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ABSTRACT

Atlantic Canadian ighwaysare vulnerable tampactsof climate changencluding more
frequent cyclesof both wetting and drying and freezing and thawing@.hese climate
impacts coufed with continuedincreases in truck traffican causemore severe and
premature permanent deformation at higgrvice temperature, fatigue arlkermal
cracking atlow service temperatuse surface wear resistance, and ageing of the
pavementSuch negatig impacts can be mitigated with changes to the binder. However,
replacing a local binder with a different imported binder can increase construction costs
and cause supply problems. Alternatively, modifying agents can be used to adjust binder
properties asequired, but can also cause an increase in construction costs mainly due to
their high cost and the need for highly specialized production technignesobjective

of this research project was favestigde the feasibility of utilizing underutilized
household and packaging recyclethstics, thatare generated in Atlantic Canadas

more cost effective alternatives as co-modifiers to displace the amount of virgin

modifiersused inhot mix asphaltapplication

The research studgntailed analyzing pfsical characteristics ofnaarray of modified
binders andhot mix asphalt mixtures containingrecycled lowdensity polyethylene
recycled plystyrene and the typical engineered virgin modifier tfggenebutadiene
styrend. The analysisncluded tests usetcbmmonly in pavemeningineering to evaluate
binders and asphalt mixtures. Resuifghis studysuggestshat theserecycled plastics
can be successfully utilizesh asphalt binder as modifiers enhancethe functional
properties of the mixture and reduconstruction costs, thus creating an engineered
valueadded application of thesenderutilized resourcesas opposed to a disposal

mechanism
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CHAPTER 1: INTRODUCTION

1.1Background

The Canadiarpavement industry has generally adoptedShe p e r pasphait Binder
specification system of classifying bituminous asphaitiérs since latel 9 9 thés

effort to better match the physical binder properties to the desired lexesistance to

rutting, fatigue and low temperature cracking, subgzttto local climate and
environmental conditionsThe design reliability ledeand average-day maximum and

minimum pavement service temperatures for a locality indicate the Performance Grade
(PG) that is required to provide adequptemenp er f or mance using the
mixture design approackowever, the conventional aspthiainder propertiesften does

not meet the traffic requirements of mésit Mix Asphalt(HMA) concrete projects in

the areaspecificallyheavily loaded applications.

To some extent, local experience, the availabibtyg cost of binders have played an
important role in determining which binders are actually specified in praft{eeb828

binder has been locally produced at several regional refineries in Atlantic Canada,
making it the least expensive and historically accepted choice for most hotphidtas
concrete projects in the area. In certain cases, specialty binders (i.e:28EHade been
imported but are typically available at a premium cost, providing disincentive for their
use.Aside from importing costly higher PG bindempdifying agerd can be used to
adjust asphaltbinder propertiesand PG classificatioras required However, binder
modification techniqués currently not being used in Atlantic Canada at its potential, due
to the need for highly specialized production techniques aedhigh cost of the

modifiers

! The termasphalt binderor asphalt cemenis mostly used in North America. Outside North America,
especially Europe, the terasphaltis used to describe the asphalt concrete mixtures and the term terms
bitumenandasphaltic bitumemre used in place of asphalt binder.

1



In addition toaforementionedssues, transportatiamfrastructurein Atlantic Canadas
alsovulnerable to climate change impacts, including more frequent fthanecycles in

colder regions combined with more wetting airgling cycles changes to precipitation
regimes, and increases temperature extremed]. Researchers at the University of
Waterloo in collaboration with Environment Canada used global climate models to
examine sites locatetthroughout Canada including Atlantic Canadainvestigate the
vulnerability of Canadian pavement infrastructure to these negative imj@ct¥he

study concluded that climate change impacts coupled with traffic growth cse ea
decline in pavement service life in terms of more severe and premature rutting (asphalt,
base, and subase layers) at higkervice temperaturand botHongitudinal and alligator
cracking at intermediate service temperatures. It has also beet statetransverse
cracking may become less of a problem, allowing decisions to focus on high temperature
Performance Grade (PG) rather than low temperaturBP[@]. The negative impacts of

such tanges could be mitigated with adjustments to the asphalt mixes such as changing
the binder Performance Grade (P3) [5]. However,replacing a local binder with a

different imported PG can increasonstruction @sts and cause supply problems.

Household and packaging recycled plastics may provide an inexpensive alternative
source ofvirgin polymers that could be utilized for binder modification. Some of these
polymers exhibit suitable generalashcteristics that may be beneficial in improving the
high and/or low temperature rating of the PGZ&8binder. These underutilized plastics

are abundant within the waste stream, creating a strong incentive for their incorporation
into a premium pavemenmnhaterial. As stated in the most recent report prepared for
Resource Recovery Fund Board .IfRRFB) [6] , approximately 72 tonnes of different
recyclablegrades of plastics were discarded in Nova Scotia in , 2008e gradesof Low
Density PolyEthylene(LDPE) and Rly-styrene (B) were identified to be among the
grades thatre less commonly recycled are difficult to market[7]. The quantity of
discarded plastids reportedto increase byt least 35 percenby 2016[6].



Usage ofwaste or recycleglastics in asphahinder is not a new idea. There are studies
and patentslating back tal980[8], which havedemonstrated successful utdtion of
recycledplasticgrade of PolyEthylene (PEjn HMA for enhancing théigh in-service
temperaturestifinessof the mixtureand reducing construction costEhere are more
recent effors of utilizing grades such asw and high énsity PolyEthylere (LDPE and
HDPE) for enhancing thestiffness of the mixtureand reducing construction costs
However, some studies highlighted the tendency of Recycled Plastic Modifiers (RPM) to
separate from asphalt binders and exhibit a high level of variability isigatyproperties,
creating a gjnificant drawback to their uge] [10] [11] [12].

1.2Research Hypothesis

It was hypothesized thaRecycled Ristic Modifiers (RPM)may behave similarly to
engineered modifiers such as Styr@headieneStyrene (SBSas an effective means of
increasing the contribution of bindersttee high in-service temperaturstiffnessof the
mixture (i.e. rutting resistancepf HMA, while limiting the increasen cost of the
modified binderThe effect of the recycled plastics otiner properties of mixture such as
fatigue and thermal crackingzas hypothesized marginalThe tendency of RPMs to
separate from asphalt binder walso hypothesizedut such tendency wassumedo
decrease bwddition of crosdinking agent, and oil softener, as well askdendingwith

SBSpolymer

1.3Research Objectives and Motivations

The intent of this researcstudy was to investigate the feakilp of utilizing recycled
plastics as binder modifigerin HMA while maintaining performancelevels that are
achieved usingengineered modifiers such as StyréhaadieneStyrene (SBS)The
grades of plasticstudied in this researchere selectethased o those availablen Nova
Scotia that are less commonly recycledcacedifficult to market such ad. DPE andPS
[7]. This research was established as a thrag partnership between General Liquids
Canada Ltd. (GLC), the Natal Science and Engineering Research CouoiciCanada
(NSERC) and Centre for Innovation in Infrastructui@ll) at Dalhousie University as
part ofthe Industrial PosGraduate Scholarship (IPS) progréif].



