant 1. Whereas the
standard deviations for fracture temperature ranged from 0.03 °C to 0.33 °C for the tested mixes
of plant 2. Theeresults indicate that the mixes showed good repeatability in terms of fracture

temperature.

Table 5-3 Fracture temperature and fracture stress for all the tested mixes

Fracture Temperature (°C) | Fracture Stress (MPa)
_ Silo time
Mix Type Average SD Average SD
(hours)
0 -31.08 1.0 2.00 0.66
1HL-3 8 -31.41 0.52 2.10 0.22
12 -34.93 0.091 1.70 0.5
0 -31.65 0.61 2.80 0.15
1HL-8 8 -32.82 0.92 2.78 0.70
12 -34.99 0.86 2.10 0.19
0 -28.04 0.27 3.36 0.36
8 -29.49 0.33 3.53 0.21
2HL-3
12 -35.48 0.34 2.76 0.32
24 -29.75 0.35 411 0.19
0 -28.25 0.09 3.62 0.26
8 -29.34 0.31 411 0.04
2HL-8
12 -35.90 0.03 3.51 0.16
24 -28.47 0.40 3.58 0.51

The examination of the result®nfirms that the fracture temperature of theodir mix

with PG 5828 bindersurpassethe critical lowtemperaturgrade of the virgin binder by 3.08 °C
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for thesurface mix of plant 11HL-3). For the second surface mix from plangi(-3) the average
fracture temperature wa&8.04 °C which is very close to the critical low temperature grade of
28°C. Whereas botbase mixeslHL-8 and 2HLS8), with thePG 5234 binder,failed to meet the
anticipated-34 °C limit for mix fracture temperature.

In case of fant 1, thefracture temperatures of theh®ur samples of 1H{3 and 1HIL-8
mixes have reache®1.41°C and32.82 °C respectively. Additionally, the fracture temperatures
of the 12hour samples for both mixes have exceeded the critical low grade ofd¢ivehiimders
by 6.93 °C and 0.99 °C respectively. In case of plant 2, the fracture temperatures-bbtihre 8
samples of both 2H3 and 2HL8 mixes have reache®1.41 °C and29.34 °C, respectively.
Moreover, the fracture temperatures of thehd2r sample for both mixes have exceeded the

critical low grade of the virgin binders by 7.48 °C and 1.9 °C respectively.

Although the 8hour silo-storage enhanced the thermal cracking resistance of the mixes,
the fracture temperature for both base course mixes fath asphalt plants failed to meet the
critical low grade of the virgin binders34 °C). In addition, lhe 24hour samples have observed
an increase in their fracture temperature as compared with theutZamples. This is because
the 24hourmixes exlibited an increase in the stiffness that wooddttributed to aging and then
lower thermal cracking performance is observéigure 5-12 below shows the effect of sio

storage time on the fracture temperature of the mixes.
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Figure 5-12 Average fracture temperaure for all the tested mixes

Thereforeit appears that the increased storageime has improved the performance of
the binder whichprimarily controls theéhermal crack resistance of the HMA at low temperatures.
The examinationf the resultshowsthat although thdifference between the results didurand
8-hour do not appear to be significantly different, the results obtairEdbaiur are significantly
different and confirm the trend of the improvement of the critical cracking temperature for all
mixes. Howevg the 24hour mixes exhibiteca higher thermal cracking temperature due to the

negative impact of aging.

Generally, a decrease in the fracture stress was found with the improvement of the thermal
resistance adll HL-3 and HL-8 from both asphalt plantk is also noted that a lower fracture stress
is exhibited for thesurface coursmixescompared to thbase course mixelt was also foundhat
the 12hour samples faall HL-3 and HL-8 mixes from both asphgitantshavethelowestfracture
stress comparing with, 8, and 24our storage mixegigure5-13represents the reduction of the
fracture sress with the increase of sittorage timeHowever,due to the fact that the standard
deviation values for fracture stress were high, it seems that the decrease of the stress is not

significantly different of most of the cases.
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Figure 5-13 Average fracture stress for allthe testedmixes

The examination of the results of the fracture tensile stress showigume 5-13
demonstrated that in general the baserse mixe¢HL-8) showedhigher fracture stressgalues
thanthe surfacecourse mixesHL-3). This is more possibly because 48Llhad leswirgin asphalt
content, more RAP content, and larger Nominal Maximum Aggregate Size (NMASh results
in a stiffer overall mixture. Hjher stiffness mixes could exhibit higher buiid of cracking.
However, it is noted that more silo time has a positive influenadeifracture temperature and
fracture stress dll HL-3 and HL-8 from both asphalt plant3his is due to the improved degree
of blending between aged and virgin binder and greater homogeneity in theewikth higher
storage time. Hypothetically, mobéending would result in increasing the thickness of the film of
the Aefficientd binder on the aggregates and
because the RAP binder had an increased contribution to the efficient asphalt bindeithised w
the mixture, which is a major criterion of the thermal crack initiation in HMA. This would improve
the quality of the HMA and enhance thermal cracking resist&ingeare5-14, Figure5-15, Figure
5-16, andFigure5-17 graphically showthe fracture curve behaviour of 1F8.and 1HL-8 for the

three rglicates of 0 and ®Rour silestorage time.
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Figure 5-14 Fracture curve behavior ofthe three replicates ofLHL-3 Ohrs
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Figure 5-15 Fracture curve behavior of the three replicates of 1HE3 12hrs
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Figure 5-16 Fracture curve behavior ofthe three replicates of 1HL-8 Ohrs
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Figure 5-17 Fracture curve behavior of the three replicates oflHL-8 12hrs

It is worth mentioning that the variability of the test results witlie same mix was due to an
issue with the valve control of the cooling system. However, the final results were not impacted
significantly by this issue. For the Plant 2 mixes, the variability of the test results within the same
mix was less Figure5-18, Figure5-19, Figure5-20, andFigure5-21 graphically show the fracture
curve behaviour of 1H3 and 1HLS8 for the three q@icates of 0 and XRour silestorage time

The fracture curves of the other storage time mixepegsentedn the Appendix.
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Figure 5-18 Fracture curve behavior of the three replicates o2HL-3 Ohrs
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Figure 5-19 Fracture curve behavior of the three replicates oRHL-3 12hrs
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Figure 5-20 Fracture curve behavior of the three replicates of BIL -8 Ohrs
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Figure 5-21 Fracture curve behavior of the three replicates o2HL -8 12hrs

As a final poin the results of th€SRST indicated that the 4®urspecimens had a better
resistance to the thermal ckatg than the ones without sikiorage for both Hi3 and HL-8 due

to more homogenes binder blending for the f&urmixes.
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To statisticallyanalyseghethermal cracking test results, thertuly p ot hesi s was

slo-st orage time does not af fect the ther mal

hypothesis was the oppositEable 5-4 confirms that the effect of increasing silo time on the

thermal cracking temperature of both 3land HL-8 is statistically significant.

Table 5-4 ANOVA for thermal cracking temperature values

Mix Type F P-value | Fcritical Remark
1HL-3 13.55 | 5.96E03| 5.14 | Statistically Significant
1HL-8 55.35 | 1.36E04 | 5.14 | Statistically Significant
2HL-3 308.66 | 1.32E08 | 4.07 | Statistically Significant
2HL-8 592.80| 9.88E10| 4.07 | Statistically Significant

In addition, ANOVA test was carried out to statistically examine the fracture stress results
of all the mixes. Thenuh y pot hesi s wa-sorade timedoes ad affecothe $racture
altérreative aysothdsib was the opposite. As shown i e 5-5, the effect

of the silostorage on both 1HB and 2HL-8 mixes was statistically insignificant. Thisdse to

stressao

the highvariability in the resultdor the both mixesas shown previously ifigure 5-13. The
standard deviation of 1HB mixes reached 0.66 (for then@ur samples)whereas, the standard

deviation of 2HL-8 mixes reached 0.51 (for the 24 hors samples).

Table 5-5 ANOVA for fracture stressvalues

Mix Type F P-value | Fecritical Remark
1HL-3 | 0.569686 0.593573 5.143253 statistically insignificant
1HL-8 | 18.30631] 0.002792 5.143253| statistically significant
2HL-3 11.86798 0.002575| 4.066181  statistically significant
2HL-8 2.53034 | 0.130668| 4.066181| statistically insignificant

5.4 Rutting Test Results

Despite the fact thahe specirens with 8 and Lhour of silestorage exhibited lower complex

Oi

modulus tharD-hour specimens at higher temperatures, the results indicate that these specimens
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tend to demonstrate better resistance to rutting distress for all the tested sadgtemally, the

rutting resistance tends to marginally improve afteth@dr of storage for both the 2 and

2HL-8 mixes. Despite the fact that the spesm® with 8 and IRhour of silestorage exhibited

lower complex modulus tha®xhour specimens at Higr temperatures, the results indicate that
these specimens tend to demonstrate better resistance to rutting distress for all the tested samples.
Additionally, the rutting resistance tends to marginally improve aftérd# of storage for both

the 2HL-3 and 2HL-8 mixes.Table 5-6 reports the rutting depths and the associated standard
deviation(SD) values for all the tested materials.

Table 5-6 Rutting depth results for all the tested mixes

Mix Type = Silo-Storage Time (hrs) Rut Depth (mm) S.D
0 4.0 0.40
1HL-3 8 4.23 0.10
12 4.00 0.44
0 3.79 0.43
1HL-8 8 3.70 0.10
12 3.43 0.33
0 4.15 0.07
8 2.77 0.11

2HL-3
12 2.14 0.02
24 2.03 0.01
0 3.15 0.23
8 2.26 0.09

2HL-8
12 1.76 0.02
24 1.31 0.01

Although the specimns with 8 and IBhour of silo-storage exhibited lower complex
modulus tharD-hour specimens at higher temperatures, the results indicate that these specimens

tend to demonstrate better resistance to rutting distress for all the tested samples. Additionally, the
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rutting resistance tends to marginally improve afteth@dr of storag for both the 2Ht3 and
2HL-8 mixes.

Better blending between the aged and the virgin binders can be the reason for observed
i mpr ovement in rutting resistance. Mai nt ai ned
approxi mat el y 14dangeCinctibation tilhé tgilo €énab®d further biending of
the binders. These conditions probably enabled the virgin binder to have an extended effective

diffusion distance and further engage the RAP binder in the produced mix samples.

