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Abstract

Recycling asphalt pavement is consistent with the concept of sustainability and when engineered
properly, itcan potentially provide more caseffective alternative to conventional road practides.
2011, the Centre for Pavement and Transportation Technology (CPATT) at the University of
Waterloo, the Ontario Tire Stewardship (OTS), and the Ministry of Transportation of Ontario (MTO)
partneredo conduct several demonstration studies orirthevativeuse ofCrumbRubberModified

(CRM) asphaltpavementaindReclaimed Asphalt Pavement (RAP).

In a bid tobetter understand and resolve the technical challenges associatedcyitledHot Mix
Asphdt (HMA) mixt ur es as wel | a pavingdndustrg 1o @ maree susimdbladani o 6 s
economically viable direction, thigsearch involved comprehensive laboratory testing program to
characterizehe behaviour andnechanistic properties armbmpae the overall performance oén

array of typical Ontario Superpave HMAixtures incorporatin@, 15, 20 and 40% RARNACRM
mixtures with 20%RAP.

The laboratory testing protocols selected to characterize these mixtures ifihaks: rheological
assegssent teststo assess failure properties and grade asphalt binflaesmal Stress Restraint
Specimen Test (TSRST) to determine fracture susceptibility atdoweratures; the Hamburg Wheel
Tracking Device (HWTD) for assessing the combined effects ofng,jtttripping potential and
moisture susceptibilityand Dynamic Modulus tests to evaluate tigccelastic properties of the
experimental matrixesver a range of loading frequencies and temperature scenarios.

The study also included forensissessment ofagt CRM pavement sections, field monitorind the

2011 CRM-RAP demonstratiorsections and an overall cost and sustainability assessii@etman
researcHindings aresummarizeds follows:

1 Rheological characterization of binders indicated that the influence of RAP variation is
highly related to the performance grade of the base virgin asphalt cementCRMIdinder
modification significantlyimproved both complex shear modulu$* and phase anglell
parameters regardless of the binder grade. This had a significant impact on the rutting and
thermal cracking performance of the evaluated HMA mixtures.

1 With exceptions to theecovered binders frof20% and 40% RAP HMA mixtures with PG

52-40 and 5234 aghalt cement, all other recovered binders were observed to be more


http://www.pavementinteractive.org/moisture-susceptibility-2/

flexible at low and intermediate temperatures suggesting that the potential for improved
resistance to fatigue failure exists.

T Assessmentadynami ¢ modul us, | E* ¢geststhethe pbisexvedaix angl e, Y
stiffness is not exclusively a function of the improvements made by the improved
characteristics of the binder, but in combination with other factbh® master curve
construction using the rheological analysis software (RH8onfirmed these behavioural
tendencies. The observed mix stiffness was furthteserved to correlate well with the
mechanistic performance test results.

1 The wetprocess rubber terminhlend HMA mixture was noted to be distinctively different
from the rubber fieldblend mixtures in terms of performance, but no evidence within the
concerns of this research suggest that the rubbertietdi method is not effective or
feasible.

9 Forensic studies on extracted pavement cores indicated that the obsepmédmalistresses
are related to aggregate segregation resulting from the effects of permeability possibly caused
by poorly constructed or compacted longitudinal joints.

1 In-service pavement monitoring indicated thatRubberizedRAP sections in Ontariare all
performing very well in comparis to thecontrol sectionsvith RAP.

1 Study findings alsademonstrated the potential to incorporate up to 40% RAP contents into
rubberized pavementsHowever, such designs must take into consideration the consensus
properties of the aggregates and vo&tric properties of the binder.

1 The 40% RAP HMA mix was found to be the most environmentally friendly pavement
design alternative. Howevethe 20:20% CRM-RAP HMA mix was judged the most
innovative and optimal sustainalaption having satisfiethefunctional performance criteria
andbeing the most cosffective.

Based on these findingshe researclrecommend that CRM used in Ontario rubberizédMA

mixtures be subjected to both cryogenic and ambient methods of grifidiisgs a more effective

way to ensue better or comparable performance with conventidtidlA mixtures. The implication

of this would be higher initial construction costs, but the many benefits associated with rubberized
pavements including itprolonged service life would provide a tradef f over the paven

lifecycle; especially in terms of maintenance or the need to carry out major rehabilitation.
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Chapter 1

Introduction

1.1 Background

The term O6recyclingd applies to al-usedsratheraghare r y
destroyed or discded in a land fill.Such materials sometimeof high quality havethe potential to
reducethe demand for other nerenewable resources. Consequently, the opportunity to find a higher
value from a technical, economic and environmental perspective bechmewew challenge. The
motivation for recycling may differ, but the awareness that sustainable development is needed has had a
strong influence on materials recycling.

Asphalt pavemenineetsthe description of a reusable resource since it can be recylpdriaof the
road maintenance, rehabilitation ametw construction procesdVithin the scope forecycling asphalt
pavements, BclaimedAsphalt Pavement (RAP) a resourceof well-graded aggregates coated by
asphalt cemenor binderis considered the mosecycled product in North AmericlNAPA, 2011)
Although RAP utilization in Canada &comma practicejts use especially in surface coutdet Mix
Asphalt (HMA) mixtures is limited to@%. This trend in comparison the available supply of RA

the povince is considered conservative. Reasons for these limitatiave beenattributed tothe
variable quality of RAP, a general lack of handling and processing experbsdurability and overall
performance concesn

Scrap rubber tire is another rebkaresourceOver sixty million scrap rubber tires have been collected
in Ontariosince inception ofthe Ontario Used Tires Program 2009 (OTS, 2014) This program is
implemented by the Government of Ontario and operated by the OntariGEwardship(OTS).
Currenty, the scraptire supplyin Ontario isrecycled into higkguality products such as crumb rubber
tire derived aggregates (TDA) and fabricated products. Crumb rublmbtamed by shredding and
grinding scrap rubber tires to particle sizds3d86 mm(No. 6) - 0.075 mm (No0.200) mesh sieves
(reRubber, 2014)Crumb rubbeis of beneficial use when incorporated itdA, with the potential to
consume large amounts of scrabbertires This application is limited in Canadhue to inexperience
and premature failure of initial trial sectignshallenges with incorporation methods and cost
effectivenessNonetheless, crumb rubber modifi6fdRM) HMA mixtures isan established practice in

the United Statesparticularly instates likeArizona, Caliornia, Florida and Texg€altrans, 2005)
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1.2 Research Hypothesis

IncorporatingRAP and CRMnto HMA mixtures changeghe volumetric relationship between the three
componentgaggregates, asphalt binder and air vomfsthe mix These changesonsequety affects
themechanistic properties amderall performance of the iplacepavement

RAP in HMA mixture generallyproducesa stiffer mix that is beneficiald minimizing the effects of
pavement ruttingbut with a higherRAP percentage (i.e. > 25%he resistance to thermal and fatigue
cracking is often compromiset@he increased stiffness of the aged RAP binder, and degree to which
blending occurs with virgin binder is the primary cause of #lendingvirgin asphalt bindersvith
crumb rubber result®ia modified binder witlincreasediiscous, relaxatioand adhesive properties that
are favourable to the rutting, fatigue and thermal dérackesistanceof HMA mixtures. Therefore,

takingthe following concernsiith typical Ontario HMA mixturesnto consderation
9 Differencesn performance grad@’G) oftheresultantlended binder
1 Performance challenges with increasing RAP contents
1 The challenges with the generic processes of ufitRM

1 The limited investigations intdypical OntarioHMA mixtures incorporatingboth RAP and
CRM.

For this research, it is hypothesizitht combiing RAP and CRM intypical OntarioHMA mixtures

can potentially optimize pavement performancehe rubberized bindeblend is capable of
compensating for RAP shortfalls suah its effects on binder aging and mix stiffness thus improving

and providing safer andurabe pavementsin accordancewi t h Ont ar ifostéringthgoal s o
innovation of greener roads, this study provides agemgtbsdata which evaluates recycled evddls in

conventional Ontario HMA mixture3.he potentiad for economic gains further confirms whystudy of

this nature isiecessary.

1.3 Research Scope and Objectives

Through thisresearchrecommendations to advarnite sustainablaise of RAP and CRM edttively,

efficiently and confidentlyaresuggestedespecially in terms adelecting the binder type, crumb rubber



incorporation methodsind appropriate quantity dioth materialdor typical Ontarioasphalt mixtures

The following are specific objectiggursued irthis thesis:

1 Characterizghe stiffnessandmechanistic propertiesf typical Ontario conventionaRAP, and

CRM-RAP HMA mixturesthroughlaboratoryperformance testing

1 Investigatethe impact ofthei we tr o c @eynsinal and Fieléblendirg) CRM incorporation
method, change in binder grade andrease irRAP contenton the performance of dense and

gapgradedHMA mixtures

1 Compare and contrast performance of laborappgparedand planproducedrecycledHMA

mixtures.

1 Monitor and examineedected past and newly paved rubberized pavement sections in Ontario,
anduse findings to validate thgerformanceshortcomings, quality control and constructifn

such pavemenis practice

1 Perform an analysis dahe optimal design alternative throughsimplecost andsustainability

assessmetivolving the innovative use ®AP and CRM.

1.4 Research Methodology

The objectives of thisthesis were achieved through a comprehensive laboratory testohdield
monitoring program Laboratory testing wasondu¢ e d a't the University of
Pavement and Transportation Technology (CPATT) «ihthe-art pavement testing labatory with
complimentary support from DBA Engineering LimitddcAsphalt Industries LimitedMiller Paving
Ltd, and GoldeAssociated td.

In addition, past and newly paved rubberized pavement sections in Ontario were exanited
monitored in collaboration witlthe Ministry of Transportation OntarioMTO) and the Ontario Tire
Stewardship@T9).

The researchmethodologyconssts of a detailediteraturereview ofasphalt pavement recyclivgthin
the contexiof hot mix asphalt recyclingnd stateof-the-practice and performangeview of RAP and
CRM in HMA.. Theliteraturefindingsjustify the need to verify and evaluate tHiteetiveness otypical
OntarioHMA mixtures utilizingRAP andCRM.



1.5 Organization of Thesis

Thisthesisis comprised oSevenChaptersstructured as follows:

T

ChapterOneintroduces the studyith an overview of the scope, objectives and summary of the

adoped methodology.

ChapterTwo presentsan extensive review of the literature relatedréaycling asphalt
pavementith intent tojustify the need to verify and evaluate the effectivenesRA® and
CRM as valuable components tfpical OntarioHMA mixtures. The literature review is

concluded with a summary of challenges, research gadshe opportunitesfor innovation.

ChapterThreeexplains the resarch methodology in detadescribes the laboratory testiagd
protocols outlinedor the executiorof this study including ample preparation for each test
method

ChapterFour providesa detailed description adhe experimental matrimcluding observations
from material and mix characterizationsn inventory of the field pavement sectiort®red,

monitored and examined in this studyaisodetailed.

Chapter Five presents, analyzesomparesand discusseshe results fromthe laboratory

performance testinigncludingfindings fromforensic andield pavement examination.

ChapterSix provides an overew on sustainablpavementsThis Chapter also assesses and
compares the cosfffectivenessand sustainabilityf selected research case studies involving
various configurations of RAP and CRM in HM#ixtures in ordetto determinewhich

design alternativés the optimal sustainable optiof brief description of the assessment and

rating toolsusedin the analysis are also presented in this Chapter.

ChapterSevenconcludes the studyith recommendations for futuresearch



Chapter 2
Literature Review
2.1 Introduction

This chapter presents a literature reviewasphalt pavement recycling with focus on hot mix recycling.
A stateof-the-art-practice and performanaeview of reclamed asphalt pavement (RARnd crumb
rubber modifier (CRM) in hot mix asphalHMA) in Ontariois presentedThe literature review is
concluded with a summary of challesgeesearch gaps and opportunif@sinnovationwhich provide
the basis for thigiesis

2.2 Recycling and Reclaimed Asphalt Pavements (RAP)

An asphalt pavemeis typically composed ofine, coarse aggregates agphalt cemendr binder The
servicelife of an asphalt pavemeig dependent on factors such as the amount and weight fid, traf
climatic zoneand environmentquality of materials, subgrade strength, drainage, and quality of
construction. Timely and approprigieeservation anthaintenance can further extend pavement life and
contribute to life cycle cost savings.

The practie of recycling asphalt pavement dates as far back as the early (B®R4, 2000a) It is
considered a reusable resoumtéhe formof RAP. RAP refers to reprocessed materials generated from
milling existing asphalt pavements during maintenance, relsiwilit or reconstruction operations
(Copeland, 2011)RAP contains valuable aggregate and aspbalhentthat can be economically
substitutedo produce a new recycled hot mix asphalt (HMIA)s alsoused as a granular base or-sub

base, stabilized basegiggate and embankment or may be suitable as a fill mai€opkland, 2011)

This brings about huge savings on the extraction, transportation and use of virgin materials. The practice
further results in energy conservation, eliminates waste disposarosrend ultimately contributes to
environmental and sustainable benefitslustry expertare of the opinion thadlmost twice as much
asphalt pavements are recycled in comparison with paper, glass, plastic and aluminum ¢amdiasd

such RAP is conilered a major recycled material in North Ameri@HMPA, 2007)

The current annual production estimate of new asphalt pavement material in the United States is around
500 milliontonnes per year This consiss of about 60 million tones of reclaimed mat&l that is reused

or recycled directly into pavemenfslansen & Newcomb, 2007%ince 2007, transportation agencies

have reused or recycled about 40 milltomnes of RAP into other pavememelated applications per
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year, resulting in a total use of oveé®0 million tomes of RAP compared to 72 million toes used
annually in the early 199¢€opeland, 2011)

There are several recycling techniques to address spetfitenancepreservation, rehabilitation or
reconstruction needs of a deteriorated akppavement. Thestechniques depend dhe pavement
performanceandcan be used in conjunction with each other during roadway rehabilitation prajeets.
Asphalt Recycling and Reclaiming Association (ARRAassifiesthese techniquemto five broad
caiegories vhich include: Cold Planing (CP}ot Mix Recycling (HMR); Hot-In-Place Recycling
(HIR); Cold Recycling (CR);and FultiDepth Reclamation (FDRJARRA, 2000a) Within these
categories, a number of sdivisions are further defined. These incl{d&®RA, 2000b)

1. Hot In-Place Recycling (HIR)
a. Surface Recycling (Resurfacing)
b. Remixing
c. Repaving
2. Cold Recycling (CR)
a. Cold In-Place Recycling (CIR)
b. Cold In-Place Recycling with Expantisphalt(CIREAM) (Chan, 2010)
c. Cold Central Plant Recycling (CCPR)
3. Full-Depth Reclamation (FDR)
Pulverization
Mechanical stabilization