General Liqids Canada Ltd. (GLC), a division of The Municipal Group of Companies,
brought considerable testing capacity and expertise to this research .p@jedt 6 s
interest in this researcktudy was part of their overall objective of bringing new

technology angbroducts to the Atlantic regiotiat result in longer lasting pavements and

competitive productthat can be used by numerous existing pavement contribidrs

GLC is anlSO 9001 (Quality), and 14001 (Environment) accredifacility located in

Bedford Nova Scotiacapable ofsupplying different grades of bitumdrased products

as well aslendng and processing of different binders and polymersGL C6s f aci | i
key element to ensure that whedisbeing evaluated thisresearch projeatill be mass
producedreadily commercializedandt hen be exported, |l ever agi
trucking capabilities, to the rest of Canada as well as to the US and Europe with similar

climates and conditions

| n addi t i oterest, this résea@b study was also part of overall objectives of
Cll at Dalhousie University. Established in 1983 as the Nova SCét/CAM Centre
thecented s ¢ wvesearehnnterestre focused odevelopnent ofhigher performance
materials and siictural systemgarticular tothe Canadian environment to address the
critical needs of Canada's aging and deteriorating public infrastru€tiiie an industry
oriented researcbenterin collaborationwith the Faculty of Engineering and with strong
affiliations with the Department of Civil and Resource EngineeraigDalhousie

University[15].

1.4 Methodology

This research study investigat¢he effects of LDPE and PS grades of recycled plastics
as binder modifiers othe phystal properties of base asphalt binder (i.e. P&8Bas
well as the mechanical properties of HMA mixtupeoduced using the prototype
modified binders Such experimental work entailed performing standardized riakate
testing in accordance withhéAmerican Association of State Highway and
Transportation Official§AASHTO) andthe American Society for Testing and Materials
(ASTM) in the overall research methodology showrigure1-1. More details of each



module ispresented in chapters three and four of this thesige details onrmodulefour

is not included in this thesis for competitive reasons and pogsitdatability

Module 1
Selection of Modifiers
Initial Modified Binder Desigrand Optimization

Module 2
Binder Performance Analysis

Module 3
Selection of aggregate
Initial Mixture Design and Optimization
Mixture Performance Analysis

Module 4
Product Development

Figure 1-1  Overall research methodolpg

1.5Thesis Organization

This thesis is organized infive chapterswith contents as follows:
Chapter 1: Introductioni This introductory chapter highlights the background of
necessity of Binder Modification for Hdflix Asphalt (HMA) pavementThis chapter

also provides the scope aoderallobjectives of this research project.

Chapter 2: Literature Review A comprehensive literature review into asphalt binder
modificationis provided in this chapteThis review includes information on tpessible
effecs of modifiers onthe physical properties of asphalt binder and mechanical



properties ofHMA, selection of modifiers, characterization of modified binders, and

effect of modifiers on production and field construction of Hecrete

Chapter 3: Materias and Method$ This chapter details the laboratory testing employed

to complete the research objectives of this thesis

Chapter 4: Resultsand Discussionsi Results ofmodules one through three of the
research program are presented in this chapter.

Chapter 5: Conclusios and Recommendations In this chapter conclusions and

recommendations deducted from the research stuzffeied



CHAPTER 2: LITERATURE REVIEW

The purpose of this chapter ie provide comprehensiveetails oncurrent state of
knowledgeon corcepts and approaches related to asphalt binder modifigagibain to

Hot-Mix Asphalt (HMA) application of flexible pavements

2.1Background

Binder modification technique is used as an alternative when conventional asphalt binder
produced at refineries dsenot meet climate, traffic, and pavement structure
requirements. Conventional asphalt binders currently used in pavement applications are
co-products of refining crude petroleum (crude oil) to produce gasoline, diesel fuel, and
many other petroleum prodsc During the refining process (shownHRigure2-1), fuels

and lubricants are removed from crude oil leaving a thick and heavy residuum product
that can be further processedvarious ways to medimited set of specifications for

pavinggrade asphalt bindef$6].

Qil Well

Pz‘ 5 Pumping
’“1"‘ Field Storage Station

Precessing
Gasoline
e G
Kerosene
Light Burner Qil

Diesel Oil
Lubricating Oils

Liqht
Distillate

Medium
Distillate

Heayy
Distitlate

i( 2 Asphalt Cemants

Slow Curing
Cattback Asphalts
and Road Gils

I (May also be

prepared by direct
distillation

Blender

am Medium Curin
Cutback Asphalts

Blender

4 Rapid Curing
Petroleum i Cutback Asphall

Blender

Emulsion Emulsilied
P e

Figure 2-1  Asphalt binder refining proce$s6]

Sand and Water
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Il n North America, S u p enlypused spéEcifidation system ofmo s t
classifying conventional asphalt bindes well as modified binderi the specification

an array of rheological tests is employed to match physical properties of an asphalt binder
to a Performance Grade (P@jendedfor a climaticand environmentatondition. The
binder grade is specifi ed -2b8ydhetfigtarumber,rd® er s ,
representanaverage {tlay maximunmpavement service temperatinme degrees Celsiys

°C) at which the binder is intenddgd perform adequately to resist ruttinghe second

number, minu8&C, represents the minimum pavement temperature at which the binder

is intended to resist thermal crackirfggure 2-2 shows different combinatis of PG
temperatureavailable in North America

Lower Specification Temperature, °C

Upper Specification
Temperature, °C

PG 46 B

Figure 2-2  Performance Grades (PG) available for paving indy#jy

As shownabove a diagonal lineconneting PG 8210 toPG 4646, allocaesgrades that

have upper and lower pavement service temperatwitesa difference ohot more than

86°C. Such grades can be produced at refineries, while other grades appeared in the
shaded area can be only produced by modificationt@tmmitations in refining pactices.

The difference between upper and lower service temperatures is referred)sefas
Temperature Range (UTR) A Modi fi ed Binder CQMBIRIsOften
used to measure the degree of required modificasonedl as the cost of modification.

As UTR increase, the cost need for modificatamd cost increase accordingly’].



2.2 Effect of Modified Binders on Flexible Pavement Performance

The flexible pavementFigure 2-3) is a type of pavement structure that composed of
asphakbound layers distributing stress caused by traffic loads downward to the
underlying soil foundation in an acceptable level of stress at different seasonal
environmentakonditions. To play this functional role, also referred to as serviceability,
pavement -dxainddageprhuatibé smooth and skid resistant. However, a number
of distresses contribute to reducing the serviceability and cause deterioration of asphalt
bound layer[18]. Permanent deformation, fatigue cracking, H@mperature cracking,

moisture damage, and aging can be contributing distresses.

rface course {40-75 mm

AL T R
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, 50-100 mm

100-300 mm

\
100-300 mm -
N

By PRI ITINI ST
A R A A A
S e A RIS
Looorooisensss 359753
”l"»;?yggzaa»;ﬁza
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There are various surface types of asphalind layer including hot mix asphalt, warm
mix asphalt, and cold mix asphalt depending on temperatf mixing and construction.

Hot Mix Asphalt (HMA) is themost common surface type used for medium to high
traffic volume roads. This type of asphalt mixture is referred to as HMA mainly because
of an elevated temperature range 1&5 b 16(C used prior to mixture mixing at
productionplant. The HMA mixture usally consists of 94 to 96 percent of mineral
aggregates and 4 to 6 percent of asphalt binder by weight of the mitterehickness of
HMA layer is typically in a range o40 to 75 mm depenihg on the level of the traffic

[19].

2.1.1. Permanent Deformation
Permanent deformation (also referred to as rutting) is the most common type of-asphalt
bound layer distress, which manifests itself as accumulated longitudinal dispersions or

grooves of wheel paths because of repetitive trédading coupled with environmental



effects (as shown inFigure 2-4). While rutting is a functional concern affecting
serviceability, it could also cause serious safety concerns in both dry and wet road
conditions In dry conditions, rutting affects the lateral maneuverability of vehicles
causing steering problems. On the other hand, in wet conditions, rutted wheel paths can
prevent cross drainage of water during rains, leading to accumulation of water in the ruts
and causing vehicular hydroplaningsenerally, a rut depth afhore than10 mm is

considered a significant safdtgzard19].