As a resul the samfes with higher silestorage time provide slightly better resistance to
permanent deformatiofigure5-22, Figure5-23, Figure5-24, andFigure5-25graphically present
the results of HWTD test for all the testetikes
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Figure 5-22 Hamburg Wheel Track rutting results of 1HL-3
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Figure 5-23Hamburg Wheel Track rutting results of 1HL-8
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Figure 5-24 Hamburg Wheel Track rutting results of 2HL -3
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2HL-8
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Figure 5-25Hamburg Wheel Track rutting results of 2HL -8

Based on the results obtainfm the four tested materials, the HWTD showed that the
rutting resistance of the base course mixture (8Hind 2HL-8) was slightly better than that of
the surface course mixtures (1HLand 2HL3). Although the number of tested materials is
limited, thistrend would be explained by the fact that the RAP contents #8 Hiixtures were
higher than those in HB mixtures, resulting in a stiffer overall mixture and providing better shear
resistance. In addition, the FB.mixtures had a lower asphalt bindentmt and larger Nominal
Maximum Aggregate Size (NMAS) that provides a smaller surface area to be coated by the asphalt
binder. This probably resulted in better adhesion of8Hmixtures in comparison to the Fa
mixtures. Moreover, Hi8 had a softer virgi binder (PG5234) compared to Hi3 which had a
PG5828 binder. This might help more softening of the RAP and better adhesion of the mix.
Overall, it can be said that the combination of reduced binder content and softer virgin binder
appears to have resedt in improved rutting resistance for the H8Lmixes as compared with the

HL-3 mixes.

It has also been observed that all 2Blland 2HL-8 samples exhibited lower rut depth
comparing with the 1H13 and 1HL8 samples, respectively. The analysis of the reguisates
that 2HL-3-Ohrs had 5.5 percent lower rutting as compared wittDtheur samples of 1H3.
Additionally, 2HL-8-Ohrs had 16.9 percent lower rut depth than -B-hrs. This is more likely
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because the 2HB and 2HL8 samples contain higher RAP ¢ent (20 and 40 percent,
respectively) than the 1H8 and 1HL-8 samples (15 and 30 percent, respectively) leading to stiffer
mixtures. Further, the 2HB-12hrs samples exhibited 46.5 percent lower rut depth thar3tHL
12hrs. Similarly, the 2Hi8-12hrs samies exhibited 48.7 percent lower rut depth as compared
with 1HL-8-hrs possibly due to more binder blending. Contributing factors may also include higher
temperature during production and storage which would contribute to faster diffusion, oxidation,
evapoation and absorption, which could contribute to improved cohesion until oxidation becomes
predominant. Based on recent work(Byrzadeh et al., 2018)e binder also experiencesidation

during silestorage. This could possibly lead to better rutting resistance with increased silo time.

Furthermore, 24hr samples significantly reduced thuting depth by 51.1 and 58.4 percent
for the 2HL-3 and 2HL-8, respectively as compared with th@ihour samples. This could be that
after 8, 12, and 2hour more blending occurred between the virgin and aged binder and more
homogenous mixture was obtath Another reason could be that-l&#ur samples might
experience extensive aging leading to stiffer mixtures, and that could have been why rutting depth
decreased after 12our.

Based on the results observed froable5-6, all tested specimens for 2F8.and 2HI-8
showed good repeatability in terms of rut depth as the value of the standard deviation for the rut
depth range from 0.01 to 0.23 mm. However,ifbit -3 and 1HL-8 a variability was observed in
their measured rut depth, reflected in their corresponding standard deviations ranging from 0.1 to
0.44 mm. These values are relatively high as the average rut depth values vary from 4.3 to 3.43
mm. Figure 5-26 illustrates mean rut depth with the standard deviation error bar of the tested

samplesError bars representean plus or minus standard deviatidruncerginty.
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Figure 5-26 Rut depth with the standard deviation error bar for all the testedmixes

For the rutting test results, thenblly p ot hesi s wastorage timedoes nosaffattghes i | o
rutting depthd whereas t he aThe&Toordiims thattheny pot h
effect of increasing silo mie on the rutting depth of both 2K and 2HL8 is statistically

significant. However, the effect of increasing silo time on the rutting depth of botk3laitd

1HL-8 is statistically insignificant. As it has beehservedearlier, the improvements in thetr

depth after 1zhourof silo-storage for the mixes from plant 1 are 0.3 mm and 0.36 mm for3LHL

and 1HL-8, respectively.This observation is confirmed with the statistical analysis as shown in

the table below
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Table 5-7 ANOVA for rutting test

Mix Type F P-value Fcritical Remark
1HL-3 0.54 | 6.32E01 9.55 Statistically Insignificant
1HL-8 0.69 | 5.65E01 9.55 Statistically Insignificant

2HL-3 417.14 | 1.90E05 6.59 Statistically Significant
2HL-8 11.44 | 1.97E02 6.59 Statistically Significant

5.5 Flexural Beam Fatigue Test Results

The results of the fatigue life to failure {\of the three replicates samples for each silo time at
different strain levels for both HB and HL-8 are presented iRigure5-27, Figure5-28, Figure
5-29, andFigure5-30. It is worth to notice that N-epresents the 50% reduction of the initial

stiffness value.
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Figure 5-27 Fatigue life at different strain levels for 1HL-3
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Figure 5-29 Fatigue life at different strain levels for2HL -3
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Figure 5-30 Fatigue life atdifferent strain levelsfor 2HL -8

Data clearly indicate that fatigue life cyclesnease with the increase of siétorage time
(up to 12 hours in this case) for all mixes. The trend in fatigue data indicates that the cohesion of
the @rresponding mix samples was still evolving as a function of storage time, and the response
is dominated by relatively softer virgin mix, i.e. lower RAP content. This observation may imply
an incomplete diffusion between RAP and virgin binders in samiplesldition, the results were
analysed using the classical method with the criterion of fatigue fainG@% (WOHLER curve).
WOHLER curves considering controlled strain testee shown irFigure5-31- Figure5-44.

In this method, epsilon 64) is the main criterion which represents the strain level that
leads to failure after one million cycles. The higher the valuetbgé higher the fatigue resistance
of the asphalt mix. This method is very applicable as ladihd the complex (Stiffness) modulus
are used in some Empirical Mechanistic Pavement Dédeghods to determine the thickness of
asphalt layers. It is important to mention that the strain amplitides peako-peak amplitudes
as specified by AASHTO standgASHTO, 2017)and should be divided by 2 if compared strain
amplitudes used by other specifications such as European Stafiely@912)
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Figure 5-33WOHLER curve for 1HL -3 12hrs
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1HL-8 Ohrs
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Figure 5-34 WOHLER curve for 1HL -8 Ohrs
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Figure 5-36 WOHLER curve for 1HL -8 12hrs

101



2HL-3 Ohrs
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Figure 5-37 WOHLER curve for 2HL -3 Ohrs
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Figure 5-39 WOHLER curve for 2HL -3 12hrs
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2HL -3 24hrs
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Figure 5-41 WOHLER curve for 2HL -8 Ohrs
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Figure 5-42 WOHLER curve for 2HL -8 8hrs
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Figure 5-44 WOHLER curve for 2HL -8 24hrs

For all mixes, the WOHLER curve method has shown that the addition storage time
improves the fatigue life. Overall, higher storage time results in a final binder blend with more
uniform cohesiveess, and improved adherence to aggregates. This enhanced cohesiveness and
adherence reflects itself in better fatigue crackindoperance of the stored miXhe value ote
for each mix is presented irable5-8. It was noted that 1HI3 with 12hour storage time has the
greateste value (258.60) among all mixes. This could be due to higher storage time, lower RAP
content as well as smaller NMAS as compared with the8Htix. These factors might result in a

better homogenous mix and consequently higher fatigue life.
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Table 5-8 ¢ value for each mix (Peakto-Peak strain amplitudes)

' Silo-storage time Improvement of ¢ value after 12
Mix Type 6 value
(hrs) hrs
0 239.57
1HL-3 8 250.15 7.4%
12 258.60
0 239.15
1HL-8 8 244.08 6.3%
12 255.22
0 241.24
8 248.62
2HL-3 6.3%
12 257.34
24 247.01
0 233.58
8 221.33
2HL-8 5.8%
12 247.91
24 233.77

To evaluatewhether the effect of the sHstorage on the fatigue life is statistically
significant, thenulhy pot hesi s wast o0i ageetasmagdeéesonot af
whereas the alternative hypothesis was the opposite. The highest strain leveh) s selected
for this test.

Table 5-9 ANOVA for fatigue test at 500um

Mix Type F P-value | Fcritical Remark
1HL-3 1159.01 | 4.65E05| 9.55 | Statistically Significant
1HL-8 317.03 3.23E04| 9.55 | Statistically Significant
2HL-3 509.19 1.28E05| 6.59 | Statistically Significant
2HL-8 5.51 6.64E02| 6.59 | Statistically Insignificant

105



Table5-9 above indicates that the effect of increasing silo time on the fatigue life of begh HL
and HL-8 is statistically significant for all the mixes excluding 2BLIt should be noted that that

the improvement in 6 value @ the 2HL-8 after 12 hours silgtorage time was only 5.8%.

5.6 Summary of the Results
In this Chapter, the laboratory performance testing results for all HMA samples frofalaotii
and Plant 2vere presented, analyzed and discussed in accordance with the thesis methodology and

research objectives.

The examination of # volumetric properties valuesbtained at different silstorage
times, showed that a slight decrease in VMA angiVdlues vas generally found with respect to
increasing the silstorage time for all HMA samples. This could be explained by assuming that
when beter blending happens during sstorage, this would lead to increasing the algeder
contribution to the efficienbinder in the mixture.

For all the collected HMA samples, there was no significant change in the complex
modulus values of samples that were ctdldat O, 1 and-#hour of silestorage. Hence, this would
indicate that there was no consideradifiiect of he storage up td-hour on the rheology of this
mixture. On the other hand, a decrease in the stiffness at high temperatures/lower frequencies was
observed in the samples colledtafter 8 and XRour of silestorage. Theoretically, more blending
would resllt in an enhanced adhesion between the binder and the aggregates and would improve
the quality of the HMA and enhance resistance to permanent deformation. This is more likely
because the RAP binder had an increased contribution to the efficient aspiattused within
the mixture due to increased overall blending. Yet, théd@4# mixes from Plant 2 exhibited an

increase in their stiffness that would attributed to aging.

The fracture temperatures of both H3land HL-8 mixes were generally affected hetr
virgin binder grades. All Hi8 samples slightly exhibited lower fracture temperature thai8 HL
samples due to their softer virgin asphalt binder. For bo#3ldhd HL-8, an improvement of the
thermal resistnce was found for the 8 and-h@ursamplesas compared with thel@ur samples.

