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Abstract

The objective of this study was to compare differeodifiers in two asphalt cements,
namely Cold Lake 80/100 obtained from the Edmon#dherta refinery of Imperial Oil
Limited and a PG 58-28 obtained from a now closfthery in the Montreal, Quebec
area. The modifiers investigated were polyphosghadid (PPA), styrene-butadiene-
styrene (SBS), and reactive ethylene terpolymeralgy® RET). The comparisons were
done based on both unaged and laboratory-agediatater

The investigation covers high temperature gradisiggia dynamic shear rheometer
(DSR), low temperature grading using a bending bea@ometer (BBR), ductile strain
tolerance as measured in the double-edge-notcimsibte (DENT) test and percentage
recovered strain using multiple shear creep rego{MECR) test.

The Superpave® performance grade span was increfasedll modifiers with
substantial increases in the high temperaturengutpiarameter G*/sty) while the BBR
parameters, T(S = 300 MPa) and T(m = 0.3), remaiaeptly unchanged. In the PG 58-
28 base asphalt, Elvaloy® modifiers were able tuce the intermediate Superpave®
grade temperature by significant amounts.

All polymer modifiers were good at improving the ctile strain tolerance as
measured in the DENT test. In contrast, PPA aledeces the strain tolerance due to the
formation of extra asphaltenes and the likely gatabf the asphaltene-rich phase.

Nearly all the modified samples passed the MSCR égsept those with poor

compatibility (i.e. SBS blended with Cold Lake watit sulfur, Elvaloy® systems



without acid catalyst, and pure PPA modified systeior no modifier, which did not
reach the required elastic recovery at high legelson-recoverable compliance.

In the BBR test done at low temperatures, all medisystems showed similar elastic
recovery and viscous (non-recoverable) compliakt@vever, in the ductile-to-brittle
range the Elvaloy® RET-modified binders showed fndte advantage of a few degrees
over the unmodified base asphalts.

Finally, chemical aging tendencies, as measuredwbight gain and carbonyl
formation, turned out to be very similar for aletmvestigated compositions.

This study has shown that Elvaloy® RET and SBS hawsilar performance
advantages over unmodified and PPA-modified aspbafhents when tested in the
laboratory according to currently prevalent perfante grading test protocols. Currently
ongoing pavement trials at various locations ind@int will shed further light on the

relative benefits of the modifiers investigated.
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Chapter 1

Introduction

1.1 Asphalt Material Issues

The use of asphalt cement as a paving materiatased dramatically in the early"20
century when petroleum refining became the methochoice for the production of a
range of products such as gasoline, jet fuel ahdidants. Initially this black, sticky
material was acquired as a waste stream in theemgfiprocess but it was quickly
discovered that it turned out to be a good pavigenml providing a new end use with
added value. In today's world an important rolepisyed by highway and road
infrastructure in almost all modern economies. Bographic areas that have cold
climatic conditions, such as Canada and the nartbl&, extremes in temperature during
winter and summer reduce the life span of asplwts, thus the construction and
maintenance of such roads creates an importantstinduCanada spends billions of
dollars every year on asphalt. Of this huge suny @nsmall fraction is used for the
expansion of the road network while most is for thleabilitation and reconstruction of
existing routes. Hence, it is important to seldet proper type of asphalt material which
provides the best possible road with a long lifespad also bring in some reduction to

the maintenance of the roads due to varied clincataitions.

1.1.1 Origin
Asphalt has many different names like binder, akmeament (AC), performance graded

asphalt cement (PGAC), tar and bitumen. It is uguatmed to describe different things



at various places such as in Europe bitumen iptbterred term to describe the semi-
solid glue that is used for paving of roads whereaNorth America the same thing is
denoted as asphalt cement or binder. Accordindh¢oAmerican Association of State
Highway and Transportation Officials (AASHTO) asfithainder is defined as an

“asphalt based cement that is produced from petnoleesidue either with or without the

addition of non-particulate organic modifiers”.

In the Indus Valley dated 3000 BC at Mohenjo Daasphalt was used in the
construction of water tanks wherein it was used asalant and glue for stone blocks [1].
Around 3500 BC, it was suggested that the Sumeriaed it as water proofing agent in
shipbuilding [1]. In 1595, Sir Walter Raleigh memnted that the asphalt lake of Trinidad
acted as an excellent waterproofing material fa&r #eams of ships [2]. The basic
principle of road construction was developed duthocentralized road administrations
in European countries that sustained the industgaklopment. In the United States and
France, asphalt was used for road pavement anavaiigpavement during the 19th
century [1]. The asphalt obtained from the asplaie¢ of Trinidad is known to be the
best natural source of asphalt. Generally theatsph obtained is hard and has limited
applications in its original form but could be wigleised in pavement construction when
refined and mixed with petroleum asphalt [2]. Also,mixture of rocks and natural
asphalt known as Gilsonite turned out to be anathérral source of asphalt. In 1902, the
industrial production of petroleum asphalt startredhe US which subsequently turned
into a large scale asphalt paving industry. Aspbaliained today is mainly from the

bottom of the barrel: the final product of the p&tum refinery process once all the other



fractions are extracted from crude oil. As asphaltks very well for binding and water
proofing it is widely used in road construction.phalt is believed to have been present
in crude oil for millions of years yet it does rast for very long when applied on roads.
There are many factors behind these performancaspdfalt out of which one of them is
the source of crude oil from which it is obtainedd its composition. Also, the
performance would depend on the amount and typggfegates being used, the method

of road construction, temperature, moisture conéerat obviously the volume of traffic

3].

1.1.2 Applications

Asphalt at high temperature is found to be a visctiquid while at intermediate
temperature it is semi-solid and at low temperatiielastic solid. Also it forms a solid
mixture when combined with aggregates, filler amthds The material used for the
construction of flexible pavements is usually slads asphalt concrete or hot mix asphalt
(HMA). There are two main types of asphalt produestsnely paving asphalt and roofing
asphalt. It is also used at various other placel a8 in lining irrigation canals, dams, sea
defense work and water reservoirs, in adhesives, lzase for synthetic turf, in asphalt-
based paint as protective coatings to prevent simmoof metals and in electric laminates
[4]. Owing to its adhesive properties, asphalt wasd in ancient times widely to glue
stone axe heads to wooden handles [5], to makeateeutensils, for preparing statues,
and in making ornaments [6,7]. Its use for mummlien in ancient times [8] and

photography [9] has also been recorded. In toddgs and age there are around 250



applications [2] of asphalt but about 85 % of tlalt asphalt usage is for road

construction.

1.1.3 Constituents

At room temperatures and atmospheric pressure khsmraent is found to be a semi-
solid or solid which can be liquefied by dissolutim petroleum solvents or by heating.
By the addition of the proper type of surfactaitsan be emulsified in water. Asphalt
consists of two chemical component classes: aspiedtor maltenes depending upon
their solubility in n-heptane or hexane [2]. As teaks have lower molecular weights,
they are soluble in n-heptane or hexane while dsptes are not soluble due to their
higher molecular weights. Asphalt normally contdieswveen 5 and 25 percent by weight
of asphaltenes and may be regarded as a colloigdérs of asphaltene micelles
dispersed in the maltene (oily) continuous phade [Zhe chemical constituents in
asphalt are the following: saturates, aromaticphtieenics, resins and asphaltenes, the
latter of which are polar in nature due to funcéibgroups such as carboxylic acids,
phenolics, amines, and thiols. These functionaligsocause asphaltenes and resins to
cluster with aggregate molecular weights rangingtayd 00,000 and more. The polar
attraction between the molecules within asphalt #red polar surfaces of aggregates

results into the adhesion of the asphalt to theexggges [2].

In addition to the two main chemical groups, asggmas and maltenes, and the small
amounts of sulphur, oxygen and nitrogen, trace tfies of metals such as iron,

vanadium, nickel, calcium and magnesium are foarmast asphalt cements [2].



Asphaltenes are considered to be highly polar ameptex materials with molecular
weights that range from 1,000 to 100,000 [2]. Theant of asphaltenes present has a
considerable effect on the rheological propertiegshe asphalt cement. An increased
amount of asphaltenes increases the viscosity andehs the materials. Maltenes are
further divided into three groups: resins, aronsTa@mnd saturates. Resins are polar in
nature and mainly function to keep the asphalteligsersed and as the adhesive in the
asphalt mixture. Aromatics are the low molecularighe naphthenic aromatic
compounds. They consist of unsaturated ring systemgson-polar carbon chains.
Saturates are the straight and branched chainigtiatilc hydrocarbons. Saturates are

non-polar viscous oils.

1.1.4 Distress Types

Usually in all weather conditions the asphalt uded paving roads must remain
viscoelastic but this does not happen practically.asphalts are known to soften up
during summer and form rutting or permanent defoiona During winters, neutral
molecules in the asphalt arrange themselves inte mi@anized structural forms, which
in turn harden the material leading to brittlenasd the formation of cracks under high

traffic loads. These processes are termed as é#igd thermal cracking.

Fatigue Cracking: This distress occurs due to repeated traffic loAdsa result of this
there are large numbers of relatively short craygkserated (Figure 1) creating roughness
and allowing moisture to penetrate the structurepd®ing of this type of distress is

ineffective since the distress usually reappeatisimshort periods after the repair.



Rutting: This can be observed as surface depression intieelyath. This could be due
to insufficient compaction during the constructemd then heavy traffic load damages it
more (Figure 2). It can be hazardous as it pullscles towards the rut path only. Repair
is possible by leveling up the deeper ruts or bgriaying a new lift of asphalt concrete.
However, ruts that form in lower layers of the paeat will quickly return after a single

lift overlay.

Figure 1. A typical area of fatigue distress [10]. Figure 2. Typical rutting distress [10].

Stripping: The gtripping of the asphalt cement and mastic happeegal the presence of
moisture which can reduce the adhesive propertfeth® asphalt cement with the
aggregate. This may occur after fatigue crack atglalso. This failure damages the base
structure (Figure 3) due to this poor chemistryvaein aggregates and surface. This may

also occur due to a poor drainage system.



Figure 3. A small stripping distress [10]. FigdreA typical thermal effect on road [10].

Thermal Cracking: This issue is usually observed due to the occuerericextremely
low temperatures especially in countries like Canatiere winters are harsh. Shrinkage
of the asphalt surface becomes significant at lemperatures. This type of crack is
observed perpendicular to the pavement’s centedmiay down direction (Figure 4).
This could be repaired by sealing of the crackbyoverlaying the surface with one or
more lifts of asphalt concrete. However, experiehes shown that cracks rapidly

reappear in the surface through so called reflearacking.

1.1.5 Modifiers

The aim of asphalt cement modification is to depelgavements with improved
resistance to distresses (especially thermal anggkiModification of asphalt binders
with different polymers, fillers, and fibers so @sreduce the susceptibility of asphalt
pavement to low temperature cracking has receigrifisant attention in recent years

[11, 14].



There are different types of modifiers used to imbienproved performance from
asphalt cement. The groups which are mainly usedpéastomers, elastomers, anti-
stripping additives, and acid modifiers. Plastormaes used to reduce the viscous part of
the asphalt resistance to deformation helping toredese permanent deformation or
rutting in asphalt. Polyethylene (LDPE), ethyleneyl-acetate, ethylene-acrylate are all
polymers commonly used in asphalt cement modibcatElastomers increase the elastic
property of the asphalt cement. These additiveshareght to help reduce fatigue and
thermal cracking distress of asphalt material gigene-butadiene rubber latexes (SBR),
diblock styrene butadiene (SB), and triblock stgeuitadiene-styrene (SBS). An anti-
stripping group is used to reduce moisture damage iacrease adhesion in asphalt
binder and aggregate, e.g. polyamines and fatty@@mines. Acid modification is the
new version of modification through acids in asplktdrted back in 1930 [13]. The main
function of this modification is to increase theftening point of a binder.
Polyphosphoric acid (PPA) is typically used as eid anodifier. It was observed that the
use of such modifier helps to increase the gradange at high temperature but there are
some negative effects observed according to thecsoof asphalt [14]. In modified
asphalt it is thought that the final product hadbésome a micro heterogeneous mixture
to obtain the most beneficial performance. In thgghalt forms the continuous phase and
the polymers are dispersed throughout [11]. Hemaepbtain good properties of an
asphalt binder at an affordable cost, the polynmitent needs to be kept around or

below 4 % by weight.