Bituminous stabilization

o o o p

Chemical stabilization

Depending on how and where the RAP is produced and used, the categories of respihai
pavementsr e f ur t her cHlaascse of-FlamiméihddlThe InBldcen asphalt recycling
method is onavhere theRAP is modified and used esite. This enables agencies to optimize the value
of on-site mateials, minimize construction time and disruptions to traffic flow as well as reduce vehicle
emissions from long traffic queue¥/hen compared to the time required for conventional rehabilitation
methods of millig and overlaying with HMA, thentPlace method makes it possible to return the
pavement to service quick@darrington, 2005)The InPlant recycling methodasically transports the

RAP material after milling to a central hatix asphalt plant where the recycled mixture is produced.
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Each suldivision of asphalt recycling is dugly in its own right However, his study focuses on hot
mix regycling techniqus, which combines RAPvirgin aggregates, new asphalt binder, anafer
recycling agentandwaste productso produce anew recycled HMA for use gzavement surface and

binder coursapplications

2.3 Historical Perspective of RAP Utilization in Canada

In Canada, the demand for RAP use is largely driven by the increes#tgof both materials and
transportation. This includes thomsts of producing asphalt concrete, scdocally availablequality
aggregates, and thmovement towardlow energy, lowemissions and environmentally friendly
pavementmaintenance, preservatiorghabilitationand reconstruction treatmeniBhe first concerted
efforts to recover and reuskemolishedasphalt paving materials in Ontaricese conducted in 1980
basedon the report of theéask force set up by the Ministry of Transportation Ontario to study the
recycling practices in the United Stai@¥rong & Oliver, 1981) This program specified a maximum
recycling percentage of 70 and was considered successfulisibmmught about economic benefits
achieved through the conservation of approximately 126,00=af virgin aggregate that would have
been consumed if RAP were not ugeédrong & Oliver, 1981)(Lynch & Evers, 1981)

In 1982, the province of Alberta bag its recycling program in a laboratory study that investigated
several mix ratrixes containig 501 75% RAP (Anderson & Palsat, 1982n New Brunswick,using

40% RAP in base courses between 1985 and 1987 saved almost 40,080 dbasphalt cemensee
Figure 2-1 (Fleming, 1987) Table 2-1 summarizes recycling percentages used in various Canadian
provinces as of 199(Emery, 1991) The Table indicates that out of the IZanadian provinces and
territories, nine were incorporating RAP in new HMA while one province, Prince Edward Island, was in
the trial phase of incorporating RAP in to HMA. It also indicates that the highest incorporation
percentage was in Saskatchewan whih lowest being in Quebec. It is important to note that at the time
these statistics were obtained, both Ontario and Quebec, had four years more experience with RAP use
in HMA than Saskatchewan. The results of a 2007 survey conducted by the Northa&CRagartment

of Transportation (NCDOT) on behalf of the Federal Highway Administration (FHWA) and the
American Association of State Highway and Transportation Officials (AASHTO) to determine the level
of RAP use across the United States and in Ontaricadzaimdicated an average use ofi 115% RAP

in subsurface, base, and shoulder mixtures, but with restrictions in surface courses due to performance

concerngCopeland, 2011)
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Table 2-1: RAP Percentages in New HMA in 1991Emery, 1991)

RAP

Province/Territory Incorporated Perl?:ériage
(Y/N)

British Columbia Y 20%- 40%
Alberta Y up to 40%
Saskatchewan Y 30%- 70%
Manitoba Y 30%- 50%
Ontario Y 15%- 50%
Quebec Y 15%- 30%
Prince Edward Island N (Trial) -
New Brunswick Y up to 45%
Nova Scotia Y up o 35%
Newfoundland N -
Yukon Y Not known
North West Territories N -




The United StatedNational Asphalt Pavement Association (NAPA) establishgdal to incrase RAP

use to an average of @bby the end of 2013The NCDOT survey was repeated in 2008isTsurvey
revealed the potential for State trangption agencies to use up to 3(RAP in the intermediate
pavement layers above the permitted specificati@epeland, 2011)To validate these findings, a 2010
recycle survey conducted by teA S HT O deomngtiee on Materials furthetemonstrated the
interest by manyransportatioragencies to allow for more RAP content in the base and binder course
mixes than in the surface cour68ASHTO, 2010) The survey also indicated that the maximum
allowable RAPcontent in surfag mixes generally varied from © 100% where testing results were
adequate. In addition, the survey reported that most transportggorcies limit their surface HMA

RAP content to between 2% with only two agencies clearly stating thao RAP was allowed in

their surface course mixek the case obinder and base course mixéise majority of respondents
acknowledged limiting theiRAP percetage to between 230%, while six respondents allowed greater

than 306 RAP. Three survey respdents indicated that they had no limit on the amount of RAP that
could be included in HMA mixes and that the percentage allowed is basestiog results. Aie survey

further showed that the RAP percentage allowed in the shoulder HMA mixes was sinthase used

in base and binder courg@ntario and Texas had the highest maximum RAP inclusion%t Bigure

2-2 is a histogram showing the maximum allowable RAP percentage in surface, binder and base courses
(AASHTO, 2010) Figure2-3 compares the maximum allowable and average contractor RAP use in the
base course.

The amount of RAP allowed in a recycled mix and guidelines as to where such mixes can be used in a
pavementstructure varies by agency. Some agencies routinely allow a minimum-256%5RAP
whereas others permit higher amounts of RARe use of RAP in Ontario is governed by the Ontario
Provincial Standards and Specification (OPSS) 1150. The standard allaes20f RAP in surface
course, 30% in the binder course, and up to 50% can also be used in certain situations provided testing
results indicate that the recycled mix meets sp
approval(OPSS 1150, 2010Dntario contractors are however, usually reluctant to use more than 20%
RAP by mass for surface course mixes owing to differences in asphalt cement grélagioret al.,

2010) Table 22 shows the maximum RAP allowance in typical Ontario HMA pavemestsdoan the

design Equivalent Single Axle Loads (ESAKSPSS 1151, 2007Where higher RAP concentrations
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are required, it is critical that proper material evaluation, mix design, binder selection, construction, and

guality control issues are addressed.
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Table 2-2: Ontario's Maximum RAP Allowance (OPSS 1151, 2007)

Traffic Binder Course | Binder Course Surface
Category 150 mm or Within 150 Course
(Design More Below mim of Excluding
ESALs) Pavement Pavemeant SMA

Surface Surface
< 3 million 40% 40% 20%
3 to 30 million 40% 40% 20%
= 30 million 40% 20% 20%

Thecurrent annual RAP recycling tonnage in Canada could be put at approximately 80.3 nriltien to
(Aurilio, 2011) Thesurvey ofrecycling statef-practicein Canadaevealedhat out of he 11 provinces

and territories British Columbia, Saskatchewan and Manitoba place no limit on the usage of RAP in
HMA. However, testing would be required to detare the amount of RAP that can be included in
HMA. Nova Scotia and Prince Edward Island (PEI) do not consider sustainability in their pavement
design and management policy nor permit RAP usage in new AME, 2013) All five cities in the
province of Orario actively consider sustainability in their pavement design and management policy.
Based on the recent survey which was conducted as part of the Transportation Association of Canada,
Pavement Asset Design and Management GURA usage in Ontario iBow consideredcommon
practice approximately4years after the first trial sections of flexible pavemeatstaining RAP were
placed(Tighe & Bland, 201Q)

South Africa,Japan, Australia, United Kingdom, France, Germany and other European countries have
also recorded great success in recycling asphalt pave(Msrill et al., 2004) When properly
engineered and constructed, RAP performs as well as pavements builtirgithmaterials(Brown,

2000) Emery, also shares these thoughts based on performancecandmics of existing pavement
sections containing RAPThe work notedthat the use of RAP in new HMA has become common
practice in the Canadian pavement industry since there is no justification for HMA containing RAP to be
considered inferior to convential HMA pavement§Emery,1991) In countries such as the United
States andCanadawhere knowledge of recycling has advanced, the present chaitetmeeduce the
quantity of discarded or stockpiled RAP by considering innovative means to increasewadlallRAP
content in HMA. To ensure confidence in the HMA design procedure and overall success with using
higher RAP percentagds 25%) in HMA mixtures, many durability concerns related to the interaction

between virgin and recycled materials must beesikd.
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2.4 Recycling Scrap Rubber Tires

Scrap rubbettire is a tire that can no longer serve its originalintended purposdt is measurd in
passenger tire equivalenBTES. A passenger tire typically consists 47% rubber compound?1.5%

carbon black16.5%steel,5.5% nylon/fibre (RPA, 2012) The historical background and development

of reusing and recyclingcraprubber tires goes back more than a hundred years to a time when rubber
was a scarce commodity. It ikereforefair to say that the rubbeegycling industry is as old as the
industrial use of rubber itself.

Each year the United States and Canada generates and stockpiles nearly 300 million scrap tires which is
approximately equivalent to one passenger tire per f@RRA, 2012. While a limited number of these

scrap tires are used for resource and energy recovery, thmajasity go to landfills or are disposed in

an environmentally unacceptabieanner(RPA, 2012) Besides occupyin@ large expanse of land
which otherwise could be usdor infrastructure and agricultural development purposes, the potential
for large fires, which releases toxic chemicals and air pollutants also @sts 2012) A case in point

is the February 12, 1990 Hagersviile tire fire in Ontdfiabib et al, 2009) In addition, scrap tire
stockpilesalsocreate an ideal breeding environment for mosquitoes and other pests resulting in health
complicationgEPA, 2010)

Thescrap tire recycling industry in Canada is managed through stewardship pragraachCanadian
province. These programs acemparabldn terms of structure and operatiaa noted irFigure 2-4 by

the tire recycling industry in CanaddqTRI, 2014) Since scrap tirehave no economic value and
recycling isnot possiblewithout government incentivestewardship prograsnconsisting ofhaulers,
retailers and processordake on the responsibility of promotirige recycling and elimination afcrap

tire stockpiles.Over sixty million tires have been successfuliycycled since the launch @intaridd s

Used Tires Programincorporated under the Waste Diversion Amid operated by Ontario Tire
Stewaradhip (OTS, in September 2000TS, 2014)

The recycling system begins with the generators who include tire retailehi;le recyclers,
municipalities, landfills and tire marshalling depdfERI, 2014) Generators collect a fee from
customers for every new tire sold and remit it to the authority concerned within a stipulated time frame.
Depending on the provincial regdion, the generator may or may not receive a handling allowance. As
reqguired by Ontariods amended Regul ation No. 84/ C
Fee (TSF) calculation using the actual 2013 tire supply figures and Used Tires Progmamc@diE

(OTS, 2014) The next phase of the tire recycling proces®lvesthe transfer of tirefrom generators
12



to processorsHaulers are paid a fixed amount per tire by stewardship authorities depending on the type
of tire andhaulagedistance. The pessorsonvertthe scrap tire into materials that can be used by the
endmarkets. The output of processors is usually crumb rubber, shredded rubber, scrap steel and fine
ground rubber. Processors are paid by Stewardship Boards oropadé of productslerived from

scrap tires. The financial performance of processors depends on their cost structures, government
support and demand from enghrkets.

Consumer
The Retailers Vehicle Recyclers Municipalities
Haulers
Processors
Tire Detived Fuel Civil Epgigeering Other Rubber
Applications Products

Figure 2-4. Scrap Tire Recycling Industry Structure in Canada (TRI, 2014)

Technologies such as ambient mechanical grinding, cryogenic grinding and pyrolysis are currently in
use for recycling scrap tir¢€altrans, 2006)The choice of equipment depends on the desired quality of
crumb rubber, which in turn depgsion the endnarkets that are served by the processors. The ambient
technology consists of grinding scrap rubber tires at or slightly above ambient temperature using a
granulator or a cracker mill. Cryogenic method consists of freezing the scrap tiee alddmperatures

near-80°C using liquid nitrogen until it becomes brittle, and then cracked into smaller particles with a
13



hammer mill. This process requires less energy than others and produces rubber crumbs composed of
smooth, clean, flat and much finguality. Rocessors who use cryogenic equipment incur higher costs
both for the machinery as wels thdiquid nitrogen that is used in the process.

Pyrolysisis a more technically viable recycling process aimed at recovering the original raw materials
(carbon black, scrap steel, oil and hydrocarbon gases) from which the tire was made. It consists of
thermal decomposition of scrap tires either in the absence of oXy§in2014) The most common
applications for scrapubbertires use either whole ohsedded tires or rubberumbsderived from tires
sincethe recovery of original raw materials from tires is expensive and involves an elaborate chemical
processThe main endnarkets for different products obtained from recycling scrap rubber tireslénc

crumb rubber applicationgjre-derived aggregatesand fabricated productslable 2-3 provides a
description and use of each product in Canada.

Table 2-3: Scrap Tire Recycled Products and Usein Canada(Tighe, 2011)

Product Product Description Uses

- Playgrounds instead of sand
- Mulch in landscaping applications

Scrap tires that are process - Pourin-place product in playground after mixing

Crumb and then ground up to variot

! 1 with epoxy
Rubber sizes to produce a coarse Sg L .
- Raw material in molded product such as engine
or small gravel type product
components

- Asphalt road mixes

- Subgrade fill and embankments

Tlre_ Scrap tires are cut in to sizq - Backfill for walls and bridge abutments
Derived ! : ;
ranging between 25 mm an| - Landfill projects
Aggregate . : .
(TDA) 300 mm - Lightweight fill

- Septic system drain fields

Fabricated Products that are made [-Base of traffic cones

Products cuttmg. various _parts of th - Blasting mats
scrap tire ad reusing
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2.5 Recycled Hot Mix Asphalt (HMA)

A recycledHMA mixtureis the product of mixing reclaimed asphalt paveniB#tP), virgin aggregate

and new asphalt cemdbpinder (unmodified or modified), and/or other retiyng agents and waste
productsin a hot mix plantA wide variety of asphalt cement and aggregates are used in the production
of conventionaHMA mixtures However, regardless of the source, processing method, or mineralogy,
the overall goal of any HMA mi design process is to recommend a mix that can withstand the
combined actions of traffic and the environméiitis study iSocused on HMA mixtures recycled with
RAP and CRM

2.5.1 Recycled RAP HMA Mixtures

As with the case of conventional HMA, recyclBAP mixtures should be designed properly to have
similar properties and ensure proper performance. A recycling ratio is the percentage relationship
between theecycled materialand virgin aggregasghatmake uparecycled hot mixasphalt

2.5.2 RAP Material Characteristics

The materialpropertiesof RAP is largely dependent on the properties of the constituent materials (i.e.
aggregate type, source, quality, size, and extracted binder grade). Its composition is also affected by
previous maintenance and preservatativities applied to the existing pavement. Additionally, RAP
from several projects is often mixed in a single stockpile where harmful materials or lower quality
materials may be present. This introduces high variability in RAP material properties amdsihis in

a variable HMA mixture. Using low quality and/or highly variable RAP materials may eventually lead
to premature failure of the HMA pavement.