On the other hand, the ¥urmixes exhibited an increase in the stiffness that would attributed to

aging. Hence, lower thermal cracking resistance was observed
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The results of the HWTD test appeared to point that #se lzourse mixes (1HR and
2HL-8) exhibited lower rut depth percentages compared with the surface course mix&sgtéiL
2HL-3). This would be due to higher RAP content, larger NMAS, softer virgin binder, lower
overall asphalt content, or a combinatidridferent factors. Partially, due to higher RAP content,
2HL-3 and 2HL-8 showed a significantly better rutting resistance as compared with th8 ahid
1HL-8, respectively. However, other factors play roles such as; blending rate in the mix, aggregate
gradation of the mix, binder type, and binder content. These results are promising and suggest that
higher storage time for the given mixes and silo conditions could potentially improve the blending
of RAP and virgin binders, which positively affect théting resistance of HMARAP mixtures.
Yet, it should be noted that aging can also result in smaller rutting depth values for the samples

that have been kept foxtended period (24rs) in silestorage.

The results of the fatigue tastlicated that incresing silostorage time can extend the fatigue
life of the both HI-3 and HI-8. WOHLER curve method has shown that the addition storage time
improves the fatigue life. In addition, highed values can significantly affect the pavement design
positively ast is used to determine the thickness of asphalt layer in some Empirical Mechanistic
Pavement Design. Overall, higher storage time resulted in a final binder blend with more uniform
cohesiveness, and improved adherence to aggregates. This enhancedradseaive adherence

reflects itself in better fatigue cracking performance of the stored mix.

Previous work of Kriz et a(P. Kriz et al., 2014 )where diffusion in lafproduced mix samples
were studied, suggested that diffusion between RAP and virgin binders was completed in about 10
hours. This estimated time scale for completion of diffusion perfectly matches the observed time
scale of evolutions in |E*| and mix performance properties (particularly in Plant 2 samples) in the
present field work. This consistency between earlier theatetiork (P. Kriz et al., 2014), lab-
scale mix(P. Kriz et al., 2014) and the present work highlights thepartant role of diffusion in

utilizing RAP in production of new mix.

Overall, silo of Plant 2 was stagnant during storage; this stagnancy helps the stored mix to
retain a larger heat capacity relative to anloffding siloof Plant 1 The higher heatapacity
benefits the material by decreasing the rate of cooling, which further assists blending and diffusion
progress. Improved diffusion enables achieving a mameolgeneous blend within the siétorage

time frame.lt should be also noted that bindéremistry could have also played a role astér
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rate of aging during silstorage in case of Plant 2 base mix. Therefore, further investigation is
required to further resolve the confounding impacts of binder chemistry and longer storage time

for RAP-containing asphalt mixes.
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6 Long-Term Field PerformancePrediction
In this chapter, the 2@ears field performance prediction was evaluated usi@gAASHTOWare
Pavement MechanistiEmpirical Designrmodel. This method was first developed 2002under
the Mechanistiempirical Pavement Design Guide (MEPDG). It was develdpethe National
Cooperative Highway Research Program (NCHRP) Proj@atAL(Darter et al., 2006 )MEPDG
was introduced to address the limats of the AASHTO 1993 method. This method was then

revised to address some technical limitatio8011 under the namASHTOWare

In this method,He design of thdesiredpavement structure is first considered on trial data,
accompanying with inputsof traffic and climate AASHTOWare Pavement ME Desigran
measure how the trial design will perform under the load and differembamental stresse$his
leads to an estimate of the level of damage the pavement will suppoits@eagrice life in terms
of pavement distresses and deterioration in ride quatitycomfort It should be noted that the
International roughness index (IRI) is used as the main indicator of pavement performance. IRl is
one of the common indexes. IRl is a standard roughmeasurement measured from the records
of a specific type of road meter installed on vehi¢®syers and Karamihas, 1996)is usually
observed that the IRI value rises ingreasing pavement age due to the effect of deterioration
elementgSobhani et al., 2016t is assumed that at least improvement of the IRI values would be
detected for the pavements that are constructed with ittesrthat wee stored atl-hour at the

silo-storage.

However,the users ofAASHTOWare Pavement ME Desighould bemindful of the
limitation of this method Forinstance, HMA is a viscoelastic material. Simplification is made
essentially owe to the tim#ependent characteristic of a viscoelastic material is always very
challenging.In other words, AASHTOWare Pavement ME Designcorporates the dynamic
modulus values of the HMA at different temperatures and frequencies which are measured under
very small gtain level within the linear viscoelastic domain of the HMA. Yet, the pavement
distresses (rutting and cracking) are formed due to larger strain level. Hence, the simplified
mechanisticis a drawback of this methoddditionally, flexible pavement is a ntidlayered
structure which adds additional complicatesthe modeling task Therefore, researchers are
regularly developing models to adequately reflect the influence of viscosity, plasticity and other

nonlinear characteristics on pavement structuresrCh009).
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The lab performance test resultsf this study indicate that the 4#ur storage mixes
exhibiteda significant enhancement in terms of rutting and cracking resistaetet is equally
requiredto estimate the field performance of these mii@sdraw more solid conclusions.
Therefore, he comparison betweerh®ur mixes and 1zhour mixes were carried out for both

mixes from Plantl and Plant 2.

6.1 Inputs

AASHTOWare Pavement ME Desigmas utilized to examinthe effect of the 1-hour
silo-storage time on the long term performance of the pavements. Four pavements have been
designed for this purpose namely; Plantl Ohrs, Plantl 12hrs, Plant2 Ohrs, and Plant2 12 hrs. These
pavements havthe samestructure of their granular A, granular B, ame tsubgrade. Yet, the
properties of théirst layer (surface course and base course) is a silo stdegmpmdentTable6-1
describeshe structure othesefour pavementections. In addition, the information about the layer
thicknesses and properties are presentddabie 6-2. A systematic structure of all the designed

pavements is shown Figure6-1.

Table 6-1 The structure of each of the four pavements

Pavement Structure

Surface course: 1HB

@0hrs

Base course: 1HB @Ohrs
Plantl Ohrs
Granular A
Granular B

Subgrade

Surface course: 1HB

@12hrs

Base course: 1HB @12hrs
Plantl 12hrs
Granular A
Granular B

Subgrade
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Plant2 Ohrs

Surface course: 2HB
@O0hrs

Base course: 2HB @Ohrs
Granular A
Granular B

Subgrade

Plant2 12hrs

Surface course: 2HR
@12hrs

Base course: 2HB @12hrs
Granular A
Granular B

Subgrade

Surface-Course HL-3

BaseCourse HL-8

Base

Subbase

Subgrade

Figure 6-1 A systematic structure of all the designed pavements
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These four flexible pavemeswith a 3.7 m design lane were designed and compared in
accordance with the Typical Ontario Pavement Designs REgg®A, 2015)and Canadian Guide:
Default Parameters for AASHTOWare Pavement ME De§igC, 2014)

Three levels of performance analysis may applsASHTOWare Pavement ME Design

depending on the availability of data and impoctof the projectThese levels are as follsw

Level 1: This is the most solid and trustworthy of all levels. It is usually used for the most heavily
trafficked projects wherthe safety of theses andthefinancial consequences of early pavement
failures are critical. The input of this level tegesthe stiffness of both binder and HMA at
different temperatures.

Level 2:the inputs are based orsufficienttesting and/or are chosen from the values given by the
agency. Such values are usually detesadiempirically. Thus, this level is lesdiablethan level
1.

Level 3:the least reliable of all levels. Inputs are user selected default values.

For this study, Level 1 was applied for the performance analysis. For this Level, the dynamic
modulus vales of the Ohrs and 12 hrs mixes at different temperatures and frequencies were input.

In addition, the stiffness of the virgin binders were used in this analysis.
The main inputs are highlighted in thable6-2.

Table 6-2 main inputs of the AASHTOWare Pavement ME Design

Criterion Input
Subgrade resilient modulus (MPa) 50
Subbase thickness (mm) 300
Subbase resiliemhodulus (MPa) 200
Base thickness (mm) 150
Base resilient modulus (MPa) 240
Base course thickness (mm) 80
Surface course thickness (mm) 40
Air voids (%) 4
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Age (year) 20

Target terminal International Roughness Index IRI
(m/km) 2.7

Target permanertteformation- total pavement (mm)| 19

Target AC bottorrup fatigue cracking (%) 20
Target AC thermal cracking (m/km) 190
Target AC topdown fatigue cracking (m/km) 380

As the stiffness of RAIHMA samples were féected significantly by the 1Rour silo-

storage time, level 1 input of performance analysis was chosen.

6.1.1 Traffic Input

The AASHTOWare Pavement ME Desigises a complex process to predict the traffic loads on

a roadway. To complete this part of the process, the traffic volume for each month is divided into
the 13 vehicle classes. However, light vehicles, class 1 through 3, are disregarded as their load
impact on the roadway isegligible Table6-3 belowshows the distribution of the commercial
vehicles as specified by the US Federal Highway Administration (FHARA, 2015). As the
collected mixes were RAP mixes, it is decided to use them in minor arterial roads with 1,000
initial Annual Average Daily Traffic (AADT) per year for one lane in design direction. A linear
traffic growth rate of 2% was used in this procd$®e percent of trucks in design lane is

assumed to be 80% and the design speed was 100 km/hrs.
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Table 6-3 Expected commercial vehicle tribution for m unicipal roadways(ARA, 2015)

Distribution of Commercial Vehicles
FHWA Commercial ¥Vehicle Collector Minor Major
Class ) Arterial Arterial
fi: Tw Threc Axl , ,
4 eIy g oF e A 29 % 13 % 1.8%
=N Two-Axle, Six-Tire, o a4 0y 0 0
5 o o Sinele Unit Trucks 56.9 % 34.0 % 24.6 %
1 Ti Axle Singl
6 R~ u.:rich'm: L:s mele 10.4 % 1.7 % 7.6%
i “Im Four or Morc Axle ) ) _
7 TUTT-0 Single Unit Trucks 3.7 % 1.6% 0.5%
' = Four or Less Axle , . _
8 9.2 % 9.9 % 5%
T o Single Trailer Trucks ! ! °
- = Five-Axle Single - P 2o
9 A . Trailer Trucks 15.3 % 36.2 % 31.3%
Six or More Axle
10 Ay 0.6 % 1.0 % 9.8 %
Y OO Single Trailer Trucks ! ! -
[l Five or Less Axle . .
11 1t 0.3 % 1.8 % 0.8 %
W  ®® o | Multi-Trailer Trucks ! ! "
[ I Six=Axle Multi-
I 2 | e s os
v ooy oo Trailer Trucks 0.4 % 0.2 % 33%
[ il [ = Seven or More Axle
13 = 0.3 % 0.3 % 1539
¥ @WW OO | Multi-Trailer Trucks ! ! -

6.1.2 Climate input
As climate is one of the masgnificant factor influencing the performance of pavementsgpical

climate rgpresenting Souther@ntariowas chosenTable6-4 shows the main climate inputs.