To improve the rheological properties of the bindemwhich the fatigue life and
permanent deformation resistance are aimed to hmowad, various models are
developed. The focus on long-lasting pavements imgroved performance particularly
at low temperature is the ultimate goal of varidosns of modification processes of

asphalt.

1.2Scope

Different modifiers are often used in asphalt tqiove physical properties to resist
various distress types (rutting, fatigue, thernralcking, moisture damage, etc.). Three
major modifiers were investigated in this thesislyphosphoric acid (PPA), styrene-
butadiene-styrene (SBS), and reactive ethyleneolygrer (RET or Elvaloy®). This
study compared the benefits of each type of madifietwo different base asphalts,
namely Cold Lake 80/100 pen grade produced in EdomprAlberta, and used widely
throughout the U.S. and Canada, and a commer@ablblith a Superpave® PG 58-28
grade produced in the Montreal, Quebec area. Tdinfys of this research will allow
user agencies to make better choices in terms af wiodification to allow for specific
paving contracts. This research has the potemtigahte millions of dollars in tax payer

money by extending the life cycle of pavements.



Chapter 2

Background

2.1 General Issues: Asphalt Sources, Uses, Chemieald Physical Properties

2.1.1 Asphalt and Resources

Though the properties of asphalt are long knownyas not used as a paving material
until the early 20th century. This is the periodemhpetroleum refining started and
asphalt was obtained as the residue of the refipmogess. This sticky material was
initially obtained as a waste stream. Hence, tlagegrise to a new industry and an
extensively used paving material all over the woiltiere are mainly two sources of

asphalt material.

Natural Sources of Asphalt

Naturally occurring asphalts are found as depositsthe surface in Trinidad and
Venezuela. There is a huge deposit of Athabascsatadts in northern Alberta and about
95 % of natural asphalt cement (as tar sand) is filois place. The major sources of
natural asphalt are in Pit Lake, Trinidad; Gard,véagne, Ain and Haute Savoie in
France; Central Iraq; Latakia, Syria; Maestu, Sp#&utin Island, Indonesia; and the
Dead Sea area in Israel and Jordan [15]. Theseahaubstances are found within a

limestone or sandstone mixture.

10



Petroleum Sources of Asphalt

Petroleum asphalt is obtained through the refirofgetroleum. Most asphalt in the
United States and Canada is produced through fimenige of crude oil. Atmospheric and
vacuum distillations are the basic units of operatiHowever, blending, air blowing,
solvent deasphalting, solvent extraction, emulatfan and modification are available to

produce various grades of asphalt depending oartlte sources.

2.1.2 Applications of Asphalt

Asphalt’s viscosity decreases at warm temperatut@te on cooling it quickly turns
hard. In the ancient times, asphalt was used aadaesive. So, asphalt was used for
making small decorated utensils such as bowls;dating statues for making ornaments,
and so on [6, 7]. In the Gilgal Site, a stone bead was found (8500 B.C.), which was
covered with asphalt to glue it to a wooden haifslle Recently, due to new natural and
synthetic glues this use of asphalt has dramafidatreased. The Persian traveler, Nasir-
i-Khusran, when visiting the area near Egypt in7L@4D., describes how asphalt was
used to coat the roots of fruit trees and thuseatahem against “worms and things that
creep below the surface”. It is possible that tteereatic compounds and sulfur content in
the asphalt explain this beneficial effect [16]ack to 3500 B.C. the shipping industry
used asphalt as a waterproofing engineering matémeient Phoenicians, Egyptians,
and Romans used asphalt to waterproof temples ati land water tanks. They also

used asphalt as a binding material for bricks [6, 7
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It is interesting to know that asphalt was use@ asedicine in the ancient times. In
the 2nd century A.D., famous doctors of medicindhe Roman and Medieval world
used the Dead Sea asphalt for medical purposeenBgcProfessor A. Docstrovsky
from Hasassah Medical School in Jerusalem foundlaable material called “bitupal”
which was very effective for curing certain skiseses [17]. This material is still in use
and has been produced by the Teva Pharmaceuticap&uy in Israel [8]. Besides all
applications in the ancient world, asphalt has deen used for mummification [8],
photography [9], waterproofing and in oil explocati[8]. In the late 18th century, the
first use of asphalt as a material for road buddwas reported in Newark, N. J. [18].
During the 19th and 20th centuries, the use of @sphs a road-building material

increased together with the development of theraabdle industry.

2.1.3 Chemical and Physical Properties

2.1.3.1 Chemical Properties

An asphalt binder’'s physical properties are deteedhi by its chemical constituents
(saturates, aromatics, resins, asphaltenes, ezacd;the behavior of the asphalt could be
predicted from a basic knowledge of its chemisafthough asphalt cements for hot-mix
asphalt pavements are rarely characterized by ttemical composition [11]. An
extreme complex mixture of largely organic and agyanetallic compounds is termed as
asphalt. The composition of a standard samplemiascontains about 82-88 % carbon,
8-11 % hydrogen, 0-6 % sulphur, 0-1.5 % oxygen @1d% nitrogen [2]. Certain metal
atoms like Fe, Ni, and V, which act as a fingerpfar the point of origin of the asphalt,

are found in trace quantities in asphalt [11].
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By precipitation in n-heptane, asphalt can be s#pdrinto two chemical groups,
namely asphaltenes and maltenes [2]. Asphaltenestddissolve in a linear hydrocarbon
such as n-heptane as they are polar compoundsawitlyh molecular weight. Their
molecular weight ranges from 1,000 to as high a3,adD g/mol on the basis of the
method used to determine them [2]. The ratio ofrbgen to carbon is close to 1:1 and
the size of a typical asphaltene molecule is tyjyidaetween 5 and 30 nm. A strong
effect on asphalt’s rheological properties depegdin the amount of asphaltene present
in asphalt cement is observed, which is responéirléhe high viscosity in asphalt. It is
generally observed that asphalts with a high amotiasphaltenes are harder and have a
higher viscosity, while asphalts with less aspmate are softer and have a lower
viscosity. The maltenes undergo division in to ¢hfarther groups namely saturates,
aromatics and resins. The compositions of saturateehpounds are straight and
branched-chain aliphatic hydrocarbons along witmesoalkyl-aromatics and alkyl-
naphthenes. Around 5 to 20 % of the asphalt cenvemistitutes of saturates.
Approximately 30 to 50 % of the total amount of laelp consists of aromatics, which are
dark brown viscous liquids. Aromatics act as a eot\for other higher molecular weight
hydrocarbons (resins and asphaltenes) and are c@ehpd unsaturated ring systems. The
resins are composed of hydrogen and carbon alotly swall amounts of oxygen,
sulphur and nitrogen. They are found to be darkvbrm color and are strongly adhesive
to the aggregate in a pavement mixture. The digpersf the asphaltenes in the oils

(saturates and aromatics) is the main functioresins [2].
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Presently as there is not enough asphalt chemialledge to adequately predict its
performance, in which mainly the basic asphalt éinfdilure mechanisms that can be

described chemically, and hence the physical ptigseand tests are used.

2.1.3.2 Physical Properties

Characterization of asphalt cements is mainly edrrout based on their physical
properties. Thechanges in asphalt cement’s rheological propemies manifested in

changes in its viscoelastic nature based on thd pmaformance. The paramount in
achieving good road performance that relies on aderstanding of the molecular
dynamics (motion) in asphalts is in relation to theological properties. At a given
temperature, by changing the extent of moleculdbility it may be possible to enhance
the performance of asphalt. The alteration in tldegular mobility of the asphalt could
be done by physical blending of two or more asghdhe introduction of polymeric

materials into asphalts, or through chemical modifon of the asphalt [19].

The earliest physical tests were empirically detitests. In the better part of thé™20
century some of these tests (such as the penetriash) have been used that provided
good results. To describe asphalt binder physiogpgrties, the later tests (such as the
viscosity tests) were the first attempts at usingdmental engineering parameters. It is
still quite doubtful for the ties between testedgmaeters and field performance. In the
1980s and 1990s the Superpave® binder tests weetoged with the goal of measuring

specific asphalt binder physical properties thatdarectly related to field performance by
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engineering principles. A more thorough charaz&ion of the tested asphalt binder

seems to be accomplishing from these tests, wherk wainly a bit more complex.

Asphalt is mainly found to be a viscoelastic matefil9]. At relatively low
temperatures it behaves like an elastic solid witiles a viscous liquid at high
temperatures. Hence, under the removal of certamuat of loads (elastic behavior) it is
observed that the asphalt is able to return toriggnal shape. Also, at times permanent
deformation (viscous behavior) is observed as saféhe input energy that may
dissipate in the asphalt. The division of the mola@c compounds in asphalt into two
general categories such as polar and non-polar @anas is done. The elastic property
in the asphalt is derived due to polar compoundt an example of an asphaltene as a
polar compound. The viscous behavior of the asphatirough non-polar compounds,
such as the maltenes fractions. The long chairtsttealign and flow and that makes the
asphalt behave like a viscous liquid, and not &keelastic solid, as temperature or load
increases. Moreover, these molecules shall mové& tadheir original shape (elastic
response), but not in the exact conformation asrbehe disturbance (viscous response)

upon cooling or removal of the stress.

2.2 TEST METHODS

2.2.1. Conventional Tests

According to civil engineers, asphalt was not rdgdras a macromolecule with visco-
elastic properties but was considered as a cotstnumaterial. It was mainly graded on

the basis of needle penetration, softening poidt\ascosity, that are purely empirical in
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nature, during late fdcentury [20]. The grading of asphalt cement wasetan its field
performance from these test methods. These tebbaemeasured an empirical property
of the asphalt cemeat an arbitrary single temperature and never fatesetwo distinct
properties of asphalt at the same time. The comvealt test methods that were
commonly used are as follows:

1) Needle Penetration Test

2) Ring and Ball Softening Point Test

3) Ductility and Force Ductility Test

The asphalt consists of four general conventiomadegs, such as the penetration
grade, the cutback grade, the oxidized grade aach#énd grade. Usually, out of these
four grades, only the penetration grade is usegdoing roads. The combination of two
test methods or just one method helps to decidefdhese grades. The penetration test
and the ring and ball softening point test methloelp to predict the penetration grade.
The combination of the viscosity and softening ponethods help to decide the oxidized
and hard grades whereas the viscosity method dethi@ecutback grade. For the roofing
and painting purposes, the hard and oxidized asphaised, whereas for the blending

and surface coating applications the cutback asphased [2].

2.2.1.1 Needle Penetration Test
In 1888 the Baber Asphalt Paving Company [21] inedrthe penetration test which is
the oldest asphalt cement grading test. Accordingnt ASTM standard, the penetration

test has been measured since 1959 [10].
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Figure 5. Penetration test equipment [10]

This test method involves the penetration of a leerdio the asphalt under a standard
load of 100 gm, at a standard temperature of 23 standard time of 5 sec (Figure 5).
This is measured in units of decimillimeters, Del mm. For example, 80 Pen asphalt
cement shall have a penetration of the needle ‘@ 58 mm, means 80 times 0.1 mm.
The specification of the reproducibility and repadslity standards is mentioned in the
ASTM standard [22]. The value so obtained fromgheetration tests helps to decide the
grade on the basis of historical field performaacel does not relate to any physical
material property of asphalt. This test gives advetesult than the high temperature
viscosity method in terms of low temperature perfance and is also an inexpensive

test. A linear dependence between the logarithnpasfetration and temperature was
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described by Pfeiffer and van Doormaal (1936) \@Bgn they described the temperature
susceptibility of asphalt properties as:
LogPen=aT +c (1)

where a and ¢ are constants.

The parameter so obtained is termed as penetratiaex (Pl) that expresses the
temperature susceptibility on the basis of penetratvalues at two different
temperatures. At the softening point temperatuen (B 800), all asphalts have same
penetration values. The asphalt properties oveida wange of temperatures in linear

equations were expressed by Pfeiffer and van Daoalrmigh great success.