RAP generally hasigher dry density, California @ringRatio (CBR), Resilient Modulus (M), and

field elastic modulus compared to virgin aggregates. However, the optimum water content and the
maximum bulk density of RAP are lower than that of the conventional granular mat8egedet al.,

1993)

The gradation omilled RAP is generally finer thamsi original gradationandgenerally finer and denser

than that of virgin aggregatedayer & Popp, 1997)In comparison tovirgin aggregates, RAP
aggregates have low specific gravity and high water absorption charactekgtien.blended wih

natural aggegates fogranular basese the asphalt cement in the RAP has a signifistrengthening
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effect over time. It issuch that specimens containing to 40% RAP have produced CBR values
exceeding 150 after one weganks & Magni, 1989)

Mineral aggregats constitug themajority 93-97% by weightof RAP. Only a minor percenta@e7% of

RAP consists of hardened asphalt cement. Consequently, the overall chemical composition of RAP is
essentially similar to that of the naturally occurring aggregseis ts principal constituenfFHWA,

2008) Asphalt cement is a high molecular weight aliphatic hydrocarbon compound imited|
concentrations of sulphur, nitrogen, and polycyclic hydrocarbons (aromatic and/or naphthenic) of very
low chemical reactivity. It antains asphaltenes and maltenes (resins and oils). Asphaltenes are more
viscous than maltenes, and is a major factor
converts the oils to resins and the resins to asphaltenes, thus resultingeindgimfyand a higher
viscosity binder(Noureldin & Leonard, 1989)Table 2-4 provides a summary of the physical and
mechanical properties of RAP.

Table 2-4: Physicaland Mechanical Properties of RAP(FHWA, 2008)

PTr }cl)?)?ar?; RAP Properties Typical Range of Values
Unit Weight 1940- 2300 Kg/n?
Moisture Content Normal: up to 5%; Maximum: 78%
Physical Asphalt Content Normal: 4.5- 6%; Maximum Rage: 3- 7%
Properties
Asphalt Penetration Normal: 10- 80 at 25°C
o Reﬁgig'r‘gg X'Sspchoasl'ttéemer Normal: 4,000 25, 000 poises at 60°C
Compacted Unit Weight 1600- 2000 Kg/ni
Mechanical
Properties California Bearing Ratio 100% RAP: B - 25%
(CBR) 40% RAP and 60% Natural Aggregate: 150% or High
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2.5.3 Implementing the Superpave Mix Design System for RAP HMA Mixtures

The design methods for RAP HMA mixtures are similar to conveatimethods, but with necessary
adjustments to best incorporatee thld asphalt cemenBrocedures, guidelines, and requirements for
designing Superpave mixtures are described in the Superpave nf@REal 2005) Although the

manual did not rule out the use of RAP, it also did not establish any set guidance on hoRA® use
Superpave mixtures. Consequently, the RAP Expert Task Force provided specific recommendations for
inclusion of RAP in Superpave volumetric design procedure based on quantity of RAP to be used in the
total mix (FHWA-ETG, 1996) Propersampling andesting of the RARggregate and binder is required

to determine its gradation, binder content and properlibs is to ensure that RAP materials are
compatible with the virgin materials, and that the new blend satisfies the asphalt binder and resultant
HMA mixture requirements. A blending chart systenbased on a linear relationship between the
logarithm of viscosity at 60°C of the aged binder and quantity of new binder or recycling agent in the
blendwas developed bthe Asphalt Institute as a methodestimating the RAP percentage for use in a

new HMA mix (Asphalt Institute, 1989)

The selection of performance grade asphathent (PGAC) is based on temperature conditions, traffic
loading and available material$he Superpave system selects an apptgpibinder based on the
climatic conditions for a specific location with a predicted traffic speed and volume. Therefore, it is
important to determine how the binder characteristics may be influenced by the percentage of RAP used.
Studieson usingthe Superpave binder tests at high temperatures reported that a linear relationship exists
between logs*/sin (U) and percent virgin binder in a blend of virgin binder and extracted RAP lasder
noted in thePavement Recycling Guidelines for State and Local @Guowents Reference Book
(Khandal & Mallick, 1997)Note that the expressio@ andu refer to the complex shear modulus and
phase angle of the effective binder from the mix blend respectively.

In a similar study that investigated the relationship betw@&tmnd percent virgin asphalt in the mix
blend based otesting at 58°C, 64°C, and 70°& decreasing linear trend was evidentGdfsin (U Yor

01 75% virgin asphalt whereas it remained fairly unchanged far 80% virgin asphal(Ceccovilli,

1996) Based on the relationships percentage of RAP and virgin binder required to meet Superpave
high-temperature binder specifications could be determiiiadlle 2-5 illustrates the binder selection
guidelines for RARMixtures(McDaniel & Anderson, 2001)
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Table 2-5: Binder Selection Guidelines for RAP Mixtures(McDaniel & Anderson, 2001)

RAP Percentage
Recovered RAP Grade

Recommended virgin asphalt binder grade PGlgv)sgf o' | PG xx16 PGh?(é;leor or
No change in binder selection <20% <15% <10%
Selct g b 0 gade sl han SR CS 2030w | 1525w | 1035
Recommended virgin asphalt bindeade >30% >25% >15%

Typical Ontario Superpave HM#ixtures aralesigned in consideration of thesetéas whether or not

recycled materialsare tobe incorporated. Thismproves durability and reducethermal cracking

potential Based on geographical and &ather informationFigure 2-5 hi ghl i ght s
divisions with its corresponding performance graded asphalt concrete (PG#A@)easTable 2-6

Ont arii

hi ghl i ghsP&GSAQsRIécton driteria for HMA mixturdy the design temperatuaed the RAP
content of the mixFor consistencythe Superpave mix implementation for RAP HMA mixturgsde

change is not required for mixes with up to 20% RAP, but one grade lowes RGommended for

mixes with 21 to 40% RAP.

The PGAC designations shownTiable2-6 are for typical traffic conditions on arterials, collectors and

local roads. The PGAC high temperature grade is increased lyy bme grades in order to increase the

rutting resistance of HMA mixes for slow speeds, higher percentages of heavy commercial vehicles, or

frequent stops and startBhe aggregates and mix properties in the Superpave design depends on the

traffic loading. Ontario has five traffic categories based on the traffic loading in the amount of

Equivalent Single Axle Load (ESAL) in the design lane over 20 year period: Category A (less than 0.3

18

(0]



million), Category B (0.3 to 3 million), Category C (3 to 10 milliongt€gory D (10 to 30 million) and
Category E (Greater than 30 million). The HMA mixtures evaluated in this study are designed for traffic

category B, C and D; typically used for major collector and minor arterial roads in Ontario.

ZONE BORDERS

Zone  and 2

from Georgian Bay, east along the
French River, Lake Nipissing,
Mattawa River to the Ottawa River

Zone 2 and 3

from Honey Harbour, south-easterly
through Longford, Tay lor Corners,
Caven, Campbellford and
Mallorytown

Figure 2-5: PGAC Divisions in Ontario (OHMPA, 1998)

Table 2-6: PGAC Grade Selection in Ontario(OPSS 1101, 2002)

PGAC Zones

Zone 1 Zone? Zone 3

New Hot Mix

or U to 20% RAP -4 8- 5828

21 to 40% RAP 52-4) 52-4) 5-34
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2.6 Crumb Rubber Modifier (CRM) in HMA Mixtures
Crumb rubber modifier (BM) is anattractive application for HMA mixtures and presents one of the
most effectiveoptions forrecycling scrap rubber tirels hasbeen used in asphalt binders FiYIA since
the 1960Epps 1994) Incorporating crumb rubber into HMA improves theamnanical characteristics
of the mix. CRM HMA mixturesare produced by thoroughly mixing the asphaibber binders with
other components of asphalt concrete. The two processes used to incorporate CRM into HiMA are
oOwet proces & o a (€dtrang, 2@06) Bhd wetprocess involves blending fine crumb
rubber powders with virgin asphalt binder to form asphalt rubber binders prior tdMRemixing
operation whereas the dry process utilizes crumb rubber particles that are coarser than theseein t
process and are considered part of aggregate gradations.
Charles H. McDonald is credited for the development of the wet praspsmirubberbinders in the
United StategEpps 1994) During the wet process, rubber particles absorb the aromadlsciro the
binder and swellthus increasing theiscosity and stiffness of bindéFonteset al., 2006) The wet
process can accommodate dense, gap and open graded mix design. Htwevemprocess gives the
best performance with gapaded mixesincethis distribution provides adequate space for the CRM
particles in the aggregate matrix to substitute 1 to 3% of the fine agg(eticke et al.,2013) Gap
graded mixes do not only provide space for binteit also increasethe resistance against faie
cracking since more binder is introduced into aggregate sk€letoeset al.,2006)
The dry process does not modify the asphalt cenbemthere is some potential for interactions between
the CRM and the asphalt cement during mixing, sileagmrhauling, placement and compact{éticks
et al.,2013) CRM is extensivelyusedin Arizona, California, Florida and Texas for rubberized paving
(Hicks et al.,2013) Sinceits early days, its use haspanded to colder regions in the United States,
China, and Scandinavi@icks et al.,2011) Although Table 2-3 aboveaffirms crumb rubbeuse for
asphaltroad mixes the Canadianexperience withrubberizedpavements is limited since initial trial
pavement sectionsonstructed in the 1980s resulted in premature faildres was creditedto poor
shortterm performance of the dry process usab®wever, the wet process showed potential for
reduced maintenance costs for asphalt pavements and could be {&asinig, 1995)
Following the renewed interest into RMAavements in Canadahe key question facing Ontario
communities and, in particular, the transportation and its associated industries is not anyetbee,
but rather how to eliminate, or reduce to an ptaigde level, the number of scrap tires in the waste
stream Fortunately, the technology, procedures and specificatfonsusing crumb rubber have
20



improved significantly sinc®© n t a initiab tass, so the focus now is to investigate the performance
and environmental soundness of using crumb rubber as a modifier in HMA as well as the recyclability

of rubberized pavements.

2.6.1 Asphalt-Rubber Binder (AR)

Asphalt rubbebinder (AR) is a blend of virgin asphalt cement/binder, CRM and certain additives, in
which the rubber component is at least 15 perdantveight of the total blendncorporatingCRM in
virgin binders improves the properties of virgin bindei(Rpbertset al.,1996)

1 Lowering the viscosity at the construction temperature to facilitate pgmpixing and
compaction of HMA.
Increasing the viscosity at high service temperatures to reduce rutting and shoving.
Increasing relaxation properties at low service temperatures to reduce thermal cracking.
Increasing adhesion between asphalt binder agaggtes in the presence of moisture to reduce

or prevent stripping.

Asphaltrubberbinder is also used in several surface preservation and maintenance or rehabilitation
treatments in the form dbtress Absorbindlembrane Interlaye(SAMI) as rubberized fp seal and
rubberized chip seal. This application has been found to minimize reflective cracking from an
underlying distressed asphalt or rigid pavement and help maintain serviceability of the pavement
pending rehabilitation or reconstructi¢@altrans, 206). The performance properties asphakrubber
binders in HMA pavement are not always easy to predict due to the complex nature of the rubber
materials and various interaction effects with different types of asphalt binders, depending on the CRM
percenage, source and size of aggregéRabertset al.,1996)

When CRM is added to the asphalt cement, it should meet the final PG grade specified for the pavement
design. Thus, the base PG asphalt cement pritretaddition of rubber may be d&rent fran the final

rubber asphalt PGDneof the challenges in Ontario islated tomeeting typical PGpecificationgor

cold, moderate and warmer climate ardass important to note thdor these areas, typical binder
gradesusedareusuallybumped due tboth higher traffic levels and static or slow moving le\elieks

et al.,2013)

The asphalt rubber binder depending on manufacturing precetsssifiedas terminal blend or field
blend.Terminalblend refers to the type of wptocesshat blendsabait 5 to 12% CRM particle sizes

less tharSieve No. 300.6 mm Meshinto theasphaltcement (AC)at temperaturebetween 205 and
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220°Calong with a polymerwhereas fieleblend asphalt rubber incorporatedout18 to 20% CRM

particle sizes less than Siewdo. 10 (0.2 mm Meshdlirectly into theAC before it is mixed with the
aggregategHicks et al.,2013)

Terminal blending fully digestthe rubber crumbito the asphalt and polymer without leaving visible,
discrete ruber particleor need forcontinuows agitation(Asphalt Institute, 2008)out in fieldblending

AR is maintained at temperatures between 165 and 220°C after the mixing process for at least 45
minutes to an hour since this ensures that the blend is completely (rlicdd et al., 2013) This
agitation process allows for the absorption of maltenes into the rpalielesand results i binderof

high viscosity. The categorization of termindlendasa wet process has been a controversial issue over

the years. Some researchers are ofophiaion that it should be grouped as an independent method of
incorporating CRM into HMA mix design owing to the difference in fine rubber gradations and lesser
viscosity which makes it more suitable for only degssded HMA mixturegShatnawi, 2011)

In total 5-12% CRM by total weight of binder constitutabout 05% by weight of the mix, and8-20%

CRM by total weight of binder is about 1% by weight of the.mixc cor di ng t o t he
Specification for AsphalR u b b e r B i22%dGRM by, weighBofhe total asphalt binder represents

high rubber conten{ASTM D6114, 2009) Table 2-7 comparesthe various CRM incorporation
technologies in terms of their advantages and disadvantagesall, the literature confms that CRM

HMA typically creates more flexible, durable and safer pavements by improving frictional properties,

increasing resistance against aging, reflective cracking, stripping and (Etimgset al.,2006)

Table 2-7: Advantages and Disadvantages of CRM Incorporation Technologigdascioglu, 2013)

Technology Advantages Disadvantages

Wet process

, 1 Offerssuperiorperformance 1 Possble segregation of crumb
Field Blend comparedvith many pdymer rubber particles if not properly
modified asphalt binders. mixed.

1 Risk of mix swelling with
improper crumb rubber gradation

1 This affects compactability and
maintain voids specifications
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Wet process

Terminal Blend

Offers superior performance
compare with many polymer

More expensive compared with
the other processes.

modified asphalt binders.
1 Utilizes less crumb rubber
1 No segregation of crumb rubber| particles.

particles.

1 Can be hauled for long distance

Dry Process 1 Good skid resistance and-aéng 1 Anti-oxidants are not complete
properties. mixed with the binder.

