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ABSTRACT

Pavement infrastructuréorms one of the most important mode of passenger and freight
transportation and trade between Canada and the United States, and plays an important role in

nati onal economy as a measur eForasphalfpavemehts,dhe gl o |

durability of this infrastructure is highly dependent on the constituent asphalt binder, which even
though comprises only-@ percent of the asphalt mixture, governs the behavior and has a great
impact on its rheological characistics.

Like most organic materials, asphalt binder evolves phygiaall chemically over time (referred

to as aging or age hardening) owing to a number of aging mechanisms. Gradual oxidation resulting
in formation of oxygen containing functional group®ne of the primary causes of asphalt binder
hardening, however it is not the only mechanism attributed to aging. Other factors such as
volatilization of lighter fractions, molecular reorientation, absorption of oily components by
mineral aggregates, pto-oxidation and so forth could all lead to hardening of asphalt binder.
From a design point of viewt is very important to understand thesging mechanisms and their
subsequent effects on binder rheological properties to enhance pavement longeeitiuaadhe

time period taehabilitation antbr replacement.

Shortterm aging is the term given to changes in binder properties during mixing at an asphalt plant
and field compaction, and is mainly attributed to loss of volatiles or lighter oily fraetr@hiigh
temperature oxidation. Lorgrm aging on the other hand, refers to rheological changes that occur
during the pavement service life and is mainly attributed to oxidation at ambient temperatures.
However, it must be noted that ttae of changeesulting chemical composition and rheological
properties vary for different types of binder and even for same type of binder dependent on various
environmental factors such as temperature, humidity, solar radiation (including ultraviolet and
infrared) etc as well as asphalt mixture properties such as air voids (distribution and
interconnected voids), asphalt film thickness, type of aggregates, filler content and gradation

Over the yearsseveral laboratory procedures have been developed in a bid terateéhe aging
process while trying to accurately mimic the effects of construction aseriice conditiong-or

asphalt binderthe most commonly used methods are RTFOT (Rolling Thin Film Oven Test) and
PAV (Pressure Aging Vesselvhich simulate shoiterm and longerm aging respectively. For
asphalt mix, SHRP methods are generally employed with STOA (loosat 135C for 4hrs) for
shortterm and LTOA (compacted samples at’@5for 120hrs) for longerm aging.The
accelerationn aging in these procedures is achieved by applying excessively high temperatures
and/or pressures for extended periods of time. Previous studies have suggested that such extreme
conditions (in comparison to actual service conditions) could alter thedsimétoxidative aging

in terms of the types and concentration of oxidation products formed, hence leading to different
rheological and mechanical properties in comparison to those encountered after ssgoaten
pavement aging.

The main aim of this search project is to study the effects of less considered environmental
degradation factors such as solar radiation (in particular UV) and rainfall on age hardening of
asphalt binder, and hence optimize a laboratory accelerated aging procedure whiakspaovid



better representation of actual conditions encountered by asphalt pavements in their service life.
To this end, compacted asphalt mixture samples were subjected to three different types of
conditioning procedures 1). Control conditioning procedurelwts based on current widely used
practices; and 2). and 3). Atlas Weatherometer and Bespoke Chamber conditioning procedures
which are both based on limiting temperature conditioning and achieving acceleration in aging by
applying cycles of water spraylfowed by drying under irradiation. The reason for choosing
compacted mixture specimens was to avoid any issues related to compactability, and cohesion and
adhesion for subsequent laboratory testimdpich was carried out t@haracterize mixture
rheologicé behavior(Complex Moduluy andto determine changes in fracture potential of aged
mixtures(SCB). Another approach that was utilized was extraction and recovery of asphalt binder
from aged mixtures, which was then subsequently subjected to rheologoaplex Modulus),
chemical (FFIR), and performance (LAS and MSCR) testing to understand the effects of age
hardening.

The effect of oxidative aging for both asphalt binders and asphalt mixtures was characterized by a
constant increase in modulus values*(c and | E*|) and a decrease
terms of rheological behavior, this can be described as an increase in stiffness along with a greater
proportion of elastic behavior, which leaddn increase in resistance against rutting but also
reduction in pavement durabilissociated with brittleness arediuced resistance against fatigue

A difference in kinetics of aging along with variations in rheological behavior were also noticed
for control conditioning procedure where asphalt biretled mixture samples were subjected to
comparatively high temperatures and/or pressures. The effect of water conditioning was also
studied, indicating an accelerating effect on the ploaidation of asphalt mixtures. Thtsin be
attributed to thevater slubility of the chemical products of photaxidation which are washed
awaythusexposing further layers to oxidation.

Conclusions hence drawn based on comparative analysis of the results were then used to
recommendBespoke Chamber conditioning proced(ndéth repetitive cycles of UV and water
conditioning) which was able to reproduce desirable levels of natural age hardening in compacted
asphalt mixture samples while satisfying all of the requirements for an ideal conditioning
procedure.
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CHAPTER 1 INTRODUCTION

Can ad a amsl highewagndtworkcomprises of more than one million kilometers of roais
percentof which are pavedrlhetransportation network forms one of the most important mode of
passengeand freight transportaticand trade between Canada and the United Statdglaysan
important rolan national economgsa measur e of Canadads gl obal

Recordspublishedby statistics Canada 2009 shows that there was a 10 peraecrtease in the
percentage foroads and highway investment budgets that have been spent on network
rehabilitation as @mpared to network expansiohhis trend has further exacerbated overldise

8 years, highlighting the need to better understand pavement aging and enhancéyditabili

Over 95 per cserpatisareo favedowith asphialtp & organic material thadlves
physically and chemically over time owing& number of aging mechanismsphalt pavements

are designed based on the tbgaal properties of asphdiinder, which even though comprises

only around 4i 6 percent of the asphalt mixture, has a great impact on durability and governs the
behavior of the mixture. Thusis very important to understand the various aging mechanisms and
their subsequent effects on binder rheological propetitesnhance pavement longevity and
reduce the time period tehabilitation andir replacement.

The change in binder properties during construgtortterm)and pavement service li{eong-

term)is referred to as asphalt aging or age hardening and éasume of pavement durability.

general asphalt aging tends to increase binder viscosity making it stiffer and brittle which would
lead to an increase in resistance against rutting but would also lead to a reduction in pavement
durability with reduced resistance agaifagigue, low temperaterdistresses and stripping.

Generally, loss of volatiles or lighter oily fractions and high temperature oxidation are the two
main factors associated with@tterm aging, and oxidation at ambient temperatures is the main
factor associated with loAgrm aging. However, the rate of changeresulting chemical
composition and rheological properties véoy different types obinder and even for same type

of binder dependent omarious environmental factors such as temperature, humidity, solar
radiation (ircluding ultraviolet and infrared) etc. as wellasphaltmixture properties such as air
voids (istribution andinterconnected voids), asphalt film thicknesge of aggregates, filler
content and gradatidg].

Several accelerated laboratory aging methods have been developethfehorterm and long

term aging for asphaltinder and asphalt concreteThese methods are used to dgeder ad
mixture samples on which further performance and rheoldgiests are then carried otror
asphaltbinderthe most commonly used methods are RTFOT (Rolling Thin Film Oven Test) and
PAV (Pressure Aging Vessealhich simulate shoiterm and longerm aging respectively. For
asphalt mix, SHRP methods are generathployed with STOA (loosenix at 135°C for 4hrs) for
shortterm and LTOA ¢ompacted samples at°8bfor 120hrs¥or long-term aging.

However most of the current laboratory accelerated agimgethods rely solely orhigh
temperatures and air flow faccelerated oxidative agiragmnd do not consider amnvironmental
factors and othemix design parameterghis project aims at identifying the importance of these

1



less considered factors, and incorporate them into a new accelerated aging procedurewchich c
be used to produce samples which are more representative of actual field Fagitgr
performance and rheological testing could them be utilized to identify any premature pavement
distresses and enhance durability.

1.1 Research Hypothesis
The main hypthese for this research project are briefly summarized as below:

1. Asphalt binder aging, a measure of pavement duralddes to better rutting performance
and reduced resistance against fatigue and low temperature distresses.

2. Current acceletad aging rechanisms rely mainlgn high temperaturepressureand air
flow for oxidative aging and hence do not accurateiyic field aging.

3. Performance and rheological test results carried out on current laboratory aged samples
might not be able to fully explaimavement characteristics after aging.

4. Environmental factors viz. temperature, amount and intensity of solar radiatioigdityu
andrainfall, and other mix design parametatishave areffect on asphalt oxidative aging
in terms of its kinetics, chemicalath and subsequent performance and rheological test
results.

5. Accelerated laboratory aging incorporating these less considered featibdsbe used to
better understand pavement durability.

1.2 Scope and Objectives

The objective of this project is toptimize an accelerated laboratory aging methcapable of
simulatinglongterm field aging by studying the combined effectasphalt bindeand mixture
properties, and variousi@gronmental factors

In order to achieve this objective samples will be aged usifegent conditioning procedures and
then subjected to subsequéatioratory rheological, chemical apérformance test The results
would then be analyzed to evaluate the importance of different conditioning paraaretdrence
identify an accelerateaging procedure which provides a more representative sample for further
testing.

1.3 ThesisOrganization
This thesis is organized in to chapters with following contents:
Chapter 1 Introductioni The concept of oxidative aging along with its subsequent effects on

pavement durability is introduced, followed by hypothesis and overall scope and objectives of this
research project.



Chapter 2 Literature Review A comprehensive review alurrent stee of the art knowledge on
Asphalt binder and mixture properties and life cyel®ng with an insight into various aging
mechanisms and concepts and approaches related to accelerated laboratory aging procedures.

Chapter 3 Research MethodologyMethodolayy employed to optimize a laboratory accelerated
aging procedure which could be used to simulate real life aging conditions on asphalt mixture
samples, thus providing a more accurate representation of changes in pavement rheological and
mechanical behaviwith time.

Chapter 4 Statistical Analysis of Results and Discussioloaboratory test results for both asphalt
binder and asphalt mixtures along with subsequent analysis and discussions are presented in this
chapter.

Chapter 5 ConclusionsRecommendations and Future Resedrdkecommendations based on
conclusions drawn fromomparative analysis of the reswdtg presented along with identification
of possible areas for beneficial future research.



CHAPTER 2 LITERATURE REVIEW

2.1 Introdu ction

The purpose of this chapter is to provide current state of the art knowledge on Asphalt binder and
mixture properties and life cycle along with an insight into various aging mechanisms and concepts
and approaches related to accelerated laboratang pgocedures.

2.2 Background on Asphalt

Asphalt also known asditumen is aviscoelastic material formedf @ mixture ofdifferent
hydrocarbonsf natural and/or pyrogeneous origamd is highly viscous, sticky, and black in
appearanceistorically natural asphalt frortakes, rock formations, gilsonite and oil sahdse

been used for a diverse range of applications including but not limited to waterproofing, as a
bonding agent, construction, pavjrand so on This naturalmaterial is often accompaad by

mineral matter, the amount and nature of which is dependent on the source and extraction processes
involved [3]. In Canada large naturaldeposits of bituminous sandse found m the valley of
Athabasca riverAlberta and natural deposits of Albertite occur in the valley of Peticodiac river

in Albert county, NB[4].

There are over 250 known applications of asphalt as a construction and engineering material with
around 85% of the total production being used for the pavement industry. About 10% is used for
roofing applications with the remaining part (approximately 5&ihg used for a variety of other
applications such as waterproofing, paints, seadtod5].

Almost all of the asphalt used today for paving comes from petroleum crudeoihplex mixture
of hydrocarbons differing in molecular weightscosityand consequently in boiling randequid
asphaltalso referred to as straightnasphalbinderis the heaviest part of the crualed residuum
of the vacuum distillation tower after distillationwadlatile, light fractionssuch as.PG, gasoling
diesel etcThese straightun asphaft are generally sqftvith their properties directly related to
the constituent crude and often require further processingeification, mild oxidation,
blending,additives such as polymers etto)produce penetration grade asplatidess that are
suitable for road construction.

2.3 Asphalt Binder Grading

Dependent on the type of processing involved there is gagaince irthe physical and chemical
properties ofasphalts makinghem difficult to use for road constructionVith increasing
technological advancessphalt specifications have evolved greatly over titoe ensure
consistencyExplained below are the different typesasphaltbindergrading specificatios



2.3.1 Penetration Grading

This system was developed in the early 1900606
asphalts.The penetration depth of a 100gm needle in asphalt binder maintainedCais25
measured after 5 seconds and used for specificattus penetration depth is a measure of asphalt
binderviscosity or softness and is roughly related to its performareea higher penetration

asphalt (soft) would be better suited for use in colder climates as compared to a lower penetration
asphalt(hard. Thereare five different penetration gradas specified in AASHTO M20 ranging

from 4050 (hardest grade) to 2BDO (softest gradg®p].

One of themain disadvantages of usiRgnetration Grading is that because the test is performed
at a constant temperature {5, it does not provide any information about the temperature
susceptibility and mixing/comptaon temperatures for asphalt binder

2.3.2 Viscosity Grading

Viscosity, the ratio between the applied shear stress and the rate of shear was introduced in the
early 196006s as an i mpr\seositytestsyare taaied odit at diffeeerst p h a | -
temperaturegypically 60°C and135°C) and are hence able to characterize the mixing/compaction
temperatureand also provide an insight into the temperature susceptibility of asphalt binder.

Viscosity grading can be carried on originalneatasphalt bider (AC grading) as well as short

term aged binder (AR grading). AR grading takes into account the age hardening effects that
happens during the production of hot mix aspftdilA) and are hence a better representaiive
actual pavement performani&g.

2.3.3 SuperPave Performance Grading

Superpave performance grading (PG) system is based on the climatic conditions under which an
asphalt pavement is to be usadd utilizes tests that specifically address pavement performance
parameters such as rutting, fatigue cracking and thermal cracking. These teatsi@deout on

neat, shorterm aged and lonagerm aged binder samples at specific temperatures that are
dependent upon the climatic conditions in the area of use.

PGgrading is reported in two numbers (8g.PG 6422), where the first and the second numbers

are the average sewday maximum and the minimum temperatures respectively that the
pavement is likly to experienceDependent on the type of crude used polymers and/or extenders
are added to the binder to enhance the high temperature and low temperature performance
respectively andsaa general rule of thumbeseadditivesare generallyrequired if hetemperature
specificationdiffers by 90°C or more.

Table2-1lists the different tests used fenetration, Viscosity and PG Grading of Asphalt Binder
along witha brief decription of their purpose anthelaboratory equipment used.



Table 2-1 Tests used for Penetration, Viscosity and PG Grading of Asphalt Binder

Test

Purpose

Equipment

Penetration Test

To obtainpenetration depth o
a 100gm needle in asphg
binder maintained at 26
(measured after 5 second
Considered an index fc
consistency of binder ¢
intermediate temperatures.

Standard Penetrometer _

I

Flash Point Test

To determine the lowest liqui
temperature at whic
application of test flame
causes the vapors of the sam
to ignite.

Ductility

To measure asphalt bind
ductility by stretching ¢
standarekized briquee to its
breaking point Considered a
index of flexibility at low
temperatures C) and
compatibility at 28C.

Solubility / Purity

To quantify any minerd
impurities in asphalt binder b
dissolving a sample in
suitable solvent (methylen
chloride, trichloroethylene etc
through dilter mat.

Rotational
Viscosity (RV)

To measure dynamic viscosi
of asphalt hder at different
temperatures and hence prov
i nformati on
pumpability, mixability and
workability.




Short-term Aging

To simulate shofterm age
hardening effects that occu
during plant production o
asphalt mixture.

Despatch®
(RTFO)

Rolling Thin Film Ove

Long-term Aging

To simulate longerm age
hardening effects that occu
during service life of ¢
pavemenh

Prentex®Pressure Aging Vessel (PA\
andDegassing Chamber

L
-

Dynamic  Shear
Rheometer (DSR)

To characterize the viscous a
elastic behavior of asphg
binders at medium to hig
temperatures ensuring adequ
resistance against rutting a
fatiguecracking.

Anton Paar® DSR

i

Bending Beam
Rheometer (BBR)

To measure low temperatu

stiffness and relaxatio
properties of asphalt binde
giving an indication of its

ability to resist low temperatur
cracking.Tests are carried o
on small simply supporte
PAV aged binder beams

Cannon® BBR

Direct Tension
Tester (DTT)

To measure low temperature
failure stress and straiof PAV
aged binder

DTT, along with BBR is use
to determine low temp P
grading.

Interlaken® DTT

Direct Tension Tester




2.4 Rheological Behavior of Asphalt Binderand Asphalt Mixture

Asphalt binders and the subsequent flexible pavements display a viscoelastic behavior i.e. when
subjected to shear loading they behave partly like an elastic solid (recovesbslaation) and

partly like a viscous liquid (nerecoverable deformation)This behavior is alsdime and
temperature dependent ia.higher temperatures and slower rate of loadiisgfter response is
encountered as compared lower temperatures andhdter rate of loadingThe rheological
properties are a function of the internal forces between the intricate hydrocarbon structures which
changes with the use of additives (polymers, extenders etc.) aged hardening (mainly due to
oxidation) resulting inchanges in mechanical properties of both aspbialtler and asphalt
mixtures. Historically, empirical properties have been used to provide an indication of the
rheological characteristics, which can nowdatermined much more accurately by carrying out
tests at a range of frequencies and temperatures.