2.2.1.2 Ring and Ball Softening Test

It consists of a steel ball where the asphalt sarigpheated and softened in the medium
of glycerol or water. This test is a type of reimement for the results obtained by the
penetration test. The test is a measurement ahtieéng interval, which is a consistency

test.
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23 mm

Figure 6. Softening Point Sample [21]

It states the temperature at which an asphalt sgnmpa brass ring under the pressure
of a steel ball (Figure 6) that touches a basee@&®25 mm placed below the ring, with
the temperature of the bath of 5 °C/min [ASTM D3g:-9 he softening point is obtained
by the temperature at which the steel ball in thg pushes the soft asphalt samples to a

standard distance and is so measured.

2.2.1.3 Ductility and Force Ductility Test

The ductility test is an empirical performance festmechanical strength and toughness.
It measures the elongation in centimeters at wlaisphalt sample breaks after being
pulled at 5 cm/min, and provides a ranking of aipha terms of mechanical strength

[ASTM D113]. The observation obtained from thisttefates that asphalts have various
capacities of sustaining similar stresses befaetdire occurs. It was more likely to take

place in the polymer modified asphalts as comp#ydatie unmodified ones. Generally it

is observed that before fracture the polymer medifasphalts elongate too much. A
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better expression of fracture resistance was odddy toughness which is defined as the

total work necessary to break an asphalt sample.

The force ductility test that provides the forcesus strain during extension helps to
express the asphalt toughness. The toughness akgialt material is expressed by the
work to break that is represented by area undecuhe. These tests were not used later
on as a standard test due to lack of real life hoegs correlation and poor
reproducibility. The ductility and force ductilitests were measured in a way so as to
produce the results that were highly dependentasiskof the specimen’s geometry and

size.

However, all of these tests do not give an accurateation of how the materials
would perform at a wide spectrum of temperatureghvis mainly experienced by the
asphalt pavement in service. Instead, they onlysoreathe asphalt sample at a specific
temperature. Also, the results of both of thesdstese correlated with pavement

performance over the years as they are empiristd {20].

2.2.2 Superpave® Specification Tests

Because of the failure of conventional gradingstélsat provided binder properties with

little or no correlation to pavement performancelUnited States, the Strategic Highway
Research Program (SHRP) ran for a period of fivey@and spent close to $150 million,

in the late 1980’s and early 1990’s. As a resulthid, new test methods have led to a

new specification known as Superpave® (SuperiofoRaing Asphalt Pavements) [20,
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24]. During the asphalt life in service, the birglare being tested under conditions which
better simulate the critical conditions obtaineshirthese new specification test methods.
A measurement of the asphalt’s fundamental phygicagderties, that are supposed to be
directly related to field performance through sowmdjineering principles as a result of
these tests under Superpave®, was observed. Tinatenthe empirical nature of the
conventional grading methods, such as penetratidrtize ring and ball softening point,
the research team developed these test methodsisphalt is given a grade such as PG
(or PGAC) XX-YY, where XX represents the high temgiare working limit of the
asphalt cement and -YY the low temperature limisdoh on the Superpave® test
methods. For an example, PGAC 58-28 asphalt cemesipected to perform without
any significant amount of either rutting or thermedcking at a high temperature limit of
58°C and low temperature limit of -28°C. Moreovitie high temperature grading test is
reasonably able to predict rutting performance aithany problems. An inadequate
amount of time is given for the samples to conditio the low temperature test. As a
result, in northern climates many pavements aremuddsigned for thermal cracking. As
an improvement over historical penetration, ringl &all softening point and viscosity
methods, these experiences have shown that thefwe® specification still leaves a
reasonable amount of space for improvement [25¢ pérformance grade (PG grade)
does not protect a pavement against typical dstaesl as a result the asphalt cements
graded the same can show significant performandatims [24]. The recent evidence
has shown up that Superpave® is more like a puechased specification (where the

supplier and user of the asphalt cement agreethieaproduct meets the specification
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criteria but there is no guarantee for performancgervice), but which was supposed to

be an entirely performance-based specification atk#s earlier proposed [26-29].

In Superpave® testing to determine XX and -YY, tmportant test methods applied
are [1]: The Dynamic Shear Rheometer (DSR) TestX¥r and the Bending Beam
Rheometer (BBR) Test for -YYILhe failure properties of asphalt like rutting datigue
at high temperatures and medium temperatures sngbwut with reasonably accurate
results by DSRMoreover, a reasonable result for low temperatuaeking is given out
by the BBR test method, but still widespread protdewith premature and excessive

cracking are observed from that test method, wimdeed needs some improvement.

Laboratory Aging of Asphalt Cement

Service aging for a period of 8-10 years is suppasde simulated by the pressure aging
vessel (PAV) procedure while the simulation of ggthuring mixing and construction is
carried out by the RTFO procedure in the laboratdherefore, the asphalt binder tests
involved with in-service performance such as thdRDBBR and DTT are carried out on
samples first aged in the RTFO and then in the Ri\lle the asphalt binder tests
involved with mix and placement properties namdélg DSR are done on RTFO aged

samples.

2.2.2.1 Rolling Thin Film Oven Test
The simulation of the short-term aging by heatingaving film of asphalt binder in an

oven for 85 minutes at 163°C (325°F) is termedrtiikng thin-film oven (RTFO) test

22



(Figure 7). The changes incurred in the physical propertiesraaasured before and after
the oven treatment by other test procedures, widtarmine the effects of heat and air
on the asphalt sample. The moving film is createglhcing the asphalt binder sample in

a small jar and then placing the jar in a circutaetal carriage that rotates within the

oven.
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Figure 7. Rolling Thin Film Oven test equipment][10

The RTFO test is generally considered superiohédoTFO because in less time (85
minutes vs. 5 hours) it achieves the same degrbardéning (aging).

The rolling action is used in RTFO which:

» Allows asphalt binder modifiers, if used, to remdispersed in the sample.
* Prevents the formation of a surface skin on thepsamvhich may inhibit aging.

» Allows continuous exposure of fresh asphalt biriddreat and air flow.

2.2.2.2 Pressure Aging Vessel

To simulate the effects of long-term asphalt biralging that occurs as a result of 5 to 10
years HMA pavement service the pressure aging VERA¥) (Figure 8)was applied by
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Superpave®[30]. The basic concept of the pressure aging vesselbkad used for
several years in rubber product aging earlier tpeguave®. In the PAV procedure the
RTFO aged samples are taken, which are exposethitghair pressure and temperature
(depending upon expected climatic conditions) fOrHburs as it is an oven-pressure

vessel combination.

= pholo courtesy uf'?FHWA

Figure 8.Pressure aging vessel equipment [10]

It is found to be advantageous if the aging of #sphalt binder samples under
pressure is carried out without affecting extremblgh temperatures, the oxidation

process could be expedited.

2.2.2.3 Dynamic Shear Rheometer (DSR) Testing
To evaluate rheological (flow) properties of asphhinders from low to high

temperatures the Dynamic Shear Rheometer (DSR3ed. Bor predicting the end-use
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performance of materials, an understanding of theological properties of asphalt
binders is essentialhe procedure of the test method consists of aftimmof asphalt
cement placed between two parallel plates and teasorement of visco-elastic
properties in dynamic oscillation is observdthe dynamic properties of asphalt are
measured when the binder sample is sheared andhtb@r angle and torque are
measuredOver a wide range of temperatures and frequenbiesDISR measures the
complex shear modulus (stiffness) G* and phase eargl In the Superpave®
specification, for the grading of asphalt cememts fatigue and rutting, the complex
modulus and phase angle are both usedlHg.circular plates used are of a diameter of 8
mm (for higher stiffness conditions) or 25 mm (fower stiffness conditions) with the 2
mm and 1 mm gap between them, respectivEfye shear modulus is measured at 25°C
with a frequency of 10 rad/s when the sample isqaebetween the parallel plates and is
subjected to a shear force in the form of torsibm.correlate with theoretical models
three different temperatures are employed for #stirtg and a master creep curve is
typically generatedlhe ratio of the viscous (G”) over the storagelastc modulus (G’)
that relates to the phase angledr loss tangent (tad) is also measure@he phase angle

relates to rutting at high temperatures and tontlaécracking at low temperatures.

2.2.2.4 Bending Beam Rheometer Testing

The BBR specification test identifies the low temgtare cracking of asphalt as a major
distress form for asphalt pavementsider the Strategic Highway Research Program, the
bending beam rheometer (BBR) was developgie AASHTO standard M320 [31]

provides the specification criteria for passindifi@g the BBR test. The two important
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parameters of asphalt cement are measured by dsiis First, it measures the creep
stiffness S(t) and second it measures the m-vdltizecasphalt cement as defined by the
slope of the creep stiffness master curve. The temperature thermal cracking
performances of the asphalt pavement are relatéuet&(t) and m(t) value. An hour of
conditioning of thebinder samples at room temperature is carried olldwed by an
hour of conditioning at -10°C and -20°C in refragfers before testingThe testing
temperature and conditioning temperature are thee sa this method. After the one-hour
test the low temperature grades of asphalt areldécin this test at a temperature of 10
degrees above the design temperature of the pavdhehoading of the specimen in
three-point bending is carried out. The testingatan of the binder sample is reduced
from 2 hours to 60 seconds on the basis of the tif€rence which is assumed if the
time-temperature superposition is valid [20, 38}.indication of how the asphalt binders
should be able to resist low-temperature cracksngetermined from the BBR along with

the limiting temperature of the binders.

The stiffness of the specimen is measured at |gatitimes of 8, 15, 30, 60, 120 and
240 seconds in order to determine the master csttpess curve A measure of the
binder’s ability to relax stress due to viscousMiahich is known as the m-value is the
slope of this master curvelence, the ability to relax stress reduces as mevedduces
[31]. When the stiffness value is below 300 MPa and teegcrate or slope of the creep
stiffness master curve (m-value) is greater thaequal to 0.3 then the asphalt material
passes. The material fails the specification anddconly be used in a warmer climatic

condition if either the stiffness is above 300 MPdhe m-value is below 0.3. The current
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AASHTO M320 specification is found to be impropkraugh recent investigations on a
large number of pavement trials and regular cotdr§28, 36-38]. There is a vast

difference observed in low temperature fracturdguerance on the pavements with the
exact same low temperature grade [33, 3#s indicates that the performance grading

methods need some improvement.

2.2.3 Multiple Stress Creep Recovery (MSCR) Test

The use of performance-related criteria specificdalistress and related to climate and
traffic loading was one of the objectives in thev@lepment of the PG asphalt binder
specification. In pavement, the test measurements made at temperandeloading
rates consistent with conditions existing is thgeotive of this methodAlthough the test
temperature where this criteria must be met isvedrifrom the actual pavement
temperature, the high temperature criteria stays shme for G*/si (1.00 kPa for
unaged and 2.20 kPa for RTFO-aged binder) regardiEthe location of the pavement
with this approachThe G*/sirt parameter was unable to adequately capture thefiteen
of elastomeric modification because of the reldyivamall impact of phase anglg) (on
the overall value of G*/si) while it did capture viscous and elastic effedise G*/sird
used in AASHTO M320 did need a look for an improesmto the high temperature
parameter due to these issues that were causedewAprocedure, the Multiple Stress

Creep Recovery (MSCR) test was developed.
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2.2.3.1 MSCR Test and Specification

To evaluate the asphalt binder’'s potential for @eremt deformation; the MSCR test
(AASHTO TP70) [35] uses the well-established creep recovery test concept. The
RTFO-aged asphalt binder sample is given a onenseceep load using the DSRRhe
sample is allowed to recover for 9 seconds afterltsecond load is removethe test is
repeated for 10 cycles with a starting applicatmna low stress 0.1 kPa for 10

creep/recovery cycles and then the stress is isedetm 3.2 kPa.