1 Less expensiveand utilizes more
crumbs.

2.7 Performance Evaluation of RAP-HMA Mixes

Performance evaluation of HMA mixtures containing different RAP percentfumh field and
laboratay testing) have been pilotedvith results indicating that properly designed recycled HMA
mixtures have performed comparably to conventional HMRAP pavement sections constructed in
1982, 1983 and 984 exhibited a decreasing progression in reflectivekitrgcand an identical rutting
performance compared to virgin sectidMcMillian & Palsat, 1985)However, lardening of the RAP
stockpile and high emissions produced during the production of recycled mixes were issues identified at
the time. Owing to the comparableperformanceof recycled asphalpavementsand conventional
pavementsuse of RAP is considered a viable option for rehabilitation of asphalt pavements iraAlbert
(Andersonet al.,1989) In sewice evaluation of 1425% RAP pavement sections wefeund to be
performing satisfactorily after 1.5 to 2.25 years with no significant rutting, raveling and weathering, or
fatigue cracking issug&handalet al.,1995)
The mix design process and selecting the correct asphalt binder grade is critiearacking ptential
of mixes that do or do not contain RAIR.terms of mix durability, RAP mixtures have shown better
resistance to the action of water and slower rate of agmingpared to virgin mixes since the RAP
binder has already undergone oxidatend tends to retard the rate of harderfMgyerset al.,1983)
(Kiggundu,et al.,1985)
The iterature confirms that RAP increases the mix stiffresssimproves the rutting performance, but
provides inconsistent fatigue and thermal resistive pedoo® when compared with virgin mix@sam,
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et al.,1992) (MacDanielet al.,2000) (Sargious & Mushule, 1991JHuanget al.,2004) The increased
stiffness of the aged RAP binder causes an increase in the modulus of blend which in turn affects the
mixtures fatigie and lowtemperature cracking.

A 2005 study observedhigher modulusand creep compliance curves ft5% RAP mixes whereasat

25% and 40% RAP concentratiotise moduluswere comparabléo those of the control mix for both
tension and compressioifthe cause of thesenexpected reswdtwere linked to a combination of
gradation, asphalt content and volumetric prope(Dasiel & Lachance, 2005)

An evaluaion of the moduli effects when 15RAP was addedo HMA using asphalt cement type PG
64-22 ard PG 5828 for 25% and 40% RAP indicated some differences only at high temperatures for
40% RAP content and the control nf&hahet al.,2007) The results of dynamic and resilient modulus
testing indicated that while the phase angle of the mix decretsednix stiffness increased with
increasing RAP percentages implying that a reduction in phase angle corresponds to an increase in the
elastic properties and a reduction in the viscous properties of th&aordaget al.,2002)

An examinationof the effects of RAP percentages and sources on HMA propediesledthat as the
percentage of RAP in a mix increased, there was increased variability in the dynamioanadiugs at

lower temperature$li et al.,2004) Performance findings from 4992 RAP aidy within different
regions in Ontario and using different asphalt binders and recycling ratios (60/40, 30/70, 50/50, 70/30
and 25/75), found five road projeatenstructed within the period 1981 and 1983 to be more prone to
thermal cracking in comparisaa conventional HMATamet al.,1992)

Incorporating50% RAP into HMA with a softer bindedecreased the rutting potentéidincreased the
potential for lowtemperature crackingout showed that an increase in RAP was accompanied by an
increase in tesile strength ratio (TSR)Gardiner & Wagner, 1999Note thatthe TSR is a measure of

the mix resistance to moisture damagke TSR for thamix containing 50% RAP and a softer binder

was the same as that of the virgin mix.

In 2008, Widyatmoko preparedearing and base courseixes with 10%, 30%, and 50% RAP
contrary to what is known in existing studies, the mixtures containing RAP showed lower resistance to
permanent deformation compared with control mixtysdyatmoko, 2008)One of the few studies

that evaluated the resistance to moisture damage and thermal cracking of field and lapmrptoed

HMA mixtures containing 0%, 15% and 50% RAP noted the following observdtiona et al.,2011)

1 Laboratoryprepared samples containing 50% RAP amhak cement (AC) type PG 58 did

not meet low temperature performance grade28°C before failure; the recorded fracture
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temperatures of all samples were betweeB%C lower than the critical low temperatwkthe
recovered binder
1 For samples witli5% RAP, it was determined that no change in binder grade was necessary
since both the high and low temperature performance grades were either met or exceeded.
1 The fracture temperature for the 0% and 15% RAP contents were similar to the critical low
tempeature for the recovered asphalt binder.
1 In both field and laboratorgrepared samples, fracture stress generally increased as RAP
content increased.
On fatigue life of HMA mixes with RAP, tests conducted for the National Cooperative Highway
Research Progm (NCHRP) 912 study confirmedncreased mix stiffness and reduction in fatigue life
for asphalt concrete with RAP content greater than @@e®Paniel & Shah, 2003)

2.8 Experiences with CRM-HMA Mixes

Consideringthe importanceof CRM-HMA in the recycling of scraprubbertires, U.S Statessuch as
California, TexasArizona, and Floridéhave become leaders RMA pavement applicationdNew

York, New Mexico, Nebraska ar8buth Carolina areontinuouslyimproving their experiences with the
technolog (EPA, 2014) Maine, Colorado, Minnesota and New Jersey have also included crumb rubber
in their research studies, but the initial construction cost of the -BIRM mixtures was too high
although performance was comparable with conventional mixes.

Overall, studies int€€RM-HMA mixes have reported that the wet process performs better than the dry
process(Coubaneet al.,, 1998) A summary ofsome state practices and experiences with RMA

pavements is presentedTliable2-8.

Table 2-8: RMA Pavement Practices and Experience Summaries

State/County Mix Type and Application Experience/Remarks

Wet Processni open and gaygraded mixes Excellent performance

Arizona with CRM bindervariations of6 - 10%
(FHWA, 1995)

o Wet and Dry Process idense, open and | Early trials showed good
California gap graded mixesvith CRM binder Performance with wet process, but
(Caltrans, 2006) contents of 6 8% and 14 20%. sections had rutting andegding
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problems

Moisture damage related issues wg
noted with the dry process.

Recent RMA pavements sections ¢
in very good condition.

Wet Processniopen and dense graded | Excellent performance

Florida mixes with binder contents varying
(FHWA, 1995) between 6.5 7.1%.
_ Wet and Dry Process Dry Process showed some
Man_on Co.unty deterioration after 8 years. Howeve
(Amirkhanian, 2001) the wet process sections are still in

good condition.

Dry process mixes of 1, 2 al8o rubber | These did not perform better than

New York gradations conventional pavement sections
(VanBramer, 1997) after 5 years of monitoring
Dry process These sctions failed
New Mexico
(Bandini, 2011) Rubberized open graded friction course | These sctions showed very good
overlays with the wet process. performance after 4 years with no

rutting or cracking

The experiencand placement ®RMA pavements in Canada is limited compared to those of California,
Arizona, Florida and Texas, which span several decadeslatkisfexperiences summarilyattributed

to initial poor performancegost effectiveness and inexperience with the technolgyal trials in
Ontariowith the dry process for pavements placed between 1980 andd 885ess the environntieh
acceptabilityeconomic feasibility and recyclability of scrap tires in to H¥Howed generally moderate

to poor performancérabib et al.,2009) Someof thesefailed sections were plant recycled, but results
of the recycled paveent were similar to the original ressjliwith widespread rutting, stone loss and
raveling shortly after being opened to traffidurilio, 1993) (Emery, 1994) A 1994 review of 11

Ontario rubberized sections noted that roller pick up had been a serious constructiqiirissug
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1994) Wet praess mixes considered in the Town of Kirkland in 1994 though at an additional initial
cost, indicated no significant problems and was considered a technical {Garesket al.,1995)
Performance evaluation of a number of wet and dry process téshsda 1997 listed the wet process

to have performed as well or slightly better than the conventional HMA sections, while the dry process
generally performed worse than sections constructed with conventional (aéb#b et al.,2009) This

study which intuded visual ispections, distress surveys, deflection testing, frictional testing and
pavement profile measurements were sponsored by the Ministry of the Environment (MOE) and the
MTO. The poor performance of the dry process compared to the wet proeessattributedto
insufficient asphalt cemenand designers not taking the minor interactions between the virgin binder
and the CRM patrticles into accoufiighe, 2011) The CRM-binderinteractionconsists ofa physical
exchange where the crumb rubbeotigh diffusion absorbs the aromatic fraction of the bitumen binders
resultingin theswelling of the crumb rubber particlé@duha et al., 2014 The increased viscosity of the
resulting binderss attributed to theparticle swellingbehaviourin combinatio with the reduced oily
fraction of thevirgin bindet

Emery, reported that the RA pavements placed with the dry process mixes of crumb rubber
concentrations 2% higher by weight of coarse aggregates retained on the 4.75 mm (No.4) sieve did not
perform aswell as conventional DGAC pavements since those seclumsedearly raveling, pop outs,

and cracking along construction joints. However, the dry process mixes made with crumb rubber
concentrations of 1 to 1.5% by weight of fine aggregate passing then ZNn. 10) sievewere
comparable iperformanceto conventional DGAC pavemen&mery, 1997)

In continuation of the 1997 study,lengterm performanceurveyof the rubbeized asphalt sections
focused oncollecing information on the current traffic vame, the date of resurfacing and the
pavement condition prior to resurfacing, as well as other generainents. The surveyindings
indicated that many of the pavements had been resurfaced in 2003. However, due to limited information,
no firm conclusiongould be drawn regarding performar{@abibetal., 2009) (Hicks et al.,2013)

In 2008, the MTO constructedvd 500 m RMA test sections incorporating the moist process with
ambient and cryogrc crumb rubber on Highway 15dkth of Smiths FallsThe most process is similar

to dry process, but wutili zes (©.6mamibsize.These sectionsar t i c |
were the first ruber modfied Superpave mixes in Ontario, and mbseveral constructiochallenges
including slight segregatip visible fumes, increased coring difficulty, and air void inconsistencies. A

longer evaluation period is needed to provide any conclussedts€Tabib et al.,2009) The province
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of Saskatchewan, Alberta, and British Columbia haveiatiioatedwide interest in using rubber tires in
asphaltpavement applicationd heir experiences are detailed in the Rubber Modified Technical Manual
prepared for the Ontario Tire Stewardsfiiicks et al.,2013)

The general conclusion from assessing RMA pavemer@siario is that the dry process is feasible, but
would require further development of mix designs and construction procedures to achieve the desired
level of performance. Also, it was concluded that CRM mixes made using wet process could be
engineered togrform as well or better than conventional HMA pavements.

2.9 Laboratory Evaluation of CRM-HMA Mixes

The laboratory performance evaluation of CRMA mixtures is of interest to maryavingagencies
and academic institution§ignificant findingsfrom recent tidiesrelating to the physical properties,
thermal cracking, permanent deformation (rutting) and fatigue cradv@mgviourof CRM-HMA

mixtures are reported below.

2.9.1 Physical Properties
An Arizona study compared the material propertégiapgraded and ggmgradedrubberizedHMA

mixtures from 11 projectsand several conventional dergg@ded asphalt mixtures (DGAC)he study

found thatCRM increased the performance grade (PG) of the virgin binder by at least one level, and had
higher viscosities at highgemperatures and lower or unchanged viscosities at lower temperatures
(Rodzeno & Kaloush, 2009)

Pasquinjreported that the addition of asphalt rubber to virgin binders resulted in higher softening point
and higher viscosityand bette performance ofthe ARmixture (Pasquiniet al., 2011) Gopal
concluded that CRM could improve the ld@mperature properties of the binders if carefully designed
and evaluated for each combination of crumb rubber size, content and bindésopaeet al.,2002)

Putman notedthat tie crumb rubber size has a strong effect on the viscosity of CRM binder produced
with the ambient process, and a lesser influence on the failure tempé@ratimanet al.,2005)

Dynamic modulus test results for confined and unconfined lesnghowed higher unconfined dynamic
modulus for conventionaHMA mixtures compared to gegradedasphaklrubbermixtures.The latter

had higher modulus thaasphalrubber opertgraded friction course mixtures regardless of the test
temperature and frequeyn On the other hand, the confining level and tempezaiffected the modulus

values.Confiningincreased the modulus off asphaltrubbermixtures and test conditions, but had no
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significant effect on the modulus of conventional mixtures at low ternpesaand a slight increasing
effect at higher temperatur@Rodzeno & Kaloush, 2009)nder a confining stress of 1883 the gap
graced asphaltubber HMA mixtures had equal or higher modulus than conventional mixtures,
especially at test temperatures 38°C and 54°C. Experimental resulthave further indicatd that
asphalrubber HMA mixtures have significantly less moisture sensitivity compared to conventional
asphalt mixture¢Bandini, 2011)

2.9.2 Thermal Cracking

Thermal cracking is purely a tensile taié of the material, the resistance of the asphalt concrete to
thermal cracking is mainly provided by the binder. Higher tensile strength has been generally associated
with higher thermal cracking resistanée study discovered that gapaded mixes with @46 rubber in

the binder had higher tensile strength using the indirect tensile strength (ITS) test, and higher energy to
failure (Pasquiniet al.,2011) This study also concluded that the AR mixture had a higher thermal
cracking resistance compared to gayl dense graded conventional HMA mixdewever, results from

other laboratory exgriments have indicated that ARixes have significantly lower tensile strength
compared to conventional dergaded HMA mixeqKaloushet al.,2002) (Zborowski & Kaloush

2007) Laboratory experimental studidgave equallyobserved better thermaracking resistance in
asphaklrubber mixture¢Raadet al.,1993) (Epps 1997)

2.9.3 Permanent Deformation

Documented experimental studies report thatcrumb rubber content ind binder contributed tthe

better rutting resistance noted for comparisons betwapigraded asphalt rubber mixturaaddense
graded HMA mixtures, regardless of the relativieiiyh asphakrubber content in thiormer (Kaloushet

al., 2002) (Wong & Wang, 2007) (Fonteset al.,2010) (Pasquinit al.,2011)

In an experimental study that compared a dgmaded conventiondiMA mix with four gapgraded
asphaklrubbermixtures containing 15 and 20% crumb rubber by weight in the hiitdeas discover

that theasphalrubber mixes had better resistance to permanent deformation, with higher softening
points, and much more superior cumulative plastic strain than the conventional (Fox¢sset al.,
2010) A 1996 studyalso noted thateducing the paidle siz of the crumb rubber in theesphakirubber

modified bindelin a densegraded mix design considerably increased the rutting resistance, but resulted
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in permanent deformation values that were comparable to those of mixtures designed for high

temperaure regions to reduce ruttii@oomrasamyt al.,1996)

2.9.4 Fatigue Cracking

Indirect tensile tests results indicated that the fatigue resistance with respect to the number of cycles to
failure for a gapgradedasphakrubbermixture was similar to that of stone mastic asphalt mixtyteut

greater than that of a polymarodified asphalt mixturgPasquiniet al., 2011) In another stdy
comparing two wetprocessasphaklrubber modified mixturesto a dry process mixtureand a
conventionamixture, the weprocess was reported to have had greater fatigustamse in comparison

to the dryprocess and much greater fatigue resistandbegonventional mix(Gallegoet al.,2007)
Mirandaalsoreported good fatigue resistance for cgeadal and gapradedasplalt-rubbermixtures

with high crumb rubber contenfislirandaet al.,2008)

2.10 Summary of Challenges, Research Gaps and Opportunity for Innovation

This chapter has provided a review of the literature relevant to the research presented in thi$i¢hesis.
findings confirmthat across the U.S and in Canada, recycling and use of RAP in HMA has gained
widespread acceptance. However, current specifications restrictions, technical constraints, and
performance concerns rather itha lack of RAP availability remaifimitations to increasing the
percentages of RAP in HMA.