Table 6-4 Climate inputs for AASHTOWare Pavement ME Design

Criterion Input
The mean annual air temperature (°C) 7.51
The mean annual precipitation (mm) 1057.15
The average annual number of freeze/thaw cyq 76.99
The water table depth (m) 10

6.2 Performance Prediction and Analysis
All the four pavementgpassed the target criter@ the 20years performance predictiom

addition, theperformance predicatiomdicates that increasing sikiorage time improves the
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overall longterm performanceTable 6-5 shows that Plantl 12hrs pavemerdgxhbited an

improvement in all criteria as compared with the Plantl Ohrs pavement.

The improvement in IRI value, permanent deformation, andltopn fatgue crackingor

the 12hrs silestorage HMA after 2¢ear service life are 11%, 4.5%, and 12.4% respectively.

Table 6-5 Predicted longterm performance of the Plantl pavements

Distress @ 90% Reliability

Criteria Predicted for Predicted for
Target
Plantl Ohrs Plantl 12hrs
Target terminal IRI (m/km) 2.7 2.49 2.21
Target permanent deformatietotal
19 16.5 15.75
pavement (mm)
AC bottomup fatigue cracking (%) 20 1.46 1.45
AC thermal cracking (m/km) 190 40.98 40
AC top-down fatigue cracking (m/km) 380 96.26 87.66

Figure 6-2 represents aamparison of IRl value at 90% reliability for Plantl Ohrs with Plantl
12hrsThe reduction in th&Rl value for the Plant 1 12hrs pavement is 11% as compared with the
Plant 1 OhrsThe results of pavement performance predicatiofainle6-6 andFigure6-3 below
indicate improvements in Plant2 12hrs with respect to all criteria as compared with the Plant2 Ohrs
pavement. The improvement in IRl value, permanent deformation, asttbtapfatigue cracking

for the 12hrs silestorage HMA after 2§ear service life are 13.6%, 9.2%, and 2%, respectively.
Moreover, the thermal cracking has improved by 25.6% for the Plant2 12hrs pavement, Overall
plantl pavements have higher IRI values as coetpaith the Plant2 pavements. This is because
silo of Plant 2was stagnant during storage; this stagnancy helps the stored mix to retain a larger
heat capacity relative to an dffading silo. The higher heat capacity benefits the material by
decreasing the rate of cooling, which further assists blending and aiiffpsogress. Improved
diffusion enables achieving a morenmageneous blend within the si#borage time frameHence,

better predicted performance is observed with the Plant 2 pavements.
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Figure 6-2 Comparison of IRI value at 90% reliability for Plantl Ohrs with Plantl 12hrs

Table 6-6 Predicted long-term performance of the Plant2pavements

Distress @ 90% Reliability

Criteria Predicted for Predicted for
Target
Plant2 Ohrs Plant2 12hrs
Target terminal IRI (m/km) 2.7 2.43 2.1
Target permanent deformatietotal
19 14.39 13.06
pavement (mm)
AC bottomup fatigue cracking (%) 20 1.5 1.45
AC thermal cracking (m/km) 190 54.97 40.9
AC top-down fatiguecracking (m/km) | 380 91.79 89.93
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Figure 6-3 Comparison of IRI value at 90% reliability for Plant2 Ohrs with Plant2 12hrs

Despite the fact that the long term performance predication shows only a slight
improvement for pavements thiave been designed with the-A@ur storage nmies, it indicates
that the silestorage could actually enhance the overall performance and durability of the
pavements. Yet, it should be noted thatSHTOWare Pavement ME Desigloes not capture the
effect of blending in pavement performance. Therefore, a better calibration to incorporate the
blending parameters within tFeASHTOWare Pavement ME Designethod is recommended to

improve the longerm performance prediction.

The oltained results of the RARAMA testing suggest that higher storage time for the given
mixes and silo conditions could potentially improve the blending of RAP and virgin binders, which
positively affect the performance of the mixes. However, it should te&lribat aging can be the
dominant process different silostorage conditions. Therefore, the insights provided by this study
can be expanded to the incorporation of other stiffer material such as oxidized asphalt (e.g.
shingles) and reclaimed asphaltrgiles (RAS) in new pavement asphalt mix as well. These data
along with the percentage of RAP content for each layer and silo and sampling parameters should
be incorporated withilAASHTOWare Pavement ME Desigior a better prediction of the

performance ofifte RARHMA pavements.
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7 Conclusions,Outcome,and Future Research

7.1 Summary of Findings andConclusions

This research has investigated the practicabilftysing extended siletorage times in order to
improvethe durability of asphalt mixes produced with RByPenhancing binder blending. Results

obtained from the comprehensive laboratory performance characterization satisfied the research
hypothesisstipulating that silestorage would help improvinidpe blending of theaged andirgin

asphalt binders ithe RAP-HMA mixes Consequentlythis blending improves he mi xt ur e«
stability, durability, workability, and flexibility. The following findings have therefore bdramvn:

1 The binder preparation technique for ESEM testing was adequate, and the reanrpbe
were easy to use, handle, and clean. In addition, the divider blending mould design proved
beneficial in the evaluation of the interaction of the two the binders (virgin and oxidized).

These moulds were designed and fabricated at CPATT.

1 The fibril sizeof the virgin binder tends to be relatively large at arounr8d5m; however,
the structure is relatively sparse, and the fibrils intersect each other. On the other hand, the
fibril size of the oxidized bindef6-10 um)is smaller than that of virgin bindeand the
structure also appears to be much more perpendicular, dense, connéatedned and

organized.

1 The examination of the volumetric propertiesues, obtained at different sikiorage
times, showed that a slight decrease in VMA andWilues was generally found with
respect tdhe increase ahe silestorage time for all HMA samples. Thlecreasef the
VMA values was statistically significant.

1 For all the collected HMA samples, there was no significant change in the complex
modulusvalues of samples & were collected at 0, 1 anehdur of silo-storage. Hence,
this indicatel that there was noonsiderable effect of up tehbur of silo-storage on the
rheology ofthesemixes. However, asignificantdecrease in the stiffness was olseérin
the sample collected after 8 and #urof silo-storageln other wordsthe stiffness of O
hour storage was more than two times higher than that-obagin the silestorage for

some mixes.
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1 The 24hour mixes from Plant 2 exhibited an increasetheir stiffness that woulte

attributed to aging.

1 The fracture temperaturebtained from the TSRSOf both HL-3 and HL-8 mixes were
generally affected by their virgin binder grades. All-Blsamples slightly exhibited lower
fracture temperature thanLFB samples due to their softer virgin asphalt binder. For both
HL-3 and HL-8, an improvement of the thermal resistance was found for the 8 a2
samples as copared with the Shoursamples.

1 The 24hourmixes exhibited an incese in the stiffness dhcould beattributed to aging.

Hence, lower thermal cracking resistance was observed

1 The results of the HWTD test appeared to point that the base course mixe8 @liidL
2HL-8) exhibited lower rut depth percentages compared with the surface course mixes
(1HL-3 and 2HL=3). This is dudo higher RAP content, larger NMABetter activation of
the RAP binder with gofter virgin binder, lower overall asphalt content, or a combination
of different factors.

1 Partially, due to higher RAP contentjxes2HL-3 and 2HL-8 showed a significantly better
rutting resistance as compared witixes1HL-3 and 1HL-8, respectively.

1 Aging can also result ilower rutting depth values for the samples that have been kept for
extended period (24rs) in silestorage.

1 The results of the fatigue temtd WOHLER curve methdddicated that increasing sio
storage time can extend the fatigue life ofdhehe tested mixes

In addition, themajorconclusionof this study are summarized below:

1 As observed from the ESEM ages, the blending between aged and virgin binder is highly
impacted by the storage time and temperature. This finding is in agreement with the
Arrhenius law which states that diffusion rate increasiggificantly with increasing

temperature.
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1 Overall, 12hour silo-storage would behe @timum time, for the given silstorage
conditions, at which the performance of thgphalt mixtures with RAP was notably

improved.

1 The dlo in Plant 2 was stagnant during storage; this stagnancy helps the stored maixto re
a larger heat capacity relative tioe off-loading siloused in Plant 1The higher heat
capacity benefits the material by decreasing the rate of cooling, which further assists
blending and diffusion progress. Improved diffusion enables achieving @ mo
homogeneous blend within the sdtorage time frameHence, dwer rate of production
can enhance RABinder activation and accelerate initial diffusion rates. In addition, higher
constant silo temperature, i.e. stagnant versus continuclsadihgoperation, can help
diffusion to progress faster toward completion.

1 TheAASHTOWare Pavement ME Desigioesnot appear toapture the effect of blending
on the pavement performanca better calibration to incorporate blending parameters
within the AASHTOWare Pavement ME Desigmethod would improve the lorgrm

performance predictioand lead to more accurate pavement designs

1 On the evidence of the findings of this stuthe optimization of the use of the recycled
asphalt materials (up to 40%) will alldheasphalt paving industitp adjust the production
operations, enhance the quality of RAfXes and increase the recycling rates. The
enhancement of the quality thfe RARmixes would lead tonore durable and sustainable
pavements and to a larger aceewe ofrecycling by transportation agencies and

municipalities

7.2 Scientific Contribution

The main scientific contributiaof this research studyre

1 The investigation of the applicability of tliencepts ofArrheniusempirical relationship
of diffusion in the context of asphalt recycling. The findifigen this study confirm that
diffusion of virgin and RAFbindessis highly influenced by time and temperature

1 Characterization of the thermmechanical behavior of asphalt mixes containing RAP
different blending/diffusion states.
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1 Development of innovative asphalt binder characterization approach using the
Environmental Scanning Electron MicroscopWoreover a MATLAB code was
developed to accurately measure fingil size and efficiently étect the change in the

microstructure of the binder with the change in the conditioning time and temperature.
1 Unveil correlations between tintemperature effects and mixture performance.
1 Recommendations for a better use of RAPavement industry

7.3 Future Research Opportunities
Based on research wodbtainedfrom this thesis, the followings are potential areas for future
research that would be beneficial to the better useAGFHMA:

1 The obtainedesultsof the RARHMA testingare promising and suggt that higher storage
time for the given mixes and silo conditions could potentially improve the blending of RAP
and virgin binders, which positively affeitte performance of the mixeget, it shold be
noted that aging can be the daoant process atiffierent silostorage conditions. Therefore,
the insights provided by this study can be expanded to incorporation ofretlyeted
materials withstiffer asphaltsuch as posnanufacturer asphalt shingle waste post

consumerlsphalt shinglewaste

1 Theincreased use of recycled materials in asphalt mixes, without having negative impact
of the behaviour of those mixes, will significantly reduce the cost of these mixes. However,
conducting LifeCycle Cost Analysis (LCA) of the use of 1hour silo-storagemixes
would be advantageous to drasadid conclusion on the estimation of the economic impact
of the 12 hours RAHMA.