Figure 2-4  Severely rutted roaghhoto takerat Duke St., Bedford Nova Scotia
October 2% 2013

At early stages of pavement servide, some negligible amount of rutting occurs in
HMA surfacelayer due to continued densification under repetitive trdffeding. The
densification gradually caes a reduction in air voids, leading to a decrease in the
mi xtureds vol ume. After mixture reaches
plastic deformation (or also referred to as plastic flow) starts to occur. During plastic
deformation, a shearlgne (as shown irfrigure 2-5) starts to develop20]. When the

shear strength of the mixture becomes less than applied shear stress by a wheel load, the

2 Althoughrutting is not the main cause of hydroplaning, other factors such as vehicle speed, tire condition,
and pavement drainage should be also considered as contributing factors to hydr§pddning
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mixture starts to deform permartily from the wheel path to the small upheavals beside
the wheel pathg21].

shear plane

Before Load After Load
Figure 2-5  Shear loadindpehaviourof asphalt mixturg22]

As statel by McGennis et a[22], rutting can le caused by many causes (e.g., underlying
HMA weakened by moisture damage, abrasion, traffic densifidationt has two
principal causes; firstly, too much repeated stress beppdied to the native soil,
subgrade, or base below the asphalt laged gcondly, accumulated deformation in the
asphalt layer.

Both principal rutting causes are showrFigure 2-6. While this thesis does nottempt

to address the issue of rutting from weak subgrade as it is often considered as a structural
failure rather than a material probl€i22], a brief explanatiorof the factors lead to

rutting will be presented.

original
profile

subgrade
deformation

weak subgrade or underlying layer

original
profile

shear plane

Figure 2-6  Principal causes of Asphalt layer ruttif&®]
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The shear strength of a mixture is affected significantly by asphalt binder physical
propertiesAs shown inFigure2-7, Asphalt binder is a viseelastic material behaving as
viscous cementitious liquid at higher temperatures, leathery/rubbery-se&diat
intermediate temperature, and very stiff and brittle at lower temperaSuédsbehaviour

also depends on rate of loading. At higher temperature with slower rate of loading, the
asphalt binder becomes relatively softer. In contrast, the asphalt binder becomes stiffer at

lower temperature and faster rate of load2igj.

Stiffness Response
to Load
elastic
?x@% elastic
: ==l solid
VISCous , | r —
-30 25 60 135
Temperature, C

Figure 2-7  Visco-Elasticbehaviourof asphalt bindej22]

The rutting mostly occurs in summer times winggh pavement service temperatures are
evident. Athough aggregate angularity and shape play an important role in rutting
resisance the stiffness of asphalt binderagontributingfactor[22]. The contribution of

asphalt binder can be captured usinghkGoulomb theoryas follow:

T ® ,0Al 2-1
where:
shear strength of asphalt mixture
cohesion of mixture
y normal stress to which the mixture is subjected, and
angle of internal friction

S+

S

12



In Equation 2-1, the cohesion term (c) is considered the contribution of asphalt binder to

the overall mi Xt ur eds s h 2a.rThesontriutiogot tlne, t hus
cohesion @rm is betterillustrated in Figure 2-8. As stated byMcGennis etal. [22]:
AfBecause rutting is an accumulation of wver
ensure that asphalrt scheammeendt opfr osvhi edaers sittrse nigft
cement that is not only stiffer but also behaves more like an elastic solid at high pavement

temperatureso

shear shear
stress (7) stress (T)
A [44 ” 2
“weak” binder strong” binder
Sma-u cccn / large cccaa
P
- —-
normal stress () normal stress ()

Figure 2-8  Contrasting asphalt binder contributimmixture shear streng{B?2]

One of the prime roles dfindermodifiers is to increase the resistance of asphalt binder
to rutting during summer months especially in areas of slow or standing tradfic (
intersections rad bus statior)s Fulfilling this role requires modifiers to reduce the
resulted permanent strain, which can be achieved by either or both of two methods;
increase thehigh-temperaturestiffness of the asphalt binder or/and increasing the

elasticity of theasphalt bindef18].

2.1.1 Fatigue and Thermal Cracking

Similar to rutting, &tigue cracking is causguogressivel\oy a large number of repetitive
traffic-loading stressing a pavement to the limit of its. liowever, fatiguecracking

tends to form at intermediate (i.e. moderate) pavement service temperature. Because
asphalt binder acts more stiff and brittle at moderate service temperatures compare to

relatively higher service temperature, it tends to cracks rather thamdéfjr

13



In the early stages of formation, fatigue cracks start to form as intermittent longitudinal
wheel path cracks which then start to join and eay®n more cracks formingdense
pattern si mi | aappedranc§ll]l McGegrastebat[22]gecogrikzednsuch
stage(Figure2-10) as a indicationthat pavement has received the designed number of
load applications andequires rehabilitation. However, most of small municipalities
neglect suchindicative measurefften due to budget cuts and deferred rehabilitation)
and let the pavement tontinuecarryingthe traffic loadsAs a result of such négence,

the localized alligator cracks start to allow more water to and brine to seep into the
underlying granular base, leading to further dislodgment and removal partial of surface
layer under action of traffic or snow removal operatidhigure 2-9 illustratessuchsteps
which can lead to development pbthole While Potholes are functional concern and

sign of exceeded pavementodés design .life, t

WA RN
SRS B
Bl i ¥ 7 ey
anv A A HERRE Zas e
SN AR SN i - . A R TP S VLA A DY )
(i) Saturated fatigued zone (ii) Hydrostatic pressures causing an
upward movement

%‘9’
4

0%
(iii) dislodge, and removal of broken (iv) Further removal of pieces, and
pieces formation of pothole

Figure 2-9  Development of a pothol@nodified from[20])
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Figure 2-10 Early stages of fatigue cracking formation, photo taken at Old Sambro Rd,
Halifax NS, October 29, 2013

Considering the fatigue crackimys t he progression of a payv
fatigue cracking often occur sooner than the design life. Regarding the formation of
fatigue cracking,National Cooperative Highway Research Rang (NCHRP) [19]

stated thatfiTraditionally, pavement engineers believed that fatigue cracks first formed

on the underside of the HMA layers, and gradually gremard pavement surfack.has

become clear during thpast 10 years that pavements are also subject taldom

fatigue cracking, where the cracks begin at or near the pavement surface and grow
downward, typically al o.urigure2-hldlustrategleothtopf t he
down, and bottorup fatigue cracking.

¥ NCHRPis a cooperative research program administrated bylthesportation ResearchoBrd (TRB)

and sponsored biyne American Association of State Highway and Transportation Officials (AASHTO), in
cooperation with the Federal Highway Adnstration (FHWA) Created in 1962, the program is stilt in
effect to conduct research in acute problem areas that affect highway planning, design, construction,
operation, and maintenantethe United States as well as North Amefica].

15



(ii)

Figure 2-11 Bottom-up (i), and topdown (ii) fatigue crackingl9]

Roberts et al[23] stated the inadequate pavement drainage as one of the main causes of
premature fatigue failure. Because underlying layers are weakened by the excess
moisture in underlying layers, the HMA layers experience higher tensile strains that are
more than theteengthof the mixture.Dore et al.[24] recognized the drainage factor as

the primary factor of fatigue cracking in relatively colder regions, and further discussed
the combination of drainage factor andfsgiss of the surfae HMA layer, stating that

fimost of the fatigue cracking in Quebec, Canadegurs during the spring when
underlying deflections are relatively larger, balso the HMA layer is still cold and

consequentlynore brittled.