In the existing PG tests, the material responsagsificantly different than in the
MSCR test. The high temperature parameter, G3/sie8 measured by applying an
oscillating load to the asphalt binder at relatMelw shear strain in the PG system. This
is one of the reasons why the existing PG high tratpre parameter does not accurately
represent the ability of some polymer modified leirsdto resist rutting. The polymer
network is never really activated under the very levels of stress and strain present in
dynamic modulus testing. The higher levels of strasd strain that are applied to the
binder that occurs as in an actual pavement is msétet MSCR test. The response of the
asphalt binder captures not only the stiffening&# of the polymer, but also the elastic

effects by using the higher levels of stress arairstn the MSCR test.

Two separate parameters, namely the non-recovecedde compliance (J and the
percentage of recovery (MSCR recovery) during daalding cycle, can be determined
in the MSCR tesiThe average of ten loading cycles at each shesssskevel is recorded.

A better correlation with rutting potential than /&S, specially for modified asphalt
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binders, has been shown by this through numerels énd laboratory studies [3G]he
test temperature used for the MSCR test is seleots®d on actual high pavement

temperatures with no grade bumping, unlike in tAe&SATO M320 system.

The J; (determined at 3.2 kPa shear stress) is requirédite a maximum value of
4.0 kP& for the standard traffic load. The &f the asphalt binder needs to be lowered
with the required maximum values of 2.0 and 1.0,kRspectively, as the traffic
increases to heavy and very heavy loading. Theakttrmined at 0.1 kPa shear stress is
also important for lower traffic zone whereas thamrequirement for,Jis determined
at 3.2 kPa shear stress. AASHTO MP19 maintaingjainrement that the difference ip J
values between 0.1 kPa and 3.2 kPa shear stresk stoi exceed a ratio of 0.75 so as to

minimize concerns that some asphalt binders maehsitive to changes in shear stress.
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Figure 9. Non-recoverable creep compliangg (@rsus percentage recovery [37].
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To indicate whether an asphalt binder has a safftcelastic component the MSCR

recovery may be used in combination with Jhe asphalt binders that fall above the

curve (Figure 9) are considered to have high eiagt@and those that are below the curve

are considered to have low elasticity.

The latest improvement to the Superpave® Perform&raded (PG) asphalt binder

specification is the MSCR tesA high temperature specification parameter is edi

that more accurately indicates the rutting perfaroeaof the asphalt binder and is blind

to modification by this new testhis provides an improvement in several ways whiaeh

as follows [36]:

Jr is better correlated with rutting potential that/<gs.

To properly characterize the high temperature perdmce of modified asphalt
binders is done by the MSCR test results that cbeldised with modified and
unmodified asphalt binders. It eliminates the nieecdditional tests.

There is now criteria to eliminate binders that averly stress sensitive, which
would previously have passed the PG criteria anterpally have been
susceptible to rutting in the field.

The MSCR Recovery does a better job of charactegrizaolymer-modified
asphalt binders and is faster/easier to deterrhiae other “PG Plus” tests like the
Elastic Recovery test.

Regardless of traffic loading, the MSCR test iSfgrened at the actual pavement

temperature.
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2.2.4 Ontario’s Improved Low Temperature Specificaion Tests

A significant number of researchers in the eanfiart of last century have studied the
effects of isothermal conditioning on the low temgtere rheological properties of
asphalt cement. While measuring the rheologicap@mies at low temperatures in
asphalt cement, Traxler (1936, 1937, 1961) [38dd]ised that physical (reversible)
hardening mechanisms need to be taken into cosioler It was found to be useless to
study properties like creep and stress relaxatibmowt studying the physical (reversible)

ageing phenomenon as per Struik (1970) [41].

The AASHTO M320 relates to problems are in the abseof a proper chemical
ageing method and the absence of true failure (B8R and DSR are rheological tests
that only measure in the low strain regime wherb&smal cracking is a high strain
phenomenon) along with the insufficient physicagiag (conditioning) of the asphalt
cement. In Ontario, to address the inadequaciéiseoRASHTO M320 specification two
test methods have recently been developed, whel2ar 30, 31, 42]: DENT test - LS-

299 [43]; and Extended BBR test - LS-308 [44].

In recent times, it has been found that a binden\ssical hardening (aging) tendency
is an important indicator of thermal cracking pemiance [25, 28, 42, and 45]. The test
to study the ductile failure mechanisms in asptathent and hot mix asphalt under high
strain conditions is termed as the double-edgeheat¢ension (DENT) test [33, 34, 44].
A good correlation with low temperature and fatiglistress is observed based on the

DENT protocol that determines the approximate aalticrack tip opening displacement
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(CTOD) [33, 44]. In comparison to the regular BBRtpcol it is observed that the newly
developed test methods, LS-299 and LS-308, givenaistently better ability to predict
either good or poor performanc@n extended BBR testing, the increase in the
conditioning time prior to three-point bending test one approach taken in Ontario’s

recently developed LS-308 method [44].

2.2.4.1 Double Edge Notched Tension Testing (MTO L&9 Method)

To determine the essentialdvand plastic works (yy of fracture in the ductile regime at
15°C and at a rate of loading of 50 mm/min is tefrag the double-edge-notched tension
test (DENT) for asphalt cements, which was developeQueen’s University [36, 38,
47]. The conditioning of the samples at 15°C in weder bath and for 24 hours was
carried out before testing thefhis set of conditions measuring the resistanatuttdile
failure under high strain conditions at around Zee¢haw temperatures, where a lot of
movement due to water freezing and thawing in thendlation of the pavement is

experienced. A benefit of the DENT test is thas teasonably fast.

Mainly the measurement of the failure energy amdpisak force is carried out by this
test method. The calculation of the crack tip opgrdisplacement (CTOD) is done from
the peak force at a 5 mm ligament length. CTODhis approximate critical crack
opening displacement (m), providing a measure i@&rsttolerance in the ductile state
under near plane strain conditions (high confinegnerhen, the fracture behavior of
asphalt binders can be determined via crack tipniogedisplacement (CTOD). A

property that correctly ranks performance and mtesia high correlation with cracking
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distress was revealed that the crack tip openisglaliement parameter could be used
[43]. The worse condition of the roads could be incufreth the lower value of CTOD.
The procedures followed are now outlined in a labmy standard LS 299 in the

Laboratory Testing Manual of the Ministry of Traosg@tion of Ontario [43].

A detailed discussion on the procedure for LS-29@llsbe provided in the
experimental sectionThe test procedure consists of the pulling of acmed binder
sample until it fails in a water batiThe distances between two opposing notches
(ligaments) are 5 mm, 10 mm and 15 mm in lengthapproximate accuracy of 85 % is

observed for prediction of failure in real worldntacts from this test method [25].

2.2.4.2 Extended BBR Testing According to MTO Methd LS-308

According to AASHTO M320 criteria (S = 300 MPa amd= 0.3) the regular tests are
carried out to determine a pass and fail tempegadfter one hour of conditioninghe
testing for the m-value and the limiting stiffnésmperatures of the specimens is done as
per the extended BBR protocol [46], where theysaoeed for one hour, 24 hours, and 72
hours at Jesign+ 10°C and Jesign+ 20°C conditioning and hence the method is called
extended BBR tesBoth pass and fail temperatures are selected ier doddetermine an
exact grade according to AASHTO M320 criteria berpolation. The calculation of the
grade temperature and subsequent grade lossesaaredcout at the end of each
conditioning period. The warmest minus the cold@siting temperature (where S
reaches 300 MPa or m reaches 0.3) is the worsedosd. To provide a high degree of

confidence that thermal cracking is completely dediand not to perfectly correlate with

33



low temperature cracking distress this method sigihed. Although, if the cold spell
that occur during the early life of the contratisia must to protect the roads that spend

most of their time at a relatively warmelign+ 20 from a cold spells atdsign+ 10.

As the method is merely an extension of the BBR t@ethod with slight

modifications it provides 95% accuracy and is &asy to repeat and reproduce [25].

2.3 Asphalt Modification

2.3.1 Need of Modification

Over 50 years the asphalt cement modification heenlpracticed but has received a
special attention in the past decade oriscorder to meet specifications some asphalt
cements require modification. The following factosse a few that have created
additional attention for modifications [46]:

- Specifications of Superpave® asphalt binder The asphalt binders require
stiffness at high and flexibility at low temperaaras per the Superpave® asphalt
binder specifications developed in the 1990s. Thisot possible without asphalt
binder modification in regions with extreme clintationditions.

« Increased Demand:In recent years the traffic volume, load and truck
pressure have increased substantially that couldecancreased in rutting and
cracking. Many modifiers improve asphalt's stiffeesat normal service
temperatures to increase rut resistance. It alswedses the asphalt binder's

stiffness at low temperatures to improve resistaodbermal cracking.
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Environmental and Economic Issues In order to gain benefit it is both
economically and environmentally sound to recyclaste and industrial
byproducts (such as tires, roofing shingles, géassash). They are often used as
additives in HMA when they can benefit the finabguct without creating an
environmental liability.

Fund from Public Agency: Modified asphalt cement is usually higher in @liti
cost than unmodified asphalt cement, but it shqutal/ide a longer service life

with less maintenance.

In the market there are numbers of binder additaxeslable, however all modifiers are

not appropriate for all applications. There aréofwing improvements in distress can be

achieved using different modifiers.

Higher stiffness at high service temperatures. Wilisreduce rutting and
shoving.

Lower stiffness and faster relaxation propertid®atservice temperatures which
reduce thermal cracking.

Increased adhesion between the asphalt bindeharabgregate in the presence

of moisture that will reduce stripping.

2.3.2 Polyphosphoric Acid (PPA)

Asphalt is generally modified with sulphur [47, 4®]astomers [49, 50], mineral acids

[51], elastomers [52, 53] or thermosets [54, 55mattempt to change its characteristics
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and to improve performancé&he use of polyphosphoric acid (PPA) by itself or i

combination with a polymer to modify asphalt isnadich interest.

Nowadays, it has been considered that the perfarenaanditions for large loads, or
slow traffic could be met by an increase in thehbigtemperature of the performance
grade with the advent of Superpave® and the apmicaf performance grading (PG).
Explaining this with an example, the standard gia@e64-22 which is for normal traffic
could be shifted to PG 70-22 for slower heavy icadhd to PG 76-22 for heavy standing
or interstate condition&enerally, asphalt modification is required whea plerformance
grade spans more than 86-90°C (e.g., PG 76-22, 2846 The polyphosphoric acid
(PPA) modification can be used as it improves thgh htemperature rheological
properties without affecting the low temperatureadgr along with the polymer

modification which is more commonly used.

The method to treat asphalt is described in the Rd8nt number 3,751,278 on
August 7, 1973 The object of the invention was to provide a methioat alters the
viscosity penetration relationship of asphalt whicbuld be summarized from that
method.Specifying this in more detail it was designed wbstantially increase the high
temperature characteristics of asphalt particulamlyhigh temperature viscosity and
softening point, without notably decreasing aspB&fC penetration. To modify asphalt
binders the mixtures of condensed derivatives afsphoric acid (KHPQO,) with P,Os

equivalent or greater than 100 % were used.
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As in Figure 10, the phosphorus pentoxideOdp and phosphoric acid @RQs) are
the basic compounds for the production of polyphosic acid (PPA). Firstly the
oxidation of the phosphorus is carried out to fgshosphorus pentoxide which then
crystallizes as 10, then it is reacted with water and in turn the mphasic acid is
formed. This path to #POQuis termed as the dgyrocess by which high purity material is

obtained. PPA is an oligomer ogPu.

0
I
P,+50, , 2 P,O: (e, P4Oqp) 0’_?2”‘“}1
o:Flﬂf\’ “Fl’::o
2 P05 + 6 H:O — 4 HyPOy (or 2 P205 -3H.0) 5f'-|c|"w:m
O P401g

Figure 10Production and reaction of phosphorus pentoxidg [56

By the dehydration of ¥POs at high temperatures or by heatingDPdispersed in
HsPO4, a high purity material could be produced [SVhese reactions produce different
chains lengths and distributions thus forming ebud as shown in Figure 11. The
dispersion method generally produces chains witlhentisan 10 repeat units, while the
dehydration method aims to produce short chaine.nimber of repeat units in the PPA
chain, nin Figure 11, differs from one chain to anotherthie production of PPA and
provides a distribution of chain lengthiswas found by Jamesdhat 100 % phosphoric
acid is a mixture of BPOs (orthophosphoric acid) with about 10 % dimer

(pyrophosphoric acid) by weight, when he charagserithis distribution [57].
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Figure 11.Production of PPA from the dehydration (a) and éispn (b) methodsh is

an integer [56].