2.4.1 Complex Modulus (G* for binders / E* for mixes) and Phase Shift Anglg U )

Undersinusoidalcyclic loading,the ratio between the amplitude of peak stresses and strains is
calculated as the normal value of ti@mplex Modulus(a measure of total resistance to
deformation under loadingand the time lag between the two is referred to as the Phase Shift
Angle. Both of these parameters combickdracteriz¢he viscoelastic behaw and can be used

to determine the Storage Modulus (elastic portion) and the Loss Modulus (viscous portion).

o(t) = o, sin(wt)

pat P——— —_——— 7(t) = 3, sin{wt-3)

Vi

GII

1
G e
Figure 2-2 Vector diagram illustrating the relation between complex modulus (G*/E*),
storage modul us ( GNj/ ENj , |l oss modul us ( Gnj/ E
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2.4.2 Rheological Modelling

As mentioned beforthe behavior of asphalt bindemchasphalt mituresis time and temperature
dependent i.ewith increasing temperature and decreasing frequency of lqatti@egomplex
modulusvalues woulddecreaseand thephase angleralues would increasén order to fully
characterize the rheologicdlehavior frequency sweep testsrea carried out at different
temperaturedt is vital that these tests are carried out within the linear viscoelastic region (LVE),
which is defined as eegionwherethe relationship between stress and straimfisencel by
temperature and time alone and not byrttagnitude of the stress or stridj.

The rheological datehence collected can be used for the construction of mastercurves
characterizing the full rheological behavior of birglend mixures using the time temperature
superposition princig (TTS) or the method of reduced variables. This principle is based on the
interrelation between temperature and frequency (loading time), which through shift factors can
be used to bring measurements dandifferent temperatures and frequencies to fit one overall
continuous curveMastercurves can be generated in two different ways, Isothermal plots (where a
reference temperature is first selected followed by shifting of rheological data at all other
temperatures with respect to time or reduced frequencies) and Isochronal plots (where a reference
frequency is first selected followed by shifting of rheological data at all other frequencies with
respect to temperaturg)0].

Many attempts havieeen made to use ple@nenological and analogical models, defined by curve
fitting of experimental data to describe the viscoelastic properties of asphalt binders and mixtures.
These models are comprised of a combination of springs (elastic elements), linear dashpots
(Newtonianviscous elementspand parabolielementgparabolic creep functionfxamples of

some of these models are the Maxwell and Kelaigt model, CA (ChristenseAnderson)

model, CAM (ChristenseAndersoAnMarasteanu) model, Zeng model, Huet model, and ttet-Hu
Sayegh model. The reader is directed [1d] for further information and mathematical
representation of these models.

2.4.2.12S52P1D RheologicaModel

F. Olard and H. Di Benedetto introduced the 2S2P1D (two springs, two parabolic elements, and
one dashpot) model which is a generalization of the {3agegh model. This model is valid for

both asphalt binders and asphalt mixtures, and at a giveretatage haseven constants, each

with a physical meaning and representation. Complex Modulus (E*) for the 2S2P1D model given
by the following expression (in complex form):

oQ t 0 °©_©
Tt 9t Tt
Eq. 21[11]
where
0O = Static modulusat very high temperature gery low frequency)
= 0 for binders (n@aggregatekeleton effect)
O = Glasy modulus (at very low temperature or very high frequency)



Q = complex number defined 5§ p

1 = Angular frequency (2*frequency), the solicitation pulsation

t = characteristic time with values varying only wiemperature (accounts for T)I'S

WQ = parabolic creep element exponents suchrthafQ Q p

1 = dimensionless shape parameters

I = Constant thatebends on dashpot viscodjityewtonian Viscosity — O O71 7}
E.-Ey

k
Ey

h
ﬁj “

Figure 2-3 Representation of 2S2P1D rheological model [11]

In this research projecthe2S2P1D model has been used to analyze the rheological behavior of
both asphalbinders and asphalt mixtures, givendatse of use with one equation for predicting
both complexmodulus and phase angle, andaitslity to accurately model complekeological
behavior.Also (as mentioned befojehe variables used in this model have a physical meaning
representing actual rheological behavior rather than just curve fitting vati8hlewn below are
example analysis results for tests carried oua typical asphalt mix sampld=igure 2-4, Figure

2-5, andFigure 2-6 shows the developed mastercurves for Complex Modulus, Phase Angle, and
StorageandLoss Modulus respectively over a wide range of frequenEigsire2-7 andFigure

2-8 shows the Black Spackagram(plot of complex modulus against phase angle) and Cole Cole
diagram(plot of loss modulus against storage modutaspectivelySince both of these gtis are

not affected by the TT8anipulations, they serve as a useful tool to identify any inconsistencies
in experimental rheological data.

Complex Modulus Mastercurve

1.00E+05
0 v —
= 1.00E+04 v
E y -10
< 1.00E+03 o> 4
o)
= 1.00E+02 21
= 37
1.00E+01
© e 54
1.00E+00 —pE*

1E-12 1E-090.0000010.001 1 1000 1000000 E+09 1E+12 1E+15
Reduced Frequency

Figure 2-4 Isothermal Mastercurve of Complex Modulus over a wide range of frequencies
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Phase Angle Mastercurve
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Figure 2-5 Isothermal Mastercurve of Phase Angle over a wide range of frequencies

Storage & Loss Modulus
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Figure 2-6 Isothermal Mastercurve of Storage & Loss Modulus over a wide range of
frequencies
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Figure 2-7 Black Space Diagram
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Cole-Cole Diagram
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Figure 2-8 Cole Cole Diagram

Note that in all these diagrams the solid black line (annotated as P) represents the rheological
behavioras predicted by the 2S2P1D model and dots represent the actual experimental test data.
Also for this particulaasphalt mixture sample, the root mean squared error over the interquartile
range (RMSEIQR) has been calculated as 3.7% indicating that the 2S2P1D model was able to
accurately characterize the rheological behavior.

2.4.2.2 Effect of Aging on Rheological Behavior

As mentioned beforeasphalt binder is an organic material which is affected by oxidation,
temperature, solar radiation, humidity etc. and hardens with aging withsequenincrease in

its viscosity. This results in a constant increase in complex modotlislecrease in phase angle
i.e. an increase in stiffness and proportion of elastic behavior as compared to virgin binder.

2.5 Chemistry of Asphalt Binder

The chemical composition of asphblhderis extremely complex, dependent on the source of
crude oil sed andvaryingduring its lifecycle (mainly due to oxidative agingsphaltbinderis

a mixture of different hydrocarbons @8% carborand8-11% hydrogen) along with a small
amount of other functional groug®ntaining sulphur, nitrogen and oxygenmaso It may also
contain a trace amount of metals such as vanadium, nickel, iron, magnesium and[8lcitam
complex anddiverse chemical composition makes complete chemical analysis of dsipllait

not only challenging but also impractical in terms of any meaningful correlation with its
rheological properties.

As a result, researchers tried to separate aspimalérinto broader chemical fractions based on
hydrocarbon properties such as molecular weight, particle size, polarity etc. Different techniques
such as solvent extraction, filtration and chromatography have been utilized in the past to separate
asphaltbinder into fractions.Out of thesea method developed by Corbett in 1969 gained
popularity given itsease of use and ability to fractionalize aspbaiterinto four reasonably
distinct hydrocarbon groups, also known as SARA fractions (Saturates, Aromaticss Redi
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Asphaltenes). This method utilizes solvent extraction followed by elatigorption
chromatography (refer teigure2-9) [12].

Asphalt Binder

(disperse & precipita
in n-Heptane)

Insolubles

Asphaltenes

Solubles subjected to Elutigkdsorption Chromatography

: : X .

Resins (PolaAromatics ome . ap SUraTes
MethanoiBenzene & 2

Trichloroethylene Eluat Benzene Eluate i 2l

Figure 2-9 Separation of Asphalt Binder into four generic groups [12]
A brief description of the physical nature gmdperties of these groups is discussed below:

Asphaltenes: These are black or brown in color, highly polar, solid, aromatic hydrocarbons
comprised mainly of carbon and hydrogen with small amounts of nitrogen, sulphur and oxygen.
Asphaltenes are the biggesd the heaviest molecules among all other fractions with a molecular
weight ranging between 1000 & 100,000 and a patrticle size of 5 to $8hnn terms of
rheological characteristics, increasing the asphaltene content would lead to a subsequent increase
in stiffness and binder viscosity.

Resins (Polar Aromatics):These are similar to asphaltenes in terms of their compositith a
lower molecular weight (500 to 50,000) and particle size5{im). They are in solid to sersolid
state with a dark brown color and polar nature. In asyiwadter structure, resins surround the
asphaltenes acting as a stabilizing solvent |fyigure2-10).

Aromatics (Naphthalene Aromatics): These are noepolar carbon chains with a molecular
weight of 300 to 2000. These are dark brown viscous liquidsaniilgh dissolving ability and act
as a medium in which resin coated asphaltenes are disgErgere2-10).

Saturates: These are white or straw colored non polar oils comprised of straight and branch chain
hydrocarbons. Saturates can be both waxy andwaxy with a similar molecular weight as
aromatics and form a part of the dissolving medium in asphraderstructure(Figure2-10).
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Figure 2-10 Colloidal Structure of Asphalt Binder showing SARA fractions[3]
2.6 Characterization of Aging based on Chemical Composition

One of the major causes of failure of asphalt pavements is aging, caused mainlgxidatiece

aging of asphalt bindeand resulting in an increase in its viscosity and brittleness, and generally
speaking a subsequent increase in resistance against rutting but a reduction in fatigue life and
thermal resistance properties.

Oxidative agingéads to a change in the colloidal structure and chemical composition of asphalt
binderwith formation of highly polar and strongly interacting functional groups containing oxygen
[13]. Over the years, studies carried oubardative aging have almost uniformly concluded that
age hardening of asphainderis marked by the formation of sulfoxides (by oxidation of sulphur)
and ketones or carbonyl (by oxidation of carbfid]. These two majooxidation products
(carbonyl and sulfoxideplso accompanied wittomeminor amounts of dicarboxylic anhydrides

and carboxylic acidsan be used as an index to quantify the rate and level of oxidative] &gjng

In terms of asphalbinder structural analsis, various methods such @®&rbettanalysis, gel
permeation chromatographyray diffractionand scatteringandelectron microscopgan be used

to study the molecular weights and fracti¢h3]. Out of these Corbett ayals and gel permeation
chromatography are the most popular techniques given their simplicity, capability and rapidness.
Both of these methods are discussed briefly in section 26l 5ectior2.6.2.
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However, it must be noted that even though structmadlyais provides a very good understanding

of asphalbinde® s chemi stry it does not provide any m
of aging which can be determined more accurately by studyinfptiration and reactivity of

functional groups(carbonyl and sulfoxide) Many instrumental techniques such asax

diffraction, mass spectrometry, infrared spectrometry (IR), and nuclear magnetic resonance
spectroscopy (NMR) can be usadd anong these, IR is the fastest and most sensitive technique

that can be used for detection a$phaltbinder functional groups[13]. This technique is
subsequentlgescribed in section 2.6.3.

2.6.1 Corbett Analysis

Asphaltbinderfractionalization was carried out on binders obtained frdffieréint stages in the
vacuum reduction distillation process by Corljéft]. The results show that as the distillation
progresses (i.e. increasing level of agjrapth of the lighter fractions (Saturates and Aromatics)
decrease in concentration while the heavier fractions (Resins and Asphaltenes) increase in
concentrationKigure2-11).

16.7 13 wmr Saturates
27.2
34.7 Napthene-
41.4 Aromatics
45.8 Polar-Aromatics
37.4
29.8
Asphaltenes
23
11.5 14.6
Flux Binder Pitch
300+ 89 5 Pen @ 7%F
83 114 184 Soft. Pt fF)

Figure 2-11 Effect of vacuum reduction on composition of AsphalBinder [12]
2.6.2 High Performance Gel Permeation Chromatography (HPGPC)

Similar to Corbett analysis (fractionalization of asphwfider), another approach that can been
used to separate asphdlinder based on the apparent molecular size distribution is High
Performance Gel Permeation Chromatography-G#H&Z). This approach is analogous to sieve
analysis and is based on the elution timasghalt molecules through a column chromatograph
packed with permeable gel, under high presdisag this approach asphhlhdercan be divided

into three regions namely Large Molecular Size (shortest elution time), Medium Molecular Size,
and Small Mo¢cular Size (longest elution time). In a previous study carried out by Jennings
(1985), asphalbindersamples extracted from a wide variety of pavements in different stages of
their lifecycle were subjected to HPPC analysis. Results indicate that anrease in
concentration of LMS is associated with an increase in aging of agphddrand a subsequent
increase in cracking of pavements. It was also concluded that abpiagts with a higher
concentration of LMS are comparatively better suited ftderoclimateq16].
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Figure 2-12 Chromatograms of Virgin and Short Term aged AsphaltBinder [17]

These results are in agreement with theb@tiranalysis results shown kigure 2-11, i.e. an
increase in level of aging leads to an increase in concentration of large molecular size fractions
(asphaltenes and resins).

2.6.3 Infrared Spectroscopy

Infrared spectroscopy (IR) can bged to measure functional groups by analyzing the interaction
(absorption, emission and reflection) of infrared light with a molefi8¢ Fourier Transform
Infrared Spectrometers (FTIR) allows for these spectral measurements to be taken quickly over a
wide scan rangandwith high accuracy. For asphddinder, the obtained spectrum can then be
analyzed to quantitatively calculate structural indices for the two main functional groups formed
during oxidative aging: carbonyl functional group (around 1706)camd sulfoxide functional

group (around 1030 ch). These calculationare based on the assumption thatGhe ethylene

groups (at 1460 cr) and the Chmethyl groups (at 1375 chhare not significantly modified by
oxidative aging[19]. Carbonyl index () and Silfoxide index (§ can becalculated using the
following formulas.

[%3 [RY 5 N By N “O(b ’Q(b
VDO DI wWEGE X @
Ow Qw | Ow Qw
Eqg. 22
Ow Qw
O YO O "Q¢ QWMo
Ow Qw | Ow Qw
Eq. 2-3

where
"Ow represents the spectrum andthe wavenumber; and

Ow Qw = Area under th€arbonylpeak.
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Ow Qw = Area under the Sulfoxide peak.
Ow Qw | "Ow Qw =Areaunderthe CH2 & CH3 peaks.

FT-IR Spectra
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Figure 2-13 Typical FTIR spectra showing Carbonyl, CH2, CH3 & Sulfoxide peaks
2.7 Aging in Asphalt Pavements

In pavement industry, the lifecycle of aspHatiderconstitutes of different stagesith each of

them having a particular type of effect on its structure and chemical compgdsiéidimg to aging

or age hardening. Like any other organic mateaaphaltbinderis affected by temperature,
presence of oxygemand environmental degradaticaused byltraviolet radiationhumidity and

so on. The conditions that prevail in these different stages along with their effects on rheological
and mechanical properties, and the various aging mechanisms as identified by the literature are
subsequengldiscussed in the following subsections.

2.7.1 Aging during Storage, Mixing and in Service life

For an asphalt pavement to achieve its desired design life, it is imperative to inhibit excessive aging
during production of asphditinder, its storage and transpation, production and transportation
of asphalt mix, and in pavement service life.

Manufacturing of asphalt binder: Following fractional distillation of crude oil, asphélinder
goes through various levels of air rectification/blowing process at vehyteigperatures and/or
further modification (mainly by addition of polymers) to obtain the desired grading. During this
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process oxidation, dehydrogenation, and polymerization takes place leading to an increase in
overall molecular size and concentratiorasphaltenes.

Aging during transportation and bulk storage of asphaltbinder: In this stage asphatinder

can bereheatedr kept at elevated temperatures for a considerable amount of time (days or even
weekg. This can be carried out without adverselyeefing the properties of asphainder by
controlling a number of parameters such as temperature, oxygen access, surface area to volume
ratio, and the duration of exposure. The design of storage tanks is also important and should avoid
refilling via pourng from the top as this would lead to a sudden increase in surface area and
subsequent aging].

Aqging during mixing with_aggregates:During the production of asphalt mixture hot aggregates
and filler material are coated with a very thin layer of asyiiatter(5-15um), thus creating a very
large surface area which in turn leads to relatively excessive oxidation and ligesenfvolatile
fractions (upto 30% loss in penetration grade). The level of agiaduisction of a number of
factors such as temperatu@ygen accesdfjim thickness (with accelerated aging noted in
samples less thatBOum) andype of mixer(with less than half reduction in penetration grade of
drum mixed samples as compared to a conventional batch mixed sdi3pI0).

Aqging during storage, transportation and compaction of asphalt mixThe extent of aging in

this stage is relatively lower becausetlod low surface area ofsphalt mixture The only source

of oxygen is from theinentrapped within the mixture during transfer from mixer to silo storage,
and from silo storage to a delivery trudkith regards to the free surface, oxidatdmhe top layer
produces carbon dioxide which due to it higher densitg$ to blanket the surface thus protecting

it from further oxidation. Aging that occurs during mixing, storage, transportation and compaction
of asphalt mix is also referred to as skertn aging.