1 The preservation of nerenewable raw materials such as high quality aggregates and
asphalt binder is a very important environmental bengfitvever, keeping thmixes for
12-hour in the silestorage could associate with some environmental impéance,
Environmental Impact Assessment (El@gn be conducted tmalysehe effect of the 12

hoursilo-storage mixesn the global C@emissions of the asphalt industry

1 The incorporation othe percentagef the RAP content and the siéborage conditions
within the AASHTOWare Pavement ME Designethodwould significantly enhance the

performance prediction dlis method.
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1 As the ESEM samples exhibited higher oxidation during conditioning as compared with
the recoveredbinders from the silo mixeqreparingandthermally conditioningeSEM

samplesunder oxygeffree environment would significantly minimize binder aging
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Appendix (A) T HMA Test Results

Average Dynamic Modulus Test Results1HL -3

-10.00 || 0.00 25.00 | 21839.37 | 4.00 13537.31 | 21.00 6914.85 | 37.00 || 2843.43
10.00 || 17082.65 11956.16 6550.81 2279.21
5.00 16150.00 10779.90 5594.77 1870.89
1.00 13594.19 8051.43 3800.10 1280.02
0.50 12334.82 7183.36 3511.16 1197.82
0.10 9930.84 5204.90 2646.18 793.02

-10.00 | 1.00 25.00 | 24606.08 | 4.00 14923.31 | 21.00 6881.25 || 37.00 | 2499.99 .
10.00 || 19629.77 12627.87 6435.14 2206.92
5.00 18050.48 10977.49 5505.29 1806.07
1.00 16248.24 7995.94 3586.03 1255.67
0.50 13542.21 6843.33 3166.16 1177.35
0.10 10849.59 4959.84 2361.52 895.84

-10.00 | 4.00 25.00 | 24606.08 | 4.00 13923.31 | 21.00 6937.11 | 37.00 | 2885.92
19629.77 11627.87 6563.62 2277.47
18050.48 10177.49 5661.02 1899.60
16248.24 7595.94 3841.57 1188.14
14542.21 6643.33 3528.98 1097.51
11949.59 4859.84 2493.26 719.88

-10.00 | 8.00 25.00 || 25824.81 | 4.00 12923.31 | 21.00 5237.11 || 37.00 || 2335.92 .
10.00 || 19846.10 11627.87 4963.62 1877.47
5.00 18631.98 10177.49 4161.02 1359.60
1.00 15897.04 7295.94 2741.57 928.14
0.50 14971.21 6443.33 2528.98 807.51
0.10 11658.93 4559.84 1893.26 519.88
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Time- Dynamic Dynamic Dynamic Dynamic Dynamic
Temp. Intervals Freq. Modulus || Temp. || Modulus Temp. | Modulus | Temp. | Modulus || Temp. Modulus
(MPa) (MPa) (MPa) (MPa) (MPa)
-10.00 12.00 25.00 25750.82 | 4.00 12804.25 21.00 5211.59 || 37.00 | 2319.22 | 54.00 697.67
10.00 19449.30 11341.10 4915.73 1812.79 528.69
5.00 18143.85 9879.24 4105.16 1303.57 399.91
1.00 15381.99 7126.65 2660.66 890.03 277.16
0.50 14482.39 6190.07 2447.82 778.49 196.36
0.10 11272.55 4365.00 1815.86 503.80 149.36
Average Dynamic Modulus Test Results1HL -8
Time- Dynamic Dynamic Dynamic Dynamic Dynamic
Temp. Intervals Freqg. Modulus Temp. Modulus Temp. Modulus Temp. || Modulus || Temp. Modulus
(MPa) (MPa) (MPa) (MPa) (MPa)
-10.00 | Ohrs | 2500 | 23020.62 | 4.00 | 15777.54 | 21.00 | 702278 | 37.00 | 3009.92 | 54.00 1198.84
10.00 21488.84 14017.85 6871.68 2623.36 973.02
5.00 20457.93 12975.39 5849.32 2167.03 788.74
1.00 18025.72 9402.99 3956.80 1457.99 566.27
0.50 17053.69 8537.48 3591.05 1369.30 527.72
0.10 13270.36 6263.10 2745.82 1134.44 422.43

-10.00 lhrs 25.00 23473.89 4.00 16198.40 21.00 7607.54 37.00 || 3230.27 || 54.00 1246.62
10.00 21468.92 14757.53 7028.87 2759.98 979.17
5.00 20439.12 13123.58 5930.39 2238.65 773.62
1.00 17989.23 10068.31 3978.45 1530.32 557.84
0.50 17128.52 8829.19 3600.26 1395.03 518.72
0.10 13239.48 6694.00 2675.49 1127.73 415.40

-10.00 4hrs 25.00 22918.04 4.00 15610.02 21.00 6967.72 37.00 || 2969.09 || 54.00 1142.28
10.00 20908.30 13990.85 6782.24 2608.54 929.46
5.00 20443.03 12878.73 5801.37 2169.67 754.92
1.00 17991.34 9391.08 3883.17 1407.75 530.17
0.50 16813.75 8480.58 3540.56 1303.56 485.10
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13112 30

6205 39

2679 63

1019 65

392 65

-10 00 8hrs 25.00 22897.33 15521.69 21.00 6921.19 37.00 || 2965.86 || 54.00 1177.05
10.00 21294.68 14001.24 6636.04 2464.66 960.48

5.00 20076.93 12782.63 5786.24 2097.95 759.37

1.00 18306.78 9356.48 3739.50 1384.50 526.65

0.50 16971.50 8455.66 3286.35 1288.30 486.51

0.10 12639.47 6088.28 2448.00 992.54 364.51

Time- Dynamic Dynamic Dynamic Dynamic Dynamic

Temp. Intervals Freq. Modulus Temp. Modulus Temp. Modulus Temp. | Modulus || Temp. Modulus
(MPa) (MPa) (MPa) (MPa) (MPa)

-10.00 12hrs 25.00 22185.31 4.00 14668.13 21.00 6194.90 37.00 | 2765.86 | 54.00 1121.64
10.00 21121.32 12422.28 5778.95 1994.66 885.65

5.00 20082.41 10903.34 5082.58 1697.95 665.30

1.00 17636.65 8057.57 3346.41 1094.50 387.83

0.50 16218.84 6946.49 3079.80 958.30 350.24

0.10 12802.46 5023.06 2165.97 722.54 260.41

Average Dynamic Modulus Test Results2HL -3

oo | | G [ B e o | [

-10 00 Ohrs 24326.47515 16305.12685| 21.00 || 7843.878833| 37.00 | 3119.551295 54.00 1285.5054
10 22832.48908 15046.38999 6939.705608 2480.362084 1040.3897
5 21945.12294 13799.09337 5957.922465 2022.446734 743.44504
1 19460.33608 11103.24976 4108.790757 1394.020451 514.64646
0.5 18365.76669 9981.472712 3610.116391 1228.921768 455.17586
0.1 15887.85011 8167.701335 2600.448825 973.6498453 374.20627
Time- Dynamic Dynamic Dynamic Dynamic Dynamic
Temp. Intervals Freq. Modulus Temp. Modulus Temp. Modulus Temp. Modulus Temp. Modulus
(MPa) (MPa) (MPa) (MPa) (MPa)
-10.00 lhrs 25 24292.77989 4.00 16303.12023| 21.00 || 7843.622338| 37.00 || 2599.544697| 54.00 1286.0705
10 21972.19304 15041.58142 6939.518785 2658.952302 1042.2625
5 21202.12277 13767.42873 5957.711769 1902.568721 783.34946
1 18973.66879 11101.88593 4109.026649 1455.662137 539.58118
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Temp.

Time-

Intervals

Dynamic
Modulus
(MPa)

Dynamic
Modulus
(MPa)

Dynamic
Modulus
(MPa)

Dynamic
Modulus
(MPa)

0.5 18340.0277 9990.211765 3609.87854 1174.258555 495.11545

0.1 15865.62288 8151.726689 2601.053083 863.9356123 424.15452

Time- Dynamic Dynamic Dynamic Dynamic Dynamic

Temp. Intervals Freq. Modulus Temp. Modulus Temp. Modulus Temp. Modulus Temp. Modulus
(MPa) (MPa) (MPa) (MPa) (MPa)

-10.00 4hrs 25 22940.06961 | 4.00 || 15496.62893| 2100 || 7665.176776| 37.00 || 3248.900021 54.00 1181.4996
10 21635.72248 14063.17336 6978.835851 2714.314634 906.48615

5 20810.70115 13087.69103 5935.596859 1933.081859 667.34678

1 18680.61303 10637.49824 4119.339863 1082.609423 475.20394

0.5 17586.10029 9559.259736 3704.13457 980.8027753 440.58036

0.1 15167.65753 7533.522099 2580.796656 585.4867665 319.58602

-10.00 8hrs 2—5 22128.03188 4.00 16523.56137| 21.00 || 8397.392884 | 37.00 || 2974.459423 54.00 1177.1458
10 21033.58384 15126.78622 7335.447239 2358.375186 752.66618

5 20050.0506 13999.12644 6202.869446 1904.558361 704.52324

1 17916.62888 11401.13248 4058.53779 1207.312896 472.19136

0.5 16785.16209 8238.756308 3547.347374 862.8275663 419.1256

0.1 14478.28039 6462.495175 2431.068989 594.7350018 312.36035

Time- Dynamic Dynamic Dynamic Dynamic Dynamic

Temp. Intervals Freq. Modulus Temp. Modulus Temp. Modulus Temp. Modulus Temp. Modulus
(MPa) (MPa) (MPa (MPa (MPa)

-10.00 12hrs 25 25897.24926 4.00 16480.4072 || 21.00 || 6216.537404| 37.00 || 3066.755917( 54.00 946.83625
10 24581.75574 16577.54517 5713.42642 1999.160029 854.26142