The exact reaction between PPA and asphalt can mmlinferred with the many
functional groups in asphalt. Giavarini et al. [5ddinted to a reaction of PPA with
asphaltenes, and Orange et al. [58] showed theanitoccur by phosphorylation. Many
competing reactions were possible as concludedawrigardner et al. [59]. When mixed
with asphalt it is noted that PPA may be a very kvaeid. The medium must be of

sufficiently high dielectric constant)(for the PPA to dissociate into PRahd H.

A disadvantage is that a negative effect on lomm tatigue performance may be
observed on asphalt modified by polyphosphoric &iéA) depending on the source of

crude oil [14].

2.3.3 Elvaloy®
Elvaloy® is the trade name for a reactive ethyléemolymer (RET) that chemically
reacts with asphalt, avoiding the problems with asafion during storage and

transportation as a result of the reaction. Theatdtarization by a low polarity and low
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reactivity plastomers of the ethylene polymers @dwee.Being soluble in hot oils, hot

wax and hot hydrocarbons they are like waxes is tlespect with a low dielectric

constant.They are known to be ineit.is desirable to modify the ethylene polymers for
some uses so as to impart more polarity to thenpety, to be able to use them in
reactions with other resins and to make them flexi high level of esters are required
so as to obtain high degree of polarity (to imprdive dispersion of these materials in
asphalt), that while retaining the hydrocarbon ctzs the major feature of the polymer in
turn would adversely affects the inherent advanti#gee long ethylene chain (low cost,

good temperature behavior, etc.) [60].

At the University of Maryland, a study was carrma on the laboratory performance
of asphalt modified with Elvaloy® in the year 198% Witczak, Hafez and Qi [61]. The
modification by 0 %, 1.5 % and 2.0 % Elvaloy® byiglg of binder of two different
grades of asphalt was carried out. By the additibElvaloy® the susceptibility of the
mixtures to moisture damage was found to be grealbcreased. Increasing
concentrations of Elvaloy® resulted in a markedrease in the deformation as shown in
an analysis of repeated load permanent deformdigmavior. RET reacts with the
asphaltene fraction of asphalt to increase stiffnasd elasticity where SBS forms a

network around the asphaltenes (Figure 12).
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Figure 12. A typical reaction of RET with asph&ZP].

It was found in a study on the low-temperature kbgioal properties of polymer
modified binders that Elvaloy® in combination wignanite had a significantly higher
(poorer) fracture temperature than with limestomegranite aggregate treated with

hydrated lime [63].

A lap shear test was devised for high temperatimdel properties that appear to
agree with high temperature DSR measurements bydgabet al. [64] at the DuPont
Institute. Due to the loss of integrity within asiththe results so obtained indicated that
the binder failure at temperatures above 6°C teéadse cohesive failureéOn the other
hand, from a loss of adhesion between the bindértla@ substrate at around 6°C and
colder, the failure is adhesivia fact it also showed better performance in ths than
SBS or the control neat asphalt, while a chemicedlgctive polymer is expected to

perform better.
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2.3.4 Styrene—Butadiene—Styrene (SBS) Polymer

To increase the elasticity of asphalt, styrene-hate—styrene (SBS)-type polymers are
used which are elastomeric block copolymdéidshough the addition of SBS type block
copolymers has economic limits and can show seteelmical limitations, it is probably
the most appropriate polymer for asphalt modifmataccording to a 2001 review in
Vision Technology by Becker et al. [65]. A decreamestrength and resistance to
penetration is observed at higher temperaturetaamed by some authors in spite of an
increase in the low temperature flexibility. HowevEBS is the most used polymer to

modify asphalts which is followed by reclaimed tivdber.

An improvement in the performance of the asphadt been observed on addition of
polymers which are the chains of repeated smaleocudés A greater resistance to rutting
and thermal cracking, and decreased fatigue damatygping and temperature
susceptibility of the pavements with polymer matdfion is foundAt locations of high
stress, such as intersections of busy streets,tracks, airports, and vehicle weighing
stations the polymer modified binders have beenl wgéh great succes3he styrene—
butadiene—styrene (SBS) is the major polymer tlaat ieen used to modify asphalt. A
comparison of the fatigue and rutting resistancettoke PG 70-22 binders, one
unmodified, one SBS modified, and one SBR modifi&s studied in the year 2001 by
the Ohio Department of Transportation by Sargardikam [66]. Even though all three
had the same performance grade it was found tteatrtbdified binders were more

resistant to both fatigue and rutting than the haader.

41



The transmission electron microscopy was used tierbenderstand the behavior of
SBS in asphalt binders [67]. The variation in therpmology was found as a continuous
asphalt phase with dispersed SBS particles, aruamis polymer phase with dispersed
globules of asphalt, or two interlocked continuglmses depending on the sources of
asphalt and polymer. As an indication of resistatoceutting it is the formation of the

critical network between the binder and polymet thereases the complex modulus.

The possibility of recycling SBS modified asphalt fesurfacing pavement was also
described in the Journal of the Association of AdpRaving Technologists (AAPT) by
Mohammed et al. [68]. The impact of the extractmm recovery process on the binder
was minimal. In Louisiana from Route US61, eigh&tyeld SBS modified binder was
recovered which was found to have experienced snteroxidative age hardening. The
binder was quite brittle at low temperatur€be blends of virgin and recovered polymer
modified binder that were anticipated at both lowd &igh temperatures were found to be
stiffer. As the percentage of recovered binder increasedhdt also found that fatigue
resistance decreased, whereas the rutting resésianeased. A report was published
[69] on the cracking resistance and healing characgterief Superpave® mixes on the
basis of the effect of SBS modification in 2004 by Florida Department of
Transportation and FHWA.Primarily due to a reduced rate of micro-damage

accumulation it was found that SBS benefited cragkesistance.
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Chapter 3

Experimental

3.1 Materials

3.1.1 Base Asphalts

As mentioned earlier, the composition of asphailtegawith source of the asphalt and its
modifiers. For this work we have used two typesbafse asphalt: one with the
performance grade (PG) of 58-28 obtained from aomajsphalt producer in the
Montreal, Quebec area, and another with a penatragrade of 80/100 produced from
Cold Lake crude in the Edmonton, Alberta area.these two different base asphalts the
type and concentration of modifiers were variedttaly the effects of both modifier type

and base asphalt.

3.1.2 Modifiers

There are multiple types of asphalt modifiers ald# in the market. Different modifiers
have specific properties that help to improve teefggmance of the asphalt binder. In
this experiment three types of modifiers are mairdgd with different percentage ratio to
compare and identify the minimum concentration fequired performance of asphalt
binder. One of the modifiers used is styrene—betagistyrene (SBS)-type polymer. This
type of modifier is widely used for the improvemeiftthe elastic portion in the asphalt
binder. The second modifier used in the experimeriElvaloy® which is a reactive
ethylene terpolymer (RET); it is manufactured bg Ehl. du Pont Company. This is used

S0 as to impart more polarity to the polymers anthake them flexible. The third major
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modifier used for modification is polyphosphoricihdPPA); it improves the high
temperature rheological properties without affegtine low temperature Superpave®

grade.

3.2 Preparation of Modified Asphalt Binders

The linear SBS block copolymer has a high molecutass (between 100,000 to
200,000).When asphalt binder and SBS are blended, the elasio phase absorbs the
asphalt maltene fraction and swells up to nine dinteinitial volume. At a suitable SBS

concentration, normally between 3 to 5 %, a polymawork is homogenously formed
throughout the asphalt matrix and this changesifgigntly the asphalt properties [70-

72]. On the other hand, as the molecular weighth@fpolymeric chains are higher than
or similar to those of the asphaltenes, they coenpet the solvency of the maltene
fraction and a phase separation may occur if ther@an imbalance between the
components. A phase separation indicates inconlistilbbetween the asphalt and

polymer and can be avoided by adding aromatic ailsompatibilizer agents to the

mixture. The degree of compatibility of SBS vanesh source of base asphalt and its
composition. However, a high quantity of aromatits @an dissolve the polystyrene
domains and destroy the benefits of the SBS copalyrasulting in a loss of the

polymer-modified asphalt binder properties [73,.78|nce the storage stability and
compatibility are very important properties, theraatic oil plays an important role in the

modified asphalt binder with SBS.
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Elvaloy® mixing procedures followed the guidelineescribed in DuPont’s
“Technical Information” section regarding asphaldification [60]. The heating of the
asphalt could be done at £80followed by continuously high shear stirring, gy it
for 10-15 minutes at same temperature. To pregaentix half-gallon paint cans are
neededThe addition of the Elvaloy® to the hot asphaltidddoe done slowly (about 10
g/min). After the addition of polymer continuous stirring needed for two hours at
180°C.It is considered that the entire mixing of the po&r completely takes place after
two hours.This step is thought to be an important one asduhis stage the addition of
acid may cause polymer lump formation and wouldvené further dissolving of the

polymer.

The asphalt modified with polyphosphoric acid usuédllows this procedure. The
asphalt is heated to 165°C, and stirred with a mweicial stirrer running at 450 rpm while
adding the acid. Stirring should continue for ahar 20 minutes while maintaining the

temperature at 165°C.

3.3 Asphalt Cement Aging

An aging procedure was proposed to simulate simori@ng term field oxidative aging of
asphalt binders in order to understand the failneehanism of asphalt pavement as per
the Strategic Highway Research Project (SHRP)lzet concluded in the early 1990s.
The development of the Rolling Thin Film Oven (RTF&hd the Pressure Aging Vessel
(PAV) was included in this proposal. As a resultlad effect of time, temperature, traffic

load and environment the PAV asphalt sample weeel o5 simulate “in service” aging
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of binders whereas the RTFO samples of asphaltebiisdused to simulate short term

aging (hot mixing of asphalt and aggregate) [30].

3.3.1 Rolling Thin Film Oven (RFTO) Test

In the RTFO, short-term aging of asphalt bindexoives the following steps where the
air flow of the RTFO machine is adjusted to 4 L/raimd the temperature is set to 163°C
(325°F) along with which in a transparent glassetalbout 35 g of asphalt sample is
measured. As shown in Figure 13 the tubes aregedhan the RTFO machine. Then to
induce oxidative hardening (age hardening) the $snmre allowed to rotate
continuously for 85 minutes. This is typical of thging that occurs during the hot mixing
process or the early stages of the pavement lifeitais expected that the aged samples

would reflect the rheological changes in the propsiof the asphalt binders [75].

Figure 13. Rolling Thin Film Oven (RTFO) with empiiass jars held inside [10].

46



To determine the effect of heat and air on the mg¥ilm of asphalt this test method
(RTFO test) is designedhe approximate change in properties during conveak hot

mixing is indicated by this test.

3.3.2 Pressure Aging Vessel Test

The pressure aging vessel is mainly used to simldetg-term aging of pavemerithe
test procedure is as follows where firstly astherabove explanation the asphalt binder
samples are aged by the RTFO method followed bghwhirther aging of these samples
in a standard steel pan for 20 hours in a vesg&V)Pressurized with air to 2.1 MPa at a
temperature of 100°C (212°F) is carried dutis expected that PAV-oxidized asphalt
binders could be used to estimate the rheologicgbgsties of binders after significant
aging on the road as the pressure aging vesseinsystconsidered to simulate the aging
caused by oxidation during 7-10 years of pavemamvice. Figure 14 presents a

schematic diagram of the PAV system.

Figure 14. Pressure Aging Vessel (PAV) [10]
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3.4 Experimental Procedures

3.4.1 Dynamic Shear Rheometry

An oven was preheated to 340°F and the samples pl&ced in the oven so as to allow
them to melt and thus by this means the sampleeisaped for the test. Approximately
20-30 minutes is considered to be the average mgettime of the sample. A small

amount of the melt was poured into the mold otsiti rubber for parallel plate samples.
The wells of the mold consist of a diameter of 88 8 mm and depth of 3 mm where the

test samples were then left to cool at room tentpexdor 1 hour.