In a manual for design of HMA ppared byNCHRP [19], the stiffness of the surface
layer binder isalsostated as aontributingfactor to fatigueresistance. This relationship
is further stated to be dependent on the pavement strudarrédMA layers with
thickness of less than three inches (76 mm), increasing the high tempdriatee
stiffnessis stated to decrease the resistance to both batpmnd topdown fatigue
cracks.On the other handncreasing thénigh temperature stiffness is stt® increase
the resistance to bottenp fatigue cracking for HMA layers thicker thanequal to five

inches (127 mm).

16



Thus, to enhance fatigue cracking resistance by using modified binder (MB), modifiers
should be selected that they behave like sofstielamaterial during intermediate
(moderate) pavement service temperatufadfilling this role requires modifiers to
reduce thestiffness of the asphalt bindehus soften the asphalt binder to deform without
exhibiting larger stresses. Meanwhile, mas are required to impart elasticity to the
binder helping to recover to its original condition withdigsipating energy in any form
[25].

Unlike fatigue crackingandrutting, thermal cracking is caused agversesnvironmatal
conditiors rather thartraffic loading. Thermal cracking displays itself a®nsistently

spacedransverse cracks perpendicular tottiadfic direction(Figure2-12).

Figure 2-12 Consistently spaceth¢rmal transverse crackingfjoto taken aBayers
Rd. towarcdHighway 102 North, HalifaxiNova ScotiaDctober 2% 2013
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NCHRP[19] stated thatfi t h e-terhperaturehermal cracking performance of asphalt
pavements is almost completely controlled by the environmental conditions and the low
temperature pr opert iBalsa ebal[25]tshggestedshatitheermal b i n ¢
cooling cycle shrinkage in an asphalt bound layer restrained by friction with the
underlying layers can cause a tensile stressldpment. It is further suggested that such
developed streda the asphalbound layershould be relaxed bahbility of asphalt bider

to flow readilyandhave lesslasticityin its responsewhich if not relaxedthe cracking

will be resulted. Modifiers play an important role in enhancing thermal cracking
resistance. Some modifiers tend to soften the asphalt binder at lower paseméard

temperaturg, causing less thermal cragkS].

2.1.2 Moisture Damage and Aging

Moistured amage (or al so r efiseoner o the magr nodes i st r i [
distresses in pavements, resulting in the loss of cahstrength between asphalt binder

and the aggregates in the mixtuBarnes et al[26] stated thathi St r i ppi ng occur
the binder detaches from the aggregates in the presence of water, becomes displaced
from the aggregatby water and/or a water droplet emulsion develops within the hinde

The phenomenon occurs because an aggregate may have a greater affinity for moisture
than for a particular asphalt binder.To provide a remedy for bond improvement
between aggregate pates and asphalt binder, certain tgpé liquid chemicals are used

to promote adhesion between the asphalt binder and aggregate Shintzsx®.chemical

modifiers are referred to as astripping agents, which blended with the asphalt éxind

before mixirg with aggregat§l6].

As discussed earlier, asphalt binder, awisco-elastic material, behave differently
depending on service temperature as well as rate of loa8ungh behaviourcan be

altered furthe during hotmixing with aggregate at the production plaag well as
deterioration due to traffic and-seavicevi r onm
stage This alteration is referred to dsnder aging and is believed to be related

significantly to pavement performamf27].
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Research omdentifying the factors contributing to thbinder agingcan be dated as early

as mid5 0 6 s , Valelga et al[28] and Finn et al[29] identified oxidation, loss of

loss of volatiles polymerization, thixotropy,syneresis, ah separation as possible

contributing factors thegng phenomenaluring mixing and irservice staged.ater,

more contributing factorswvere identifiedby Traxler [30]. In addition to suchasphak

specific relatedaging factorsother factors includinghe effect of climatic conditions,

mixture type, aggregate gradation, and air voids content and distribution in mixture are

also stated to be effeeg factors in the age hardening of asphalt bii@g}. Although all

aforementionedre contributing factors to the binder agidghanssofi32] identified the

oxidation, volatilization, exudation,and physical hardening as principal aspbkpkcific

factors of the binder aging

1 Oxidation aging is a irreversiblechemical reaction between the asphalt binder
components and the atmospheric oxygen. Oxidataie depends greatly on the
chemical compasgon of the asphalt cement artdmperature. Oxidatiosan occur
during mixing, costruction and irservice stages

1 Volatilization occurs predominantly during mixing of the binder with aggregate
particles at the plant, when the bindésrmed as a thin fih covering aggregate
parti cl e 0 s ossessomawolatie aompoaenty dué to expositibedt

1 Exudation is an irreversible composition change in an asphalt binder due to contact
with aggregate particles, when oils from the asphalt binder andedxinto the
aggregate particles;

1 Physical hardenings a reversiblpr ocess of the binderds m
while does not alter the cmécal composition of the binder. Physical hardening is

belied to significantly change rheological propertéasphalt binder.

An example of the effect of previously mentioned aging factors on the binder physical
properties is shown ifigure 2-13. As shown, viscosity of the binder (as a measure of
physical property) issignificantly affected during the plant mixing. The agieffects

continueat slower rate during service stages.

19



VISCOSITY AT 140°F, POISES

: ASPHALT | ———_—_———
7~
£ /,/ ASPHALT 2 —m—m——e—m e
E ASPHALT 3 ————
g / ASPHALT 4— - ———
- Pl ASPHALT 5 — - — -
IOQE‘- ASPHALT 6 - —— —-—-—
8 -
7 |-
6 iy
5 :

R e _: 1 L 1 1 : 12 i
MIXING ) 5 12 iJS}OZ‘I 30 3648 60 80
TIME - MONTHS

Figure 2-13 Effects of aging on viscosif{33]

Binder modification often resultsn excessiveoxidative aging thereby increasing the
viscosity and stiffness of the binder excessivélyis could result in earlier than expected

thermal and fatigue cracking.

2.3Types of Asphalt Modifiers

Binder modification can be peermed in a number of production methobg using
various modifiersin the most recent survey conductedBahia et al. in the NCHRP-9

10 project[18], a total of 55 modifiers were identifieavhich can beclassified ino 17
generic classes based on the nature of the modifieits@ffect on the pavement distress
modes previously explained irsection 2.2 of this chapter While only the types of
modifiers that are interest of the GLC L{dponsoring companyyill be reviewed in the
following sections, these modifievgerealsoidentifiedin thesurvey reportonducted by
NCHRP 910 project{18], amongthe most widely known and used in practicedifiers.
These mdifiers are widely known to be cost effective, easy to market, and easy to blend

with asphalt binder
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2.3.1. Polymers

Polymers usedo modify asphalt bindemare broadly classified into polyolefins and
styrenic polymersPolyolefins polymersare producedy pdymerization of molecules
containing simple double bond or olefin(i.e. ethylene or propyleneMost common
examples of polyolefins ar®E, Poly-Propylene (PP), andethylene Vinyl Acetate
(EVA). On the other hand, styrenic polymers are produced {pobonerization ofPoly-
Styrene with other small matelles, most commonly butadie[t]. In General, plymer

can be classified further into plastomér® f t e n r e plastic®d pnd eldstomees,s

depending on theliehavioumwhen stretched with sufficient force.

Elastomersare among the most commonly used polymer modifiers in paving industry,
especially StyreneButadieneStyrene (SBS. As a block cepolymer, can be easily
utilized into the HMA by blending system shownFigure2-14. Such blending system is
located either at asphalt terminal or refineries, where asphalt binder can be modified and

transported to the HMA facility subsequently.