Aging during pavement service life:After construction, pvements are subjected to midrange
temperatureglong with exposure to environmental factors such as sunlaghtde (affecting

intensity of UV radiation)altitude (affecting partial pressure of oxygdm)midity and rainfalfor

a long period of timeAging at this stage occurs at a much slower pace as compared to short term
aging and is alsceferred to as lonterm aging Figure2-14). The level of age hardeniran the

surface layer of asphalt pavements is much more as compared to the lower layers due to constant
air supply, relatively higher temperatures and pfmtiolation caused due to ultraviolet radiation.

Asphalt mix properties such as percentage and hligion of air voidsaffecting oxygen access
aggregate gradatiomnd asphalbinder content also have a considerable effect of the level of
aging. In terms of aggregate gradation, for the same air void contengrgdpd mixtures are
considered more durable than continuowgigded mixtures as they are less permeable to air with
a lower level of interconnected voids. AspHatidercontent on the o#fr hand also plays a very
important role in durability as it effects the film thickness which delays oxygen diffusion and in
turn age hardeninf], [20]. The presence of any polymer additives in aspbialler may also
have an effect on aging, particularly if they are susceptible to faxidiation.
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With regards to asphgbavement base layers, even though they are shielded from environmental
effects studieshave shown that age hardening still occurs (at a slower iEte.is mainly
attributed to reorientation of asphalt molecules slnd/ crystallization of waxes.
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Figure 2-14 Aging during mixing, storage, transportation, and pavement service lif¢3]
2.7.2 Aging Mechanisms

The age hardening of asphiailbderis attributed to a number of different processes or mechanisms
as hghlighted inTable2-2. The most important of these are briefly discussed below:

Oxidation: Oxidative aging, resulting in formation of oxygen containing functionalgs is one

of the primary causes of asphgilhderhardening. The resulting increase in stiffness and viscosity

is attributed to both increase of molecular size and weight, and to the increased polarity of these
functional groupq21]. The rate and kinetics of oxidation is highly dependent on temperature
which has both a chemical effect (doubtdgemicalreactivity with almost every PC rise and
physiochemical effecirfcreased mobility of potentially reactive hydrocarbd@g]. Studies have

also slown that temperature levels decipher the polarity of the oxidation products, i.e. same levels
of oxidation carried out at different temperatures caelkllt in asphalbindes with varying
mechanical and rheological propertjas].

Studies have also shown tleattain ninerals that exist naturally in aggregates can have a catalytic
effect on the oxidation process (particularly for the-potar fractions). An example of this is
quartzite aggregates which can lead to accelerated oxidation of the saturates fractioedHydrat
lime (used in pavements to enhance resistance against moisture damage), on the other hand has a
deaccelerating effect on oxidation attributed to its ability to absorb oxidation sensitive fractions in
asphaltinder[22].

Certain metals such as vanadium (naity occurring in asphalbvinde), iron (through aggregate
contamination), ferric chloride (used as a catalyst in refinery air blowing process) can also have a
catalytic effect on the oxidation procg28]. Another example is addition of Recycled Engine Oil
Bottom (REOB) which can be used as a modifier in aspinadierto improve its low temperature
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characteristics and may contain considerable amounts of catalytic metalerating the age
hardening effets in asphalt binddR4].

Volatilization: The evaporation of volatile componentswer molecular weight fractions) is
highly dependent on temperature amgasure conditions and is one of the main factors in short
term aging of asphaltinder.

Steric_or physical hardening: Steric hardening refers to the reduction in binder viscosity over
time and is mainly attributed to reorientation of molecules into a more closely packed state (greater
thermodynamic stability) and slow crystallization of waxes. The effects of stericiragd=n be

easily reversed bgimplereheating25], [3].

Syneresis orExudation: Exudative hardening refers to absorption of the oily components by
mineral aggregates and is a function of both aggregate porosity and composition obasgéalt

Photo-oxidation: Photaoxidation is induced by naturhigh energyultravioletlight, which can
result in instability of weaker hydrocarbon bor{tesading to formation of highlyeactivefree
radicald and an increased rate of oxidati@®]. It can penetrate up to ith in an asphalt film,
and leads to the formation of a protective skinogfdized materialg4 to 5um thick) thus
preventing further photoxidation. However, tis protective skin is water soluble and can be
washed away by rainwatdrence exposing further layers to oxidat{8h Phdo-oxidation can
also lead to degradation of polymer additives in asjiwadter, resulting in loss of properties that
they were originally designed for.

Table 2-2 Asphalt Aging Mechanisms[3]

Influenced by: Occurring:
Factors that influence aging: . . Beta & At the Through
Time Heat Oxygen Sunlight Gamma surface put
rays mixture
Oxidation (in dark) N N N N
Photo-oxidation (direct light) N N N N N
Volatiization N N N N
Photo-oxidation (reflected light) N N N N N
Photo-chemical (direct light) N N N N
Photo-chemical (reflected light) N N N N N
Polymerization N N N N
Steric or physical N N N
Exudation of Oils N N N
Changes by nuclear energy N N N N N
Action by water N N N N N
Absorption by solid N N N N
Absorption of components at a solid surfaceN N N
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2.8 Laboratory Accelerated Aging Methods

As discussed in previous sections, asphalt aging is one of the key factoetehairtes durability
and service life of pavements. Different types of asghiatles behave differently to conditions
encountered at various stages of pavement lifecgmnbeit is imperative to have reliable laboratory
test methods that could quantitely determine resistance against age hardening (mainly
oxidation and volatilization).

Laboratory accelerated aging test methods are designed to condense many years of age hardening
effects into few days or hours while maintaining reproducibility and gnogi an accurate
representation of real field aginbhere are four main techniques that can be utilized to accelerate

a laboratory aging procedui23]. These techniques along with their associated considerations for
implementation in test development are briefly discussed below:

Temperature: The rate of oxidation is directly proportional to temperature and can be acaklerate
by using test temperatures that are higher than pavement service tempéiaturksi chemical
reactivity with almost every PC rise) However, it must be noted that test temperatures
significantly higher than pavement service temperatures would thkekinetics of oxidative
aging and the resultant sample would not be an accurate representation of actual fiel®@aging.
of the main effects of temperature is on the molecular association of dspHelt At lower near
pavement service temperaturesany of the inherently chemically reactive molecular species
(polar aromatics and asphaltenes) are more tightly bound in asphalt microstructure and thus
unavailable for oxidatiof23]. Also in terms of the nature and concentration of oxidation products,
temperature can have an effect on relative amounts (carbonyl to sulfoxide ratio) and, plolarity

to decomposition of sulfades at higher temperatures into free radicals which can then initiate or
intensify a subsequent oxidation reactjag].

Pressure:Rate of oxidation can also be accelerated by carrying out agisgtésgher pressures

as compared to atmospheric pressuné, Iay using highly oxidative gases (pure oxygergne,

nitric oxides etc.)Using this method however requires high pressure equipment which is not
commonly available in most highway department laborataaies also raises some safety corners
associateavith their use.

Film Thickness: Reducing film thickness results in a higher relative surface area for oxygen
diffusion thus increasing the rate of oxidation. One of the main concern for using this approach is
small sample sizavhich often does not produemough aged sample for subsequent testing.

Chemical Accelerants:Certain chemicals can have a catalytic effect on the rate of oxidation and
can be used for accelerated aging, however these may also affect the mechanism and kinetics of
oxidative aging redting in samplsthat are not representative of actual field aging.

An ideal accelerated aging test must consider all these factors accaridighlight any potential
detrimental effectsand employ tradeoffs as required. Over the yeaeverallaboratory
accelerated aging procedures have been developyety to simulate real life age hardening
effects. These procedures or tests can be divided into two catebased on the type of sample
(AsphaltBinderor Asphalt Mixture) used for agingnsulation. Furthermore, some of these tests
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are designed particularly for shaerm or longterm agingwhile some try to simulate both in one
procedure. The most important and accepted tests based on their ease of use and ability to simulate
aging for bot asphalbinderand asphalt mixture are discussed in the subsequent subsections.

2.8.1 Accelerated Aging of AsphaltBinder

Over the last seventy years a number of accelerated aging tests have been developed for asphalt
binder(Table 2-3). Acceleration in these methods is mainly achieved by extended heating on a
thin film of asphalbinderto exacerbate volatilization (at very high temperatures to simulate short

term aging) ad oxidation (at high temperatures to simulate {@rgn aging). Out of these methods

the most commonly used standardized tests are briefly discussed below:

Rolling Thin Film Oven Test (RTFOT): This test is a modified version of the thin film oven test
(TFOT), and addresses the issue of limited diffusion and homogeneous hardening (due to skin
formation).Aging in this test is carried out at 1%3for 75minutes on a relatively thin film of
asphaltbinder (1.25mm) which is continuouslyotated andalso periodically exposed to hot air
flow set at a rate of 4000ml/miThis ensures homogeneous aging of asghatter, which is

found comparable to the shderm age hardening effects experienced during full scale mixing in

a conventional batch mix8].

Rutting is one of the major concerns during early andlifécbf asphalt pavements which is why
superpave performanggading specifications requires testing of slertn aged RTFOT residue

to determine its stiffness (resistance against loading) and elasticity (ability to dissipate energy by
regaining shape after loading). This test is done using the dynamic shear tdre@&R) to

calculate G* i atltasphaltbinde®6s hi gh performance temperatur
against a minimum specification value of 2.2KkP@.

Pressure Aging Vessel (PAV)This test was developed by the Strategic Highway Research
Project (SHRP) team to simulate letegm inservice aging ofisphaltbinder. In this method

further oxidative aging of RTFOT residue is carried out under a pressurized environment (2.10
MPa) for 20hrs at temperatures oP@0100C, or 110C (dependent on igervice cold, moderate,

or hot climatic conditions respectivelyPAV residue may be used to estimate asphalt binder
properties after 5 to 10yrs of-8ervice aging, however it must be noted that age hardening effects
can vary significantly for differerypes ofasphalt binders (especially polymer modified binders)
[27]. Furthermoe, the elevated temperatures and pressure used in PAV aging (to accelerate the
process) can have a significant effect on the functional groups forasedting in deviation of
oxidative aging kinetics when compared to naturadenvice aging28].

Fatigue and low temperature cracking are the major concerns during the late service life of asphalt
pavements. In order to inhibit fatigue cracking, superpave performance gradaificapens

requires DSR tests to be carried out at medium service temperatures on PAV aged residue to
calcul ate G*sinu (a measure of elasticity and
specification value of 5000kRa6]. In terms of low temperature performance, PAV aged binder

is tested for ampliance using bending beam rheometry and direct tension testing.
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Table 2-3 Accelerated Aging Methods for Asphalt Binderg29]

Test Method Temperature °C)  Duration  Film Thickness
Thin flm oven test (TFOT)
1 h 2
(Lewis and Welborn, 1940) 63 >hr 3.2mm
Modified thin film oven test (MTFOT)
163 24h 100
(Edler et al., 1985) ' Hm
Roling thin flm oven test (RTFOT) .
163 75 1.25
(Hveem et al., 1963) mn mm
Extended rolling thin flm oven test (ERTFOT)
1 h 1.2
(Edler et al., 1985) 63 8hr Smm
Nitrogen rolling thin film oven test (NRTFOT) 163 Z5min 1 25mm
(Parmeggiani, 2000) ’
Rotating Flask Test (RFT) .
DIN 52016, EN12607-3 165 150min
Shell microfim test
. 107 2h 5
(Griffin et al., 1955) ' Hm
Modified Shell microfim test
99 24h 20
(Hveem et al., 1963) ' Hm
Modified Shell microfim test
. 107 2h 1
(Traxler, 1961; Halstead and Zenewitz, 1961) 0 ' Sm
Rolling microfim oven test (RMFOT)

i . 99 24h 20
(Schmidt and Santucci, 1969) ' i
Modified RMFOT

. 99 48h 20
(Schmidt, 1973) ' Hm
Titt-oven durabilty test (TODT)

113 168h 1.25
(Kemp and Prodoehl, 1981) ' mm
Alternative TODT
. 11 100h 1.2

(McHattie, 1983) > 00hr >mm
Thin fim accelerated ageing test (TFAAT)

130 0r 113 24 or 72h 160
(Petersen, 1989) or or ' Hm
Modified roling thin flm oven test (RTFOTM) .

. 163 75 1.25
(Bahia et al., 1998) mn mm
lowa durabilty test (IDT)

65 1000h 3.2
(Lee, 1973) ' mm
Pressure oxidation bomb (POB)

h

(Edler et al., 1985 65 o6hr 30um
Accelerated ageing test device/Rotating cylinder ageing
(RCAT) 70-110 144hr 2um
(Verhasselt and Choquet, 1991)
Pressure ageing vessel (PAV)

. 90-110 20h 3.2
(Christensen and Anderson, 1992) ' Hm
High pressure ageing test (HIPAT) 85 65hr 3.2um

(Hayton et al., 1999)
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2.8.2 Accelerated Aging of Asphalt Mixtures

Laboratory accelerateafjing procedures on asphalt mixture samples (both loose and compacted)
are required to better understand theability of pavements in #ir service life. As discussed
before fatigue and low temperature performance are the major concerns later in the service life of
a pavementand carrying out accelerated laboratory aging on asphalt mixtures allow for these
properties to be determined elitly by use of performance tests (such as Complex Modulus, 4
Point Flexural Bendingatigue and Thermal Stress Restrained SpecimenT8RST). Another
approach that can be utilized is to characterize the rheological, mechanical, and chemical behavior
of asphalt binder, which is extracted and recovered from aged mixtures. Understatigably
accuracy of these tests rely on accurate methods minimizing any differential disruption of asphalt
binder microstructure by the solvent used.

Over the years a numbef laboratory accelerated aging procedures have been developed for
asphalt mixturesT@able2-4). The acceleration in these methods is achieved by extended heating,
high pressure oxidation, or by use of highly oxidant gas. Sbort accelerated aging usually

carried out on loose mixtures and compacted samples are generally used-ferfoagelerated

aging. Performance testing on samples compacted after aging may not provide representative
results given the effects of aging on compactability, and cohesion and adhesion of compacted mix
sanples[28].

Table 2-4 Accelerated Aging Methods for Asphalt Mixtures[29]

Test Method Temperature °C)  Duration Sample Extra Features
Production ageing (Von Quintas, 1988) 135 8, 16, 24, 36hr Loose -
SHRP short-term oven ageing (STOA) 135 4hr Loose -
Bitutest protocol (Scholz, 1995) 135 2hr Loose -
Ottawa sand mixtures (Pauls and Welborn, 1952) 163 Various periods Compacted -
Plancher et al. (1976) 150 5hr Compacted -
Ottawa sand mixtures (Kemp and Prodoehl, 1981) 60 1200hr - -
Hugo and Kennedy (1985) 100 4 or 7days - 80% relative humidity
Long-term ageing (Von Quintas, 1988) 60 and 107 2 and 3days Compacted -
SHRP long-term oven ageing (LTOA) 85 5days Compacted -
Bitutest protocol (Scholz, 1995) 85 5days Compacted -
Kumar and Goetz (1977) 60 1to 10days Compacted Air at 0.5mm of wate
Long-term ageing (Von Quintas, 1988) 60 5to 10days Compacted 0.7MPa Air
Oregon mixtures (Kim et al., 1986) 60 1to 5days Compacted 0.7MPa Air
SHRP low pressure oxidation (LPO) 60 or 85 5days Compacted  1.9I/min Oxygen
Khalid and Walsh (2000) 60 Upto 25days Compacted 3V/min Air
PAV mixtures (Korsgaard, 1996) 100 72hr Compacted 2.07MPa Air

The most commonly used accelerated aging procedures for asptiales were developed under
the SHRPA-003A project and are briefly discussed below:

SHRP _ShortTerm Oven Aging (STOA): The STOA method is based on work done by Von

Quintas (1988and requires loose mixtures to be aged in a forced draftj@29gmMMASHTO R30

02 adopted and standardized this procedure for two types of conditioning (1) For volumetric mix
design which requi r e sspectiedcornpaatiahietnpematare to aload t mi x t
binder absorption during mix design; @)r mixture mechanical property testing which requires
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4hr conditioning at 13% to simulate the aging effects of mixing and construction on asphalt
mixtures[30].

SHRP Long-Term Oven Aging (LTOA): Following the STOA procedure, this method simulates
the longterm inservice agingby conditioning a compacted mixture agphalt binder and
aggregates in a forced draft oven at@%or 120hrs. This conditioning procedure is designed to
simulate roughly 710yrs of inservice aging and is adopted by AASHTO RBDspecification for
mechanical property testing of compacted omias[30].

SHRP Low Pressure Oxidation (LPO):Similar to LTOA, this procedure is also designed to
simulate longterm aging effects and requires compacted samples to be placed in a triaxial cell to
apply confining pressure. Oxygen flow is then started trough the cell and it is placed in a preheated
water bath at 60 d85°C for 5 daysAfter this procedure the sample is allowed to cool to room
temperature and then stand for another 24hrs prior to any mechanical[&Hting

Viennese Aqging Procedure (VAPro) This is a recently developed modified version of the SHRP
LPO proceduregand aims to better represent the kinetics efarvice oxidative aging. A highly
oxidant gas enriched with ozone and nitric oxides is used to accelerate the rate of gxida&on
allowing for a moderate conditioning temperature diG0rhe procedure is carried out for four
days at a constant air flow rate of llitres/min. Preliminary test results have showed that asphalt
binder extracted from samples aged using this procedueeaaimilar viscoelastic behavior as
encountered after RTFOT + PAV agif&8§].