Although substantial work hagone intothe development of mix design procedures to incorpdR&P

into HMA mixtureswith tess to determine theffects of suchinclusiors on the virgin asphalt cenmg

and overall mix performance, these tests have mostly focused on lower RAP percentages. To restore the
confidence of Ontariobds pavement contractors and
HMA usage, it is necessary to fully characterize tktterd of blending between the aged RAP and virgin
binders at different RAP percentages as well as conduct investigations into how different RAP sources,
contents, and quality affettie performance of the new HM#specially at lowtemperatures.

As seen fom the literature, test results confirm that the stiffness of RABS to increase resistance of

an asphalt mix to rutting, but decreases resistance to thermal and fatigue cracking. The literature further
confirms that everal performancpropertiesareimproved by adding crumb rubber to hot mix asphalt.
However,in Ontario, the challenges with CRM mix designs, incorporation method, quality control and

construction practices for rubber modified asphalt (RMA) pavements>sst
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This has led to poor olessthanexpected performance of asphalt rubber pavements sections. In
addition, the performance otypical OntarioHMA mixtures containing both RAP and CRM has not
been extensively investigate@onfidence could also be given to higher reclaimed asplaaikment

(RAP) practices in Ontario by incorporating crumb rubber in RAPA mixtures.

This combination is capable of compensating for RAP shortfalls such as its effects on binder aging and
mi x stiffness, thus i mpr ov sturqgdamapeeandmirippinguandeodesall s u s ¢
resistance to rutting, fatigue and thermal cracking

The lessons learned from many pilot and routRMA projects bothsuccessful and unsuccessful
projectsin addition toexploringhigher RAP percentages in typicahfario HMA using the Superpave

mix design systenpresents opportunities for innovatiofis part of the renewed interest in RMA in
Ontario, loose CRMRAP HMA mix samples have been taken from several MTO projects constructed
in 2011 alongsidpavementoresfrom Highway 15 for laboratory performance testing in this study.
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Chapter 3
Research Methodology

3.1 Introduction

The primary objective of this study is to evatle the effectiveness whrying percentageof RAP, and
CRM in conventionaDntario Superpave HMA mixture$his study ha mainly beenconducted through
laboratoryperformance testing @n array ofaboratorypreparedandplantproduced HMA mixesand
on coredpavement ectionsin Ontario.Theresearchmethodologyis outlined inFigure3-1.

Literature Review: Asphalt Pavement Recycling
Focus on Hot Mix Recycling and State-of-the-practice and
Performance of RAP and CRM in HMA

RAP Characterization Identify & Core (MTO/0TS) Plant-prepared Mixes
(MTO/OHMPA) (Selected CRM Sections in Ontario) || (RAP and CRM-RAP Mixes)

Laboratory Performance Testing

Lab-prepared Mixes * Mechanistic properties and stiffhess Field Monitoring

(Control and RAP Mixes) charactetization tests. (CPATTIMTO)

+ Rutting, stripping and moisture damage
evaluation.

* Rheological characterization of original
and recovered binders.

* Exfraction and Gradation analysis.

*  Density Testing.

Test results, Analysis, Discussions,
Conclusions and Recommendations

Figure 3-1: ResearchMethodology
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3.2 Explanation of Research Tasks

This section explains thasksassociatedavith this study.

3.2.1 Task 1: Literature Review

The first taskin this studyinvolved a comprehensive literature review on asphalt pavement recycling
with particular emphasis on hot mix asphalt recychind stateof-the practiceand performance of RAP
and CRMHMA mixtures in North AmericaThe intent wa to identify deficiencies, research gaps and
opportunities for innovation. [ literature findings presented in Chapter Tefdahis thesigustify the
need to verify the impachigh RAP and CRM contentsave on typical Ontario HMA mixturest
further highlights the need f@omparative studies on the perfmance effects of both materials, so that
essential guidelines for handling, processing, ganterabestpractices foHMA mix designprocedures

can be recommended

3.2.2 Task 2: Material and Mix Characterization

The second task involved collengi various RAP samples for characterizatidrhis was achieved
through collaboratiometweenthe Ministry of Tranportation Ontario MTO) andthe Ontario Hot Mix
Asphalt Producers Associatio®IMPA). RAP characterization requires fundamental evaluatiaheof
basic material propertigseom extractionrecovey and determiation of theperformance grade (P®f
the aphalt cement (AC) in the RAP including the RAP aggregate gradatidrconsensus properties
The continuous PG of the virgin binders were also determifiedingsfrom these characterizatios
and the impact on mix desigagsepresented in BapterFour of this thesis.

3.2.3 Task 3: Identification and Coring

A third task for thisresearchinvolved identification and coring of sectionfrom selected rubber
modified asphaltpavement sections in Ontariand the associated control section¥his task was
achievedtirough collaboratiomwith the MTO andOntario Tire StewardshigdTS). The cored pavement
sections taken from Highway 13North of Smith Falls, Ontaricare detailed in GapterFour of this

thesis, anavereevaluated using a rigorous material characterindt@amework.

3.2.4 Task 4: Plant HMA Mix Collection
Task four of this study involved collecting samples of pfanefpared HMA mixturesvhich incorporaéed

RAP and CRM with its associated RAP control HMA mixtures for laboratory performance evaluation.
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These mix sapleswerec ol | ect ed f rdemonsiiafidd Gectior’s Placéd on Highways 7, 35

and 115 in Ontario. A detailed description atk mix design is presented ihd@bterFour of this thesis.

3.2.5 Task 5: Laboratory HMA Mix Preparation

Task number ife involved laboratory preparatiotdMA-mixtures of varying RAP configurations
(control 0% RAP, 20% RAP, and 40% RAFhese HMA mixturesvere prepared withsphalt cements
typically used in Southern and Northern Ontario, and in accordance witlasigns providedyoDBA
Engineering Limited. A detailed description of each migrsvidedin Chapter Bur of this thesis.

3.2.6 Task 6: Field Pavement Monitoring

Tasksix involved a pavement condition survey the inservice pavement sections on Highways 7, 35
and 115 incorp@ting the planprepared HMA mixes. This involved visual pavement monitoring by
CPATT and use othe AutomatedRoad Aalyzer (ARAN) by the MTQ MTO uses the ARAN
equipped vehicle to collect pavement performance data for rutgleptighness, and crossctien
profiles.The ARAN research project was launched in 2004 to investigate the feasibility of incorporating
automated pavement distress in collaboration with CPATT and three major Canadian pavement
engineering consultants. This technology has the patetd improve pavement assessments by

replacing slow, subjective manual investigations with {ighed automated surveys.

3.2.7 Task 7: Laboratory Performance Testing

This taskis the most comprehensive component of the resehlrittvolved performance testgon the
laboratory and plartrepared HMA mixtures including the cored samphdklaboratory testing wre
conduct ed a t-of-tBdarh Jaltetent testing laberatary the University of Waterlad' hese

tests as identified in the research objectwd structural layout weoempleted as follows

1. Determine the mechanistic properties and characterize mix stiffness.
2. Evaluate the susceptibility to rutting, moisture g and potential for stripping

3. Characterize thénteractionbetweenagedRAP binde and crumb rubbeon virgin binder to

determine failurg@roperties
4. Evaluate the differences in performance betwieeminal and fielecblendCRM-HMA mixtures.

5. Compare laboratorgrepared and plamroduced HMA mixtures.
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The primary tests for mechanistiproperties and stiffness characterization in this stiuyjude
Dynamic Modulustestingfor elastic property determinaticat various temperatures and frequencies
Thermal Stress Restrained SpecimeestT(TSRST)for fracture propery evaluationat very low
temperaturesand the Hemburg Wheel Tracking &vice (HWI'D) to investigatehe combined effects of
rutting, moisture damage and stripping potentiehe binder properties from the various mix
configurations were determined througheological characteraion after beingextraced and
recoveed. Thevarioustestmethodsprotocolsand procedurearedetailedin section 3.3 of thi€hapter.
Tests on the cored pavement secti@ken fromHighway 15North of Smith FallsDntarioinclude:

A. Binder Extraction and Gradation analysis

Trichloroethylene solvent was employed in extracting the binders fresaririce pavement cords
determine if insufficienbinder contentould be attributeaf the poor performance for the sections.
Gradation analysis was conded to help identify whether the cause of poor performance for the

sections could be related to mix gradation

B. Density Testing

Density tests wereompletedo determine whether the poor performance ofRMA sections could be
attributed to insufficientcompaction resulting from either mix workability or poor construction
practices.Density testinginvolves measurement of bulk relative density of the cores and maximum
relative density of the loose miAir void wastesting wasalso conductedon Highway b cores in
accordance wittd MT Qdboratory Testing Manual, Test Method -R62 (MTO, 1999)and LS-264
(MTO, 2009)

The methodrequired determining the bulk relative densitys{,) of the compacted specimen in
accordance with LS 26a@nd relating this valueo the maximum relative densits4m) asdetermined
from the loose mixsampledescribed in LS 264 bgguation 3.1 and 3.2Note thatmaximum relative
density bulk relative densityandair void testing was equally completed on loose HMA mixseiad

compadted test specimens from the respective experimardgixin this study.

AV = r‘m:l—_r‘m}: X 100% (Equation 31)

Gmb= Gmm (17 AV) Hquation 32)

Where AV =Air voids (%) Gmm= Maximum relative dnsity(g/cn¥), Gms = Bulk relative densityg/cn?).
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C. Rutting Characterization:

Rutting resistance testingas completedo determinghe combired effects of rutting, moistu@amage
and stripping potentialResults from this test eve usedto assesgperformancebetweencryogenic,
ambientrubber modified sectiorend control sections.

3.2.8 Task 8: Analysis and Reporting

In this task results obtained fromasks 2, 6 and 7 amresentd analyzd compaed, discussed and
reported inChapterFive. A cost and sustaability assessmendn the applicability and impacts of
utilizing RAP and CRMHMA mixtures also forms a part of the analysis and discussiand are
reported in Chapter Six of this thesiollowing the outcome ofChaptes Five and Six Chapter Seven

sunmmarizesthis study withconclusionsrecommendationandareas for future research.

3.3 Description of Test Protocols and Sample Preparation

This section describes the tests methaddocols outlined to characterize the behaviour and
mechanistic propertiesf the HMA mixtures under studysample preparation method for each test is

also detailed.

3.3.1 Thermal Stress Restrained Specimen Testing (TSRST)

The TSRST was developed through the Strategic Highway Research Program (SHRP) and has been
identified as an accelgted performance test to evaluate line temperature susceptibility of asphalt
paving mixturesTesting was conducted in accordance with the American Association of State Highway
and Transportation Officials (AASHTO) test protocol TRADA St a n d aMethod Toe Shermal
Stress Restrained S@ASHTOMNEMH0, IPBnsusen ¢t € BBACIEEtd® MT S
equipment which consists of MTS-651 environmental chambeliquid nitrogen tank, temperature
controller and a resistance temperature device

The setup cools down a beam specimen whilstraining it from contractingThe cooling process is
performed by vaporizing compressed liquid nitrogen into the environmental chamber through a solenoid
valve. The cool air is circulated with a faa airis evenly distributed whereas the resistance temperature
device is connected to the controller monitors the temperature in the environmental chamber and
regulates the amount of liquid nitrogen required to reach or maintain a specified tempémstine.

tenmperature drops, thermal stresses build up until the specimen fractures.
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This study conducted tests four replicates TSRST specimefos the respective experimentadix
matrixes Each measuring 250 mm x 50 mm x 50 min7+ 1% air voids. These test spatiens were

sawn out of compacted beams measuring 390 mm x 125 mm x 78 mm using an Asphalt Vibratory
Compactor (AVC) with an applied vibration force of 115 kPayure 3-2 illustrates the AVC Setup.
Loctite E20 NS hgol epoxy adhesiveas applied on the surface of two cylindrical aluminum platens to
bond top and bottom ends of the test specimen. The epoxy bond is allowed to cure for atildast 12
hours prior to conditioning the test specinarb°C in the MTS51 eawvironmental test chamber for six
hours Actual testing is performed at a monotonic cooling rate of 10°C/hr.

Figure 3-2: CPATT Asphalt Vibratory Compactor (AVC) Setup with Compacted Beam Sample
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Extensometes attached to the specimen senses movement during cooling and contraction, and sends a
signal to the computer system, which in turn causes the hydraulic actuator to stretch the specimen to its
original length. The thermal stress in the specimen increasiacturdemperature decreases gradually

in the environmental chamber. Test results are reported in terms of the maximum stress at which the
specimen fails (i.e., the fracture stress) with a corresponding fracture tempehalygical TSRST

seupis shown inFigure3-3.