READY-T0-USE
VIRGIN AC MODIFIED AG
_ - (3-4% PMAC)
. PMAC CONCENTRATE
| (12% PMAC) |

T SBS A

PELLETS
R, / 1

ne) =>ng
1] 1] ® f }
STORAGE SBS VERTICAL \ "LET DOWN" TRANSPORT
TANK HOPPER MIXING MILL OR TRUCK
TANK HOLDING
TANK

Figure 2-14 Most commonly used stationary polymer blending syqg&h

SBS polymer is believed by many agencies to help mitigating permanent deformation,
fatigue and thermal crackiri5]. Most commonly SBS polymersare produced in form

of pelletsfor ease of processing and blendikggure 2-15 shows SBS pellets used for
this research study, which is commercialized under brand name of Kratdy@® D
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Compare to elastomers, plastomers exhibit less elasticity wlezquivalent load.
Plastomers are believed to improve the permanentrdefmn resistangevhile fatigue
and thermal cracking resistance might decrease due to increésegdediate andow-
temperature stiffneseelatively [36]. However, mixeepolymer modification technique
(i.e. blending plastorme and elastomers) is statdxy Asphalt Institute[16] as an
effective methodto enhance intermediate and ldemperaturecharacteristicof such
modifiers Most commonly used plastomers to modify asphalt bindelBfeE, EVA
[37].

2.3.2. Hydrocarbons and Extenders

Hydrocarbon modifiers are broadly classified into hardeners and softeners. Such
modifiers are used particularly to reduce or increase viscosity of the asphalt binder in
mixture. The most@mmon example of hydrocarbon modifier is aromatic oils. Aromatic
oils are reported to improve low temperature cracking by decreasing thergerature
stiffness[37]. Aromatic oils are used in a fornfi lquid, which can be @ded either tahe

fimixing tanld 0 -d oiw ne t tasashdwid irFigure2-14) after addition of polymers.

Extendersare modifiers uskto improve the permanent deformation resistanadusis
the most commonlysed modifier among extendeithough sulfur can be used as a

modifier alone, it may be used in combination with other polymer modifiers.
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The intention of céblending sulfur with other polymer modifiers is reporteddsult in a

better chemical bond beeen the polymer moleculesteatinga continuousnetwork of
moleculesthat can exhibit relatively morelastic respond16]. The technique of using

sul fur to enhance c¢hemi cdihkingd od iT isglinkicgs o s e f e
technique isalso reported to decrease the separaéndency in the modified bindg38].

Sulfur can be used in a form of pelleEgure 2-16), which can be added throughet

hopper (as shown iRigure2-14) after addition of SBS.

Figure 2-16 Sulfur pellets

2.4 Characterization and Performance Evaluation of Modified Binders

24.1. Super p a Voentanc® @rading

The Sup eSurrov Reforming AsphaltPavenent is a final product of the
Strategic Highway Research Program (SHRRijtiated by thethe United States
Department of Transportatidrederal Highway Administration (FHWAJuring the l&e

190s The SuperpaveE is a system of mixture
concepts, which includean asphakgrading system called Performance Grading (PG)

with intention of linking the physical properties of asphalt binder (both modified and
unmodified) to three specific types of HMA pavement distresses: rutting, fatigue

cracking, and thermal crackifg2].

* In direct response to the SHRPhe Canadian Strategic Highway Research PrograsSBHEP)was

launched in 1987 bthe Council of Deputy Ministers Responsible for TransportationHigdway Safety

to extract benefits .ofAst lae r®wspudrntpavele Sarmpeaptasy e E ¢
and PG grades become accepted in Canadian pavement if@aéktry
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The pavement temperaturased for performance gradese determined by converting
historical air temperates into maximum pavement temperature at depg®oimbelow

the surface and minimum pavement temperature at the surface of pavement. The
conversion is performed as per algorithms given in AASHWIO323-13 [39]. A
computerizednethod of AASHTO M323 is alsovailable in a form of software (named

a SLTRPBIind) provided by thdeHWA, in which more than 6500 weather stations data
from the United States and Canada are compiled.

The design reliability level is also incorporated ire throcess of selecting pavement
service temperatureReliability is defined as the percent probability that dverage 7

day maximum and minimum pavemdeimperature will not exceed the corresponding
PG temperatures in a singlear. The design reliabiyi levelis calculated according to a
standard deviation that describes the every year variation in the avErgge 2-17
illustrates a sample of calculation for determination of PG based on different rgfiabilit

levels.

Lower Pavement Design Temperature
_23 Cold Winter  +18 Warm Summer

Year-to-year average = -23.1°C, s = 3.5°C
Mean Average Winter
0, H il L

ot S 50% Reliability | -23.1°C

Mo ea e 85% Reliability | -23.1°C - 3.5°C = -26.6°C

s=4. 2°C 98% Reliability | -23.1°C - 7.0°C = -30.1°C
Mean -23.1°C
s = 3. 5°C Upper Pavement Design Temperature

-40 "30-20-10 0 10 20 30 40 50 60 70 80 90| | EAILO year average = 66.9°C, s = 42°C
Temperature, °C 50% Reliability | 66.9°C

85% Reliability | 66.9°C + 4.2°C = 71.1°C

98% Reliability | 66.9°C + 8.4°C = 75.3°C

<« PG 76-34 @ 98%
«— PG 76-28 @ 85% —»
«———PG 70-28 @ 50% ——»

Mean 66.9°C
s =4.2°C \
Mean -23.1°C
s=3, 5°C
| ] 1 \l_ |

40-30-20 10 0 10 20 30 40 50 60 70 80 90
Temperature, °C

Figure 2-17 PG selection for different reliabilitigd 7]
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The PG grades selected by Supegp&y sy st em

conditions. In case of standimgr s | ow tr af f

apply fo

C

r

typic
SuperpavetE

the selected high PG grade to avoid permanent deformation. Also, an additional shift is

required for high volume of design Equivalent Single Axle Loads (E$AThis practice

of adjusting high B grade for traffic loading and speed sBfrer r e d

b u mp i[40]gF@ure2-18 summarizeSuperpavé s  gburapth@ chart.

t-o

Adjustment to Binder PG Grade®

appropriate Ngesign level.
. Standing Traffic - where the average traffic speed is less than 20 km/h.
. Slow Traffic - where the average traffic speed ranges from 20 to 70 knvh.
. Standard Traffic - where the average traffic speed is greater than 70 knmvh.

B S I S - N ]

6°C). Do not adjust the low temperature grade.

increased to = 30 million).

Design ESALs' Traffic Load Rate
(million) Standing® siow® Standard®
<0.3 -6
0.310<3 2 1
3to<10 2 1
10t0<30. 2 1 -6
=30 2 1 1

1. Design ESALS are the anticipated project traffic level expected on the design lane over a 20 year period.
Regardless of the actual design life of the roadway determine the design ESALs for 20 years and choose the

-

. Increase the high temperature grade by the number of grade equivalents indicated (one grade equivalent to

6. Consideration should be given to increasing the high temperature grade by one grade equivalent.

Practically, performance graded binders stiffer than PG 82-XX should be avoided. In cases where the required
adjustment to the high temperature binder grade would result in a grade higher than a2 PG 82, consideration
shold be given to specifying a PG 82-XX and increasing the design ESALS by one level {e.g., 10 to < 30 million

Figure 2-18 Su p e r p a v-buhping charflE]

as

In addition to climatic conditions, th8upermve E PG system also accounts for the

effects ofasphalt bindemging by adopting two procedures simulating two stages of

b i n d e rTaesfirstl siade simulates the shtatm aging of the binder due to heat and

air exposure during mixing at the HMA plant, transportation, and placement. The second

stage simulates thngterm aging of asphalt binders that occurs Wy exposure

oxidizaton, andhardeningof asphalt bindeafter several years of service.