2.8.3 Photo Oxidation of Asphalt Binders and Mixtures

Sol ar radiati on t ha tan beddraadlpdvaedtnto ¢hreedectiorhagretics u r f
spectrums, approximately 7% Ultraviolé&\(C band at 24280nm, UVB band at 28815nm,

and UVA band at 33300nm), 42% visible band (4&D0nm), and infrared radiation (800
3000nm). Out of these the shortesvelength UV bands are the most destructive and have been
studied over the last 60 years in terms of their effects on asphalt aging, showing clear evidence of
volatilization, polymerization, and oxidation (particularly for thin film thickness i.e. <3ish
photochemical treatment produced significantly different aging kinetics which may not be
necessarily reproduced by thermal oxidative aging alerge RTFOT, PAV and AASHTO R30),
indicating the need to incorporate these techniques into adomgagng procedurg¢29]. To this

end some of the laboratory test equipment capable of inducing accelerated aging by combined
effects of solar radiation, humidity and rainwater are briefly discussed below:

Atlas Weatherometer: Over the last 100 yeaiitlas has developed a range of different laboratory
weathering instruments which are capable of accelerating the effects of environmental
degradation. These are mainly used for quality control and research purposesiope of
industries such as roofing materials, paints and coatings, automobiles, plastics and additives,
photovoltaicsetc.[32].

One of such equipment is the Atlas Weatherometer Suntest Kigure2-15), which is capable
of combining the effects of sunlight, temperature, humidity and watefl@s@cimens. Kane et
al (2013) calibrated the weatherometer based on local weathericosidit Nantes, Francand

25



subsequently subjectedgphalimixture samples to 500 cycles of 2hrs each (2 mirnftastering

followed by 118 minutes of drying under irradiatiprgpresenting ongear of natural outdoor

aging. Comparison of carbonyl indexeasurements taken on samples aged naturallynahe
weathering chamber showed that aging was accelerated by a factor of 10, or in other words 3 days
of accelerated aging corresponded to roughly a month of natural[a8ing

Figure 2-15 Atlas Weatherometer SuntesiXXL [33]

Accelerated Pavement Weathering System (APWSAPWS (Figure2-16) was designed by PRI
Asphalt technologies and similar to Atlas weatherometer is capable of accelerating the effects of
environmental degradation of asphalt mixture samples. In a study carried out by Grzybowski et al
(2011), asphalt mixtures weralgected to 3000 cycles of 1hr each (51 minutes drying followed

by 9 minutes of wateringat 6(°C in the APWS Preliminary results from tests carried out on
asphalt binder extracted from the dgaixes show that accelerated aging was achieved, however
further testing and comparison with real world data is required for correlation doettéw
understand the kinetics of agif&y].

P ‘A E : Ly . -
Figure 2-16 Inside view of APWS showing mixture sample under conditioning35]
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CHAPTER 3 RESEARCH METHODOLOGY

3.1 Introduction

The main purpose of this research project is to optimize a laoptcelerated aging procedure,
which could beusedto simulate real life aging conditions on asphalt mixture samples, thus
providing a more accurate representation of changgmwement rheological and mechanical
behavior with time.

As discussed in literature, aging in asphalt pavemenispendenbn a number of factors such as

solar radiation, temperature, oxygen access, humidity and rainwater, aggregate gradation and so
on.However most of the commonly used laboratory accelerated aging procedures rely mainly on
extended heating at excessively high temperatwieish could significantly alter the kinetics of
oxidative aging.

To develop an efficient laboratory acceleratechggprocedure, the following issues must be
considered:

1. Conditioning should be carried out on compacted asphalt mixture samples in order to avoid
any issues related to compactability and the quality of cohesion and adkdsamncould
affect the results of any subsequent laboratory tests.

2. Excessively high temperatuteghich can have an effect on molecular association and the
nature andconcentrationof resultant oxidatiorproducts should be avoided. Chemical
analysis usinghe FTFIR technique could be used to calculate the carbonyl and sulfoxide
indices and identify any abrupt changes in these oxidation products.

3. Itis understood that the chemical products of photo oxidation which form a protective layer
inhibiting furtheroxidation are water soluble. In order to simulate reakrvice conditions
cycles involving sunlight simulation and rainfall should be considered.

4. Solvent extraction of asphalt binder from conditioned mixture samfiddewed by
subsequent removal oflgent, should be carried out accurately using the same solvent and
laboratory proceduresn order to avoid any differential disruption of asphalt binder
microstructure.

5. Consideration must also be given to ease of use and safety aspects of the accelerated
conditioning procedures.

In order to achieve the overall objees, research plan as showrigure3-1 was developed to
systematically evaluate the effects offeliént conditioning procedures on chemical, rheological,
and mechanical properties of asphalt mixtures.
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Task 1 — Literature Review

Task 2 — Selection of Materials

+  Asphalt Binder: 40 Liters of PG64-28P-EX
*  Asphalt Mixture: ~1.5 Tons of SP12.5 FC2 (No RAP)

Task 3 — Selection of Laboratory
Accelerated Conditioning Procedures

Task 3A — Control Conditioning Procedure Task 3B — Atlas Weatherometer Task 3C — Bespoke Chamber
Asphalt Binder Asphalt Mixture Asphalt Mixture Asphalt Mixture
= RTFOT « AASHTO R30-02 = 1000 No. 1Hr Repetitive Cycles * 5,10, 15, & 20 Day Cycles
*«  RTFOT + PAV (85°C for 120hrs) » TIrradiance Level: 0.55W/m? & 0.32W/m? (at 340nm) * 64°C Conditioning Temperature
*+  RTFOT + Double PAV + Chamber & Water Temperature: 64°C * Room temp for Water Conditioning
[ I |
ask 4 aborato e o
Task 5 — Statistical Analysis
Asphalt Binder Asphalt Mixture :
aif el Task 6 — Conclusions,
+  Frequency +  Complex .
Sweep Modulus +  Rheological Analysis Recommendations, and
- LAS - SCB «  Performance Analysis Guidelines for Future Use
+  MSCR
« FLIR ¢ Chemical Analysis

Figure 3-1 Research Plan Methodology
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3.2 Material Selection

The level of aging in an asphalt pavement is a function of its depth reduced levels
encountered for lower layers due to the enclosure provided by the pavement structure. For this
reasonpreference was given to a plant producedbser course which would also account for the
shortterm aging effectshenceallowing further longterm conditioning procedures to be carried

out. Preferencavas also given for the constitueagphaltbinderto be polymer modifiedwhich

could be tested tmlentify any effects of polymer degradation due to UV exposure. Also in order

to allow for future correlation and calibration with natural field aging, preference was given to a
Ministry of Transportation, Ontarid{TO) project from where field cores calibe collected at a
laterdate All of these material selection considerations were accounted for in this research project
anddetailsof the collected materials are given below.

Project: MTO 201%3006

Location: Highway 8- Between Franklin Overpass &randriver Bridge, Kitchener
Paver: Steed & Evans

AC: McAsphalt PG64L28REX

Mix Design: SP12.5 FC2 (No RAP)

Material Collected: ~1.5 tons of Loose Mix Asphadind40 liters of Virgin Binder

Figure 3-2 Loz)ée Mix being sampled at Asphalt Plant
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3.3 Preparation of Laboratory Compacted Samples for Longrerm Conditioning

The temperature viscosity chart for PGBBP-EX, prepared by McAsphalt (refer to appendix A)
was used to identifthe compaction temperature (283 for the collected mix. Since this mix was
produced at an asphalt plant, the 4hr shtatm conditioning at 13& as per AASHTO R302
was not required.

Laboratory compaction was carried out at CPATerftre for Pavemerdnd Transportation
Technology laboratory using the Superpave Gyratory Compactor (S@Cyccordance with
AASHTO PP601 3 ,Stanflard Practice for Preparation of Cylindrical Performance Test
Specimens Using the Superpave Gyratory Compactor (&8&@piform level of @mpaction with
targeted air void content @&1% was required in order to minimize any deviation in test results.
For this reason, all of the samples produced for-tengn conditioning were fabricated from 7kg

of loose mix, compacted under 30Nyrations at 600kPa ram pressure. The resulting cylindrical
samples were then cored and cut into desired dimensions as required for Complex Modulus and
SemiCircular Bend (SCBYzeometrytesting.

For asphalt mixture beamsompaction was carried ousing the Asphalt Shear Box compactor.

The maximum density from the mix design sheets was entered into the software and target 7.3%
air voids were chosen for all beam compactions (from 20kg loose mix). These asphalt beams were
then cut to produce samples iaccordance with dimension requirements fdrodnt Flexural
Bending(fatigue) and Thermal Stress Restrained Specimen Test (TSRST).

=

Figure 3-3 Compaction, Cutting & Coring at CPATT Laboratory
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3.4 Laboratory A ccelerated Conditioning Procedures

Three different conditioning procedures were selected to simulate thetelongaging in
compacted asphalt samples. The first procedure is based on the current widely used, practices
acting as a control procedusnd theother two were carefully designdaased on the guidelines
extracted from the literature review tacorporate the effects of solar radiation, humidity and
water A brief description of these conditioning procedures is given in the following subsections.

3.4.1 Control Conditioning Procedure

This conditioning procedure was carried out both for asphalt binder and asphalt mixtures, and is
based on the current methods widely used by asphalt laboratories across North Adnerica.
summary of the laboratory test proceskicarried out are shownkingure3-4.

ARTFOT
Asphalt Binder ARTFOT + PAV
ARTFOT + Double PAV

Asphalt

Mixtures AAASHTO R3002 (8%C for 120hrs)

Figure 3-4 PAV residue, Degassing & AASHTO R3802 Compacted Sample Conditioning
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3.4.2 Atlas Weatherometer

This conditioning procedure utilized atlas Weatherometer Ci35¢&ourtesy of COCO Paving)

to simulate long term aging on compacted asphalt mixture sar@i&# was originally designed

for paints/coatings with a rotating frame to ensure uniform exposure, and allows for repetitive
conditioning cycles to be programmed for a selected set of paran@@aditioning cycles that

were selectedbr this projectto incorporate UV, reduced temperature, humidity and water spray
are shown below.

Irradiance Level 0.55W/nt & 0.32W/n? (at 340nm)
ChamberlndWater Temperature: 64°C
Cycles 1hr (51minutes lightdminutedight andspecimen spray)

As identified inliterature, in order to induce a measurable amount of aigjivgs decided to apply

1000 repetitive cycles with the above selected parameters. These were divided into four batches
of 250 cycles each, while rotating the samples to ensure even agingofghierin conditioning

was carried out successfully for Dynamic Modulus and SCB samjilesradiance oD.55W/nf.

With regards to fatigue and TSRST beams, initially they were hung from the sidesatatirey

frame which lead to their collapse. A metaésh platform was then installed within the chamber

for additional supporh owever it didndét serve the purpose
a lower irradiance level df.32W/nt was selected for the aging of these samples.

Figure 3-5 Atlas Weatherometer Ci35A showing external, and internal view with metal
mesh platform for beam support
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3.4.3 Bespoke Chamber

This chamber was fabricated at the CPATT test track facility to allow for bettepcowér the
aging parameters. It was equipped with 3No. full spectrum lawiis a combined power output
of approximately 1800 Watte simulate solar radiatiomand for heating. Internally the chamber
was lined with a reflective coatingllowing for mog of the radiation to bounce back atwdbe
absorbed by the black asphalt samp®#$o. fans were then used for cooling and to calibrate
sample tempature.

An automated data collection unit (referred t
five minutes forsampletemperature (dummy sampigéth athermocouplénstalled at miedepth),

box temperature, incoming sola@diation (using & Apogee SPL10-SSsilicon-cell pyranometer

with a spectral range of 36 to 1120nm) and incoming UWradiation (using al\pogee SU

100-SSUV sensor with a spectral range of 250nm to 400r8epsor data sheets indicating the
calibration factor used krabeen appended in Appendix B.

Data logger readings wereveaagel over the conditioning period ancecordel as Sample
Temperature63’C i 68°C, IncomingSolar: 2.22W/rf, IncomingUV: 0.0035W/m.

In terms of sample conditioning 5, 10, 15, and 20 daysycle$ were selectedas multiples of

the currently used AASTO R3WR long term aging procedure), witaahcycle representing3hrs

of drying under irragation followed by 1hr for specimen sprakhis conditioning procedure was
carried out for compacted Complex Modulus specimens. 6No. samples were selected for each of
the four conditioning periods (referredds BC5, BC10, BC1:nd BC20), withthreeof them

being subjected to the full cycl@vith water conditioninyy while the otherthree were only
conditioned under irradiation and temperature. The reason for this weediot or identify any
differences idong-term aging with water conditioning.
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3.5 Laboratory Testing

In this stepa number of laboratory tedt®th for asphalt binder and compacted mixture samples
were sebcted based on their relevance as identified by the literathese are briefly discussed
in the following subsectiorsndhave beesummarized imMable3-1 andTable3-2.

3.5.1 Asphalt Binder Tests

Asphalt binder tests were carried out on binders aged directly (RAGRG@HAV procedures)and

on binders that were extracted and rered from aged samples conditioned using the other
procedures as discussed in section Bgldiscussed beforen order to avoid any differential
disruption of asphalt binder microstructutke extraction and recovery procedures were carried
out very caefully using the same solvent (methylene chloride) and in accordancéhe/NiTO
laboratorytestingmanuas (LS).

Figure 3-7 Centrifuge Extractor, High-Speed Centrifuge and Rotavapor at CPATT lab
Rheological Testing A Dynamic Shear Rheometer (DSR) was used to analyze the rheological
behavior of asphalt bindeAsphalt binders were tested at sixteen different loading frequencies
(ranging from 0.1 to 100 rad/s) and nine different temperatures {8, 25, 35, 40, 50, 60, and
70°C) to fully characterize their viscoelastic behavidbhese tests were carried dota strain
controlled mode, with very low strain levels (0.1% f8€85°C and 0.5% for 4%-70°C) in order

to ensure that they are withime linear viscoelastic region (LVEWwhich was determined
separatelyKigure3-8). The results were then analyzed using the 2S2P1D rheological modelling.

Anton Paar RheoCompass
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Figure 3-8 Linear Viscoelastic Region
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Performance Testing: In ordert o characterize asphalt't binder 06:
medium temperature (fatigue) performance, Multiple Stress Creep Recovery (MSCR) and Linear
Amplitude Sweep (LAS) tests were carried mgpectivelyusing thedynamic shear rheometer.

Intermsof f ati gue characterization, the PG test
rheology and does not consider any damage resistaocéhis reason, LAS test was introduced
under AASHTO TP1014, as a performance based assessment of asphalt binder fatigue
resistance. This test is carried out at PG intermediate temperatt€d¢2 P G6428), by applying

cyclic loadings with an increasing amplitude to accelerate damage. Fatigue performance is then
predicted using Viscoelastic Continuum Damage (VECD) andly8js[37].

Similar to fatiguet he PG t est parameter G*/sinu iIs also
not correlate well with field rutting measurements. This is particularly the case for polymer
modified asphalt binders, as the polymer network is never really activated abwedgyéls of

stress and strain. The MSCR test was hence introduced under AASHTO TP70 and AASHTO
MP19 as a new high temperature specification. This test is carried out at PG high temperature
(64°C for PG6428) and repetitive cycles of creep load (1 secand)recovery period (9 seconds)

are appliedat varying stress levels (typically 0& 3.2kPa) to measure nerecoverable creep
compliance ()}) and percent recovery (Rjindings from a previous study at thederal Highway
Admini strati on dated LoddidgMAagility AAtF)irdicaded that ) provides a
significantly better correl[3tion to rutting a

Chemical Testing: As identified in the literature, Fourier Transform Infrared Spectroscopy
(FTIR), which quantitatively calculates structural indices for the carbonyl and sulfoxide functional
groups can be used as an effective tool to characterize the level and kinetics of oxidative aging.
In this research project Perkin Elngpectrum Two FAIR Spectrometeait COCO Paving Asphalt
Laboratory, Toronto was used.