5 23515.29166 15112.50676 4564.941164 1750.113988 616.39769

1 21037.70753 10943.32699 3129.773803 1096.905318 462.2836

0.5 20035.1463 8808.398114 2562.312703 839.0613239 348.32709

0.1 17567.54879 4224.780942 2080.18184 480.501219}| 224.88508

Dynamic
Modulus
(MPa)

-10.00 24hrs 25 26379.39309 || 4.00 18383.97284| 21.00 || 8921.509215| 37.00 || 3773.948973| 54.00 1485.0234
10 24770.24193 16424.92403 7717.944176 3211.500035 1296.3206
5 23008.82067 15136.14422 6705.190839 2586.175713 882.9059
1 21448.46287 12321.05851 4732.645549 1678.172759 597.09299
0.5 19611.09442 11104.97285 4164.099985 1485.83681 522.64241
0.1 18218.26577 8948.64333 2999.027459 1106.461688 471.35935
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Average Dynamic Modulus Test Results?2HL -8

-10.00 0 25 18857.29444| 4.00 12602.45178| 21.00 6187.0958 37.00 || 2799.93506| 54.00 1076.5014
10 17704.47426 11608.98252 5611.8131 2237.05698 842.82288
5 16589.13927 10608.14217 4880.9867 1864.35969 702.74725
1 14243.6207 8314.930285 3493.3661 1379.89558 510.05993
0.5 13058.71462 7470.681971 3117.1087 1263.26736 468.60023
0.1 | 11031.32719 5913.464623 2426.786 1039.14068 397.31693
Time- Dynamic Dynamic Dynamic Dynamic Dynamic
Temp. Intervals Freq. Modulus Temp. Modulus Temp. Modulus Temp. | Modulus | Temp. Modulus
(MPa) (MPa) (MPa) (MPa) (MPa)
-10.00 1 25 18543.65747|| 4.00 12156.24749| 21.00 7085.4885 37.00 || 2175.23288| 54.00 860.46825
10 17418.54255 10934.88979 6477.3836 1722.72286 653.50843
5 16493.14575 9896.325529 5678.6192 1440.18552 531.22867
1 14296.87323 7568.999893 4120.0766 1066.72263 382.5652
0.5 | 13136.38453 6786.878938 3691.9918 990.54412 352.0019
0.1 11352.70101 5336.61013 2881.944 817.192124 286.32218
Time- Dynamic Dynamic Dynamic Dynamic Dynamic
Temp. Intervals Freq. Modulus Temp. Modulus Temp. Modulus Temp. Modulus Temp. Modulus
(MPa) (MPa) (MPa) (MPa) (MPa)
-10.00 4 25 17171.7584 4.00 12269.68254| 21.00 7150.3417 37.00 || 2389.79094| 54.00 966.78674
10 17031.26189 13351.74333 6623.1723 1948.1147 915.43194
5 | 1626817759 12899.6034 5645.6803 1523.75227 706.76422
1 14193.66859 8912.17707 3969.4365 1034.38037 300.00322
0.5 13753.20782 7822.366203 3584.2723 920.246501 372.19453
11852.35386 5781.654841 2615.7682 752.817625 265 64454

-10 00 17545.88654 12266.28799| 21.00 7113.4726 | 37.00 || 2165.83002| 54.00 851 72138
10 | 17000.55325 10881.86574 6422.7636 1711.16775 638.87469
5 16323.3875 9916.878677 5673.1076 1411.87483 520.67158
1 14298.47982 7530.176879 4132.2687 1072.86328 376.55466
0.5 12981.73284 6685.06544 3633.6724 988.734748 333.88755
0.1 11322.8735 5293.724829 2877.6662 812.453874 277.84566
Time- Dynamic Dynamic Dynamic Dynamic Dynamic
Temp. Intervals Freq. Modulus Temp. Modulus Temp. Modulus Temp. Modulus Temp. Modulus
(MPa) (MPa) (MPa) (MPa) (MPa)
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H -10 H 12.00 25 20085.30605| 4.00 14645.46072| 21.00 5694.9006 37.00 || 2005.85526| 54.00 365.76763

10 || 18721.32486 13306.94063 5278.9544 1494.66097 309.76287

5 15082.40874 12255.65535 4582.58 1197.9487 257.32599

1 15636.64779 9897.575544 2846.4078 594.498859 209.87642

0.5 13218.8398 8894.426801 2579.7962 458.299368 174.76347

9802.464443 7415.445565 1665.9661 422.787677 119.76283

. Dynamic Dynamlc Dynamic Dynamic Dynamic

Temp. Intervals Freq Modulus Temp. Modulus Modulus Modulus Modulus
(MPa) _ (MPa) | ___ (MPa) |

24 00 21934.49869 13437.07131| 2100 6684.7387 | 37.00 || 3210.49827( 54.00 1238.0866

10 | 20379.98542 12147.75241 5973.3648 2526.61042 1100.3513

5 19268.8124 11283.50058 5308.8594 2115.74738 838.27482

1 16725.39378 9009.99789 3871.7381 1509.2278 541.4388

0.5 || 15452.41724 8121.451389 3469.0988 1358.19348 481.90579

0.1 | 13255.38343 6706.548601 2708.1979 1085.81882 381.63007

TSRST Results:

Fracture Temperature (°C) | Fracture Stress (MPa)

Mix type | Silo Time | Temperature | Average| S.D | Stress| Average| S.D
-32.11 2.78

Ohrs -29.52 -31.09 | 1.38| 1.26 2.04 |0.76
-31.63 2.09
-31.23 2.12

1HL-3 8hrs -32.01 -31.42 | 0.53| 1.89 211 |0.22
-31.01 2.33
-33.99 1.89

12hrs -34.98 -34.93 | 0.92| 2.06 1.66 | 0.55
-35.82 1.04
-30.94 2.69

1HL-8 0 -31.98 -31.65 | 0.61| 2.75 281 |0.16
-32.02 2.99
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-33.04 2.76
8 -32.55 -32.82 | 0.25| 2.88 2.78 |0.10
-32.88 2.69
-35.15 2.36
12 -34.82 -34.98 | 0.17| 2.03 215 |0.19
-34.97 2.05
Fracture Temperature (°C) Fracture Stress (MPa)
Mix type | Silo Time | Temperature | Average | S.D | Stress| Average| S.D
28.03 3.40
0 28.32 28.04 |0.27| 2.99 3.36 |0.36
27.78 3.70
29.11 3.30
8 29.70 29.49 |0.33| 3.60 353 |0.21
29.66 3.70
2HL-3
35.77 2.90
12 35.11 35.48 |0.34, 2.40 2.76 |0.32
35.56 2.99
30.11 4.33
24 29.73 29.75 10.35| 4.01 4.11 |0.19
2941 3.98
28.22 3.72
0 28.35 28.25 |0.09| 3.33 3.62 |0.26
28.18 3.81
2HL-8
29.03 4.10
8 29.33 29.34 |10.31| 4.07 411 |0.04
29.65 4.15
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35.91 3.61
12 35.92 35.90 |0.03] 3.59 3.51 |0.16
35.87 3.32
28.75 3.93
24 28.66 28.47 |0.40| 3.81 3.58 |0.51
28.01 2.99
1HL -3 8hrs
- Specimen 1 ———Specimen 2 Specimen 3
4.5
4.0
< 3.5
o
2 30
(9]
G 25
3 2.0
é 15
L 10 :
0.5 N
0.0 T — -
-40.0 -35.0 -30.0 -25.0 -20.0 -15.0 -10.0 -5.0 0.0 5.0

Fracture Temperature (AC)
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1HL -8 8hrs

- Specimen 1 - Specimen 2 - Specimen 3
4.5

4.0

< 3.5

nNow
o

Fracture Stress (MP
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o
o

-40.0 -350 -30.0 -250 -200 -15.0 -10.0 -5.0 0.0 5.0
Fracture Temperature (AC)
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45
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Fracture Stress (MP
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o
o
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2HL-3 24hrs

- Specimen 1 ———Specimen 2 Specimen 3
4.5

4.0

< 3.5

Fracture Stress (MP
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al o [6)] o ()] o

o
o
|
f
1

-40.0 -350 -30.0 -250 -200 -15.0 -10.0 -5.0 0.0
Fracture Temperature (AC)

2HL -8 8hrs

- Specimen 1 - Specimen 2 Specimen 3
4.5

4.0
< 3.5

Fracture Stress (MP
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()] o (&) o (6] o

o
o

-400 -350 -30.0 -250 -200 -15.0 -10.0 -5.0 0.0
Fracture Temperature (AC)
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2HL -8 24hrs