® An ESALis a unit used in designing transportation infrastructures, which accounts for an 80 kN (18,00

Ib) four-tired dual axle truck.
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The shorterm aging can be performed in accordance with AASHTO 240, A Ef f ect
Heat and Air on a Moving Film of Asphalt Binder (Rolling THtiim Oven Test]41]. In

this test, aging is simulatdaly blowing a hot jet of air into to cylindrical glass bottles

filled with 35 grams of asphalt binder. The glass bottles are attached horizontally into a
vertically rotating f r amane rotatéssab speec ¢f Il d fic
revolutions per minuté¢rpm) causing thesample tdlow along the walls of glass bottle.

During each rotation, taking few seconds, air is blown once into each glass bottle. This
action continues for 75 minutes in an oven witltaamstant operating temperature of

163°C Bottles are then removed, and the aged asphalt sample is poured into thin cans for
further testing and lonrterm aging. As part of the RTFO procedure, mass of volatiles

loss from the asphalt binder can be also detezd.

To simulate longerm aginga Pressuré\ging Vessel (PAV) can be used in accordance

with AASHTO R 281 2 , AAccel erated Aging of Asphal
Agi ng Ves 442]l In thiPtésiVmethod, RTFO siglue is poured on a stainless

steel pans which are then placed vertically in a sealed pressure vessel. The aging
conditioning is then performed by 20 hours of constant pressure of 2.10 MPa. Depending

on the climate where the binder is intended to be us@djitioning temperature during

testing can be either 90, 100, or 3@OThe residue from this test is used for additional

rheology tests explained in following sections.

Figure 2-19 illustrates the way that thaging tests are used in combination with PG
rheologicalteststo control pavement distress moaeslescribed ilAASHTO M 32010,
AStandard Specifi-Gaaded AspHi@leall fh8iogitdle c e
testssuh as Rotational Viscometer (RV), Dynamic Shear Rhéem@SR), Direct
Tension Test(DTT), and Bending Beam Rheometer (BBR)e described in further

details in the following sections.
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Construction

Rutting

|

Cracking Low Temp

Cracking
[DTT] \

[BBR] §

@

Time

e

No aging

+++ SN————

RTFO - aging

-*

PAV - aging —

Figure 2-19 CombinatonofSu p e r p a v e E rhélBgicaltgsss withraging

conditions[16]

2.4.1.1Workability

InSuper pa vpedficafof woskability is definedas viscosityparameterof the

asphalt binder corresponding stagesnvolving high emperature pumping, mixing with

the aggregate at the hplant, and field compactioi6]. Although suchbehaviourof the

binder is not directly relatetb pavement idtress modes, it can affect the coating of the

aggregate awell as the ability to compact tmeixturein the field

To bi

Viscometer (RV)( al s o

ensur e nder

w 0 rPIG ssystenspetifigs, usirg ta &kotalanad e r p a v

r e fBeookfiedd d/isconoetérgts medisurghe viscosity

of the binderunder constat rate of strainin accordancewith AASHTO T 31611,

AViscosity Deter mi

nation of AsgMBalt Binder

In this test method, RV applies a twisting or rotational shearing load by using a

cylindrical spindle submerged into a specific amount of asphalt bi(ilgure 2-20-ii).

As the spindle starts to rotate, the asphalt binder, sandwiched between the wall of

chamber and the surface of the spindle, turns inserees of many concentric layers

(numbered through 1 to 6 iRigure 2-20-i) rotating relative to each other. During the

rotation of asphaltoncentric layersweak bond between molecules are continuously

broken andregained which causes a resistance to shearing action. Such resistance is

referred to as viscosityvhichcan beestimatedy usingEquation2-2.
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Fixed sampl.
chamber

Rotating spindle

Asphalt binder:

Top View (1) Side View (i1)

Figure 2-20 Rotational viscometdest setup top view (i), and side view (ii)
(Modified from[17])

2-2

=

where:
- viscosity,
T shear stressnd
r shear strain rate,

TheS u p e r pPGsystém specifies ampper limit of 3.0 P& for the viscosity value
measured at 138 ascriterion fa the proper pumping and handliagthe hotplant The

PG system specifiegscosityvaluesof 0.17 + 0.02, and 0.28 + 0.03 P&sapproximate

the shear rates that occur during-plaintmixing andfield compactiorrespectivelyj40].

To determinesuch equiviscols mixing and compactiontemperatures an ASTM
viscositytemperature plotis used to find temperature ranges corresponding to the
specified viscosity values. The ASTM plot can be obtained asAgaM D 2493
fiStandard \&cosityTemperature Chart for Asphait§44]. Figure 2-21 illustrates a

viscositytemperature curve for one of binders studied forgtusdy,

® Equiviscougemperatures are binder specific temperatures at which a common viscosity is fé@ghed

28



Compaction
Temperature

Range Mixing

\ ;@ Temperature

0.28N0.03 Pas T~_ Range

o
o

Log-Viscosity (Pa.S)

i LT 0.17N0.02 Pa.s
006 Levv v v Ly : L1 : IR R TS S LS T R S S S S N R A Loy
125 135 145 155 165 175

Temperature°C)
Figure 2-21 An example of ASTMviscositytemperature curve

Since theASTM plot is used only for Newtoniaminders (unmodified binders), the
AASHTO T 31611 suggestsome modifiedbinders might exhibihonlinearviscosity
curve due to nofNewtonian behaviour[43]. The viscosity ofNewtonian fluids (i.e.
asphalt binder) is constamegardless ofshear rate, whereas the viscosity for non
Newtonian fluids is not constatds shown irFigure2-22) [16]. As stated by West et al.
[45], determinationequiviscoustemperatureshy using ASTM plotmight resultsin
excessive mixing and compaction temperatures that might cause emsssies and

degradation of the binderdés properties.

Shear
Shaar Thickening
2 Thinning Sk oel
o ‘ =
0 Newtonian '@ PR sl Shear
o 3 Thinning
e =
w Shear Newtoni
7 Thickening B enian
Rate of Shear Strain , Rate of Shear Strain

Figure 2-22 Comparison of Newtonian and ndtewtonian fluidq16]
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2.4.1.2Permanent Deformation

I n SuperpaveE PG nsnp defoimhtiort ia tansidered ap a stness
controlled cyclic loading phenomenon, which during each cycle of reversible loading, a
certain amount of work is being done to deform the HMA surface layer. A portion of this
work is recoverable due to elastic oeind of the surface and remaining is dissipated
energy in form of permanent deformation and heat. For viscoelastic materials, the amount

of dissipated energy per loading cycle can be determined by Egusjion 2-3.

: y P 2-3
® "8 Bigygs
where:
o work dissipated per loang cycle,
) stress applied during the laad cycle,
0 complex modulusand
1 phase angle

The parameter G*8(U Jn Equation 2-3 is selected to evaluate permanent deformation
damage resistance. This parameter is a combination of the total resistance to deformation
(G*) and relative no-elasticity of the binder (s@)) | ncr easi n g pardmeterG* / si I
causes the binder to behave stiffer and more elastic, and thus more resistant to permanent

deformation

To relate theG* / s ipna(rlaymet er t o per manent def or mat.
this parameter to be measdrat maximum pavement temperature at a frequency of 10
radians per second (1.59 Hz). Such loading frequency is selected to simulate the average
frequency of a stress wave in the typical HMA surface layer caused by a vehicle

travelling at speed aftandardmore than 70 km/hr).