£

Figure 3-9 Perkin Elmer Spectrum Two FT-IR Spectrometer
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Table 3-1 List of Asphalt Binder Samples subjected to Laboratory Testing

Sample
Virgin 64-28REX
RTFOT
RTFOT & PAV
RTFOT & Double PAV
Virgin 64-28R-EX*
Loose Mix*
After Compaction*
AASHTO R30*
Atlas Weatherometer*
BC5-H.O* (Water Conditioning)
BC5-NoH,O*
BC10-H-0*
BC10-NoHO*
BC15H>0*
BC15NoHO*
BC20-H.O*

BC20-NoHO*

Conditioning Procedure Used

Shortterm aging

Long-term aging

Extended longerm aging

To evaluate effects of extraction and recovery
Shortterm aging at AsphaRlant

Evaluate effects of laboratory compactiom aging
Long-term aging at extended temperatures
Long-term aging cycles

Long-term aging cycles

Long-term agingcycles

Long-term aging cycles

Long-term aging cycles

Long-term aging cycles

Long-term aging cycles

Long-term aging cycles

Long-term aging cycles

*Indicates binder samples that weratained by Extraction and Recovery Procedures
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3.5.2 Asphalt Mixture Tests

In addition to asphalt binder tests which provides a useful insight into overall pavement behavior,
laboratory tests on asphalt mixtures are also required to evaluate binder performance in the
mixture. As identified in literatureaging or age hardening afsphalt leads to an increase in
stiffness and brittle behavior, subsequently leadin@rtoincrease imutting resistance bua
reduction indurability with reducedesistance against fatigue dod temperature distressdor

this reason laboratory tets for this research project mainly focus on characterization of
rheological behavior and mechanical behavior in terms of fatigue and low temperature cracking.

A brief descriptiorof the eststhat werecarried out ocompacted asphalt mixture samplesveg
below.

Rheological Testing: Complex Modulus tests on cylindrical samples (lelddmm, diameter
100mm) were carried out in accordance with AASHTO T3UR These tests werearried out
using theMaterial Testing System (MT39ading frame and environmental chambelCPATT
laboratory. Sample respons&hen subjected to cyclic compressive and sinusoidal loading was
measured using three extensometers attached atnt@als. In order to fully characterize the
rheological behdor these tests were carried out at five different temperatur@s4, 21, 37, and
54°C) andsix different loading frequencies (25, 10, 5, 1, 0.5, and 0.[392) The test results were
then analyzed using the 2S2P1D rheological modelling as discussed in Section 2.4.2.

N
2\

| Figure 3-10810 MTS Loading Fame and 651 MTS Environmental Chamber
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Performance Testing The Semicircular Bend Geometry (SCB) test at intermediate test
temperature (2&), was used in this research project to determine fracture energynttp and

Fl exibility Index (FI). Fracture energy provi
to resist cracking related damage, with a higher value related to higher damage resistance
indicating the ability to cope with greater stres$ésxibility index on the other hangrovides a

mean to quantify asphalt mixturebds brittlenes
[40]. This test requires a constant loading rate of 50mm/min to be applied on half discs (50mm
thick, 150nm diameter}hat have been notched (1.5mm wide, 15mm deep) parallel to the loading
axis. The test procedure and subsequent calculation of parameters have been carried out in
accordance with AASHTOP 12416, utilizing the 4FIT (lllinois Flexibility Index Tes) software

developed by Thélinois Center for TransportatioiCT). These tests ®re carried out at MTO

Asphalt Laboratory using 30kN Dynamic Testing System (DTS) frame.

Figure 3-11 Different Stagesof SCB Test (Cutting & Notch Preparation, Drying followed
by Temperature Conditioning, Testing using DTS30 Frame, and Samples after Testing)
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Table 3-2 List of Asphalt Mixture Samples subjected to LaboratoryTesting

Sample Conditioning No. of Samples
Procedure Used

Dynamic SCB
Modulus
Unconditioned - 6 4
AASHTO R30 Long-term aging 3 6
Atlas Weatherometer Longterm aging 3 6
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CHAPTER 4 STATISTICAL ANALYSIS OF RESULTS AND
DISCUSSIONS

Laboratory test results for both asphalt binder and asphalt mixalwag with subsequent analysis
and discussions are presented in this chapter.

4.1 Asphalt Binder

4.1.1 Rheological Analysis

Rheological analysis for asphalt binder samples have begedcaut using the 2S2P1D model.

Plots for isothermal mastercurvgg 15°C for L Complex Modulus2. Phase Angle, and 3. Loss

and Storage Modulus) and Black Space diagrams were prepared for each type of asphalt binder
tested and have been attached ipémlix C.Plots that were prepared fAtlas Weatherometer
conditioning procedure have been presented below for reference purposes.

Complex Modulus Mastercurve
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Figure 4-1 Predicted Complex Modulus Mastercurvealong with Experimental Data Points

Phase Angle Mastercurve
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Figure 4-2 Predicted Phase Angle Mastercurve along with Experimental Data Points
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Figure 4-3 Prediction for Loss & Storage Modulus along with Experimental Data Points

Black-Space Diagram
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Figure 4-4 Complex Modulus VS Phase Anglg(Predicted and Experimental)

Black space diagram is a plot of norm of complex mod(BY) versusthe phase angle tiand

as identified in literaturethey @n be used as a means to identify time temperature equivalency of
an asphalt binder sampld0]. This is because frequency and temperature parameters are
eliminated from the plott was noted thabothfor virgin binde (PG6428REX) andvirgin binder

that was subjected to extraction and recovery proceduaigsa disjointed black space curve was
obtained (refer té-igure4-5). This can be attributed to the high polymer content in these binder
samples. Smoother curves were obtained for aged or conditioned asphalt binder samples which
can be attributed to the therrogidative degradatioof the polymer.

Complex Modulus
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Figure 4-5 Disjointed Black Space curves as noted for Virgin (left) & Extracted &
Recovered Virgin (right) binder samples
Effect of Aging on Complex Modulusand Phase Angle Generallyspeakingijt wasnoticed that
oxidative aging of sphalt binder is characterized by a constant increase in |G*| and a reduction in
U (Figure4-6 andFigure4-7). In terms of rheological behavidhis can be described as an increase
in stiffnessalong witha greater proportion of elastic behavior when compared to virgin binder.
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Figure 4-6 Effect of Aging on Complex Modulus Mastercurves
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Figure 4-7 Effect of Aging on Phase Angle Mastercurves

Comparison of Control and Atlas WeatherometerConditioned Samples:As expected, virgin
binder exhibits t h.déntermnesofshoterm|age*cdnditeomnd, it Was goktee s t
that asphalt binder samples extracted and recoveoed plant loose mix, and after laboratory
compaction exhibité similar rheological parameters. However, when compared to control
laboratory accelerated aging procedure for stesrhfield aging(RTFOT), it was noted that both

of these samples showed higher levels of age hardening €fapise4-8 andFigure4-9).
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Figure 4-8 Effect of Short-term Conditioning Procedures on Complex Modulus
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Figure 4-9 Effect of Short-term Conditioning Procedures on Phase Angle Mastercurves

In terms of longterm age hardening effects, it was notkdt control laboratory conditioning
procedures for asphalt binder (RTFOT + PAV) and for aspiatures (AASHTO R30) produced
similar results in terms of rheological par am
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Figure 4-10 Effect of Long-term Conditioning Procedures on Complex Modulus
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Age hardening effects of Atlas Weatherometer conditioning were slightly more when compared
to bothAASHTO R30 and RTFOT + PAMwhich can be attributed to the prolonged exposure
time and environmntal exposure (U\and water). The prolonged PAV exposure (RTFOT +
double PAV) however produced very severe age hardening effects when compared to either of
the above mentioned proceduregy(re4-10 andFigure4-11).
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== RTFOT + PAV —&— AASHTO R30 —o— Atlas Weatherometer === RTFOT + Double PAV
Figure 4-11 Effect of Long-term Conditioning Procedures on Phase Angle Mastercurves
Comparison of Bespoke Chamber Conditioned Sampledn terms of the samples aged using
the bespoke chamber conditioning procedure it was found that there was a subsequent increase in
stiffness and reductian phase angle with increasing number of cycles.

Water conditioning however seemed to have a varying effect on rheological parameters with
increasing number of cycles. For BC5 samples, it was found that water conditioning lead to
comparatively lower stiffess and higher phase andlegure4-12 andFigure4-13). This can be
attributed to the thermal shock effeess conditioning water at roonerhperature was used.
However, this gap closed with slightly reversed effects encountered with increasing conditioning
time forBC10,BC15 and BC20 samplé€Bigure4-14 andFigure4-15).

When compared with other losigrm conditioning procedures, it was found thiag¢ological
parameters for BGBloH2O, and BC1eH.0O andNoH.O samples were comparable to those for
AASHTO R30, RTFOT + PAV, and Atlas Weatherometdnile BC15 and BC20 samples
exhibited a higher level of agin@he level of age hardening encountered in bespoke chamber
conditioned samples was higher than all othertsierm conditioning procedures but still lower
than thdong-termextended PAV conditioning procedure.
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Comparison of Black Space CurvesThecomparison of black space curves shows similar results
as encountered for complex modulus and phageawith age hardening leading to an increase
in stiffness and elastic behavidfigure4-16). AASHTO R30 results are however contrary to the

ones from the mastercurves showing highest

conditioning procedures.
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Figure 4-16 Effect of Age Hardeningon Black Space Curves

Effect of Aging on Temperature Sensitivity: Shift factor a(T),is a measure of the amount of
shifting required at each temperatur®rder to form a smooth continuous mastercufvplot of
shift factor versus temperature can be wsedn indication of viscosity changes with temperature
[10]. Since ge hardening of asphalt binder has an effedbinder stiffness and viscositypting
thechangesn these shift factorwith respect to temperature can give an iddzoef aging affects
the viscoelastic behavior.

Similar to the mastercurves, a reference temperature®ef @Was chosen for the preparation of
these plots. As expected these plots show that there is a general increaderiniscosity with
aging. Again as noted in black spazagves AASHTO R30 shows contrary behavior with lower
viscosity or temperature sensitivity as compared to both planttehortaged loose mix and after
laboratory compaction, andst slightly higherviscosity than the laboratory shoitierm aging
procedue of RTFOT Figure4-17).
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Figure 4-17 Shift Factor VS Temperature for Binders (Control & Atlas Procedure)

With regards to theespokechamber conditioning procedure, similar aging trend as noticed with
the mastercurves was obtained. BE@® showed lowest viscosity which was still higher than the
short term aging procedures of RTFOT, plant loose amxllabordory compacted samples. All

of the other BC samples showed a subsequent increase in viscosity surpassing Atlas
Weatherometer and RTFOT + PAV conditioning, but still lower thia@ extended PAV
conditioning Figure4-18).
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Figure 4-18 Shift Factor VS Temperaturefor Binders (Bespoke Chamber)
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4.1.2 Performance Analysis

Rutting: Multiple Stress Creep Recovery (MSCR) testdescribed in section 3.5 \ere carried

out in accordance with AASHTO T381. A copy of the test reports (produced using Anton Parr
softwareR h e 0o C o m)pfar sashfof these samples are attached in Appendirdhave also
been summarized imable4-1. Asphalt binder grading in accordance with AASHTO M3z
indicating traffic grades at 8@ are also included in these reports. As expediee non
recoverable creepmpliance {nr) versuspercent recovery plot for all of these sampiedicate
that the asphalt binder is modified using an acceptable elastomeric polymer.

Table 4-1 Multiple Stress Creep Recovery Test radts sorted by magnitude of Jnr 3.2kP3

Load Level R diff - Jnr_dlff -%

0.1kPa 3.2kPa o6 it | iff of non-

of recoverabe

Sample creep

I % I % regolv ((a&ry compliance

Recovery Recovery 3(2.kPa) (0.1&3.2

' kPa)

Virgin 0.3995 89.97| 3.725 27.27 69.69 832.49
RTFOT 0.4059 79.45| 0.8465 58.98 25.77 108.54
Loose Mix 0.4658 66.82| 0.8345 43.61 34.73 79.15
Extracted Virgin 0.0826 97.22| 0.8284 70.77 27.21 903.27
Compacted 0.3382 69.17| 0.5814 48.19 30.33 71.92
BC5H.O 0.206 74.68| 0.3366 58.29 21.94 63.39
RTFOT + PAV 0.1539 77.45| 0.2253 67.14 13.31 46.33
BC10H.0O 0.1395 77.33| 0.2135 64.29 16.87 53.01
AASHTOR30 0.1446 74.25( 0.2109 60.63 18.34 45.85
Atlas Weatherometer | 0.1411 74.56| 0.2053 61.36 17.71 45.49
BC5NoHO 0.1278 78.72| 0.2048 64.54 18.01 60.21
BC15NoHO 0.137 77.08| 0.2041 65.51 15.01 48.97
BC10NoHO 0.1338 77.42|0.1981 65.08 15.94 48.09
BC20:NoHO 0.1134 77.06| 0.1603 66.24 14.05 41.39
BC15H.0 0.1024 78.33| 0.1411 68.94 11.98 37.75
BC20H-0O 0.1012 78.16| 0.1383 68.83 11.94 36.74
RTFOT + Double PAV| 0.0618 79.09| 0.08 72.37 8.5 29.47

As identified in literaturethe nonrecoverable creep complianchk) provides a good correlation
to rutting and results show that with increasing levels of aging there is a reducligmimdhence

a subsequent reduction in rutting potent®llFOT aged binder results are very similar to those
for plant shorterm aged binder, and RTFOT + Double PAV aged binder has the lowestés
indicating highest increase in stiffness (|GTPe aging trend obtained by this test correlates very
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well with the aging trend obtained from rheological analysis or by comparing the increase in |G*|
(Figure4-19).
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Figure 4-19 Comparison of Jnr for different Conditioning Procedures

Figure4-20 shows a plot of percentage difference of-necoverable creep compliance; (dliff)
for load levels of 0.1 & 3.2kPa indicating that age hardening of asphalt binder leads to a better
rutting performance at higher stress levels.
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Figure 4-20 Comparison of Jnr_diff for different Conditioning Procedures
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NOTE: Spikes were noted imJ0.1 & 3.2kPa) values for both virgin binder and extracted and
recovered virgin binder. As discussed previopsiig can be atifouted to the high polymer content
in these binders. As such these results have been omitted-igome 4-19 and Figure 4-20 for
comparison purposes.

Fatigue: Test reports generated by Anton Parr softwRfe e o C o m foalsnsakE Amplitude

Sweep (LAS) testscarried out in accordance with AASHTO TP1D4 have beenttached in
Appendix E.Viscoelastic Continuum Damage (VECD) analysis was then carried out using the
Frequency Sweep and Amplitude Sweep data from these reports to calculate parameters A and B
such thaf41]:

0O OoOfF
Eq. 4-1
where
0 = Number of cycles to failure based on 35% reduction in initial modulus
r = Applied Strain (%)

Nf values hence calculated for 2.5% and 5% strain levels are tabuldi@olé4-2, and have also
been plotted ifFigure4-21. The chosen strain levels correspond to approximate strain induced in

ifweak?o

(~50 ti mes

pavement

pavement
([88.s umed

strain)
10000strain)

Table 4-2 Nf values calculated for 2.5% and 5% Strain level

Sample Number of cycles to failure
Nt (2.5% Strain) Nt (5% Strain)
Extracted Virgin 35040.75992 4796.9977
Virgin 25436.50933 3900.852075
RTFOT 17036.60334 2241.51141§
Loose Mix 11581.15477 1300.917752
Compacted 11407.41463 1170.893201
BC5H20 11007.76357 1010.43421
BC10H20 8817.591814 704.1621027
BC5NoH20 8522.810937 666.0297624
RTFOT + PAV 7087.49083 645.9828347
AASHTO R30 8024.711803 625.622729¢
BC10NoH20 7686.9039 613.2478169
BC15NoH20 6836.469495 551.8240107
Atlas Weatherometer 6254.914637 474.3008793
BC20NoH20 6474.87023 470.8295443
BC15H20 6346.218014 464.6302313
BC20H20 6060.818537 463.711445§
RTFOT + Double PAV 4639.438105 282.0991894
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Figure 4-21 Comparison of Nf (2.5% & 5% Strain) for different Conditioning Procedures

As identified in literaturethis data suggests that age hardening of asphalt binder leads to a
reduction in durability with reduced resistance against rutfiingg aging trend obtained from
Figure 4-21 can also be reasonably compared to the aging tobtained fromMSCR and
rheological analysis.

In order to further understand the effects of aging on fatigue lifeyald plotted against varying

strain levelsFigure4-22 andFigure4-23). Generallyjt was noticed that increasing levels of aging
leads to an increase in parameter Antgrcep}, and a subsequent decrease in parameter B (higher
slope) indicating brittle beh#&wr. The effect of extraction and recovery procedures on virgin binder
was nhoted as a slight increase in the number of cycles at low strain levels, however at higher strain
levels similar fatigue performance was noted (higher sldpg®).effect of laboraty compaction

was noted as a slight decrease in fatigue life in comparison to the plant produced loose mix,
however both of these samples showed a lower fatigue life in comparison to the control laboratory
shortterm conditioning procedure of RTFOT.

With regards to théong-term conditioning proceduseAASHTO R30 exhibited slightly lower
fatigue life in comparison tRTFOT + PAV, while both of these still performed better than Atlas
Weatherometer conditioning procedufide effect of water conditioning dmespokechamber
samples was similar to the one noted in rheological analygisa slight increase in fatigue life

for BC5 samples while a slight reduction was notedB@10, BC15 and BC20 samples. A
progressive decrease was noted in the fatigue life with increasing conditioning time for the bespoke
chamber samples, with BC20 samples showing a slightly lower fatigue when compared to Atlas
Weatherometer conditioned samplEatiguelife for all of these samples was still considerably
higher than thextended PAV procedure
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Figure 4-22 Fatigue Life for Control and Atlas Weatherometer Conditioning Procedures
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Figure 4-23 Fatigue Life for Bespoke Chamber Conditioning Procedure
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Amplitude Sweep data from LAS tests was also used to plot-stireés curves for asphalt binder
samples subjected to different conditioning procedufigsife 4-24 andFigure4-25). Resultsare

in agreement with observations noted from other teslisaing that increasing levels of aging
lead to anncrease in elastic behavior with higher levels of stored energy.