45 ——Specimen 1 ——— Specimen 2 Specimen 3
4.0
® 35
o
230
ﬁ 2.0
215
g
w10
0.5
0.0 ———
-40.0 -35.0 -30.0 -250 -200 -150 -10.0 -5.0 0.0 5.0
Fracture Temperature (AC)
Rutting Results:
1HL-3 Ohrs 1HL-3 8hrs 1HL-3 12 hrs
0 0.00 0.00 0.00 0.53 1.07 0.80 0.00 0.00 0.00
50 0.87 1.03 0.95 0.63 1.12 0.88 0.50 0.60 0.55
100 0.92 1.13 1.03 0.76 1.23 1.00 0.63 0.82 0.73
150 1.03 1.26 1.15 0.81 1.56 1.19 0.77 0.95 0.86
200 1.36 1.31 1.34 0.86 1.57 1.22 1.07 1.07 1.07
250 1.37 1.36 1.37 0.94 1.61 1.28 1.08 1.07 1.08
300 1.41 1.44 1.43 0.97 1.76 1.37 1.12 1.15 1.14
350 1.56 1.47 1.52 1.12 1.79 1.46 1.30 1.18 1.24
400 1.59 1.62 1.61 1.14 1.87 1.51 1.30 1.33 1.32
450 1.67 1.64 1.66 1.20 1.91 1.56 1.38 1.35 1.37
500 1.71 1.70 1.71 1.21 1.96 1.59 1.42 1.41 1.42
550 1.76 1.71 1.74 1.28 1.97 1.63 1.47 1.42 1.45
600 1.77 1.78 1.78 1.36 2.01 1.69 1.48 1.49 1.49
650 1.81 1.86 1.84 1.38 2.03 1.71 1.50 1.59 1.55
700 1.83 1.88 1.86 1.39 2.07 1.73 1.54 1.59 1.57
750 1.87 1.89 1.88 1.40 2.13 1.77 1.55 1.60 1.58
800 1.93 1.90 1.92 1.41 2.13 1.77 1.64 1.61 1.63
850 1.94 1.91 1.93 1.50 2.20 1.85 1.65 1.62 1.64
950 2.00 2.07 2.04 1.59 2.20 1.90 1.71 1.78 1.75
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1000 2.05 2.11 2.08 1.60 2.30 1.95 1.76 1.82 1.79
1100 2.10 2.20 2.15 1.72 231 2.02 1.81 191 1.86
1150 2.11 2.22 2.17 1.80 231 2.06 1.82 1.93 1.88
1200 2.11 2.47 2.29 2.50 231 241 2.00 2.18 2.09
2000 2.38 3.03 271 2.70 2.90 2.80 2.11 2.74 2.43
4000 3.02 3.41 3.22 3.00 3.22 3.11 2.73 3.12 2.93
6000 3.10 4.20 3.65 3.50 3.30 3.40 2.79 3.91 3.35
8000 3.38 4.28 3.83 3.70 3.60 3.65 3.01 3.99 3.50
12000 3.76 4.42 4.09 4.08 4.01 4.05 3.20 4.13 3.67
14000 3.81 4.58 4.20 4.12 4.08 4.10 3.44 4.29 3.87
14500 3.88 4.62 4.25 4.13 4.10 4.12 3.48 4.33 3.91
15000 3.90 4.63 4.27 4.13 4.11 4.12 3.57 4.34 3.96
15500 3.91 4.63 4.27 4.13 4.12 4.13 3.62 4.34 3.98
16000 3.92 4.63 4.28 4.14 4.13 4.14 3.63 4.34 3.99
16500 3.93 4.64 4.29 4.15 4.14 4.15 3.64 4.34 3.99
17000 3.94 4.65 4.30 4.15 4.14 4.15 3.64 4.34 3.99
17500 3.94 4.65 4.30 4.15 4.14 4.15 3.64 4.34 3.99
18000 3.94 4.65 4.30 4.15 4.16 4.16 3.65 4.34 4.00
18500 3.96 4.66 4.31 4.15 4.20 4.18 3.65 4.34 4.00
19000 4.06 4.66 4.36 4.15 4.20 4.18 3.65 4.34 4.00
19500 4.09 4.66 4.38 4.15 4.30 4.23 3.65 4.35 4.00
20000 4.10 4.67 4.39 4.15 4.30 4.23 3.65 4.35 4.00
1HL-8 Ohrs 1HL-8 8 hrs 1HL-8 12 hrs
0 0.00 0.00 0.00 0.00 0.00 0.00 0 0 0.00
50 0.29 0.32 0.31 0.39 0.22 0.31 0.09 0.11 0.10
100 0.34 0.55 0.45 0.44 0.35 0.40 0.14 0.21 0.18
150 0.45 0.68 0.57 0.45 0.45 0.45 0.25 0.34 0.30
200 0.78 0.73 0.76 0.78 0.53 0.66 0.58 0.39 0.49
250 0.79 0.78 0.79 0.89 0.57 0.73 0.59 0.44 0.52
300 0.83 0.86 0.85 0.90 0.66 0.78 0.63 0.52 0.58
350 0.98 0.89 0.94 1.08 0.68 0.88 0.78 0.55 0.67
400 1.01 1.04 1.03 1.12 0.86 0.99 0.81 0.7 0.76
450 1.09 1.10 1.10 1.19 0.90 1.05 0.89 0.72 0.81
500 1.13 1.12 1.13 1.27 0.92 1.10 0.93 0.78 0.86
550 1.18 1.13 1.16 1.28 1.00 1.14 0.98 0.79 0.89
600 1.19 1.20 1.20 1.29 1.00 1.15 0.98 0.86 0.92
650 1.23 1.28 1.26 1.32 1.08 1.20 1.03 0.86 0.95
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700 1.25 1.30 1.28 1.34 1.10 1.22 1.05 0.96 1.01
750 1.29 131 1.30 1.38 112 1.25 1.09 0.97 1.03
800 1.35 131 1.33 1.45 1.13 1.29 1.14 0.98 1.06
850 1.36 1.33 1.35 1.46 1.13 1.30 1.16 0.99 1.08
950 1.42 1.49 1.46 1.49 1.29 1.39 1.2 1.16 1.18
1000 1.47 1.53 1.50 155 1.33 1.44 1.27 1.2 1.24
1100 1.52 1.62 1.57 1.58 1.44 151 1.32 1.28 1.30
1150 1.53 1.64 1.59 1.59 1.44 1.52 1.33 141 1.37
1200 1.53 1.89 1.71 1.70 1.79 1.75 1.33 1.55 1.44
2000 1.80 2.41 211 1.73 231 2.02 2.09 211 2.10
4000 2.44 2.60 2.52 2.54 2.34 2.44 2.24 2.49 2.37
6000 2.52 3.62 3.07 2.62 3.42 3.02 2.24 3.2 2.72
8000 2.80 3.70 3.25 2.90 3.72 3.31 2.5 3.28 2.89
12000 3.18 3.84 3.51 3.28 3.54 3.41 2.7 3.3 3.00
14000 3.30 3.99 3.65 3.3 3.69 3.50 3.02 3.42 3.22
14500 3.30 4.04 3.67 3.31 3.74 3.53 3.02 3.42 3.22
15000 3.32 4.05 3.69 3.32 3.75 3.54 3.02 3.42 3.22
15500 3.33 4.05 3.69 3.33 3.75 3.54 3.02 3.42 3.22
16000 3.34 4.05 3.70 3.35 3.75 3.55 3.02 3.63 3.33
16500 3.35 4.06 3.71 3.44 3.75 3.60 3.02 3.64 3.33
17000 3.36 4.07 3.72 3.51 3.75 3.63 3.02 3.65 3.34
17500 3.36 4.07 3.72 3.51 3.75 3.63 3.02 3.65 3.34
18000 3.36 4.07 3.72 3.62 3.75 3.69 3.02 3.65 3.34
18500 3.38 4.08 3.73 3.63 3.75 3.69 3.02 3.66 3.34
19000 3.38 4.08 3.73 3.63 3.75 3.69 3.02 3.66 3.34
19500 3.38 4.08 3.73 3.63 3.75 3.69 3.17 3.66 3.42
20000 3.48 4.09 3.79 3.65 3.75 3.70 3.2 3.66 3.43
2HL-3 Ohrs 2HL-3 8hrs 2HL-3 12hrs
0 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
50 0.00 0.03 0.02 0.11 0.13 0.12 0.24 0.23 0.24
100 0.10 0.09 0.10 0.12 0.13 0.13 0.33 0.31 0.32
150 0.16 0.19 0.18 0.15 0.15 0.15 0.39 0.37 0.38
200 0.17 0.29 0.23 0.18 0.19 0.19 0.46 0.43 0.45
250 0.38 0.39 0.39 0.23 0.21 0.22 0.50 0.49 0.50
300 0.38 0.48 0.43 0.31 0.29 0.30 0.55 0.51 0.53
350 0.48 0.55 0.52 0.39 0.37 0.38 0.59 0.59 0.59
400 0.52 0.60 0.56 0.48 0.50 0.49 0.60 0.59 0.60
450 0.60 0.74 0.67 0.57 0.54 0.56 0.62 0.63 0.63
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500 0.66 0.76 0.71 0.61 0.65 0.63 0.67 0.66 0.67
550 0.72 1.02 0.87 0.69 0.69 0.69 0.67 0.66 0.67
600 0.79 1.04 0.92 0.75 0.79 0.77 0.68 0.66 0.67
650 0.88 1.06 0.97 0.89 0.88 0.89 0.72 0.74 0.73
700 0.91 1.09 1.00 0.90 0.93 0.92 0.73 0.74 0.74
750 0.97 1.18 1.08 0.93 0.93 0.93 0.74 0.74 0.74
800 1.08 1.22 1.15 1.00 1.02 1.01 0.76 0.76 0.76
850 1.08 1.26 117 1.04 1.07 1.06 0.80 0.81 0.81
950 1.22 1.46 1.34 1.20 1.13 1.17 0.83 0.84 0.84
1000 1.24 l1.61 1.43 1.22 1.20 1.21 0.85 0.84 0.85
1100 1.31 1.62 1.47 1.29 1.21 1.25 0.88 0.85 0.87
1150 1.33 1.63 1.48 1.30 1.29 1.30 0.89 0.87 0.88
1200 1.42 1.73 1.58 1.47 1.30 1.39 0.95 0.89 0.92
2000 1.80 2.23 2.02 1.51 1.47 1.49 1.05 0.94 1.00
4000 1.80 2.78 2.29 1.66 1.90 1.78 141 1.32 1.37
6000 2.12 2.99 2.56 1.69 1.99 1.84 1.58 1.49 1.54
8000 3.00 2.99 3.00 1.80 2.10 1.95 1.67 1.62 1.65
12000 3.41 3.09 3.25 1.99 2.30 2.15 1.96 1.91 1.94
14000 3.54 3.18 3.36 2.31 2.30 2.31 1.99 1.91 1.95
14500 3.74 3.45 3.60 2.45 2.30 2.38 2.03 1.99 2.01
15000 3.74 3.49 3.62 2.55 2.30 2.43 2.03 2.00 2.02
15500 3.79 3.50 3.65 2.58 2.30 2.44 2.05 2.01 2.03
16000 3.83 3.81 3.82 2.63 2.33 2.48 2.05 2.01 2.03
16500 3.92 3.81 3.87 2.78 2.37 2.58 2.06 2.04 2.05
17000 3.92 3.88 3.90 2.78 2.43 261 2.06 2.07 2.07
17500 3.92 3.89 3.91 2.78 2.45 2.62 2.12 2.09 2.11
18000 3.95 4.02 3.99 2.83 2.46 2.65 2.12 2.09 2.11
18500 3.99 4.04 4.02 2.84 2.49 2.67 2.12 2.09 2.11
19000 4.04 4.20 4.12 2.85 2.66 2.76 2.12 2.09 2.11
19500 4.06 4.20 4.13 2.85 2.69 2.77 2.12 2.15 2.14
20000 4.10 4.20 4.15 2.85 2.69 2.77 2.12 2.15 2.14
20000 4.10 4.20 4.15 2.85 2.69 2.77 2.12 2.15 2.14
2HL -8 Ohrs 2HL-8 8hrs 2HL-8 12hrs
0 0 0 0.00 0 0.00 0.00 0.00 0.00 0.00
50 0.34 0.37 0.36 0.17 0.27 0.22 0.37 0.31 0.34
100 0.42 0.52 0.47 0.19 0.39 0.29 0.49 0.33 0.41
150 0.44 0.54 0.49 0.26 0.50 0.38 0.57 0.47 0.52
200 0.68 0.69 0.69 0.27 0.54 0.41 0.63 0.55 0.59
250 0.77 0.89 0.83 0.33 0.55 0.44 0.65 0.61 0.63
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300 0.9 1.11 1.01 0.38 0.64 0.51 0.72 0.68 0.70
350 11 1.19 1.15 0.39 0.66 0.53 0.78 0.73 0.76
400 1.35 1.28 1.32 0.71 0.70 0.71 0.79 0.78 0.79
450 15 15 1.50 0.75 0.73 0.74 0.81 0.82 0.82
500 1.57 1.59 1.58 0.75 0.73 0.74 0.81 0.82 0.82
550 1.64 1.69 1.67 0.83 0.81 0.82 0.86 0.87 0.87
600 1.78 1.72 1.75 0.84 0.83 0.84 0.86 0.89 0.88
650 1.79 1.72 1.76 0.84 0.86 0.85 0.92 0.95 0.94
700 1.79 1.74 1.77 0.86 0.88 0.87 0.93 0.95 0.94
750 1.83 1.78 1.81 0.89 0.88 0.89 0.96 0.96 0.96
800 1.88 1.88 1.88 0.94 0.90 0.92 0.99 0.98 0.99
850 1.89 1.93 191 0.95 0.97 0.96 1.02 1.10 1.06
950 1.92 1.93 1.93 0.99 1.02 1.01 1.02 1.12 1.07
1000 1.94 1.95 1.95 1.02 1.02 1.02 1.02 1.12 1.07
1100 1.96 1.97 1.97 111 1.05 1.08 1.02 1.25 1.14
1150 1.98 1.98 1.98 1.19 1.16 1.18 1.02 1.25 1.14
1200 1.99 1.98 1.99 1.19 1.17 1.18 1.02 1.31 1.17
2000 2.04 2.2 2.12 1.24 1.44 1.34 1.21 1.34 1.28
4000 2.4 241 241 1.61 151 1.56 1.43 1.42 1.43
6000 2.59 2.43 2.51 1.64 1.65 1.65 1.54 1.49 1.52
8000 2.59 2.45 2.52 1.76 1.85 1.81 1.75 1.63 1.69
12000 2.73 2.49 2.61 1.78 1.88 1.83 1.75 1.69 1.72
14000 2.88 2.73 2.81 1.88 1.89 1.89 1.75 1.72 1.74
14500 2.89 2.81 2.85 1.91 1.96 1.94 1.75 1.72 1.74
15000 2.93 2.96 2.95 1.95 1.97 1.96 1.75 1.72 1.74
15500 2.94 2.99 2.97 1.98 1.99 1.99 1.76 1.72 1.74
16000 2.97 3.19 3.08 2.1 2.00 2.05 1.76 1.72 1.74
16500 2.97 3.26 3.12 2.17 2.00 2.09 1.76 1.72 1.74
17000 2.97 3.26 3.12 2.2 2.04 2.12 1.76 1.73 1.75
17500 2.99 3.26 3.13 2.23 2.06 2.15 1.77 1.73 1.75
18000 2.99 3.26 3.13 2.23 2.12 2.18 1.77 1.73 1.75
18500 2.99 3.31 3.15 2.26 2.15 2.21 1.77 1.73 1.75
19000 2.99 3.31 3.15 2.28 2.15 2.22 1.77 1.74 1.76
19500 2.99 3.31 3.15 2.29 2.17 2.23 1.77 1.74 1.76
20000 2.99 3.31 3.15 2.32 2.19 2.26 1.77 1.74 1.76