Figure 3-3: CPATT TSRST Testing Setup
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3.3.2 Hamburg Wheel Tracking Test Device (HWTD)

The Hamburg Wheel racking Device (HWTD) is used to evaluate tkembined effects of rutting,
stripping potential and moisture susceptibilitiy compacted HMA mixturegAsphalt Institute, 2010)
HMA mixtures with weak aggregate structure, inadequate binder stiffness, moisture damage, and
inadequate adhesion between aggregate and Baibderematurely wittthis testprocedure
Thedevicetracks a 705 4.5 Nload steelvheel back and forth across the surfaca jpdir of 150 mm x
62 mmdiameterheight ratiogyratory compactetiMA coressubmerged in a hot water bath atG@or
10,000cycleswhich is equivalent t@0,000pases or until a rut depth of 20 mm is reacl@édphalt
Institute, 2010) The wheels have a alineter of 203 mm, a width of 47 mm, and are capable of
generating 50 passes per minute at a maximum speed of 0.30AAB$ITO T32404, 2008)
Laboratory compacted specimens arepared with & + 2% air voids whereas field specimens are
tested at the avoid content at which they are obtaif@dSHTO T32404, 2008)
In Figure 3-4, LinearVariableDifferential Transduces (LVDTs) measurédhe rut depthor deformation
on each specimeno an accuracy of 0.01 mm. Bation of the test is approximately seven hours,
including initial conditioningtime of 30 minutes. Howevefor some tests the specimens fail early and
test times are shortdfigure3-5 highlights a typical rut jot obtained from the HWTDOt indicates post
compaction consolidation on the HMA core after 1,000 load cycles:cBogtaction consolidation
results from wheel densificatiqgkansas DOT, 2014)
Also noticeable on the plot is a creep slope and a striggdaqee. The creep slope is the portion on the
plot where rutting occurs due to consolidation and plastic flow; whereas the stripping slope is related to
the severity of the damage due to moisture.
The point at the number of passes where the creep sldsrgping slope intercept is termed stripping
inflection point (S P). This is rel @idérdetalp t he |
2007) (Asphalt Institute, 2010Q)(Pavement Interactive, 2011¢reep slope is preferred for evaluating
rutting potential rather than rdepth because the number of load cycles at which moisture damage
begins to affect rut depth varies between HMA mixtures and cannot be conclusively determined from
the rut plot(Asphalt Institute, 2010)Past studies indita that the HWTD has been shown to have
excellent correlation with field performance; especially with respect to moisture damage evaluation
(Williams & Prowell, 1999)(l1zzo & Tahmoressi, 1999)
The effects of rutting, moisture damage and stripping patent this study were evaluated in
accordance withthé St andar d Met hod o f-TralkTedting bfcCompatiedHouMixg Wh e ¢
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As phal t (AASHMAT3Z404, 2008) Results for rut depths measured on laboratory compacted
specimens are compared witle National Center for Asphalt Technology (NCAT) suggests-deapth

criteria of less than 10 mm after 10, 000 cycles for conventional dgade HMA mixes(Asphalt

Institute, 2010whereas those determined for field cores, and from pavement corglitiegys using

the automated road analyzer ( ARAdepthcateriaoflessthgnar ed w
6 mm for very slight severity on field paveme(@honget al.,1989)

Figure 3-4: CPATT HWTD Testing Setup
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Rut Depth vs. Number of Wheel Passes

o1 \4— Inverse stripping slope
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— Even after cumgaction, s|°pe is the
= the sample continues o inverse of creep
e consolidate for the first g
= 0= few wheel passes.
-
o AV >0
o
= 15
o
Stripping Point ——»
20— The sample begins stripping,
which contributes to an increasing \
rate of rutting. \\
25 T T T T s
0 5,000 10,000 15,000 20,000

Number of Wheel Passes

Figure 3-5: Typical Plot from a HWTD Showing Key plot Parameters(Pavement Interactive, 2011)

3.3.3 Dynamic Modulus Testing

The dynamic modulus relates the strsstrain performancefor linear viscoelastic materialsich as
hot mix asphalt subjected to continuous sinusoidal loading in the frequency ddimiavaluation of
complex modulus tests requires an understanding of linear viscoelasticity corfeapys. (1980)
describes the fundamental concepts of linearoeksticity. Figure 3-6 is a schematic of dynamic
modulus test foonedimensioml case of a sinusoidal loadi(fgerry, 1980)

The complex modulus (E*) isepresenteds the ratio of the amplitude of the sinusbisteess (at any
givent i me, t, and angul esri nl(ovad farnedq utehnec ya,mpd)i,t uld e= olf
Us i n @)xrat the same time and frequency, that results in a steady state reapomgeressed in

equation 3.3The viscousor elastichehaviorof HMA i s i ndi cated by the phase
angle by whictstrain () lags behindstress§).For a pure el astic materi al

mat er i alWitczdketal, 2002)rhe inphase and outf phase components defs#he storage
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modulus and the loss modulus as expressed in equations 3.4 and 3.5 respEqtiragigns 3.6 and 3.7
expresses stress and the resulting strain in complex farhes.complex modulus is defined as a
complex quantity as shown in equation 3.8. Téwd part of the complex modulus is the storage modulus

and the imaginary part is the loss modulus. The ratio of the peak stress to strain amplitudes defines the
absolute value of the dynamic modulus as expressed in equatigteBi®en & Witczak, 2002)

G, = G,sin(mt)

gosin(wt-0)

Phase angle, o)

I
I
|
|
>,

'¢
T=2n/®

Figure 3-6: Schematic of Dynamic Modulus Tes{Pavemaintainance, 2011)

_ o _ cosinwt) .
|[E*| = - = sosm(a5) (Equation 33)
Ea % (Equation 34)
E& % (Equation 35)
0" = Goe™ (Equation 36)
VRVESEE (Equation 37)

E*(i¥) = E =Z¢il= Ejf ¢(Equation 38)

t=dul

|E*| = “— (Equation 29)
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Where

E* = Complex modulus

|E*| = Dynamic modulus (absolute value of complex ulas)

U= Phase anglaleégrees

i = Imaginary number

¥ = Angul ar |l oad frequency

t = Time of loading

lo -Peak stress amplitude (applied load / sample cross sectional area)

G=Peak amplitude of recoverable axial strain (oL/

The dynamic modulusest iscritical because of its sensitivity to the changesh@ HMA mixture
volumetric andbinder stiffnessAn increase in stiffness of the asphalt mix is depicted by an increase in
the dynamic modulus values which is a reflection of a decrease in straigpoméeng toan applied

load. Similarly, a decrease in theymamic modulus results indicaten increase in strain and
interpreted aa decrease in the stiffness of the asphalt ¢gixHakim, 2013)

In this study, dynamic modulus testing was performedharacterize stiffnesr each mix matrix
Triplicatecylindrical specimes compactedcored and cub 150 mnx 100 mm height taiametemratio

with air void contenbf 7 + 1% were test per mixTestingwas conducteth accordance with AASHTO

TP 6207test protocoli St andard Met hod of Test for Deter minini
( HMAQPASHTO TP 62, 2007)The pecimers weretestal at five temperatures1, 4, 21, 37, and

54°C) and six frequencies (25, 10, 5, 1, 0.5, and 0.1 IH=) each frquency, specified load cycles (200
cycles for 25 Hz, 200 cycles for 10Hz, 100 cycles for 5 Hz, 20 cycles for 1 Hz, 15 cycles for 0.5 Hz, and
15 cycles for 0.1 Hz) were applied.

The testing procedure involvedpplying a sinusoi axial compressive stress the cylindrical
specimenusing aMaterial Testing SystemMTS) 810 with 22 Kip (1000KN) capacity. MTS 651
environmental chamber provided test temperature conisbiereasapplied stress measurements and
the corresponding recoverable axial strain rem@o over the specified range of frequencies and
temperatures werebtainedfrom the averagef three100 mm gage lengtlinear variable dierential
transducer (LVDTshttached to the magnetic studs on each speciifteese responses were used in
calculatirg the dynamic modulus valuebeflon sheetsubricated with high vacuum greasereplaced
between the specimen ends and 18 mm diameter steébading platendo reduce the effects of
friction and risk of lateral displacemeritable3-1hi ghl i ght s AASHTOO6s r ecomme

load applied for testing at the various temperatures.
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A CPATT dynamic modulus test setup is shownFigure 3-7. The set ofexperimental dataldained

were used to generate and compare master cureeseenthe HMA mixtures investigated based on

AASHTO TP6207 specification.

temperature superposition principle. This principle allowstli@ conversion of test data collected at

different temperatures and frequencies into a specific reference temperature (usuall212C);

The methodology of developing master curves is based en time

thereby aligning the various curves to form a single master curve. This conversion or shifting process

also resuk in the calculation of a reduced frequency with a corresponding shift in the stiffness values

(AASHTO TP 62, 2007)In the master curve, a low reduced frequency representgdmgierature
testing, whereas a high modified frequency on the master cumesegps the lowemperature testing

of the dynamic modulus samplésl-Hakim, 2013)

employed in the construction of masterves for the various mix stiffness in the tinequency

The

RHEAE

(Rheol ogy

domain based on the timtlempeature superposition principle with automatic shifting routines.

Table 3-1: AASHTO's Recommended Dynamic LoadingAASHTO TP 62, 2007)

Temz?%r)a ture Dynamic Stress (kPa) Dynamic Load (KN) 5%
-10 1400 2800 11 22 -1.1
4 700 1400 55 11 -0.55
21 350 700 2.7 5.5 -0.27
37 140 250 11 2 -0.1
54 35 70 0.3 0.5 -0.03
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Figure 3-7: CPATT Dynamic Modulus Test Setup
The dynamic modulus dhe asphalt mixture isonsidered to have goambrrelaton with the occurrence

of rutting and fatigue cracking pavement distress over a diverse range of climatic and traffic conditions
(NCHRP, 2002) (Pellinen & Witczak, 2002)A lower stiffness at low temperatures or high loading
frequencies will help to minimize fatigue and low temperature cracking. To reduce rutting potential, a

higher stiffness at high temperatures or low loading frequencies is desirable.

3.3.4 Rheological Characterization of Asphalt Binders

Asphalt binder, the pncipal binding agent of asphalggregate mixtures is a visetasteplastic
material. At elevated temperatures, it is a viscous liquid and at freezing or cold temperatures it is an
elastiesolid (Asphalt Institute, 2010)This behaviour is critical to thmechanicabr failure properties of

HMA mixtures especially in terms of rutting, thermal and fatigue cracking pavement distresses.
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Rutting performance of pavements is related to the rheological propertidse dbinder at high
temperaturesvhereas fatige cracking is related to its intermediate temperatures. The low temperature
properties of the binder is related to thermal cracking of the pavement

Through heologicalcharacteriation, this mechanical or failure property is investigated by subjecting

agphalt binder to various loading or deformation conditidifge rheological parameters of the original

and recovered asphalt binders from mixtures in this study were detdnoimevestigatehe impact of

the RAP and CRM compositions on mix stiffness pndigs as well as tbetter match tis behaviorto

pavement distresse$o achieve this, thasphaltinder Performance €&de (PG) system for Superpave

HMA mix design was employeid the grading of both original and recovered asphalt binders

The binder gadein the Superpavsystemis specifedby two numbers, for example P38-28. The first

number, 58, representse average ®tHay maximum pavemenesigntemperature in degrees Celsius, °C

at which the binder is intended to perfoadequately to resist tirtg; whereas,hte second number,

-28°C, represents the minimum pavemeasigntemperature at which the binder is intended to resist

thermal crackingSolyemaniet al.,2004) (Varaminiet al.,2014)

The rheological parametermeasured from grag the bindersin this researchinclude: the total

resistance to deformatiorepresented by complex shear modulG®), relative norelasticity of the

binder represented by phase angleli ) , flexur al creep stiffness (S),
value).

A combination of tstheecon@ibutioa of dsphali bmderiin rottang susceptdbility of

HMAmi xtur es. Il ncreasing the G*/sin U parameter ma
more resistant to ruttingh minimum valueof 1.0 kPaand 22Kka i s s peci fforwagedf or G*/
and aged binders respectivg )\ ASHTO MPI-93, 1996) G* and U values of virgin and recovered

binders from RAP mixtures in particular are also necessary to attain proper blending charts for RAP

HMA mix design(McGenniset al.,1995) (OPSS 1101, 2002)Varaminiet al.,2014)

On the other hand, parameters Sand m|l ue are related to the binder 6:
resistance. Binders with relatively lower values of creep stiffnebexhibit fewer thermal cracks in

cold weather. Likewise, higher-malues showthe ability of binder to absorb stress in the event of
temperature dragp andthese tend texhibit less cracking tenden¢yicDaniel & Anderson, 2001)

This phase of testingagcompletedn collaboration with DBA Engineering Limited, Golder Associates

Ltd and McAsphalt Industriestd. DBA Engineering Limited was responsible for determining the

unaged and aged properties of the base binders employed in the laborepamged MA mixtures.
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Golder Associates was responsible for determining the properties of the recovered binder for both
laboratoryprepared and plastroduced HMA mixturesExtraction of the RAP and RAERM binders

were done using the solvent Normal propyl bromid@PB) while recovery consisted of heating the
mixture and distilling the solvent using a Rotovap. The rheological parameters of virgin and recovered
binders were measuredith a Dynamic Shear Rheometer (DSR) as per AASHTO TRWSSHTO

T315, 2012)Shortterm aging of the binders was accomplished in a Rolling -Hilm Oven (RTFO) as

per AASHTO T 240(AASHTO T240, 2013)while a pressure aging vessel (PAV) in accordance with
AASHTO T315 was used for tests on residue to simuladahgterm aging of the biret (AASHTO

T313 2012) The true grade of the recovered binders was determined as per AAS2Z3QARSHTO

R-29, 2012) This allowed for characterization of the binderstical high, intermediate, and low

temperatures.

3.4 Analysis of Experimental Results

The experimental data obtained from performance characterization testsobseeved, andhen
statistically analyzed to investigate the effects or impaatarying RAP contents, or combining RAP
and CRM for theevaluatedHMA mixtures Statistical analysis mployed includean Analysis of
Variance (ANOVA), theF-test,and ttest A description of these statistical analysis is provicsd
follows (Montgomery, 2001), (Ddamba, 2011):

A null hypothesis (i is pairedwith an alternative hypothesis gHto examinethe variability of the
alternativehypothesisiIf Ho: 1=¢ 2does not reject the null hypothesis then performancerisistent
However,if Ho: 1ig 2 the null hypothesiss rejected Montgomery notes thdtvo types of errorsire

possible withthese hypotheses. These include:

1 Type | errorwherenull hypothesis is rejected whenis true.

1 Type Il errorwhere null hypothesis is accepted when it is false

The general procedure in hypothesigitgsinvolves specifying aprobability value forTy p e | error
often referred to asignificance level of theest. The si gni ficance | evel ( U)
determines the degree ofidence at which the difference wariability in the variables is unlikely to

have arisen by <chance. A 9 5 tsedmnahe fstudy.eTimec level lofe v e |
significance and degree of freedom weiso used to interpréhe critical \alues from both the-Eest

and ttest tables.
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Analysis of Variance (ANOVA)js a statistical tool used for measuring the relative difference betwee
means for different data seffhis was used to analyzmixture performanceThe F-test isa statistical
test comprising ofin F-distribution under thewull hypothesis test statisticEhis was used to compare
the statistical models with fitting data sets. The test is designed to detefiwvo population variances
are equal by comparing the two variances and identifpeisemodelthatbest fits the population (in this
case mixes with better perimancé using least squares method. Thdi§tribution is nomegative and
nonsymmetri@l distribution. The hypothesis testing was performedhmassumption that the null
hypothesisi(e. mixescombining RAP and CRMwill perform better thathose with or without RAP.