250000 i
Amplitude Sweep
o —
200000 . :
T /7 ~
a, . :
n ’ -_— T~ . N .
7 / - ~
9 . 7~ . - ™ i e e, ° ~ \
{3 150000 : T T N
@® / 7’ - - <\ ~
] / -~ - ~ \\
= ’/ o mee==- ) ~N s
@ v/ - - - sl =N
© 100000 [ L7 - LT Ssaes ~ ~
..8 .// 7
£ y
L
50000
0 Effective Shear Strain [%]
0 5 10 15 20 25 30
— . - RTFOT + Double PAV - + = RTFOT + PAV = = AASHTO R30
- . = Atlas Weatherometer = = =Compacted =% ===-. RTFOT
Loose Mix Extracted Virgin Virgin
Figure 4-24 Amplitude Sweepfor Control and Atlas Weatherometer Conditioning
250000 _
Amplitude Sweep
. — — _— — R .
° — e — e T
= 200000 7 - _ S
- - B R R e
Um-) / /..’_.—,.’ ---T. .\... \.
% 150000 Syl -7 TN \
(Q / / .-{/,” _——'.:'-r--u-_"-“_.: .............. \\\.\\. \\
] (APt Tl e S U
% -["- 7/ /”. ...... \\\ .... \\\ \} \'
V4 ’/ o N .
[ 7.7 . S . \\
2 100000 / / {',:,.- ~_ SN
g 19,5 SRR
w a ™~ RN
50000 #*(/,’ x5
Effective Shear Strain [%] o=
0
0 5 10 15 20 25 30
— - - RTFOT + Double PAV Virgin - eeeeeees BC5-H20
————— BC5-NoH20 - = =BC10-H20 BC10-NoH20
- = BC15-H20 = . =BC15-NoH20 - . - BC20-H20

- - = BC20-NoH20
Figure 4-25 Amplitude Sweepfor Bespoke Chamber Conditioning Procedure

55



4.1.3 Chemical Analysis

The chemical modifications in asphalt binder with respect to aging have been characterized using

the FFIR test. Obtained spectrum for all of the tested samples has been pldtigdrev-26.

The two main functional groups formed during oxidative aging: Carbonyl and Sulfoxide functional
groups were then quantitatively calculated using Equatighghd Equation-3. These have been
tabulated in increasing ondef Carbonyl Index infable4-3. Similar trendin terms of the level

of aging is noticeghowever a good correlation cannot be obtained when comparing these results
with rheological and performance analysis restltge that spikes were noted in obtained spectra
for BC5-NoH20 sampleswhich have subsequently been removed from the dataset.
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Figure 4-26 FT-IR Spectra for Binders subjected to different Conditioning Procedures

As mentioned iditeraturereview, high conditioning temperatures could lead to a lower rate of
sulfoxide formation in comparison to ketones (carbonylg), given their thermal instability, and
dissociation of carbeoontaining aromatic molecules which are otherwise locked up into
molecular agglomerates at lower temperat{22$. For thisreason, Sulfoxide to Carbonyl ratio
was calculated and compar@dgure4-27). Results are in agreement with this statement showing
very low ratio for the high temperature RTFOT procedure {@HEAN increase in this ratio is then
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noted for comparatively lower temperature PAV procedures’@QWith a further increase noted
for AASHTO R30 (88C) and finally the bespoke chamber conditionprgcedureglowest
temperature range).

Table 4-3 FT-IR Functional Group Analysis sorted in order of Carbonyl Indexvalues

12

10

Sample Czlirbonyl Sulfoxide Sulfoxide/Carbonyl
ndex Index

Extracted & Recovered 0.011326| 0.007992 0.7056604
Virgin 0.01225 | 0.0168279 1.3737024
RTFOT 0.014044| 0.0340229 2.4233657
BC10H20 0.01527 | 0.1766814 11.57079
BC5NoH20 0.019789| 0.5292722 26.746082
Loose Mix 0.023301| 0.0657688 2.82263
BC15NoH20 0.024264| 0.2328684 9.5973236
BC1G-NoH20 0.025022| 0.1450568 5.7971275
BC5H20 0.025162| 0.1635499 6.5
Compacted 0.025171| 0.0901375 3.5809769
BC2G-NoH20 0.026443| 0.1800899 6.8104575
BC20H20 0.030763| 0.1394964 4,5345858
RTFOT + PAV 0.031093| 0.1063087 3.4190476
BC15H20 0.031811| 0.1395305 4,3861968
AASHTO R30 0.037859| 0.145582 3.8453427
Atlas Weatherometer | 0.041758| 0.147961 3.5433267
RTFOT + Double PAV| 0.047391| 0.143157 3.0207697

Figure 4-27 Comparison of Sulfoxide to Carbonyl Ratio
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4.2 Asphalt Mixtures
4.2.1 Rheological Analysis

Similar to asphalt bindersheological analysis fatompactedisphaltmixture samples have been
carried out using the 2S2P1D modeheological data for each type of conditioning procedure
was averaged (6No. samples for Unconditioned, and 3No. each for AASHTO R30 and Atlas
Weatherometer}o prepare lots for isothermal mastercurves g4PC for 1. Complex Modulus,
and2. Phase AngleBlack Space diagranfs| E* | v s -Col¢ diagranmsif’' vSED A aepy

of these plots have beattached in Appendik.

Effect of Aging on Rheological Behavior Comparative plots for Complex Modulagastercurve
(Figure4-28), Phase Angle mastercuryeigure4-29), Black Space diagrankigure4-30), Cole
Cole diagram Kigure 4-31), and Shift Factor versus Temperature iC2Figure 4-32), were
prepared fotUnconditioned, AASHTO R30 amtitlas Weatherometer aged samptesinderstand
the effect of aging on mixture rheological behavior.
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Figure 4-28 Comparison of Complex Modulus Mastercurves forAsphalt Mixtures

Asphalt mixtures exhibitahigper el asti c behavior (UGYOJ)wat ext
frequencies/high temperatures and high frequencies/low temperature. At low frequencies or high
temperaturesthis behavior is attributed to the elastic aggregate interlock structure amghat h
frequencies or low temperaturdbis behavior is strongly influenced by the elastic behavior of

asphalt binder.
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Figure 4-29 Comparison of Phase AngleMastercurves for Asphalt Mixtures

A gradual increasin modulus values along with an associated decrease in phase angle values is
noted with increasing level of asphalt binder agwgh Atlas Weatherometer aged mixtures
presenting the highest modulus values followed by AASHTO R30 and Unconditioned mixture
samplesThis can be described as an increase in stiffness along with a greater proportion of elastic

behavior with respect to aging.
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Figure 4-30 Comparison of Black Space Diagrams for Asphalt Mixtures
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Figure 4-31 Comparison of ColeCole Diagrams for Asphalt Mixtures

The Back Space and Col€ole diagramslso show similabehavior with Atlas Weatherometer
conditioned mixtures showing lower maximum values for viscous modil)sd phase angle
( ¢hence indicating a comparatively smaller viscous tendé&myparison of Bift Factor versus
Temperaturelot indicakesslightly contrary behavior of AASHTO R30 conditioned mixekich
required a higher amount of shiftinfjrheological datatehigh temperatures.
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Figure 4-32 Shift Factor VS Temperature for Asphalt Mixtures
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4.2.2 Performance Analysis

Semicircular Bend Geometry (SC&)st was carried out in accordance with AASHTO TP-184

for Unconditioned (4No. samples), AASHTO R30 conditioned (6No. samples), and Atlas
Weatherometer conditioned samples (6No. samp&isge thistest is carried out on notched
samplesthe accuracy dfest results and subsequently calculated parameters (Fracture Energy and
Flexibility Index) is highly dependent othe accuracy of sample and notch dimensions. For this
reason, 3No. samples each wilvest variability in dimensions were selected for reporting.

Table 4-4 SCB Test Results for Unconditioned Samples

Specimen ID: - Fracture . Strength Slope: Flexibili.ty m‘:&

nergy (J/m?): (psi): Index: (kN)-
Unconditioned#2 989.31 31.12 1.31 7.55 1.64
Unconditioned#3 965.46 31.56 1.32 7.31 1.73
Unconditioned#4 1236.29 33.11 1.14 10.84 1.76
Average 1063.69 31.93 1.26 8.57 1.71
St Dev 149.95 1.05 0.10 1.97 0.07
Ccv 14.10 3.27 8.05 23.02 3.85

Table 4-5 SCB Test Results for AASHTO R30 Conditioned Samples

Specimen ID: - Fracture . Strength Slope: Flexibili.ty mz)é

nergy (J/m?): (psi): Index: (kN)-
AASHTO R30#1 1085.19 40.68 1.75 6.20 2.13
AASHTO R30#4 1211.69 42.30 1.88 6.45 2.26
AASHTO R30#5 1097.91 37.69 1.67 6.57 1.98
Average 1131.60 40.22 1.77 6.41 2.12
St Dev 69.65 2.34 0.11 0.19 0.14
Cv 6.16 5.81 6.00 2.95 6.58

Table 4-6 SCB Test Results for Atlas Weatherometer Conditioned Samples

Specimen ID: Fracture . Strength Slope: Flexibili.ty mé:é

Energy (J/m?): (psi): Index: (kN)-
Atlas Weatherometer# 1215.13 47.57 2.38 5.11 2.58
Atlas Weatherometer# 1097.95 43.49 2.14 5.13 2.28
Atlas Weatherometer#| 1092.43 42.63 2.01 5.43 2.26
Average 1135.17 44.56 2.18 5.22 2.37
St Dev 69.30 2.64 0.19 0.18 0.18
Cv 6.11 5.92 8.62 3.43 7.58

61




The calculated parameters are tabulatethinle4-4, Table4-5, andTable4-6 for Unconditioned,
AASHTO R30 conditioned, and Atlas Weatherometer conditioned samples respectively. The
coefficient of variation (CV) for each of these conditioning procedures was alstatadicand has

been added to the tables.

As identified in these data tables, age hardening of asphalt mixtures lead to a gradual increase in
Fracture Energyindicating a stiffer response, along with a subsequent reduction in Flexibility
Index indicating brittle behavior which in turn can be related to a higher susceptibility to
premature cracking.

Load versus Displacement cusvior each type of conditioning procedure were prepared to better
understand the effect of aging. A progressive ina@apeak load is noted with increasing levels

of age hardening indicating stiffer response, however by analyzing the post peak curve we can see
that there is a subsequent increase in slope asimgittatinga higher rate of crack propagation
andloss ofductility (Figure4-33).
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Figure 4-33 Load VS Displacement Curves for SCB Testing

The trend obtained is similar to rheological analysigh Atlas Weatherometer conditioned
mixtures showing highest stiffness and brittle behavior followed by AASHTO R30 conditioned
mixtures and finally unconditioned mixtures.
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CHAPTER 5 CONCLUSIONS, RECOMME NDATIONS, AND
FUTURE RESEARCH

5.1 Conclusions

This research project was directed towards the optimization of a laboratory procedure for long
term oxidative aging of asphalt mix specimeBased on literature review, it was found that the
current widely usediaboratory procedures rely solely on conditioning at extended temperatures
and/or pressurego accelerate the aging processhile mostly neglecting environmental
degradation factors su@s solar radiation, humidity and rainwat8uch a large deviation from
actual inservice pavement environment could have effect on asphalt binder molecular
association leadg to a variation in the concentration of oxidation products forrardhencein
turnleading to entirely different aging kinetics and rheological properties.

It was hypothesized that a better representation of resériice pavement aging could be
achieved by using a balanced compromise between the various factors involvedately and
temperature). To this end, asphalt binder and mixture samples were conditioned using different
accelerated aging procedures and subsequently tested to identify any differences in rheological,
chemical and mechanical behavi@eneral trends andonclusions drawn from comparative
analysis are listed below:

1 High levels of polymer modification could lead to an interference in test results as the
polymer network is never really activated at very low strain leaal$ there is a subsequent
partial beakdown of time temperature superposition (TTS) principleas noted that this
interference disappeared with age hardenimgich can be attributed to the thermo
oxidative degradation of the polymer.

o This was notedn virgin binder (6428REX), and virgn binder subjected to
extraction and recovery procedurg comparing Black Space curvésgure4-5),
which provide a convenient means for identifying any inconsistencies in
rheological data.

o Similar effects of polymemodificationwere also noted foMSCR test results
where J:_diff (percentage difference of nowacoverable creep complianie load
levels of 0.1 & 3.2kPa) was considerably higher for virgin and extracted virgin
asplalt binder samplesT@ble4-1).

o With regards to asphalt mixtures, polymer modifmateffect was noted as an
increase in CVTable4-4) for Unconditioned mixtures in comparison to AASHTO
R30 and Atlas Weatherometer conditioned mixtures.

1 The effeciof oxidative aging for both asphalt binders and asphalt mixtures is characterized
by a constant increase in modulus values (|JG*| and, &) a decrease in phase angle
values (0). I n terms of rheological behavi
along with a greater proportion of elastic behavior.

o For asphalt binders, the increase in stiffness and viscosity was notethpie2o
Modulus mastercurved-igure 4-6), and Temperature Sensitivity curvdsgure
4-17 andFigure4-18) respectively. The subsequent increase in proportion of elastic
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behavior was noted in Phase Angle mastercurvaggife 4-7), and Black Space
curves Figure4-16).

o For asphalt mixtures, the increase in stiffness na@ed in Complex modulus
mastercurvesHigure4-28), and the subsequent reduction in viscous behavior was
noted in Phase Angle mastercurveg(re 4-29), Black Space diagrantigure
4-30), and ColeCole diagramKigure4-31).

1 With aging, the increase in stiffness and greater proportion of elastic belavilor lead
to an increase in resistance against rutting would also lead to a reduction in pavement
durability associated with brittleness aretiuced resistance against fatigue

o For asphalt binders, increasing levels of oxidative aging lead to an increase in
resistance against rutting along with an assedidecrease in fatigue life as noted
in MSCR test resultsT@ble4-1 andFigure4-19) and LAS test resultsTable4-2
andFigure4-21) respectively.

o Forasphalt mixtures, SCB test results indicated a similar behavior with increase in
brittleness and higher rate of crack propagation noted for aged sarjgese (
4-33).

1 Water conditioning is considered to have an accelerating effect on theqtidation of
asphalt mixtures. This is because the water soluble chemical products ebpiuatiion
are washedway hence exposinfurther layers taxidation.

o This effect was noted for BC10, BC15, and BC20 san(pliggire4-14 andFigure
4-15).

o However, a contradictory effect (reduct
BC5 samplegFigure4-12 andFigure4-13). This can be attributed to the thermal
shock effect as conditioning watat room temperature was used.

1 High conditioning temperatures could lead to a lower rate of sulfoxide formation in
comparison to ketones (carbonyl grougiven their thermal instability, and dissociation
of carboncontaining aromatic molecules which are otherwise locked up into molecular
agglomerates at lower temperatures.

o FT-IR results showed aubsequent increase inlfdxide to Carbonyl ratio with
decreasing conditioning temperaturegy(ire4-27).

1 Theaforementione@ffect of high conditioning temperatures on chemical composition
asphalt bindecould in turn have an effect on its rheological characteristics.

o For asphalt bindersthis effect was noted for binder samples extracted and
recovered from AASHTO R30 aged mixturegich showed similar rheological
par amet er $igure&IX0pndrigurd4-1i), hgwever contrary trends were
noted in Black Space diagrafigure4-16) and Temperature Sensitivity diagram
(Figure4-17).

o For asphalt mixtures, this behavior was again natedlemperature Sensitivity
diagram forAASHTO R30 conditioned mixturesvhich required a higher amount
of shifting of rheological data (for constttion of mastercurvesyat high
temperaturegFigure4-32).
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5.2 Recommendations

Based on the conclusions drawn from this study, the following factors should be considered
towards theoptimization of an accelerated lotgrm age hardening laboratopyocedure for
asphalt mixtures:

1 The procedure should be carried out on compacted asphalt mixture samples in order to
avoid any issued related to compactability and the quality of cohesion and agdfegsion
subsequent performance testing.

1 Along with temperture, environmental degradation factors such as solar radiation (in
particular UV) and rainfall must be considered in the design.

1 The procedure should be tailored for each project by limiting temperature conditioning
which should béased on high tempetaie performance grading of the constituent asphalt
binder.

1 For effective photapxidation to occur, cycles of water spray or rainfall along with drying
under irradiation should be considered.

Considering the aforementioned points would allow for produatiolaboratory aged samples
which provide a better representation of reasenvice aging of asphalt pavemerRerformance
and rheological test data from these samples could then be used by enginederstand the
changes in these properties overgheement service life, hence providing them with better design
tools.