Figure 15. Dynamic Shear Rheometer [76].
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A model AR 2000 rheometer from TA Instruments wathiquid nitrogen controlled
environmental chamber is used to obtain the daur& 15 shows a picture of the
dynamic shear rheometer. The determination of th@pbex modulus (G*), storage
modulus (G’), loss modulus (G”), and phase ang)e( loss tangent (tak) = G"/G’) is
done using the TA Instruments data analysis soéwahere are two parallel plate
dimensions (diameters of 8 mm and 25 mm) usedefting. The smaller plate (8 mm)
was used for lower temperatures while the largatep(25 mm) was used for higher

temperatures. A diagram of the parallel plate geoeseis shown in Figure 16.

8 mm RimtePlate 25 mm Parall&lte

Figure 16. Parallel plate geometries used for dyoaimear rheometer testing [20].

To obtain an idea about the separation of the glate the sample had been added,
the digital gauge was set to zero with the empaygsl before conducting a new test. The

sample was held between two plates. The lower @atscillated while the upper plate is
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kept fixed. On the rheometer as the contact andooession of the sample was exerting a
tensile force the upper plate was gently lowerelde Excess asphalt that had been
compressed outside the diameter of the plate was&d out using a trimmer when the
gap between the two plates was approximately 2.1 bmtl a final gap of 2 mm was

achieved between two plates, the upper plate weesréd up to that level.

3.4.2 Multiple Shear Creep Recovery Test

The Multiple Stress Creep Recovery (MSCR) test ist&19f the determination of percent
recovery and non-recoverable compliance of aspiwadters. This is performed using the
Dynamic Shear Rheometer (DSR) at a specified teatye. It is designed for using the

residue from th&olling Thin Film Oven Test (RTFOT).

The sample preparation for the MSCR test is simdathe AASHTO T 315 where a
25 mm plate is used and the temperature contiad the T 315 requirements. The aging
of the asphalt binder is carried out with the h@&igRTFO which is then tested using the
DSR instrument. With the 1 mm of gap setting ther#2h parallel plate geometry is been
used. The testing of the sample is done in cre¢wastress levels namely 0.1 kPa and
3.2 kPa which are followed by recovery at eachssttevel. The creep portion of the test
lasts for 1 s which is followed by a 9 s recoveFgn cycles are run at each of the two

stress levels for a total of 20 cycles.

The presence of an elastic response in an asphalerbunder shear creep and

recovery at two stress levels at a specified teatpes is determined using this method.
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The stress and strain values are recorded atédeasy 0.1 s for the creep cycle and at
least every 0.45 s for the recovery cycle for titaltlength of the test on an accumulated
basis such that, in addition to other data pothis data points at 1.0 s and 10.0 s for each
cycle are recorded. For the completion of the ttep-<reep and recovery test the total
time required is 200 s. Non-recoverable creep campé has been shown to be an
indicator for the resistance of the asphalt bindgrgermanent deformation under repeated

load.

3.4.3 Ductile Failure Testing According to MTO Method LS-299

To control fatigue and thermal cracking in asplpalvements the double-edge-notched
tension test was developed [25, 43]. The melt dspdgoured in molds with three
different notch depths (ligaments between notcls figclude 5, 10 and 15 mmA
photograph of how the molds are filled is shownFigure 17 (a). To ensure a good
repeatability, three sets are poured for each bisdmple The method plots the specific
total work of fracture (area under the force-displaent curve divided by the cross
sectional area of the ligament) versus the liganergth and the regression so obtained
is extrapolated to a zero ligament to obtain treeet$al work of fracture, wThe work
done to pull a very thin filament of asphalt cemapart just like it would occur in
between two large aggregate particles is repregéntehe essential work of fracture. In
order to arrive at an approximate critical cragk dpening displacement (CTOD), the
essential work of fracture is subsequently dividgdhe net section stress in the smallest

ligament (5 mm)A measure of strain tolerance in the ductile siatéhe presence of
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significant constraint as it would occur during tlkecfailure in the hot mix asphalt is

provided by the approximate CTOD.

Figure 17. (a) shows the mold preparation (b) showkl with DENT instrument [77].

For all samples tested in this study the tensilehime was set at a speed of 50

mm/min. Since typical ductile failure occurs over much sowpeeds and longer time
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periods this test speed consists of a comproméeattowed a test to be finished within a
reasonable amount of time [25]. For a detailed mjgthaon of the exact procedures the

reader is referred to the LS-299 method [43].

3.4.4 Regular BBR Testing

The pouring of asphalt cement specimens was caouédnto rectangular beams which
were then left to cool for approximately one hourcmm temperaturd-urther cooling of
these beams at the testing temperature for ani@ualitone hour was done prior to
testing in three point bending. schematic of the aluminum mold and the dimensiins
the asphalt beam is given Figure 18.There are two temperatures, -14°C and -24°C,
used for both the conditioning and testing perfatn#e schematic diagram of three point

bending beam rheometer is shown in Figure 19.

aluminam mold

rubber O-ring /

strips

6.25 mm
Figure 18 BBR test mold schematic and sample dimensions [77].
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Figure 19.Schematic of three point bending beam rheometesétsp [77].

With a load of approximately 1000 mN for a peridd2d0 s, the beam specimens
were loaded in three-point bendingt a loading time of 60 s the creep stiffness {S(t)
and the slope of the creep stiffness master cung)(were calculated while the limiting
grade temperature was recorded when the warmepetatare at which S (60 s) reached
300 MPa or the m (60 s) reached OB interpolation between a pass and a fall
temperature which were chosen at 6°C intervalslithiing S and m temperatures were
determined.The testing of all the samples was carried out uplidate wherein the
reproducibility was usually found to be exemplafhe approximate error in all BBR
data is £ 1°C as determined through round robits iesnducted by the Ontario Ministry

of Transportation.
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3.4.5 Thin Film Aging

In thin film aging a 700 micron film of asphalt spia is heated at 45°C in an oven. To
record the aging process, infrared spectra arentakeegular intervals. These films are
considered to be easy to produce. To prepare tAemi€ron film, 3.18 g of asphalt is
weighed out and placed into a flat bottom contatndorm a uniform layer. At 45°C the
viscosity is found to be too high in order to softbe samples enough and hence they
were preheated for around 10 min at 85°C on a late go they would flow readily into

thin and homogeneous films.

For each sample 5 replicates were prepared wherey did is to be taken out at
various intervals like 1,000 h, 2,000 h, 3,000 /@808 h and the final one at 5,000 h.
These lids were placed into the oven in the formoefs and were rotated within the oven
at regular intervals. The lids are taken out fog #pectral analysis on fixed intervals

wherein two spectra are taken and the resultsroddlavere averaged.

The spectral analysis was carried out after 48 §)jolirweek, 2 weeks, 3 weeks, 4
weeks, 6 weeks, 8 weeks, 12 weeks, 16 weeks andeBis. Also, samples were
weighed before placing them in the oven as welifeex removal at various intervals so

as to have a record of the loss of volatile comptduring the heating process.

3.4.6 Infrared Spectroscopy
Infrared spectroscopy was done for the analysis\pBzs were prepared on a KBr disc by

placing a small amount of asphalt onto the disdwite help of a clean spatula. As
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asphalt is a semi-solid material it easily formetthia film when placed on a hot plate at
80°C for melting. This is then spread out into ia tiransparent film with the help of the
spatula. While heating the sample a precautioaksrt by not heating it longer than 30

seconds.

The data analysis was carried out using GRAMS32vsoé. The area under the €H
peak, which is taken as the standard, could bersstaanging from 1400 t01330 &m
In the same manner the integration of the peakscésbonyl, sulfoxide, aromatic,
butadiene and styrene were calculated. The intdgrahds are found approximately at
1760 to 1655 cih, 1070 to 985 cif, 1650 to 1535 cih 983 to 955 ci and 710 to 690
cm?, respectively, while the peaks are located at 1at@8, 1030 cni, 1600 cnt, 968
cm™ and 700 crii [78]. The integral areas are recorded for each wislight adjustment
done at the edges of these bands by sliding them Feft or right to cover the valley to

valley region.

The indices are calculated for all individual reggdrom the ratio of integration of
the above mentioned peak divided by the;Qidak integration value. This gives the
index for a particular region. For example, theboarl index was calculated by taking

the ratio of the integral of the carbonyl peakie integral of the Cklpeak.
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Chapter 4

Results and Discussion

4.1 Dynamic Shear Rheometer Testing

4.1.1 High Temperature Superpave® Grading

The high temperature Superpave® grades, which ameidered a measure of rutting
resistance during summer, were determined forti@ight and modified asphalt cements
according to standard procedures in a dynamic siheameter (DSR). The findings are

presented in Figures 20 and 21, below.
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Figure 20. Comparison of high temperature Supe®awerformance grades
of base asphalt Cold Lake 80/100 with different iiers. Note: The first
three Elvaloy®-modified samples used Elvaloy® Grdd&0 while the last

used Elvaloy® AM as indicated.
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It should be noted that the regular Superpave®gyiadlietermined by the lowest of
the limiting unaged and RTFO values (i.e., the gradset by whichever material, unaged
or RTFO, reaches its specified limit for G*/8iat a lower temperature). Both Figures 20
and 21 also show a limiting temperature where tA¥ Pesidue reaches a (somewhat
arbitrary) value of 15.0 kPa. This was done to gtigate how further aging, as is done in
for instance the pressure aging vessel (PAV), edtethe G*/sild rutting parameter for

different modifiers.
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Figure 21. Comparison of high temperature perfoceagrade of PG 58-28
base asphalt with different modifiers. Note: AlvBloy®-modified samples

used the Elvaloy® 4170 grade.

It can be observed from Figure 20 that all the riedi are able to increase the high

temperature Superpave® grade for the Cold LakeO80Mase asphalt by significant
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amounts. One more similar point that comes outaspercentage of polyphosphoric acid
(PPA) having an impact on the performance grade. Sdmple with 1.2 % PPA appears
to have a performance grade that is slightly higien those of the other polymer-
modified systems. However, this is likely due te tfact that these materials were
formulated to obtain nearly the same ring and sattening points (dsg) by the E.I. du
Pont Company laboratory in Prague, Czechoslovalia. other notable finding is that
the sample with only 1.3 % Elvaloy® 4170 in Coldkka80/100 without any PPA
reached a slightly lower high temperature grade payed to the sample containing
additional PPA (both 0.3 and 0.6 wt %). Hencepjtears that there is a synergistic effect

for having both PPA and polymer present.

High temperature behaviors of the PG 58-28 samplds warying amounts of two
different modifiers can be summarized similarlyl & the different modifiers are able to
increase the high temperature Superpave® gradgbiisant amounts from the ~PG 62
level of the base asphalt. The addition of PPA®Elvaloy® samples appears to have a
beneficial effect. The sample with only 1.2 % PRbears to again outperform the others
by a small amount. It is further interesting to endhat three of the four Elvaloy®-
modified samples increase their limiting temperatafter RTFO aging. This contrasts
with the Cold Lake systems where three out of félwaloy® systems show a decrease

after RTFO aging albeit a slight one.
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4.1.2 Intermediate Temperature Superpave® Grading
The intermediate Superpave® grades, which are Sgopm provide a measure of fatigue
cracking resistance, were similarly determined etiog to standard procedures in a

dynamic shear rheometer. The findings are presentédjures 22 and 23, below.

The results for the Cold Lake 80/100 systems shmawthe temperature at which the
loss modulus (G™= G*sind) reaches 5,000 kPa, is decreased for all of the BiRA
Elvaloy®/PPA systems while there is a lesser demefor the two SBS-modified
systems. The Superpave® specification considesgvddss modulus (soft and compliant
materials) to be beneficial for resisting fatiguaaking. Hence, it may be expected that
all these modifiers impart at least some benefiteims of fatigue resistance over the
straight Cold Lake 80/100 asphalt cement. Howeitemust be noted that the loss
modulus has been largely abandoned for specifitagi@ding because it has proven
difficult to accurately correlate the parameternafiatigue cracking distress in controlled

accelerated loading experiments.
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Figure 22. Comparison of intermediate temperateréopmance grades of

Cold Lake 80/100 base asphalt with different meddi(PAV residues).