A null hypothesis assumption was equally considered for 40% RAP mex&srping better than those
with 15 and 20% RAP or without RAPThe Ftest considers the variability in terms thie sum of
squares reflecting the different source of variation. The sum of squares (SS) tends to be greater when the
null hypothesis is notie hence SS have to be statistically independent for-thstrifoution under null
hypothesis to followF-value was calculated as showrEquation 310.

2
\) Control Mix

Feaicutatea = S2
Alternative Mix

(Equation 310)
Where: Sis the \ariance of either control or alternative mixes
If the Fcarculated™> Feritical, the His rejected concluding that there were differences in the HMA mixes and
it is in favor of the alternative mix whereas ifakuliated< Fcritca, @ Weak conclusionould be drawn or
indicates lack of statistical significant evidence of variation. In this case the control and alternative
variablesare statistically observed to be consistent with each other.
The FTest was used in validatinijthere wereany signifiant change in performanoe dataif recycled
material is added to HMA mixed.he t-test Analysisis a statistical hypothesis test following the T
distribution and/or normal distribution (when value of the scaling term in the test statistics is known).
Thenull hypothesis test was used to study the difference between the responses (by the design mixes) on
the same statistical unit assuming the mean value e&s An independent orsample {est was
employed for the study whereby the null hypothesis wstedeto examine whether the alternative mix
mean) (vwas equal t o tohaedtvaloerwhsrcaldulatediusing Byeatiohld ( ¢
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(Equation 311)

Where:lo i Control Mix Mean, 41 Alternative Mix Mean

ST Standad Deviationni Sample Size

If the tcaicuaed™ teritical, the null hypothesis was rejected concluding that there was difference in the mixes
and that the alternative mix was better suited for use irminad asphalt pavement type whereas if
tcalcualed < teritical, then we fail to reject the null hypothesis. This indicates a weak statistical evidence of
difference or lack of significant statistical difference in the mixes hence strong evidence of consistence
of the alternativamix with the control mix The ttest was used in testing the significance of increasing
the percentages of Fror combining RAPand CRM in conventional OntaridtdMA mixes. Table 3-2
summarizes all variables that have been taken into amasion for this research.

Table 3-2: Research Variables

Mix Category/Type Materials | Source/Processes/Methods Tests/Analysis
Category: RAP Soure: Premium RAP Tests:
- Laboratoryprepared
Rheological Characterizatiaf base
- Plantproduced and recovered binders
- Pavement Cores Mechanistic and Stiffness
Assessments on HMA Mixtures
- Rutting
. Wet Process:
Type: CRM - Field-blend - Thermal Cracking
- DenseGraded
- Terminalblend - Fatigue
- GapGraded
Binder Method: Cost and Sustainability Analysis:
(PG) - Ambient - Rating Assessment
- Cryogenic - Economics

- Environmental
(Co, Water and Energy Usage)
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3.5 Summary

This chapteihas detailedhe methodology employed this research to fulfill the object#¢ as outlined
earlier. The study involves performancesting ofthe HMA mix and determination ofasphalt binder
failure propertiesrom rheological characterization

Master curvesvill be plotted and compared for each experimental matrix from dynanilcilne testing

to highlight improvements made by incorporating CRM and RAP in such mixt@mssextracted
from in-service pavement sectioirecorporating the moist process with ambient and cryogenic crumb
rubberwill be subjected to forensic testing tetdrmine the cause of poor performance.

Field sections from which the plant HMA samples were taken have also been monitored in tHisrstudy
correlation and verification purposéhe resistance to lotemperature cracking and combined effects
of rutting, moisture damage and stripping potential are also invedligate

Performance testing and comparisamade with laboratory prepared HMA incorporating RAP is mainly
intended at evaluating the performance bigh RAP usage in such mixtures including possible
incorporationof CRM into suchmixtures.Statistical analysis ammployed to validatexperimental data

as well as compargerformancebetweenthe evaluated HMA mixires. A cost and sustainability
assessment of various sustainable design alternatiiesisgilbe discussed.
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Chapter 4

Description of Experimental Matrix

4.1 Introduction
This chapter details the experimental matrix investigated inrdgearch The experimetal matrix
consists of loose HMA mixturewith variouspercentages dRAP and CRM configurations including

cored pavement sections.

4.1.1 Loose HMA Mixtures

The test program considered both laborafmgpared and plafgroducedooseHMA mixtures. A total

of 19 Ontario HMA mixtures consisting ofi2 laboratoryprepared and 7 plaproducedwith binder
performance grades (PG) covering a wide stiffness range typically used eaides moderatend
warmer climate zones i@ntariowere examined in this study.

The HMA mixtures include:four densegraded conventional HMA mixtures, densegraded HMA
mixture with 15% RAP, six densegraded HMA mixtureswith 20% RAP, four densegraded HMA
mixtures with40% RAR a denseggradedCRM terminatblend HMA mix containing 20%RAP, and

three gapgradedCRM field-blendHMA mixtures incorporating 20% RAR description ofthe HMA
mixturesin both laboratorprepared and plairepared categories agletailed inTable4-1 and Table

4-2 respectively Figure4-1 and Figure 4-2 highlight plots of the gradation envelofm the respective
laboratorypreparedand plarproduced HMA mixturesit should be noted that thmaterials in this

study satisfiesll relevantOntario Provincial Standards and Specifications (OPSS) requirements.

The laboratoryprepared HMA mixtures L1, L3, L4, L8, L10 and L12 followed a rigorous Sagper

mix design provided by DBA Engineering Ltd. This design was replicated by CPATT for the HMA
mixtures L2, L5, L6, L7, L9 and L11 in an order that maintained the same aggregate structure and
asphalt cement content. Prior to mixing, the aggregates Veseds dried and batchedhe amount of

RAP required for all batches of a single mix design was separated by size and oven dried at 30°C over
the weekenar for at least 4&ours The virgin aggregates weowen dried at 110°C overnight.

For ease of mixig, 15 kg batches were preparedaircordance with each mix desigrhe virgin batches

were kept in the oven at 160°C for 16 hours, the RAP batches were dried at 60°C overnight while the
virgin binder was prdéieated to the mixing temperature before mixiAgproximately two to three

minutes were required to complete the mixing. This was completed to ensure that the aggregates were
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thoroughly coated withasphaltbinder. For quality control (QC) test samples were collected from

random batches and maximum relatdensity (Gm) tests were performed.

Table 4-1: Composition and Volumetric of Laboratory-prepared HMA Mixtures

Mix Mix RAP | Virgin |RAP | Total vMA | vea | Tsr Mixing [Compaction

D PGAC Type Contentf AC | AC | AC | DP @) | @) | ©) Gmm | Temp. Temp.
%) | (%) | ()| () 0 Q)

L1 0 52 - 52| 07| 148 731| 96.2 | 2532

L2 | 58-28 20 43 (09| 52| 12| 155| 742 | 98.7 | 2525| 145 134

L3 40 33 |18 51| 11| 143 721 | 921 | 2.526

L4 0 5.2 0O | 52| 07| 15 | 734 96 | 2537

L5 | 52-34 20 43 | 09| 52| 12| 150 73.3| 98.7 | 2521| 140 129

L6 40 33 |18 51| 11| 148 73.0| 94.7 | 2519

L7 DGAC 0 5.2 - 52| 07| 148| 73.0| 96.2 | 2520

L8 | 58-34 20 43 (09| 52| 12| 147 | 73.1| 98.7 | 2515| 151 139

L9 40 33 | 18| 51| 11| 15.0| 734 | 951 | 2513

L10 0 5.2 - 52| 07| 141 | 71.7| 96.2 | 2541

L11 | 52-40P 20 43 (09| 52| 12| 143| 721 | 96.2 | 2519| 150 140

L12 40 31 |18 49| 11| 142 | 715| 915 | 2534

Table 4-2: Composition and Volumetric of Plart-produced HMA Mixtures

Mix Mx | RAPComent| MO | RAPToul VMA VFA | TSR Compaction

PGAC AC ac | ac| op Gun | Temp.
D Type (%) (%) %) | %)

%) %) | (%) (C)
H7-C 15 43 094] 52| 08 15 730 | 847|260 138
H35-C DGAC 41 51 09 152 740 | 838|266 135
H7-RTB | 5828 42 52| 1 151 740 | 817|262 140
H7-RFB " 6.0 og 007 199 800 |08|258] 145
H35-RFB GGAC 56 66| 06 186 700 | 845|250 15
H115-RFB| 64-34P 5.2 62| 07 182 780 | %4|2618] 155
HI15-C | 6434 | DGAC 40 50 | 09 155 740 | 1014]2659] 150

*Note: All mixtures are Superpave (SP) 12.5 mm Nominal Maximum Aggregate Size (NMAS) eke&FRBwhich is a
SP 9.5 mmmix; PGAC = Peformance Graded Asphalt CemebGAC = Densegraded Asphalt ConcrebMixtures;
GGAC= Gapgraded Asphalt Concrete Mixturtd®FB =Wet-process rubber fieldlend; RTB =Wet-procesfRubber
Terminatblend VMA = Voids in Mineral Aggregates, VFA Voids Filled with Asphalt;
L=LaboratorypreparedHMA, H = Highway No. PlantproducedHMA); DP = Dust Proportiorand
TSR = Tensile Strength Ratio.
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e 0%RAP s 20%RAP emm=w 40%RAP s Minimum e Maximum

0.15 0.3 0.6 1.18 2.36 4.75 9.5 12.5 16
Sieve Opening

Figure 4-1: Laboratory -prepared HMA Gradation Envelope

e H7-C e H35-C e H115-C H7-RTB esssesH7-RFB
s H35-RFB e H115-RF B Minimum e Maximum

0.075

0.150 0.300 0.600 1.18 2.36 4.75 6.7 9.5 12.5 16
Sieve Openings

Figure 4-2: Plant-produced HMA Gradation Envelope
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The plantproduced HMA mixtures were collected during construction different demonstration
sections on Highways 7, 35 and 115 in Ontafiable 4-3 summarizes these project§.he terminal

blend mixes contain crumb rubber particles smaller than the No. 30 (0.6 mm) mesh stmsditake

10 to 12 percent by total weight of binder (about 0.5 percent by weaifithe mix) whereas field
blended mixes contain crumb rubber particles smaller than the No. 10 (2.0 mm) mesh size, and
constitute 18 ta20 percent by total weight of binder (about 1% by weight of the riiahle 4-4
compareghe particlesize distribution of crumb rubbaample for the wetfield blendHMA mixtures

for tess conducted by CPATT and the MTO.

Table 4-3: MTO Rubberized Project Summaries October 2011(Hicks, Tighe, Tabib, & Cheng, 2013)

Highway Location Dilr_: cg?on Mix Description Laﬂié'é&n :

North Road to Rubber Fieleblend SP 6
Sideline 22 9.5 mm GagGraded
Sideline 32 to North g;blbzerSTrﬁrrnm::ncaglend 5.6

7 Road Both DenseGraced
Sideline 22 to Brock Tg gan);nAsggag;Ze 2.8
Road Graded

Rubber Fieleblend SP

Drum Rd to 12.5 mm FC1 Gap 6
Ballyduff Road Graded

35 Both

Hot Mix Asphalt SP

Ballyduff Road 1o 12.5 mm FC1 Dense 13.5

Highway 7A Graded
. Rubber Fieleblend SP
Aesiona) Road 10 12.5 mm FC2 Gap 6
9 Graded
115 Souglnlliound o
. Hot Mix Asphalt SP
Regional Road 10 12.5 mm FC2 Dense 2
southerly 1 km
Graded
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Table 4-4: Grain Size Distribution of Crumb Rubber Samples

Percent Passing
(CPATT) Percent
Process Sieve Size Percent Passing Passing
Specification Test1 Test2 (MTO)
2.36 mm 100 100 100 100
2.00 mm 98i 100 92.5 93.3 92.5
T 50.4 541 53.2
WetProces$ 1.18 mm 451 75
Field Blend 600 um 21 20 10.7 12.8 18.8
300 pm 07 6 1.0 1.3 3.2
150 pm 07 2 0.1 0.2 0.2

It should be noted that the CR8&mples used in this studyeresupplied by thé®TS andinspectedy
the MTO. These rubber crumbs were subjected to both cryoggimiding and ambient grinding.
Microscopic examination of th€ERM samplegsevealedblack cryogenic and ambient ground rubber
with particle sizes generally less than 2.36 fiiitks et al.,2013) White rubber, synthetic fibers, and
mineral grains were alsobserved seeFigure4-3. However,no steel, plastics, cellulose fibers or other
metals were observed#flicks et al.,2013) The MTO is looking tastandardizenicroscopic examination
practicesand proper Material Quality Reporting (MQR)practicesfor CRM supplyin production of

rubber modified asphailh Ontario.

Figure 4-3: Fine CRM Samples
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4.1.2 Cored Pavement Sections

Sufficient cores werextractedirom Highway 15,north of Smiths Falls, Ontarjdor forensic testing at

the CPATT pavementestinglaboratory As previously notedthesesectionswvere ofthe moist process
rubber modificatiorwith ambient and cryogenic crumb rubber. Control sections were also cored and
extracted for testing. Table 4-5 provides an inventory of coreseceived fromAecon Materials
Engineering (AMEXhrough collaborative effortwith theMTO and the OTS.

Table 4-5: Inventory of Cored RMA Sections

Control Cryogenic Rubber | Ambient Rubber
Cores Cores Cores
C-17 C-9 C1
C-18 C-10 C-2
C-19 Cc11 C3
C-20 C-12 Cc4
C-21 C-13 C-5
C-22 C-14 C-6
C-23 C-15 C-7
C-24 C-16 C-8

*Note: C = Core
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4.2 Material and Mix Characterization

As a first approacto ensuringgoodperformancef the evaluated mixes, the RARd virginmaterialin

this studywere characterizedThis taskincluded evaluation ofhe fundamentaland basic Superpave
consensus propertiesxtraction and overy of the asphalt content (A RAP, determination of the
performance grade (PG) of the recovered Afdgradation analysis. Verified results of the continuous
PG for both RAP and virgin binders completed by DBA Engineering are preseniedhlad-6 and
show that all materials meet the PG specificatidie consensus properties of fRAP aggregateand
HMA mixes were evaluatedoy CPATT to determine the effects of RAP piysical propertiesf the
mix and which mix variables were mossensible tdncrease irRAP contents(Sanchez, 20135ource
properties were natonsidered since all RAP used in this stugbre of high or premiumquality and

from a designatedourcein Ontario.