From comparison of rheological and performance test data collected in this research project, it is
considered thaboth Atlas Weatherometer and Bespoke Chamber conditioning procédittes

water) were able to reproduce desirable levels of natural age hardening in compacted asphalt
mixture samples while satisfying all of the requirements for an ideal conditioning procadure.
better level of acceleration was however achieved with Bespbkenber conditioning with 15

and 20 days aged samples exhibiting a higher level of aging in comparison to samples aged for
41.6 days (1000hrs) in Atlas Weatherometéris considered that BC1H.0 conditioning
procedureprovides the best compromisenongall others and should be $ected for future
research efforts

5.3 Future Research Opportunities

Based on the work presented in this thesis, the following can be considered as possible areas for
beneficial future research:

1 The MTO project from wherasphalbinder andoose mixturavas collected, was carefully
selected to allow for possible collection of field cores at a later date. Rheological, chemical
and performance tests on these field cores could be used for calibration of laboratory aging
procedure athto obtain the level of acceleration achieved.

1 Consideration should be given to use of Environmental Scanning Electron Microscope
(ESEM) for morphological analysis of asphalt binder. The images thus produced could be
used to understand the effect of oxida aging on binder microstructure andpissibly
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identify any changes due the use ofexcessivly high temperaturin conditioning
procedures. These images would also provide for a means to identify polymer modification
and track its thermoxidativedegradation with aging.

Complex modulus tests on asphalt mixture samples aged using Bespoke Chamber
conditioning procedure should be carried out to further understand changes in rheological
parameters with aging.

The effect of aging on low temperature fpemance of both asphalt binders and mixtures
should be evaluated via bending beam rheometry and Thermal Stress Restrained Specimen
Test (TSRST) respectively.

High Performance Gel Permeation Chromatography@me)could be used as a tool to
identify changes in molecular size structure of asphalierwith oxidative aging. The
chromatograms thus obtained could also be used to evaluate the effects of high
temperatures and pressures on asphalt binder composition.
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APPENDIX A: MIX DESIGN SHEETS
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= Engtec

Cansulting b

Engtec Consulting Inc.
12-100 Hanlan Road
Vaughan, Ontaric, L4L 48
Tel: (B05) B56-2088

Faxc (205) B56-2080

SUPERPAVE MIX DESIGN REPORT

PRODUCT NO. | 2017-17141E-5F 12 502-Cam-50 54-238-2 HOT MIX TYPE J USE: | SP 12.5FC2 | ITEM HO.:
PROJECT: | Warous | rocamion: Various
TESTING LAB. | Engiec Consuwiing Inc. | PROJECT NO: | ET17-1013C
LaB MIX HO. | 1T141E |  Date sampLES Reco. | July 1, 2017
MIX SUPFLIER] Cambrisge Asphait Supply | PLANT LOCATION: | Cambridge
A
TEST DATA CERTIFIED BY: A DATE COMPLETED: | July 20, 2017
AMNDREW PAHALAN, C.Tech.
JOB MIX FORMULA - GRADATION PERCENT PASSING
% A.C | Sleve Skzes (mm) %AC 00 | 375 | 250 [ 190 | 125 | 95 | 475 | 238 | 148 |o.coo| o300 04s0| oors
Job Mix Formula [JMF) 50 1000 | 959 | @z2 | S48 | 412 | 320 | 234 | 137 | 62 | 3D
Superpave Volumesirics REGUIRED SELECTED % CA #1 435 % RAP -
Mias (% Gmim) 96,0 5.0 % CA#2 - %A.C RAP -
M, (% Gmm) <= EE o CA# — i
- Gos 2479
Mireas (% GMIM) =33 o7.4 % FA#1 45.5
AIF Volds (%) @ Ma, 4.0 4.0 % FA &2 0.0 R ) ssa
WA () 14.0 143 % EAE - oam
Minimum 65.0 Composlts G, 2785
VA [%] — 731
Maximum TE.D ASPHALT CEMENT
Dust Minimum 0.6 SUPPLIER AC GRADE
0.63
Proportion | aximum 1.2 McAsphalt PG §4-2EP-EX
Tanzlla Strangth Ratic, % B0% Minimum 5.0 ADDITIVE
asphalt Fllm Thickness - 10.1 SUPPLIER TYPE AS % OF AC
Trafc Category E E —_— — —
AGGREGATE SOURCE / AGGREGATE SOURCE J
AGGREGATE TYRE INVENTORY NUMBER AGGREGATE TYRE INVENTORY NUMBER
ca Mo 1 HL1 Sione - Fowler Rosewame A Mo, 2 Unwashed Sand - Fowler Rosewame
e B17-013-02 0. B17-013-02
CAMo. 2 - FA Mo. 3 -
CAMo. 3 — RAP —
Washed Sand - Fowler Rosewame
FAMO.1
BA7-012-02
AGGREGATE GRADATION |Sleve Skzes In mm)-— PERCENT PASSING
AGG. Blendsd Gab and Absorpiion
500 | 375 | 250 [ 190 | 125 | 85 | 475 | 236 | 1.18 | 0.goo [ 0300 | 0150 | 0.07s
CA#1 GED = 2765 jo00 | ons [ S5 | 74 [ 25 [ 15 [ 13 ] 12 [ 10| oo
CA 2 353 = 2.821
CA#3 ADs (%) - 0TS
Fa &l Gsb = 2.765 1000] 893 | 676 [ 518 | 365 [ 183 | 63 15
Fo#2 (353 = 2821 1000 | 975 | 621 | 679 | 528 | 351 | 213 | 121
FL &3 ADs (%) = 0718
CA-G,. AbS = 2667, 1.10%
RAR FA - G, Abs = 2.603, 1.28%
FINES RETURMED 10 MIX. 0.15%
: = = & = L
REMARKE: 1 Compaddicn Temparaturs = Recompastion Tempsraturs = 1335, Mixing Temparaturs = 181°C. Congensus P s
2 Deetsrmination of aggregads dencitlss ac per LE S04/806 Rew. 28,
3 Walght requirsd for 116 +i- Gmen Hedght of 200 3peciman = 4BE2g. % Crushed CA (1F2F) 10000
4 Tha sbsorpiion of water at design polnt ©0.83%; henos, no cealing of cpeoimens 1 reguired. % Flat and Elongabssd 1.8
B Premlum Aggragates are Pre-Limed [(Hydrated Lime - 1% by Apgregate Mass) FA Angulardiy 488
B Virgin PGAC added to the Mix = 5.0% Zand Eguhvaient 21.3
REVIEWED BY: _f____‘ DATE July 20, 2017
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MY PROPERTY CTURVES

Project Mo.: ET17-10:19¢ Cate Julby 20, 2017
supplier: cambridge Asphalt Supply Contract No.: Various
MiX MO, 17141E Mix Type: SP 12.5FC2 CatE
ATR. VOIDS (%) Gmb (Meszured)
§ 2500
e 2495 -——
[~ 1480
7. - - +]
= - d
= = 14BD
E 3 = E Jf
: = 3475 -
< “““"‘-.______ = 2470 1
‘-.“___-. 1453 ‘f“
1 460
0 2453
L o 51 &0 45 3.0 53 6.0
AC Consent (%) AL Content (%)
Cenm VLA (%)
1610 12
2500 -
. 2590 - /
1.580 =
& =
= 150 et £ 1 L
<] 2 150 Py ra
1.560 - 5 ] L1
2550 P M L
15 = e =1
2.5340 \"“:\
1930 ™~
1310 145
43 50 5.5 6.0 45 50 55 &0
AC Conemt (*3) AC Comtent (%)
VFA (%) DUST PROPOETION (DF)
10 0.7
of 078 B
: —— i N
2 |1 0.4 -
——— o I,
0 - - N
3 =1 0.7 -
L @ B oo [,
£ 50 0.68
40 0.64
~
30 0.62 o
0.60
3':'4 - 50 R 60 435 5.0 535 600
L 20 20 R
AC Contest (V) AC Compent (%)
% Gmm Specmmen Warer Abzorpoon (%)
100 12
op — 10
55 . _-____I___,,.-l.--"'"' :. -“‘-__“‘
£ oz
| ert - ]
E M =T E “H""-
i E 06 -]
b
. o [~
¥ % 04 = Y
B ____..-—-—-""" 02
- b
e
85 e 10 i3 £
45 50 35 a0 - - i
AC Contest (%) AC Compent {%4)
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MIX TYPE: 5P 12.5FC2 Cat E Mix Mo.: 17141E

MIX VOLUMETRICS

Property 1 2 3 4 Design
Percent PGAC Ph 45 5.0 5.5 6.0 5.0
Blend Bulk Speciifc Gravity Gh 2.765 2.765 2.765 2.765 2.765
Yo Gmm @ Nini Mini B7.0 383 895 0.3 BB.3
%% Gmm @ Ndes Mdes 2944 96.0 975 985 956.0
Air Voids (%) o 56 4.0 2.5 15 4.0
Water Absorption (%) % 1.07 0.87 0.50 0.35 0.83
Vaoids in Mineral Aggragte VMA 15.0 148 14.8 15.2 14.8
Voids Filled With Asphalt VFA 63.0 73.2 83.2 20.0 73.1
Effective Specific Grawvity Gze 2.B0O8 2.804 2.800 2.793 2.805
Maximum Specific Gravity Gmm 2.605 2581 2.557 2532 2583
Bulk specific Gravity Gmb 2.460 2478 2.424 2.493 2479
Dust Ratio DpP 0.77 0.68 0.60 054 0.68
Effective Aspahlt Cement Phe 3.93 4.48 5.04 5.62 4.44
Percent Aggregates Ps 0.955 0.950 0.245 0.940 0.950
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Superpave BITUMINOUS LABORATORY WORKSHEET

IPHD] ECT NO.: ET17-1019C DATE: July 20, 2017
ISUF"PLIER Cambridge Asphalt Supply MIX NO. 17144E
IE-‘E PASS PCS: 548 Gsh: 2.765 % AC: 45 SP12.5FC2 CatE
PARAMETER SPECIMEN 1 SPECIMEN 2
Al: MASS OF COMPACTED SPECIMEN IN AIR 4958 4 49689
[AZ: 5.D.MASS IN AIR AFTER IMMERSSION IN H,O 49774 4992 9
B1: MASS OF COMPACTED SPECIMEN IN WATER 29603 29744
B2: VOLUME (= A2-B1) 2017.0 20185
C: BULK REL. DENSITY (= A1/B2), Gmb Measured 2458 2462
D: MAX. THEORITICAL DENSITY, Gmm 2,605
Superpave GYRATORY DENSIFICATION DATA
Mold Diameter, mm 150
2 SPECIMEN 1 SPECIMEN 2
o
=
ﬁ HEIGHT Gmb - Gmb - %G HEIGHT Gmb - Gmb - % G
G {mm} Estimated | Corrected e bmm (mm) [Estimated | Corrected = bmm
G 1287 2.180 2223 853 1291 2178 2225 854
9 126.4 2.220 2.264 86.9 126.7 2.219 2.267 87.0
125 116.4 2.410 2458 4.4 116.7 2.409 2462 945
100.0
Gvreti Average % | Average Air
rations
v Gmm Voids (%) 3.0 o=
E //
E
& 900
6 85.4 146 | ¥ /
85.0
9 870 13.0
80.0
_ 1 10 100 1000
125 94 .4 5.6 Gyrations
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Superpave BITUMINOUS LABORATORY WORKSHEET

IPHO]E(T MNO.: ET17-1019C DATE: July 20, 2017
ISUFPLIEH Cambridge Asphalt Supply WVIIX NO. 17141E
IB‘E PASS PCS5: 54 8 Gsh: 2765 % AC: 5.0 SP12.5FC2 CatE
PARAMETER SPECIMEN 1 SPECIMEN 2
Al: MASS OF COMPACTED SPECIMEN IN AIR 49845 4995 0
A2 5.0 MASS IN AIR AFTER IMMERSSION IM H,O 50025 50120
B1: MASS OF COMPACTED SPECIMEN IMN WATER 2989.4 29984
B2: VOLUME (= A2-B1) 20130 20136
C: BULK REL. DENSITY (= A1/B2), Gmb Measured 2476 2481
D MAX. THEORITICAL DENSITY, Gmm 2.581
Superpave GYRATORY DENSIFICATION DATA
Maold Diameter, mm 150
. SPECIMEN 1 SPECIMEN 2
=
o
E HEIGHT Gmb - Gmb - HEIGHT Gmb - Gmb -
. 'm m % Gmm M m %, Gmim
5 {mm]} Estimated | Corrected (mm]) | Estimated | Corrected
[ 1268 2.224 2.236 26.6 1273 2.220 2.241 86.8
9 1245 2.265 2277 BE. 2 1250 2261 2.282 B8 4
125 1145 2463 2476 05.9 1150 2458 2481 961
100.0
Average % | Average Air
Gyrations A
¥ Gmim Voids (%) =0 /
E
E
& 90.0 /
B BG6.7 1323 *
85.0
9 BB 3 117
B0.0O
1 10 100 1000
125 96.0 4.0 Gyrations
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Superpave BITUMINOUS LABORATORY WORKSHEET

IPHD]E(T NO.: ET17-1019C DATE: July 20, 2017
ISUPPLIEH Cambridge Asphalt Supply MY NO. 17131E
I% PASS PC5: 548 Gsh: 2.765 % AC: 55 5P 12.5FC2 Cat E
PARAMETER SPECIMEN 1 SPECIMEMN 2
Al: MASS OF COMPACTED SPECIMEN IN AIR 5010.8 50214
A2 5.0.MASS IN AIR AFTER IMMERSSION IM H,O 5020.8 50314
B1: MASS OF COMPACTED SPECIMEM IN WATER 3009 4 30195
B2: VOLUME (= A2-B1) 20115 20119
C: BULK REL. DENSITY (= Al1/B2), Gmb Measured 2491 2.496
D: MAX. THEQRITICAL DENSITY, Gmm 2557
Superpave GYRATORY DENSIFICATION DATA
Mold Diameter, mm 150
- SPECIMEM 1 SPECIMEN 2
Fa
=]
= HEIGHT Gmb - Gmb - HEIGHT Gmib - Gmb -
2 m m % Gmm m m % Gmm
5 {mm) Estimated | Corrected (mm) | Estimated | Corrected
i 1251 2266 2246 B87.8 1255 2264 2.249 BB 0
9 1228 2.309 2288 895 1233 2.304 2289 295
125 112.8 2.513 2.491 97.4 1131 2.512 2.496 97.6
100.0
Average % | Average Air -
Gyrations £e s . £ s5.0 Pad
Gmm Voids (%) .
E
E =00
& |
# C','
6 87.9 121
850
9 89.5 10.5
B0.0
1 10 100 1000
125 97.5 2.5 .
Gyrations
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Superpave BITUMINOUS LABORATORY WORKSHEET

IPHD]E(T NO.: ET17-1019C DATE: July 20, 2017
ISUFPLIEH Cambridge Asphalt Supply MY NO. 17141E
IE’E PASS PCS5: 548 Gsh: 2765 % AC: 6.0 SP12.5FC2 CatE
PARAMETER SPECIMEN 1 SPECIMEM 2
Al: MASS OF COMPACTED SPECIMEN IN AIR 50375 50480
A2 S.D.MASS IN AIR AFTER IMMERSSION IM H,O 50435 5056.0
Bl: MASS OF COMPACTED SPECIMEM IN WATER 30240 30303
B2: VOLUME (= A2-B1) 20195 20257
C: BULK REL. DENSITY (= Al1/B2), Gmb Measured 2.494 2.492
O MAX. THEQRITICAL DENSITY, Gmm 2532
Superpave GYRATORY DENSIFICATION DATA
Mald Diameter, mm 150
- SPECIMEM 1 SPECIMEN 2
s
=]
= HEIGHT Gmb - Gmb - HEIGHT Gmib - Gmb -
2 m m % Gmm m m % Gmm
5 {mmy) Estimated | Corrected {mm) [Estimated | Corrected
[ 1235 2308 2246 B88.7 1241 2.302 2241 BEB 5
9 1212 2.352 2289 90.4 1217 2.347 2285 90.3
125 111.2 2.563 2.494 98.5 1116 2.559 2.492 S8.4
1000
& %o | A Ai o
verage verage Air
Gyrations Ee . £ 95.0 /
Gmm Voids (%)
E
E
& 90.0
. #
88.6 114 250
9
90.3 9.7 20.0
) 1 10 100 1000
125 98.5 15 Gyrations
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Superpave BITUMINOUS LABOBATORY WORKSHEET - Nmax