The results for the PG 58-28 modified systems ssionarly that the temperature at
which the loss modulus (G2 G*sind) reaches 5,000 kPa is decreased for all of the PPA
and Elvaloy®/PPA systems. The reductions in lossluhe are now rather significant,
with the limiting temperature decreasing by as mash~ 8°C for the two systems
containing both polymer and PPA. Hence, for theselifrers the benefit in terms of
fatigue resistance over the straight PG 58-28 dsmlesent can be expected to be
significant. This fact is likely due to the effeot the polymer and acid on the phase
structure of the asphalt cement. A slight degreetase separation, imparted by the
polymer reacting with the asphaltenes, could lesthen continuous phase stiffness

(viscosity) and thereby lower the complex modulus.
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Figure 23. Comparison of intermediate temperateréopmance grades of PG

58-28 base asphalts with different modifiers (PA¥idues).

However, it must be stressed once more that the fosdulus has proven to be a

rather poor indicator for fatigue cracking performa in real-world experiments. Hence,

this thesis will also investigate true failure pedjes of the above materials. Tests that

take the sample to high strains and failure areemiepresentative and will therefore

likely provide a better indicator for fatigue reaisce.

4.1.3 Master Curve Generation

The major purpose of the master curves, which eynalshift in the X-axis of a log-log

plot to create a smooth line or curve, is to amalylze rheological simplicity of the

samples. If there were any deviationthe curves, it would indicate that a separatbn

distinct phases likely to occur within the asplaiiting testing.
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With samples of Cold Lake asphalt, aside from tbeasional stray point in all of the
systems, the only true deviation in the master esiwvas found in 1.2 % PPA samples.
The pattern produced by the master curve for asphadified with 1.2 % PPA is the one
that almost appears to explain two separate cuoresfor unaged points that produced a
continuous line, and one for the RTFO and PAV gaimts shown to change up in a
different curve. This occurrence may signify a ghaansition that occurred during the

aging of the asphalt mixture containing only PPA.

The similar results found for the PG 58-28 basdakpvhere sample modified with
1.2 % PPA which produces a slightly different cumnth aged material. Also a
comparable observation was drawn from the asphalt was modified with 1.5 %
Elvaloy® where PAV aged material shown off curveantrast to the unaged and RTFO

material.

4.1.4 Black Space Diagrams

Black space diagrams were prepared for all straggitt modified asphalt cements in
order to provide a picture of how the low-straiealogical behavior varies with type of

modifier and level of aging. In general, it is abdaattribute for an asphalt cement to have
a high phase angle at high stiffness (allowingsstreelaxation and thus reducing the
tendency for thermal cracking) and a low phase arall low stiffness (preventing

rutting). The results for this analysis are prodidie Figures 24-34 below.
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Figure 24. Black space diagram for Cold Lake 80/wL@@énodified, unaged

and RTFO- and PAV-aged materials.

Figure 24 shows the control sample which is an gtamf asphalt cement that could
be subject to both rutting (rather high phase aaglew stiffness) and fatigue cracking
(steep plunge in phase angle at higher stiffnddsjvever, it should be noted that the
rutting resistance should largely be determinedhieystructure of the aggregate skeleton
(mixture design) and therefore the Cold Lake 80/tH0§6till considered to be very good

asphalt.
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Figure 25. Black space diagram for Cold Lake 80AiA6 1.2 % PPA.

Figure 25 provides the Black space diagram for Cakk 80/100 + 1.2 % PPA.

This asphalt cement possesses a high temperatade grat is above those of the

others due to the largely gelled nature of the nadte
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Figure 26. Black space diagram for Cold Lake 80/Mith 1.3 % Elvaloy®

and 0.3 % PPA.

The asphalt in Figure 26 includes 1.3Baloy® and 0.3 % PPA additives, which
seemed to significantly enhance the performanctheforiginal asphalt binder. As the
stiffness increased, the change in phase anglésleug indicating that the asphalt would
perform better than any sample shown here undeitéowperature circumstances. Also,
the Black space diagram reveals a consistent patiehe phase angle-complex modulus
through unaged, RTFO and PAV samples. Howevehatlsl be noted that for all these
Black space diagrams the samples were tested prily a stiffness of around 1 MPa and

temperatures above 34°C. This is normally consalésebe a safe zone for thermal and
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fatigue cracking which is thought to occur at terapgres below 20°C and a stiffness of

300 MPa or higher.
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Figure 27. Black space diagram for Cold Lake 80AA6 1.3 % Elvaloy®.

The samples from Figure 27 shows a slight improverfrem the control in that the

rate of change of the phase angle with respecomaptex modulus gradually decreases

with time, although it does not appear to be aalidemixture as the one for which the

data are presented in Figure 26. The large disomgphaetween the RTFO and PAV

readings may also bring about issues with asplgaigabut the variation does not seem

to be as great as seen in Figure 25.
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Figure 28.Black space diagram for different RTFO/PAaged Cold Lake

80/100 asphalts.

Figure 28 shows a comparison between all the eéiffemodifiers in Cold Lak
80/100 systems. The graph shows that the generad is the same as for the high
intermediate performance grades tis the 1.2 % PPA likelyperforms worst from .
cracking perspective and best from a rutting petsge The unmodified (PAV
performs worst from a rutting perspective and lkbest from a cracking perspecti
However, it needs to be stressed once more thdldck pace diagrams reflect data
low strains in the linear viscoelastic regime. Toimtrasts with re-life cracking which

occurs under high strain conditions at much highiéinesse:

68



The Black space diagrams for the PG 58-28 and meddfG 58-28 systems are

given in Figures 29-34, below.
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Figure 29. Black space diagram for unmodified P&88
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Figure 30. Black space diagram for PG 58-28 madiifigh 1.2 % PPA.
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Figure 31. Black space diagram for PG 58-28 madiifiéth 1.2 % Elvaloy®
+ 0.3 % PPA.
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Figure 32. Black space diagram for PG 58-28 with %. Elvaloy® + 0.6 %
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Figure 33. Black space diagram for PG 58-28 with%.Elvaloy®.
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For this section, each of the asphalt samples waspgd together according to the
modifier that they contained (for example, 14, #d 45 were grouped together because
they were all unmodified asphalts). This way, tliea of aging on the rheological
properties of the different samples can be reaudiippared. Black space diagrams intend
to reveal how the phase angle (a measure of tHealispdegree of elasticity or sol-gel
character) decreases as the samples harden. Isigalizs would retain lower phase

angles at low stiffness values and higher phaskesiag high stiffness.
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Figure 34. Black space diagram for laboratory agedlvV) PG 58-28 with

different modifiers.
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Figure 30 shows that the phase angle values forlthe€%o PPA modified asphalt
seemed to decline at a faster rate with aging thlat happens for the other samples
containing polymer. Similarly, it could also be ebsd from the Black space diagram of
the Elvalowp polymer modified asphalt without PPA in Figure 88t having only
polymer in the asphalt would not be ideal. Thettiations in the phase angle-complex
modulus relationships varied greatly between theged, RTFO and PAV aged asphalts.
Thus, asphalts containing a combination of the twaalifiers could be identified as more
suitable than adding Elval@yor PPA individually. When comparing Figures 30 &iq
one could observe that when 1.2 % Elvalowas added to 0.3 % PPA to obtain a
material with similar performance grade to the ZaPPA system, the slope of the Black
space diagram flattened, thereby decreasing thealbwehange in phase angle with

stiffness and thus creating a more beneficial nedéffect.

4.1.5 Cole-Cole Plots

The basis for a Cole-Cole plot is similar as a Blgpace diagram in that it compares the
relative phase angle for asphalt when the compledutus increases in magnitude. Since
the complex modulus is the hypotenuse of a triaoglgaining G’ and G” as its sides,

G* is represented by the distance from the origiany point on the Cole-Cole plot, and

the phase angle is simply the angle between tlwbrand the origin.

It can be seen for Cold Lake 80/100 base aspluatt frigure 35 that the PAV asphalt

binders have a high phase angle, meaning thatideeus component of the asphalt is
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dominant; hence, there is a high chance of ruttmgccur at intermediate to high

temperatures in mixtures that are poorly desigmasbotain lower quality aggregates.
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Figure 35. Cole-Cole plot for Cold Lake 80/100 umified, unaged and

RTFO- and PAV-aged materials.

The polyphosphoric modified asphalt depicted inuFég36 indicates a material that
has a lower phase angle at high temperatures atiggca higher performance grade and
smaller chance of rutting. However, it can be obseérthat as the stiffness values
increased rather dramatically upon PAV aging (gianin upper right corner of the
graph), the phase angle decreased at a highecawrteared to straight Cold Lake 80/100
(Figure 35), which could be an issue if the tremmhtmued at lower temperatures.

Additionally, the rapid change in phase angles betwthe unaged, RTFO and PAV
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samples should be noted. This characteristic revaapotential dramatic decline in

performance of the asphalt as it ages.
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Figure 36. Cole-Cole plot for Cold Lake 80/100 witi2 % PPA.
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Figure 37. Cole-Cole plot for Cold Lake 80/100 wiil3 % Elvaloy® and 0.3

% PPA.
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Finally, Figures 37 and 38, which show asphalt éisdcontaining 1.3 % Elvalay
but differ in that the system in Figure 37 contaars additional 0.3 % PPA, reveal
relatively similar Cole-Cole plot characteristi@&oth mixtures appear to have a relatively
low phase angle at low stiffness (compared to Egh), and the phase angle does not
appear to deviate much in either case with agirgghvis beneficial. The asphalt sample
with an additional 0.3 % PPA appears to have a lawverall phase angle in the Cole-

Cole plot, which is very desirable at high temperas.
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Figure 38. Cole-Cole plot for Cold Lake 80/100 witl3 % Elvaloy®.
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Figure 39. Cole-Cole plot for PG 58-28 unmodified.

From the Cole-Cole plots for 58-28 base asphaltpitld also be seen that having

only 1.2 % PPA (Figure 40) or 1.5 % Elvaloy® (Figut3) created for asphalts that had

inconsistent rheological relationships betweeredét levels of aging.
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Figure 41. Cole-Cole plot for PG 58-28 with 1.2 %dtoy® + 0.3 % PPA.
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The samples containing different modifiers (e.g2 % PPA in Figure 40) which
appeared to have the lowest phase angle withinharraigh stiffness range will likely

show resistance to rutting at higher temperatures.
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Figure 42. Cole-Cole plot for PG 58-28 with 1.2 %dtoy® + 0.6 % PPA.
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Figure 43. Cole-Cole plot for PG 58-28 with 1.5 ¥dtoy®.

4.2 Multiple Shear Creep Recovery Testing

The Multiple Shear Creep Recovery test (commonlgwkm as the MSCR test) has
recently been developed to better control ruttinsgagavement distress mechanism. The
test applies a creep stress of either 0.1 kPa2okRa to a thin asphalt film for 1 second
and allows this film to recover for 9 seconds. Tisigepeated 10 times at each stress
level. The raw data of displacement versus timehen used to calculate the non-
recoverable compliance, J(nr), and the elasticvege % ER. This test has been related

in a totally empirical fashion to asphalt cemertting performance [35].
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Figure 44. Non-recoverable creep compliance at KR& versus percent

recovery test at 64°C [37].
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Figure 45. Non-recoverable creep compliance akB&versus percent recovery test at
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the highest stress level due to instrument instgbil
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Table 1. List of samples with modifier content

Sample No.| Asphalt| Ageing Elvaloy® [%0] PPA [%)]
6 80/100| RTFO - 1.2
7 80/100| RTFO 1.3 0.3
8 80/100| RTFO 1.3 0.6
9 80/100| RTFO 1.3 -
20 58-28 | RTFO - 1.2
21 58-28 | RTFO 1.2 0.3
22 58-28 | RTFO 1.2 0.6
23 58-28 | RTFO 1.5 -
24 58-28 | RTFO 1.5 0.3
33 80/100| RTFO| 1.8% Elvaloy® AM  0.3% PPA
34 80/100| RTFO 2.5% SBS k1101 -
35 80/100| RTFO 1.5% SBS k1101  0.7% Entirabor
42 80/100| RTFO - -
44 58-28 | RTFO - -
61 80/100| RTFO 2.5% SBS k1101 0.1 % Sulfur

d®

The results provided in Figures 44 and 45 show teatrly all systems pass the

MSCR test criteria by falling above the curve. Timy exceptions are provided by Cold

Lake 80/100 + 1.2 % PPA (number 6), Cold Lake 80/2Q..3 % Elvaloy® (number 9),

Cold Lake 80/100 + 2.5 % SBS (number 34) and Calkiel30/100 + 1.5 % SBS + 0.7 %

Entirabond® (number 35). These systems all lackilgiain that their phase structure
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can provide high Superpave® grades (see Figurb@hey do not stand up to repeated
shear deformation as is imposed by the MSCR tdst. IBS-modified system (number
34) performed poorly due to the fact that no sulftais used for their compatibilization.
Had this been done then they would likely have shomproved elastic recovery
(number 61) at 58°C test temperature and this nsidered to be beneficial for rutting

resistance.
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Figure 46. Non-recoverable creep compliance at KR4 versus percent

recovery test at 58°C [37].
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Figure 47. Non-recoverable creep compliance atkB& versus percent recovery

test at 58°C [37].