TheG* |/ s iparé@meter is determined by using a Dynamic Shear Rheometer (DSR) in
accordance WithAASHTO T 3151 2, ADeter mining t he Rheol
Asphalt Binder Using a Dynamic Shear Rheometer (DRRB). In this test a certain

amount of sample is sandwiched between a fixed plate and an oscillating plate. When

torque is applied, as shown kigure 2-23, the oscillating plate traversed from points
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shown inFigure 2-23 (i) to complete one cycle of oscillation. During the operation of

DSR, the resulting strain (as shown Higure 2-23 (ii)) is recorded and then used to

determine the Gby usingEquation 2-4.

Applied stress
or strain
Binder : <9030i|]ating
Samp|e /P!ate
T~ ; R
Fixed
Base
B A C
(1)

Applied
Shear

Stress

esulting
Shear

'Ymal

—

~—At = timelag—3

Strain

v\/ time

(ii

; ‘ymln

Figure 2-23 Dynamic Shear Rheometer operation and resulting gfaphs

ud

where:

[

[

0 the complex modulys
T shear stresand
r shear strain

As menti oned ear |

linking the asphalt binder physicaroperties to permanent deformation resistance of

i er

one

of

t he

ma i

n

obj

HMA layer. However, there are two main concerns about the applicabil®*of s i n ( U)

specification. The first concern is that during the SHRP research majority of studied
asphalt binders were unmodifieanging between a PG @8, a PG 454 with one PG
70-22. Secondly, most of extreme grades such as P22 7é8nd PG 580 that are being
used today for construction of higlolume pavements in warm or cold regions did not
exist at the time of the researptv]. Additionally, different researchers have found the

G* /| s i parénie)er to benadequaten describing the ruttingerformance of certain

modifiedbinders[48].
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To solve concerns about applicability of !
asphalt binders, NCHRP initiated comprehensive research projgkd], fiSufer pave
Protocolsf or Modi fi ed Asphalt't Bi @dkes isparanie)drs par |
was found to be inadequate in predicting mixture rutting of some type of modified
bindes. As stated by Bahipd7], during the cyclic reversible loading only total work
dissipated is possible to be estimated (as shovigimre 2-24 (i)). However, permanent
deformation isa repeated mechanism with sinusoidal loading puisgu(e 2-24 (ii))

which does not include cyclic revesible loading required to force back pavement material

to zero deformatiof47].

Low Load
Strain

High|
Strain

)
/AN
| [Fime]
Deformat‘ urlF‘ern‘lament
wdissipated =W loop -
[xime] W stored
(ii)

Figure2-24 Concept wused in driving Gulpseifinp(aiv)e E r
andproposed concept for rutting parameter[@i§]

As illustarted in Figure 2-24 (ii), the pavement layer is not forced back to zero
deformation but would recover some def or ma
In this case, unrecoverable portion is dissipated in permanent deformation iwhich
believed to be the main contributor to the permanent deformbagbaviourof HMA

layer and any other asphalt mixtufég].
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Recognizing the fundumental problem with the cyclic reversable loading, many
researchers have tdeto developand propose test methods including Repeated Shear
Constant Height (RSCH), Repeated Creep and Recovery (RZ8R),Shear Viscosity

(ZSV), and Multiple Stress Creep Recovery (MSCHRPECR is the test moethod that has
proposed as a bettertestetor al uat e binderdéds contributatio

mixtures.This test method is explained more in details in se@idrof this thesis.

2.4.1.3Fatigue and Thermal Cracking

I n SuperpaveE PG sracking isfassumed to benmore pravaléngii e ¢
thin pavements, which is considered astraincontrolled cyclic loading lpenomenon
[27]. The dissipated work per loading cycle at constant strain is determined by using

Equation 2-5.

@ “8 80 i Q& 2-5
where:
work dissipated per loatg cycle,
strainapplied during the load cycle
complex modulusand
phase angle.

_,dzg.

The parameteiG*sin ( ln) Equation 2-5 is selected to evaluatéatigue cracking
resistance. This parameter is a combination of the total resistaccactong(G*) and

relative norelasticity of the binder (sini()) Decreasinghe G*and/orsif ) causes t
binder to behavkessstiff, and thusable to defornwithout storing large stressgx/].

Torelatetheac* si mdmnigmet er to fatigue cracking res
this parameterotbe measured at intermediate pavement temperature at a frequency of 10
radians per second (1.59 Hz). SaswelapnaveE a
upper limt for G* s i pafaméter to ensure that the binder has adequate stiffness to
resist faigue cracking Similar to rutting parameter determination, ti&* s i n ( U)
parameter is also determined by using a Dynamic Shear Rheometer TD8R)* s i n ( U )
parameter is determined for PAAged binders. PAV aging is performed to ensure that
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the most critial in-service condition is considered as asphalt binders tend to stiffen and
aged during [Pavement 6s | i fe

I n the SuperpaveE specification, ttlse ther
evaluated by creep responsec@yp stiffness) and relaxation (creep rate) of a binder to a
constant applied load. For this purpose, a Bending Beam Rheometer (BBR) is used to
apply a constant load to a small binder beam at lowest pavement service temperature.
Figure2-25illustrates the schematic of BBR operation.

Deflection
/ Transducer
Control and Air Bearing

Data Acquisition Load Cell

Fluid
Bath Loading
Frame

s <7 B
| \ . | Supports

Asphalt Beam

i

i

Figure 2-25 Schematic of Bending Beam Rheomg#l]

As stated byBahia et al[49], both the beam dimensions and load applying techniques
are resemblance ASTM D Staddard TeSt Methods for Flexural Properties of
Unreinforced and Reinforced Plastics and Electrical Insulating Matef&0$. By using

this standard, the elementary Berncdliler theory of bending prismatic beams is

applicable, thus the creep response is calculated by Hgumgfion 2-6.

00

YO 3 o 26
where:
YO creep stiffness at time dBeconds,
0  applied constant load
1 0 deflection at time of seconds, and

Ohchd ¢ '@ dimension of asphalt beam
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In Equation 2-6, a constant creep load of 100 grams (980 msNjpplied to arasphalt

binder beam specimen measuritZb mm in length, 6.35 mm in width, and 12.7 mm in

height for 240 secondés shown inFigure2-26, deflection of the beam is continuously
measured during the te3io relate the creep stiffness to thermal cracking resistance of a
binder, the Super pav edt 308 MRafoi the ceesp stffnessup per

measured at 60 secon@60)) and a lower limitof 0.300for creep raterfi-valug.

Super paveE al sagingsrquarenient ifoe measBrément of the mentioned
parametersince aging stiffen the binder and lower thevatue, representing the worst
case situationThe S(60)is detemined by using=quation 2-6, while the mvalue is the

slope of the logarithmic stiffness versus logarithmic time curve at time of 60 seconds (as

shown inFigure2-26).

Deflection Log Creep
‘ Stiffness, S{t)
3(t) [ = A Slope = m-value
‘wa ; " ey
’ i T
f i S
[ \ 2
m"““wxw; %‘,
simulates stiffness X
after 2 hours at
10° G fower temp
60 TR -
Time, sec 8 15 30 60 120 240

Log Loading Time, t (sec)

Figure 2-26 Related graphs of measuring creep stiffness (S) and creep rastu@)
[16]

McGennis et al[22] statedthat binders with retavely lower values of creep stiffness
will exhibit fewer amount®f thermal cracks in cold weather. Likewise, higher value of

m-value shows the ability of binder to absorb stress in the event of temperature drop and

exhibit lesser cracking tendency.
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It should be noted thdhe testingtemperaturdor the BBR tesis 10e Qiigherthanthe

lowest pavement service temperature for loading time of 60 secBatiga et al[49]

stated thatsuch offset was verified, at the ie of Superae E devel opment ,
sufficientto equate the S(60) to the asphalt binder stiffness at two hours loadingntime

the fieldat lowest pavement service temperature

2.4.1.4Moisture Damage and aging

Although moisture damage is a major distress mbde,e Super paveE does
particular specification on binder properti&ahia et al.[49] stated that the moisture
damageat the time of the SuperpgE s peci fi cati on devel opmen:
as a resultof the aggregate particles and asphalt interaction, and thus cannot be
appropriately addressed by binder propertiewever, the moisture damage (or
susceptibility) can be quantified by test method desigpedifically to evaluate the bond

between theibhder and aggregate particlesfamm of themixture.