IPHD]E(T NO.: ET17-1019C DATE: July 20, 2017
ISUPPLIER Cambridge Asphalt Supply WX NO. 17141E
I% PASS PCS: 548 Gsh: 2.765 % AC: 5.0 SP12.5FC2 CatE
PARAMETER SPECIMEN 1 SPECIMEN 2
Al: MASS OF COMPACTED SPECIMEN IN AIR 4982 9 4993 5
A2 S.D.MASS IN AIR AFTER IMMERSSION IN H,O 4998 9 50105
B1: MASS OF COMPACTED SPECIMEN IN WATER 3016.0 30240
B2: VOLUME (= A2-B1) 1983 .0 19865
C: BULK REL. DENSITY (= Al1/B2), Gmb Measured 2513 2514
D: MAX. THEORITICAL DENSITY, Gmm 2.580
Superpave GYRATORY DENSIFICATION DATA
Maold Diameter, mm 150
o SPECIMEN 1 SPECIMEN 2
=
=]
E HEIGHT Gmb - Gmb - HEIGHT Gmb - Gmb -
2 m m % Gmm ' m % Gmm
5 {mm} Estimated | Corrected (mam) | Estimated | Corrected
6 126.6 2.227 2.237 86.7 1271 2.223 2.233 865
9 1243 2.268 2278 BB 3 1246 2268 2278 B8B83
125 1143 2467 2478 96.0 1145 2468 2479 96.1
205 1127 2.502 2513 97.4 1129 2.503 2514 974
100.0
. Average % | Average Air 28.0
Gyrat .
yrations Smm Voids (%) 96.0 //
240
g 320 Pl
E a0.0 /
& |
6 86.6 134 |2 g0 /
86.0
g 88.3 11.7 24.0
820
125 96.1 3.9 20.0
1 10 100 1000
205 a7 .4 26 Gyrations
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Maoisture Sensitivity Data

Product No 2017-17141E-5P 12.5FC2-CatE-PG 64-28P-EX

Project No ET17-1019C

Date July 20, 2017

Sample 1 z 3 4 5 6
Diameter,mm D 150 150 150 150 150 150
Thickness,mm t 250 950 950 95.0 950 950
Dry mass,g Al 39561 3958.7 3959 .4 3961.5 3958.2 3953 .4
550 mass, g B| 39730 3975.0 3975.0 3976.3 39747 3972.8
Mass in water,g Cl 23213 23195 2324.0 23192 23225 23192
Wolume, cc (B-C) E| 16517 1655.4 1651.0 1657.1 1652.2 1653.6
Bulk 5p Gravity (A/E) F 2.395 2.391 2.398 2.391 2.395 2.391
Max Sp Gravity G 2583 2.583 2.583 2.583 2583 2.583
2 Air Voids [100(G-F)/G) H 7.3 7.4 7.1 7.4 7.2 7.4
Wol Air Voids (HE/100) I 112.9 122.6 117.9 123.2 1125 122.8
Load,M P 15454 15784 14924 17531 17588 18551
550 mass, g B | 40405327 | 4045446 | 40453

Wol Abs Water, cc (B-A) J' | 84.434681 | 26.725235 | 85.802813

9 Saturation (1001'/1) 704 70.8 729

Conditioned

Thickness,mm ¢ a5.0 95.0 95.0 95.0 95.0 95.0
Dry Str. (2000P/{tDp)) Std 783.2 785.7 BIB.8
Wet Str. (2000P"/(t"Dp)) stm| 6904 705.2 B66.7

Average Dry Strength (kPa) 7992  |Visual Moisture Damage (0 to 5 Rating) 1
Average Wet Strength (kPa) 6874 |Cracked/Broken Aggregates < 5%
TSR, % 86.0
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Ministry of

e
- . -
;,""'J'Clntang AGGREGATE TEST DATA - HOT MIX ASPHALT Transportation
Superpave - Congensus Properties (S5P110512)
Confract Mo Contractor: Coniract Location:
2017-17141E-5P 12, 5FC2-CaE-PG | Cambridge Asphalt Supply 2 T-1T141E-5P 12.5FC2-CalE-PG 64-28P-EX
Testing Laboratony: Telephone Mo Fau Mo
Engiec Consulting Inc. [905) T83-5500 {@05) 793-D541
Sampled By (Print Name): Daba Sampled: [VYIMMDD)
Cambridge Asphait Supply 17-06-28
Ml Type: Lo Mo Quanitity {onnesy:
5P 12.5FC2
| FINE AGGREGATE(S)
IBul.r:: Mame & Location: | Washed Sand - Fowier Rosewame - Fowler Rosewam  [Aggregate imentony Mumber (AB): BIT-0M3-02  |PRIF) or Quarmy (20 - |®orMo: | 465
Ism.r:z Mame & Lecabon: | Unwashed Sand - Fowler Rosesams - Fowler Rosewam |Agonegabs invenbory Mumber (AN Ei7T-03-02 PEP) or Eusrmy (33 —  |% of Mb 10
IS:ol.r:: Wame & Lecabon:  [—-—-— Aggregabe Imnentory Mumbssr (AR - PEIP) or Gy (30 — % of ME: -
Jeource Hame & Location: [--—-— Aggregabe inventory Mumber (AR - PRIF) or Quarmy (2): — = of M -
Requirement Test Result
Laboral Teat and Test Mumber Meets
tory Traffic Level Category Sampis Reotrement
A B c u} E N
o £100 mm 45 43 43
L5-E22 {Moke: 1) - 0 {Node 3) (Mote 3) {Mote 3) 483 ¥
Uncompacted Volds, e p— . =
% minimum - -
Mtz 1) - a0 4a 4a {Mote 3)
|AASHTO T176 Sand Equivalent _ _
|metnoa 1, % minimum iMotes 23 a0 a0 45 45 = 3 ¥
COARSE AGGREGATE
Sowrce Mame & Locaion:  |HL1 Stone - Fowler Rosewame - Fowler Rosewam Aggregabe inventory Mumber (AB) B1T-013-02  |PRIF) or @uarmy (2): 2 [worme  |43s
|Ecurce Name & Location: Aggregabe Imnentory Mumbssr (AR E17-013-02 PEIP) or Gy (30 — % of ME: -
IS:ol.r:: Hama & Lecabon: Aggregabe Imnentory Mumbssr (AR - PEIP) or Gy (30 — % of ME: -
Requirement Test Result
Laboral Teat and Test Mumber Traffic Lewel Catego Mests
m gary Sample R uire et
A B C o E e
[A5TH D5521 Frachured <100 mm 55~ 75- a5 ssimn 100100 1004100 ¥
Particies in Coarse Mok 1)
|Apgregates. % minimum, =100 mm ] ]
Mok &) {Moke 1 - ;- B0~ BOTE 100100 - -
[A.5TM 04751 Flat and Elongated
Particies {5:1), % maximum - o 1.50 ¥
Notes
1. Denobes the depth of e fop of It below Timal pavement sarface. If less than 25% of a kayer Is wishin 100 mm of the sarface, the layer may be considered o below 100 mm.
2. This requirement is walved for ot fine aggregate cotaining FLAF.
3. A minimum uwncompacted vold content of 43% |5 acceptable provided Bt e ssecied min satisfies the mix wolumerics specified slsewhers in the Confract Documents.
4. BSiED derotes that BS% of the coarse aggregate has one fractured face and S0% has teo of more fractured faces,
Izaued by [Teating Laboratory Repressntatie): g
Salman Bhutta, Ph.D., P Eng. —_— July 20, 2017
FRINT MAME SIGHATURE DATE
ReclEved by (Contract Admintstrative Representative):
FRINT MAME SIGNATURE DATE

Copiles foc

PH-CC-445c Apr-10

(1 cortract Administrasor ] Conractor

MRAL-A5G-033 Rawl Data: bl 32 3010

[ reglonal Quality
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m/ TEMPERATURE-VISCOSITY CHART

PG 64-28P-EX ASPHALT

TERMINALS HAMILTON, OSHAWA, & VALLEYFIELD
METHOD Mixing and compaction temperatures determined by the Steady Shear Flow (S5F) method
PROJECT All projects, unless otherwise specified
ISSUE DATE January 13, 2017
10
Manufacturer Recommended
Compaction Temperature
138 °C

w

o]

o

1 N

E‘ \

i

> \

0.1 - Manufacturer Recommended
) Mixing Temperature
151 °C
For paving on bridge decks, the compaction
temperature should be no lower than 110°C 1 Pa.s = 1000 cP
0.01 T . .

100 110 120 130 140 150 160 170 180 180 200
Temperature, "C

WLEOST REV 2
MCcASPHALT INDUSTRIES LIMITED
8800 Sheppard Avenue Esst T 41628LE181  TF LEIOI&EA23E mcasphait.com
McASPHALT Toronto, ON MIB SH4 F416281.8842 E min@mcasphalt.com 1560 SO0/ 14001
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APPENDIX B: APOGEE SENSOR DATA $HEETS
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INSTRUMENTS

SILICON-CELL PYRANOMETERS | SP-100 & SP-200 Series

Features

Dimensions




Cosine Response

RLR

12a

Rl

73

5.0

23 . R et TTTIT

0 o= = el -

23 e

A1 +1])4 1

“:: Epvle::tral Response

125 1 Spectral response estimate of n
e a w B B N = Apogee silicon-cell pg.rrar'm'ueba's.
Solar Zeni Angle [ Spectral response was estimated

by multiphying the spectral E

responze of the photodiode, £

Giffuser, and adhesive. Spectral £

responze measurements of diffuser ;

Temperature Response and adhesive were mads with a
¢ ’ spectrometer, and speciral response
data for the photodiods were
abtained from the manufacturer. e
Wareeln b e

Mean cosine response of eleven Apoges silicon-cell pyranometers [error bars represent two
standard deviations abowe and below rmean). Cosine responsce measurernents wene made during
broadband outdoor radiometer calibration (BORCAL) perforrned during two different years at
the Mational Renewable Energy Laboratory [NREL} in Golden, Colorado. Cosine response was
caloulated as the relative difference of pyranometer sencitivity at each solar zenith angle to
sensitivity at 437 solar zenith angle. The blue symbols are AM measurements; the red symbals
are P meazurements.

Emor %)

----  Mean temperature response of ten Apogee silicon-cell pyranometers (ermor bars represent two
T\ —— standard deviations abowe and below mean). Temperature response measurements were made
at 10 C intervals across a temperature range of approximatehy -10 to 40 C in a temperature
- controlled chamber under a fixed, broad spectrum, electric lamp. At each ternperature set poing,
& spectroradiometer was used to measure light intensity from the lamp and all pyranometers
) . . ) . . were compared ta the spectroradiometer. The spectroradiometer was mounted extemnal to the
= " N " = - - *=  temperature control chamber and remained at room temperature during the experiment.

Erres )

b kb ok b om oa omow s o

SP-110-8§ SP-212-8§ SP-214-55 SP-215-55 SP-230-55
7 o 24V DL, madmum -
- A3t 24VDC . 55t 24VDC; 12V D for heater with a
Self-powered | rrent draw 300 pA "1“"1“““'“'“:;; current draw 300 pA | current draw of 15.4 mA
02mvperWm? | 2mVperWm? 0.008 mA per W m™ 4 mi per W m™® 0.2 mV per W m™

125 W m® perm#,
4 mA offset

+ 5%

5Wm™ per my 0.5 W m™ per mv 025 W m™ per my' 5W m™ permy

Leess than 1 %
Less tham 2 % per year

Less than 1 % up | Less than 1 %up to ‘ Less than 1% up to Less than 1 % up to Less than 1 % up to

to 2000 W m™ 1250Wm™ 2000 W m™ 1250W m™ 1750'W m™
Less tham 1 ms
1B0®

350 to 1120 nm
+ 5 % at 75® zenith angle

0u0 + 004 %6 per C
-4 0 70 C; 0 to 100 % relative humidity; cn be submerged in water up to depths of 30m
24 mm diameter, 28 mm height
g
5 m of shielded, twisted-pair wire; additional cable available in multiples of 5 m; TPR jacket (high water resistance, high LWV
stability, flesdbility in cold conditions); pigtail lead wires
4 years against defects in materials and workmanship
www.apogesinstruments.com | 433792 4700 | Loganm , UT
84




Wide Range |
Sensitive from 250 to 400 nm, spanning
the solar UV and range of electric lamps.

Measurement Units
Caibtahonfactovsforfhotm
density units [umol m™ s7] andenergy
flux density [W m™] are provided with

each sensor allowing for rapid unit

oonvelsuons.

Rugged, Self-cleamng Housing

The patented dome-shaped sensor
head facilitates runoff of dew and rain,
hebmghleepthedetechord&n

blocking the
housed in a rugged anodized aluminum
bodyandelectmnmarefuly—potbed,

unan'pllﬁedvolhgeamtSmsors
available attached to a hand-held meter

with digital readout.

Typical licatlons

ypi App

muementnouhdooremmnments

‘(e.g, ludallamps) andmomtormg
mtenals,

Calibration Factor
(reciprocal of output)
Calibration Uncertainty

Measurement Repeatability

Long-term Drift
(non-stability)

Non-linearity
Response Time
Spectral Range

Field of View
Directional (Cosine)
Response

Temperature Response
Operating Environment
Dimensions

Mass

Cable

SU-100-SS
0.2 mV per pmol m=s™; 0.61 mV perWm™
5 umol m™= s per mV: 1.65 W m™ per mV
+10%
lessthan 1%
Less than 3 % per year

Less than 1 % (up to 300 umol m™s™)
Less than 1 ms
250 nm to 400 nm
180°

+ 10 % at 75° zenith angle

Approximately 0.1 % per C
-40 to 70 C, 0 to 100 % relative humidity
24 mm diameter, 28 mm height
75 g (with 5 m of cable)

5 m of shielded, twisted-pair wire; TPR jacket
(high water resistance, high UV stability,
flexbility in cold conditions); pigtail lead wires
stainless steel connector

4 years against defects in matenials and
workmanship



Spectral Response
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Apoges Model SU-100 Speciral Respoanse |
1€} {Mamrraired af 150 nm)
14F - |
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10F S iu: 1
& : i measurements were made at 10 nm
£ 08p rg 1 increments across a wavelength range of
cel ] 200 to 450 nm in a monochromator with
. b | ] an attached electric light source. Measured
B Cuserturn Respanse [ urmel i’ 0] | spectral data were normalized at 350 nm.
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Wavelength [nm]

Dimensions

Radiation Source (Ermror Calculated Relative to sun, Clear Sky) Error [%] Spectral Errﬂ rs
Sun [Clear Sky) 0.0

Sun [Cloudy Sky) <05
Reflected from Grass Canopy =05
Reflected from Deciduous Canopy =05
Reflected from Conifer Canopy <05
Reflected from Agncultural Soil =05
Reflected from Forest Soil <05
Reflected from Desert Soil =05
Reflected from Water <05
Reflected from lce =05
Reflected from Snow =05
Cool White Fluorescent (T5) 9.0

Metal Halide 28

High Pressure Sodium -7
Incandescent -33

Mercury Arc 178
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Virgin Binder T 64-28P-EX

Complex Modulus Mastercurve
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Laboratory Short-Term Aged Binder - RTFOT

Complex Modulus Mastercurve
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Plant Short-Term Aged Mixture 7 Extracted & Recovered from Loose Mix

Complex Modulus Mastercurve
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Extracted & Recovered from Laboratory Compacted Samples

Complex Modulus Mastercurve
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Laboratory Long-Term Aged Binderi RTFOT + PAV

Complex Modulus Mastercurv
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Laboratory Long-Term Aged Mixture 1 Extracted & Recovered from AASHTO R30 Conditioned Samples

Complex Modulus Mastercurve
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Laboratory Long-Term Aged Mixture T Extracted & Recovered from Atlas Weatherometer Conditioned Samples

Complex Modulus Mastercur
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Laboratory Long-Term Aged Mixture T Extracted & Recovered from Bespoke Chamber: BC8420

Complex Modulus Mastercurve

1.00E+09
81.00E+07 -
=]
o
g °
=1.00E+05 815
@
2 25
$1.00E+03
O ® 35
@ ® 40
21.00E+01
n ® 50
1.00E-01 ® 60
® 70
1.00E-03 MC
1.00E-10  1.00E-05 1.00E+00 1.00E+05 1.00E+10
Reduced Frequency
1.00E+10 2S2P1D Prediction for G'&G"
1.00E+08
1.00E+06
8
=1.00E+04
3
< 1.00E+02 g G
$1.00E+00 X G"
o
1.00E-02 PG
1.00E-04
1.00E-06
1.00E-08

1.00E-10 1.00E-05 1.00E+00 1.00E+05 1.00E+10 1.00E+15
Reduced Frequency (Hz)

100

Phase Angle Mastercurve

90
80
70
60
50

Phase Angle

40
30

20

10

0

1E-08 10000 10000000

0.00001 0.01 10
Reduced Frequency

1.00E+09 _

Btack-Space Diagram
1.00E+07
1.00E+05

1.00E+03

1.00E+01

Complex Modulus

1.00E-01

1.00E-03

1.00E-05
0 20 80 100

40 60
Phase Angle

96



Laboratory Long-Term Aged Mixture T Extracted & Recovered from Bespoke Chamber: BCS5NoH20

Complex Modulus Mastercurv
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Laboratory Long-Term Aged Mixture 1 Extracted & Recovered from Bespoke ChamberBC10-H20

Complex Modulus Mastercurve
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Laboratory Long-Term Aged Mixture T Extracted & Recovered from Bespoke Chamber: BC10NoH20

Complex Modulus Mastercurve
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Laboratory Long-Term Aged Mixture 1 Extracted & Recovered from Bespoke Chamber: BC15120

Complex Modulus Mastercurve
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Laboratory Long-Term Aged Mixture T Extracted & Recoveredfrom Bespoke Chamber: BC15NoH20

Complex Modulus Mastercurve
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Laboratory Long-Term Aged Mixture 1 Extracted & Recovered from Bespoke Chamber: BC2(H20

Complex Modulus Mastercurve
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