2HL -3 24hrs 2HL -8 24hrs

0

0.00

0.00

0.00

0.00

0.00

0.00

50

0.16

0.10

0.13

0.14

0.10

0.12

149




100 0.32 0.22 0.27 0.20 0.19 0.20
150 0.41 0.37 0.39 0.26 0.27 0.27
200 0.50 0.49 0.50 0.30 0.33 0.32
250 0.52 0.49 0.51 0.33 0.38 0.36
300 0.57 0.50 0.54 0.39 0.39 0.39
350 0.59 0.56 0.58 0.45 0.49 0.47
400 0.60 0.59 0.60 0.50 0.56 0.53
450 0.61 0.63 0.62 0.53 0.57 0.55
500 0.69 0.68 0.69 0.55 0.59 0.57
550 0.71 0.73 0.72 0.56 0.62 0.59
600 0.71 0.75 0.73 0.58 0.65 0.62
650 0.72 0.77 0.75 0.59 0.65 0.62
700 0.73 0.77 0.75 0.60 0.67 0.64
750 0.80 0.83 0.82 0.60 0.68 0.64
800 0.80 0.84 0.82 0.60 0.68 0.64
850 0.80 0.85 0.83 0.62 0.69 0.66
950 0.82 0.89 0.86 0.63 0.71 0.67
1000 0.82 0.89 0.86 0.63 0.73 0.68
1100 0.83 0.89 0.86 0.66 0.78 0.72
1150 0.88 0.89 0.89 0.69 0.78 0.74
1200 0.94 0.91 0.93 0.69 0.78 0.74
2000 1.04 1.02 1.03 0.73 0.80 0.77
4000 1.30 1.26 1.28 0.81 0.82 0.82
6000 1.49 1.38 1.44 1.01 1.01 1.01
8000 1.62 155 1.59 1.08 1.10 1.09
12000 1.88 1.76 1.82 1.09 1.11 1.10
14000 1.93 1.87 1.90 1.09 112 1.11
14500 2.01 1.90 1.96 1.10 1.13 1.12
15000 2.01 1.96 1.99 1.10 1.15 1.13
15500 2.01 1.98 2.00 1.10 1.15 1.13
16000 2.02 1.98 2.00 1.14 1.15 1.15
16500 2.03 1.98 2.01 1.14 1.17 1.16
17000 2.03 1.98 2.01 1.18 1.17 1.18
17500 2.03 2.01 2.02 1.19 1.19 1.19
18000 2.03 2.01 2.02 1.23 1.23 1.23
18500 2.03 2.02 2.03 1.24 1.25 1.25
19000 2.03 2.02 2.03 1.25 1.26 1.26
19500 2.03 2.02 2.03 1.27 1.28 1.28
20000 2.03 2.02 2.03 1.30 131 1.31
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Fatigue Test Results:

1HL -3 Ohrs
Strain Level Nfl Nf2 Nf3 Average N SDN
500 29898 30500 28699 29699 916.8429527
400 44590 48199 47985 46924.66667 2024.709938
300 235750 251449 243599.5 11100.86936
250 950288 987030 968659 25980.51735
1HL -3 8hrs
Strain Level Nfl Nf2 Nf3 Average N SDN
500 30500 31799 38201 33500 4122.66916
400 63299 66750 65949 65332.66667 1806.170073
300 428120 441779 434949.5 9658.371524
250 942850 971550 957200 20293.96462
1HL -3 12hrs
Strain Level Nfl Nf2 Nf3 Average N S.DN
500 59899 60900 64841 61880 2612.688462
400 99880 97150 67990 88340 17676.39952
300 620120 607999 614059.5 8570.841295
250 978155 993549 985852 10885.20179
1HL -8 Ohrs
Strain Level Nfl Nf2 Nf3 Average N SDN
500 15900 16399 15701 16000 359.5844824
400 33940 37910 38960 36936.66667 2647.76006
300 328949 355950 342449.5 19092.5902
250 713569 679879 696724 23822.42746
1HL -8 8hrs
Strain Level Nfl Nf2 Nf3 Average N S.DNs
500 25455 26305 22340 24700 2087.540419
400 49099 52150 53949 51732.66667 2451.785132
300 400849 394290 397569.5 4637.913378
250 798150 772259 785204.5 18307.70167
1HL -8 12hrs
Strain Level Nfl Nf2 Nf3 Average N SDN
500 45600 42999 41871 43490 1912.373133
400 52599 53149 56499 54082.33333 2110.884491
300 636770 602335 619552.5 24349.22201
250 859525 832150 845837.5 19357.04813
2 HL-3 Ohrs
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Strain Level Nfl Nf2 Nf3 Average N SDN
500 26000 25935 29662 27199 2133.26815
400 40959 42150 45799 42969.33333 2521.880317
300 440975 498122 469548.5 40409.03122
250 589622 570720 580171 13365.73238
2 HL-3 8hrs
Strain Level Nfl Nf2 Nf3 Average N SDN
500 45309 46655 45883 45949 675.4228305
400 51999 55930 56910 54946.33333 2599.072976
300 478117 498250 488183.5 14236.18083
250 814949 788549 801749 18667.61902
2 HL-3 12hrs
Strain Level Nfl Nf2 Nf3 Average N SDN
500 46315 46299 44183 45599 1226.318066
400 66310 69149 69955 68471.33333 1914.661937
300 553199 523199 538199 21213.20344
250 1032950 | 1089735 1061342.5 40153.05857
2 HL-3 24hrs
Strain Level Nfl Nf2 Nf3 Average N SDN
500 44999 46150 46020 45723 630.3625941
400 59949.5 50150 52849 54316.16667 5061.816234
300 532177 546120 539148.5 9859.18985
250 706038 716533 711285.5 40153.05857
2 HL-8 Ohrs
Strain Level Nfl Nf2 Nf3 Average N SDN
500 20399 23250 22699 22116 1512.272132
400 38790 37510 42199 39499.66667 2423.716224
300 328449 301550 314999.5 19020.46531
250 661799 623150 642474.5 27328.96999
2 HL-8 8hrs
Strain Level Nfl Nf2 Nf3 Average N SDN
500 26099 25105 21393 24199 2480.370134
400 44899 48050 | 498495 47599.5 2505.808303
300 33102 342155 187628.5 218533.472
250 660548 692130 676339 22331.84636
2HL-8 12hrs
Strain Level Nfl Nf2 Nf3 Average N SDN
500 25539 24925 25586 25350 368.8102493
400 56850 55349 56735 56311.33333 835.3863378
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300 379120 341549 360334.5 26566.70888
250 1032959 | 989735 1011347 30563.98351
2 HL-8 24hrs
Strain Level Nfl Nf2 Nf3 Average N SDN
500 25355 26099 26543 25999 600.2799347
400 48749 49050 52149 49982.66667 1882.126546
300 309815 311895 310855 1470.782105
250 703260 680357 691808.5 16194.86661
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Appendix (B) 1 SpecimenPreparation and Testing
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(€)

Figure 1: (a) ESEM sample mould design (b) flatten the binder sample on the heat plate (c)
blending zones samples on the containers (d) observation of the asphalt binder under ESEM
image processing

Figure 2: Dynamic modulus test samples after testing
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