The results for the 1.2 % PPA modified system (nein@) is interesting in that this
material did particularly well in the Superpave®@sification (see Figure 20) but fails in
the MSCR test. This is likely due to the way in @hiPPA modifies the colloidal
structure by gelation. The gel structure can stgmdinder low shear stresses and strains
(as is done in the DSR test to determine the Sapef® grade) but fails under higher
shear stresses as they are applied in the MSCRSiesilar findings come out in the

double-edge-notched tension tests as will be déstlinext.
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4.3 Double-Edge-Notched Tension Testing

The double-edge-notched tension test was developedeasure the asphalt cement’s
strain tolerance in the ductile state. Hence, dusth provide some measure of resistance
to fatigue cracking since the cracks can only oppnunder flexure when the strain

tolerance is exceeded. The materials were testeootis RTFO-aged and PAV-aged

residues to investigate how additional aging in BV changes the ductile failure

properties. The results of this investigation ax@ved in Figures 46-48, below.
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Figure 48. Specific essential works of failure $traight and modified Cold

Lake 80/100 asphalt cements.
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Figure 49. Specific plastic works of failure foraght and modified Cold

Lake 80/100 asphalt cements.
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Figure 50. Approximate critical crack tip openingplacements (CTOD) for
straight and modified Cold Lake 80/100 asphalt agmse
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The DENT test results for the Cold Lake systemsimteresting in several respects.
First, the 1.2 % PPA system has deteriorated ptiegeaind the polymer modifiers have
improved performance. Second, the SBS-modifiedesysthave superior performance as
RTFO residues but this advantage disappears fdpAhéresidues. Third, the CTOD for

all modified samples appears to be similar ancebéttan the unmodified control.
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Figure 51. Specific essential works of failure $tmaight and modified PG 58-

28 asphalt cements.
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Figure 52. Specific plastic works of failure foraght and modified PG 58-28

asphalt cements.
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Figure 53. Approximate critical crack tip openingplacements (CTOD) for

straight and modified PG 58-28 asphalt cements.
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The straight and modified PG 58-28 systems shogufEi 49-51) similar findings as
for the Cold Lake 80/100 base asphalt. The CTODn@oved in well-compatibilized
systems but the additional PAV aging takes awagifsoggnt strain tolerance. Hence, we
may conclude that there is a benefit from polymedifiers as opposed to straight acid
modification but that these properties change radinematically during oxidative aging

and that such changes are dependent on the bdsdtasp

4.4 Bending Beam Rheometer Testing

4.4.1 Low Temperature Superpave® Grading

The Superpave® low temperature grades as determiitiedhe bending beam rheometer
(BBR) are provided in Figures 52-57 below. The agpnate error in all BBR data is
1°C as determined through round robin tests coedubly the Ontario Ministry of

Transportation.

The limiting stiffness temperatures as providedrigure 52 show that there are no
large differences for the different modifiers in|@d.ake asphalt. The range for the
unaged materials is from -22.7°C to -20.9°C while tange for the PAV materials is
from -19.9°C to -17.3°C. In the context of the rafadility of this test (which is

approximately + 1°C) these results are all similar.
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be poured.)
s g -
:501° o QQP\ .'.5°’°Q ‘-'\(’6 °
‘0 ()'6 o P&I\‘O ,\0’0?’0
s 2O ¥ \O yol 0
o od\‘\\ . IOQQP* °I°<<’\\‘% O‘OQQB . og\\l'?’ 0[3/\\1’" 0’05%5 o og‘éc’"
O AT A2 e A0 19 A2

_4-0 T T T T T T

-10.0 -
Q
&)_;-16.0 L OUnaged
o
I 17.7 W PAV
£ -220
- 20.9 20.6
= 222 | 216 || o U 22.7

-24.1 . 24.0
-28.0 A -25.4 -24.9 -25.2 -25.3 -26.0
-28.6
-34.0
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Similar to the findings in Figure 52 for the linmy stiffness temperatures, the
limiting m-value and grade temperatures are sinidaall different modifiers. The range
in Superpave® grade temperatures for the unagedriaatis from -32.7°C to -30.9°C

while for the PAV-aged materials this is from -2%%0 -27.3°C.
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Figure 58. Temperature at which stiffness S(t) € 80Pa for straight and

modified PG 58-28 asphalt cement.

More interesting findings are provided in Figuretb&b9 for the PG 58-28 systems.
Again the limiting stiffness temperature is ratb@responsive to the addition of various
additives. However, the effect of 1.2 % PPA and%.E&lvaloy® and 0.3 % PPA on the
colloidal stability and hence the m-value for thé $8-28 shows that the performance at
low temperatures can decrease quite dramaticatgsd systems graded at -23.6°C and -

25.6°C, respectively, which is significantly lowdran the control and other modified
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systems. This shows that this base asphalt isaleemable to modification and caution is

warranted.
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Figure 59. Temperature at which slope m-value = f@.3 straight and

modified for straight and modified PG 58-28 aspbkalnent.
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modified PG 58-28 asphalt cements.
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Figure 61. Grade span (XX-YY) for straight and niieti PG 58-28 asphalt

cements.

4.4.2 Recovery Test

In addition to the regular BBR grading, the elastersus viscous properties were
assessed for all systems by unloading the BBR beaan additional 720 s after the 240
s of loading. The recovered displacement allowsctieulation of the percentage elastic
recovery while the permanent displacement allowesctiiculation of the viscous or non-
recoverable creep compliance. The results forithisstigation are provided in Figures

60-67 below.
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Figure 62. Percentage elastic recovery for ColdeL8R/100 materials at -
14°C.
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Figure 63. Percentage elastic recovery for Coldel&/100 materials at -24°C.
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Figure 64. Viscous compliance J(v) for Cold Laké1l®0 materials at -14°C.
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Figure 65. Viscous compliance J(v) for Cold Lakél®0 materials at -24°C.
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Figure 66. Percentage elastic recovery for PG 581atrials at -14°C.
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Figure 67. Percentage elastic recovery for PG 58i@trials at -24°C.
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Figure 68. Viscous compliance J(v) for PG 58-2&emals at -14°C.
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Figure 69. Viscous compliance J(v) for PG 58-28amals at -24°C.
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These figures show that the findings are similafoaghe regular BBR tests in that
there are no major differences between differentlifiress. The only exception may be
for the Cold Lake 80/100 + 2.5 % SBS system whippears to show a significantly
lower viscous compliance at both -14°C and -24°Qlie PAV residue. This could be an
indication of a higher thermal cracking tendencyitocould be a testing error. The
Elvaloy-modified binders on the other hand showlight yet significantly improved
viscous compliance at -14°C (Figures 64 and 68jthiea work on these materials would

have to provide more insight on this issue.

4.5 Effect of Modification Type on Chemical Aging Endency

The chemical aging tendency was investigated bghweg the thin film oven-aged
samples at regular intervals for up to 4,000 hdaraddition, the carbonyl functional
groups were measured for up to 1,400 hour. Thdtsefeuw these investigations are

provided in Figures 68-71 below.
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Figure 70. Percentage weight increase for Cold 184&00 material at 45°C
after aging for different time.
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Figure 71. Percentage weight increase for Cold 18K&00 material at 45°C

after aging for different time.

It is shown in Figures 68 and 69 that the weigtdngjes for different samples are
relatively constant. Minor differences occur relaty early on during the aging process

but it is not entirely sure how significant thidesft is.
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Figure 72. Percentage weight increase for PG 5@w&@rial at 45°C after aging for

different time.
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Figure 73. Carbonyl index for different asphalt pes at 45°C after aging for

different time.

The changes in carbonyl index are also relativatyomalthough the length of time
for which this was monitored was likely insufficiefhonger times may provide

additional insights.
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Chapter 5

Summary and Conclusions

Given the results presented and discussed inhtegs, the following summary and

conclusions are given:

All of the polymer, acid, and acid/polymer hybriddifiers were able to increase
the Superpave® performance grade span by signifjcamcreasing the high
temperature rutting parameter G*@imwhile leaving the BBR parameters, T(S =
300 MPa) and T(m = 0.3), largely unchanged.

Elvaloy® modifiers were able to reduce the interratdl Superpave® grade
temperature by significant amounts in the PG 5&@8e asphalt. This shows a
likely improvement in fatigue cracking resistancéhe improvements for
Elvaloy® were greater than those for pure PPA oiSSigpe modification.
Improvements in Cold Lake 80/100 for this parametere of lesser magnitude.
All polymer modifiers were good at improving thectile strain tolerance as
measured in the double-edge-notched tension priotebie acids typically
reduced the strain tolerance due to a gelation hef &asphaltene phase.
Modification with SBS polymers leads to the mostpiessive gains in strain
tolerance for RTFO residues but for the PAV residiois advantage largely
disappears. Addition of PPA to Elvaloy® systemstiowes strain tolerance.

Black space diagrams and Cole-Cole plots are cliabgeonly minor amounts

due to the addition of polymers, acids, and aciigfper mixtures.
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The Multiple Shear Creep Recovery (MSCR) test maasweost all of the straight
and modified samples except those with poor corbiligi (SBS blended with
Cold Lake without sulfur, Elvaloy® systems withoatid catalyst, pure PPA
modified systems), which lack the elastic recovety high levels of non-
recoverable compliance.

All systems show largely similar elastic recovendaviscous (non-recoverable)
compliance in the BBR test at low temperatures.

Minor improvements in the viscous creep compliaatel4°C were noted for
Elvaloy®-modified Cold Lake 80/100 and to a lesdegree PG 58-28. The SBS-
modified Cold Lake 80/100 did not show such improeat.

All systems show largely similar chemical aging dencies as measured by
weight gain and carbonyl formation.

Currently ongoing pavement trials will have to stiedher light on the relative

benefits of these modifiers.
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Chapter 6

Future Work

Further work in this area should focus on the feitay areas:

1.

2.

Chemical aging experiments should be extendednigelotimes and the produced
residues should be tested for both carbonyl foonaéind rheological properties
in a dynamic shear rheometer (DSR). Such expersnenill provide more
conclusive evidence whether certain modifiers aetteb than others from a
chemical aging perspective.

Asphalt mixture tests should be conducted in otdénvestigate how the various
modifiers affect interfacial strength and how tb@uld positively or negatively
affect the long term pavement performance. Diffeegygregate sources should be
investigated to see if the type of aggregate hampact on performance.

Asphalt pavement trials should be constructed teestigate how the various
modifiers stand up in service. Such trials coulddshght on what processes are
most important with respect to the various distrasshanisms (thermal cracking,

rutting, fatigue cracking, and moisture damage).

Once the above investigations are complete italilw user agencies of asphalt cement

to make a better informed decision on what typesiadification technology to promote

for use in newly constructed asphalt pavementss Tésearch has the potential to save

hundreds of millions and billions of dollars in t@ayer money by extending the life

cycle of pavements and by preventing the premadn excessive failures in asphalt

pavements as seen all around Ontario and othdrararjurisdictions.
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