Recognizing the significant effect of aging on pavement distress mbd&perave E

PG systenspecifies two aging procedures (as explainezl4nl):

1 RTFOto simulate te shoriterm aging of the binder due to heat and air exposure
during mixing at the HMA plantransportation, and placement; and

1 PAVto simulatethe long-term aging of asphalt binders that occursly exposure
oxidization, and hardeningf asphalt bindeafter several years of service.

24155uperpaveE Summary ficati on

Figure2-27 summarisesheS u p e r pP&\sgedificationsisdescribed iMMASHTO M
320-10[40].
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2.4.2. Multiple -Stress Creep RecoveryMSCR) Performance Grading

Recognizing thénadequacyo f S u p e|G*sinfl) euiting parameter inrpdicting

the rutting performance of some modifiedsphalt binders, an alternative standard
specification was developed tsethe nonrecoverable compliancen(Jto performance

grade binders as part of AASHTO MP-190 , i P e rGraded Msphatt &inder
Using Multiple Stress [6]]é&shpuldBenotedihatrtegting MS CR
for high temperature evaluation of binders is replaced in the AASHTO MBD 1@hile

fatigue cracking, thermal cracking, workabilitgnd aging testing are still similar the

SuperpaveE PG system.

As part of the MSCR PG gradinthe required environment®G and design reliability

levelar e stil |l sel ect ed aagorithmr whui pl ebrupfiagvi eafd 6P G
approach is eliminatetdy applying adjustments to th&, criteria to reflect different

traffic levels[51]. Such adjustment is reflected through using traffic grade prefixes such
asStandar HegwiysoYeirHyp ) heavy (AVO)v,y andEoEx twiet
corresponding traffic to the J, criteria is performed by traffic level designations
corresponding for different ESALs levels and spekstied in Table 2-1. For a better
understanding of the new ffia criteria, Table 2-2 shows such traffic designations

i ncorporated into thé®dumpewigbgueh®r pr édsent ed

Table 2-1 Traffic level designations for MSCR performance gradbig

Traffic Level _
. . Description
Designation
Standard ESALs of less than 10 millioand standard traffic with speed of
(AS0) more 70 km/hr
Heavy ESALs of 10 to 30 millioror slow moving traffic with speed of
(AHO) 20 to 70 km/hr
Very heavy ESALs of more than 30 millioar standing traffic with speed of
(AVO) less than 20 km/hr
Extreme heavy ESALs of more than 30 millioandstanding traffiovith speed of
(AEO0) less than 20 km/hr
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Table 2-2 Compari soi uonfpi mifpadc MSER performance grading
traffic designations

Adjustment to Bindrade Supe
(MSCR Traffic designation)
Design Traffic Load Rate
ESALs Standing Slow Standard
(million) (<20 km/hr) (20 to 70 km/hr) (>70 km/hr)
<0.3 - (S) - (S) - (S)
0.31t0 <3 2 (H) 1(S) - (S)
3to <10 2 (V) 1 H) - (H)
10 to <30 2 (E) 1 (V) - (V)
030 2 (E) 1 (E) 1 (E)

The nonrecoverable compliancep{)Jis measuredh accordancevith AASHTO TP 70

12, AThe Multiple Stress Creep Recovery (
Dynamic Shear R[B62¢. dhe eVBGRris tli{e DaBawing development of
Repeated Creep and Recovery (R@#t whichwas developednd recommendeas an
alternativetot he Su p e r p ally pafamete@urirjg/the INGHRP 40 project

[18]. RCR was recommeegd to be performed by a DSR at shear stresses rang of 30, and

300 Pa for 100 cycles of 1 second loading time followed by immediate unloading time of

9 second$18]. However,further stug of RCRby D'Angeloet al.[48] showed thathe

using RCR requires an extensive amount of time. This study led to the development of

the MSCR testas a better alternative to both RCR tass we | | as the Su
|G*|/sini) parameterin capturing essentiatontribution of asphalt binder in rutting
resistancg53]. Although the MSCR test has been accepted by many agexsctbe best

rutting performance evaluatipnt is still an evolvingtest in need of continuing
improvementsA recent study performed byahia et al[54] is one of the few studies
attempting to impart improvements to the MSCR test in terms of variability, stress

sensitivity, and trafficdvd.

The MSCR test uses the creep and recovery test cosiogfdr to the RCR test, except
different loading conditions. The test use$0 cycles of isecond creep load and
subsequent 8econd recovery at two stress levels of 0.1 and 3.2 t&Pealculate

parameter of),, as well as percent recovery (%Hjigure 2-28 illustrates a sample

calculation method for parameterg dnd %R, for a binderesponseat stress level 0.1
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kPa It should be noted thahe MSCRted recommend use oRTFO aged to capture the

possible effects of binder aging at mixing and constru¢&ah

0.1kPa Shear Stress
0.80 0.80
; otal =¥,
0.70 L gnr?icec;vgrr;clfggarsuam 0.70 Recovery= T;ta' M 100%
060 pp ess 060 Total
e 5= - 1.97kPa’ T Recovery= 8.500- 0197 x100%= 34.3%
g 040 "= 0.4kPa . § 040 ecovery= 0.300 (] wy/}
¥ (.30 @
' f 0.30+ 0.300
0.20 :" ..... - S 0497 0.0 .:k, ..................... ‘
: X 20} 0197 |y = Totalstrain
0404 yele 1 Unrecovgred N
{permanent) strain . 0107 Yar = Unrecavered
0 (permanent) strain
0% 288 ad0a 150 520,025 3014 35004 0 _
Time, seconds Time, seconds

Figure 2-28 Sample of calculation for MSCR test paramef&6

As mentioned previously, the AASHTO MP-19 recommends,Jcriteria corresponding
to differenttraffic loading rates and levels ranging from standard to extreraey while
the criteria values are recommended as the aveyhde for 10 cyclesat each stress
level. The MSCR test ats recommends an upper limit for the difference between the
average ) values at stress levels of 0.1 kPa and 3.2 kPa. The difference is calculated by
usingEquation 2-7. The J, difference limit is recommended by the MSCR test to ensure
that the under testing modifidznder is not sensitive to the stress levels of 0.1 kPa and
3.2 kPa.
VI 0 f
0 i 8D P T H—hz? hs 2-7
U hs
where:
0 ha The average nerecoverableompliance measured at 3.2 kPa

shear stress level (kPgp and

0 hg The average nerecoverableompliance measured at 0.1 kPa
shearstress level (kP3.
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Although the fatigue cracking parameter®f si mSu)same f or both Sup
system and AASHTO MP 190, the criterion changes to an upper limit of 6000 kPa for

any traffic | evel desi g rrigurei2@nPG reguirdments t h an
corresponding todifferent traffic level designations as part adhe MSCR PG
specificationsasdescribed iMMASHTO MP 1910([51].

Figure 2-29 MSCR PG system summajfyl]
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