Table 4-6: Original Binder Continuous Grading

Binder High Grade | Low Grade
(°C) (°C)
RAP 77 -22
58-28 61 -30
Lab Mix
5834 63 -35
52-34 55 -35
52-40 56 -41
5828 59 -29
Plant Mix
64-34 65 -35
64-34P 67 -35
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4.2.1 Superpave Consensus Properties

Evaluation of the Superpave consensus properties revealed a decreasing trend in terms of crushed faces
with increasing RAP content faroarseangularity of the aggregated. higher percentage otoarse

angular surfaces will potentialiynprove rutting resistance. This is becaiutsgrovidesbetter structure

and stability between the interlocking bonafsthe aggregate skeleton which induces a better- load
bearing capacityThe percent crushed faces were found to decrease by up to 1c&ntpeith the

addition of 40 percent RAP, which is not significant taking into account that the values are kept above
the lower limit (85% for 1 face and 80% for 2 faces). Figure 4.4 highlights results for percent crushed
faces.

The uncompacted voids wel@und to increase for the 20 percent RAP, but returned to a value closer to
the virgin mix for the 40 percent RAP mixes as observegidnre 4-5. The mnimum requirement for

this parameter is 43 he flat and elngated particles were seen to decrease for the 20 percent RAP and
increase for 40 percent RAP mixes. However, this parameter has a maximum admissible value of 10 and
is not greatly affected as shownHigure4-6. A slight linear trend was observed for sand equivalency as
shown inFigure4-7. The value increases as the percent RAP increases, so the sand equivalent will move
away from the minimum acceptable (45). This meaas the RAP mixtures haaelowerproportion of

clay-like materialswhich benefit the binding of the asphalt bindéth the aggregate.

%o Crushed Faces
m % Crushed 1 face - % Crushed 2 faces
99.4

98.8
98.5

97

% RAP

Figure 4-4: Percent Crushed Faces
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Figure 4-7: Sand Equivalency
4.2.2 Superpave Mix Design Observations

Analysis of thevolumetric propertiesf the mixtures from each mix design revedleatfor laboratory
prepared HMA mixtureghe Voids in Mineral Aggegate (VMA) and Voids Filled with Asphalt (VFA)
decreasg with increasing RAP content, asein Figure4-8 and

Figure4-9. An increase in VMA and VFA was also obsenfed field blended rubber HMA mixtures,
while a derease in VMA and VFAs observedwith increasing RAP contetitom 15 to 20 percerds
shown inFigure4-10 andFigure 4-11 respectively.These caseof decreasing VMA and/FA explain
the decrease ithe percentage virgif binder asshownin Table4-1 andTable4-2. This suggests that
more fine aggregates from RAP would fill the spaces between parfizi@sixes with increasingRAP
content.Minimum VMA requirement is 14 percent while that of VFA is between 65 to 75 percent.
Achieving theminimum VMA and VFArequirementirebeneficial to thedrmation of a durable binder
film thicknesswhich also aids imutting resistance.

All values for Tensile Strength Ratio TSR valumest or exceedethe minimum 80 percent requirement.

The lowestTSR value were obtained from the 40 percent RAP mixes@anin Figure 4-12. These
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valuesare about 4 percent belowose obtained for the virgin mies In the case of plamiroduced
HMA mixtures thelowestTSRvalue of 81.7 perceris seen wh the HZRubberTerminal Blend mix
as showrin Figure4-13.

Voids in Mineral Aggregate (VIVIA)

m Northern » Southern

15.0
< 15 14.8 14.7
= ? 143 7 142 143
=, / / 7
/ / o
) % ;i]f&P -
Figure 4-8: Percent Voids in Mineral Aggregate
Voids Filled with Asphalt (VFA)
® Northern » Southern
74
54y 73.1
73 ? Z
- 72.1 72.1
= 72 % / 15 77
0 20 40
% RAP

Figure 4-9: Percent Voids Filled with Asphalt
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Figure 4-10: Percent VMA for Plant-produced HMA Mixtures
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Tensile Strength Ratio For Lab Mixes
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Figure 4-12: Tensile Strength Ratio (TSR) for Laboratory-prepared HMA Mixtures
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Figure 4-13: Tensile Strength Ratio (TSR) for Plantproduced HMA Mixtures
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Dust Proportion (DPas observedn Table4-1 andTable4-2 arewithin theminimum 0.6 and maximum
1.2limits. An increase of almost 60 percent was observed for the RAP mixtherscompared to the

virgin mixes.Theseresuls arerelated to the lower effective binder contéatthe RAP mixtures.

4.3 Summary

This chapter has detailed the volumetric properties and composition of theHEI@senatrixesin this

study A summary of the field pavement sectiomstlined for monitoringincluding an inventory of

cored pavement sectiofw forensic testindnas beenprovided.

The traditional approachassociated with the design of HMA requires that asphalt cement and aggregate
be blended in precise or relative proportions such thatnfheence from the source and volumetric
propertiesdo not compromisgavementperformanceThe doservationsnoted from the materigl and

mix characterizationras analyzed fronthe job mix formula showed thalhé consensus propess are
different for the respective HMA mixtures. However, the experimentdbulesatisfies all specified

limits for the Superpave mix design including the aggregate consensus properties.

In particular, the angularity of coarse RAP aggregate could positively affect the rutting performance of
the HMA mixtures.In addition to this ighe effect of dust proportion resulting from adding RAP. It is
expected that this would dictate the performance of the mastic in the mix and could have a potential
positive impact on overall performance. TSR results suggests that the mixtures could\beehkigtant

to moisture damage and effects of strippilidgs therefore considered reasonable to sayttt@tHMA
mixtures in this study have been designed for stability, durability, impermeability, workability and
flexibility .

The next Chapter comparegelatesand verifieghese observations with actual performance test results
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Chapter 5

Performance Testing, Result Analysis and Discussions

5.1 Original and Blended Binder Characterization

Binder characterization tests perfurd in this study provided an indication of the contributimasleby
the various RAPand CRM corfigurationsto the mix performance. By employing the methodology
describedearlierfor rheologtd characterizdon of bindersthe rheological parameters amdntinuous
true grads for both the baséaged and unagedndrecoveredlended binder werdetermined for the

respectivanix blends The findings for rheological parameters are reportehivle5-1.

Table 5-1: Binder Rheological Test Parameters

Binder PG Binder Blend G* vl G*/sim U G*sin ukrg
L:58-28 (AgedRTFO) 3.33| 83.8 3.35 4195
L2:58-28+20%RAP 2.45| 830 2.47 3930
L3:58-28+40%RAP 220 | 74.6 2.28 4820
P:5828 (AgedRTFO) - - 3.23 4274

58-28 H7C:5828+15%RA\P 3.72| 745 3.86 4890
H35C:5828+20%RAP 3.49| 80 3.54 4940
H7RTB:5828+20%R\P 2.54| 64.3 2.82 4170
H7RFB:5828+20%RA\P 3.11| 75.7 3.21 3990
H35RFB:5828+20%R\P 252|794 2.56 4090
L:58-34 (AgedRTFO) 447 79.1 4.55 4085

5834 L8:58-34+20%RAP 412 | 80.4 4.18 3550
L9:58-34+40%RAP 2.43| 80.6 2.46 3880
L:52-34 (AgedRTFO) 3.20| 83.3 3.23 3690

52-34 L5:52-34+20%RAP 2.46| 82.4 2.48 3830
L6:52-34+40%RAP 2.44| 80.2 2.48 3960
L:52-40 (AgedRTFO) 3.00| 73.8 3.16 4715

52-40P | L11:52-20P+20%R\P 3.03| 81.8 3.06 3580
L12:52-40P+40%RAP 3.60 | 82.1 3.65 3550

64.34 P:6434 (AgedRTFO) - - 2.21 1568
H115C:6434+20%RA\P 2.06| 68.3 2.22 3740

64.34P P:6434P (AgedRTFO) - - 2.44 1902
H115RFB:6434P+20%RP | 2.23| 64.1 2.48 4520

*Note: H = Highway,L = Laboratory, P #lant, PG = Performance Gradl'FO = Rolling Thin Film Oven,
RTB = Rubber Terminablend RFB = Rubber Fld-blend
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Although not reported ifable5-1, it should be noted that the specified minimum value okP&for

si ffness parameter (G*/ sin 04), is satisfied for

temperature grades. Note also that a binderds G*/
and phase angl e, a. A hrithgthseless s@steptivée to Iruttinghdesita | t in
correspondi ng tsWiscous or alastic behavioudk indes of lower valued  wi | | behave
Il i ke an elastic solid while a higher value U beha

It is observed fronTable5-1 thatthe influence of RAP variations or a combination with CRM is highly

asphalt bindespecific. In the laboratorgrepared mix category, recovered binders for P@&%&nd

52-34 asphalt binders are obsate exhibit a decreasil@* and U with increasing
5834 HMA mi xtures showed a decrease in G* and an i
PG524 0P binder exhibited an increase in both G* ani
This suggests that increagithe RAP content will result in a binder that is less susceptible to rutting,

but its elastic or viscous behaviour will vary depending on the type of asphalt binder. However, a
recycled binder blend capable of resisting rutting and having an elastie matpreferable. This is

becausea recycled asphalt binder blend exhibiting high elastic and low viscous components will be

more durable during high and moderate temperatures.

In the plantproduced mix category, and for comparisons made between P8 BBder with 15%

RAP, and 20% RAP binders incorporating-120% CRM, a general decrease in G* and corresponding
increase in U i s observed. Wi t hblend RubbérizeiRAPat egor y
mi xtures exhibited | oweedtothe fieddend RufberiZe®RAPa&HNMA G com
mixtures. This confirms that a termiralend rubber mix is less viscous amdre elastic than a field

blend rubber mix. Plafiroduced HMA mixtures indicated an increase in G* and corresponding

i ncr eas e mparsons betveen a 20% RAP PG34and a fieleblend Rubberize®RAP mix

utilizing PG 6434P asphalt binder.

Following the observed trend®* and U4, the actwual binder stiffnes
and compared for each mix blend@he resilts as shown ifTable5-1 indicates a decrease @* / si n U

with increasingRAP content for both plasgroduced and laboratogrepared mixtures utilizing PG 58

28 asphalt binder. The lowest values in this categogynoted at 40% RAP variation. A similar trend is

observed for the laboratory mixes incorporating P&@&®inderG* / si n 0 v fprodueadPGf or pl a
5828 HMA mixtures incorporating 20% RAP and 10 or 20% CRM suggest a compensating balance in

binder siffness when compared with the 40% laboratprgpared RAP mixThe difference between a
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terminal blend RubberizeRAP and the field blend Rubberiz8RP mixtures are further affirmed from

the observeds* / s i n . Whe birdér stdfreess parameté@*(si n fod PG 5234 also decreases

with the addition of RAP, but values for 20 and 40% RAP content are observed to be comparable. The
trend for mixes with PG 520P suggests an increase for 40% RAP and a reduction for 20% RAP
contents. Minimal improvemenis the binder stiffness parameter are observed for cases involving a
20% RAP increase, and a combination of 20% RAP and 20% CRM for mixes utilizing-B& &
64-34P.Overall, hefindings reported imable5-1 satisfy the 2.2 lPa binder stiffness parameter (G*/sin

i) f olbaseand reabvered blended bindsuggesting that the respectivkendswill exhibit good
elasticity, and thugvill be more resistanto rutting However, the BbberizedRAP blends are expected

to performbetterT he o bser ved r&graphicallyillustratedraRiguressl. a

Binder Stiffness Parameter
2.2kPa

H115RFB:64-34P+20% RAD | ——
P:64-34P (Aged-RTFQ) [(FZFIFFFFFFIFFIFIFIFIFFFIPFFA
H115C:64-34+20% RA P |5

P:04-34 (Aged-RTFQ) s s d s s d s frrsssdsssys
L.12:52-40P+40%RAP
L11:52-40P+20%RAP
L:52-40 (Aged-RTFQ) Yrassd s s s i d o h S oSS LSS LSS SIS LSS
L6:52-34+40%RAP
L.5:52-34+20%RAP
L:52-34 (Aged-RTFO)
1.9:58-34+40%RAP
1.8:58-34+20%RAP
L:58-34 (Aged-RTFO)

H35RFB:58-28+20%RAP
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Figure 5-1: BlendedBinder Stiffness Parameter(G*/si n 1)
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One of the limiting faairs on incrasing RAP content for typicaDntario HMA is related to the
performance grade (PG) differenokthe resultingbinderblend especially in terms of the lower grade
which controls thermal crack resistanEarlier in the thesis, it was explained that oxiglatof asphalt
cement convertshe maltenes (oils) componeim the RAP binderto asphaltenes (resinggnd vice
versa thus resulting in a higher viscosity and aged binder which in turn affects the PG of the new mix
blend.In this studythe high and lowemperature continuous true graadéshe respective mix blends
were observed to baffectedby the addition ofvarying RAP percentageslhe grade improvements
observed for HMA mixtures combining RAP and CRM could be attributédet@ountesacting effecs

of CRM, andits consequenstabilization of the asphaltenes and maltestasctures in the RABinder.
Figure 5-2 suggests tha terminalblend RubberizeedRAP mix of 10:20 CRM to RAP ratio improse
the critical high temperature grade for a B8-28 binder by as much as 13.2Wbile a feld-blend
RubberizeeRAP mix of 20:20recyclingratio resulédin gradeimprovements between 6 to 8°C.
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Figure 5-2: Continuous True Grade for PG 5828
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Whereas little or no critical high temperature effects are observed for a labgregpared 20% RR

PG 58-28 blend,gradeimprovements of approximately 3.4°C is observed wihésm compared to the
aged basebinder. The critical low temperature grade regardless of increase in RAP variation or
combination of RAP and CRM for this binder grad@ngrovedby approximately 1 to 3%5This means

a lower grade beneficial to the cracking resistance of the bindevhaised.

In comparison to the aged base binder, an increase in critical higlert&ure continuous true graide
observed with increasing RAP content for mixes incorporating5BG4 and 5234. However, no
change is observed for a 40% RAP mix with a $2Z310P binder. A 4.3°C increment is observed for a
20% RAP PGb2-40P mix. Thecritical low temperature grade reduced by approximately 1°C for 20
and 40% RAP P®8-34 and 5234 mix categories with exceptions to the 40% RAP 3234 which

gains approximizly 1.2°C compared to its base binder. These observations are graphically illustrated in
Figure5-3.
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It is observed frontigure 5-4 that a 20% RAP P®4-34 blend gains as much as 4@ on the high
temperature end, but loses approximatel?@.in critical low temperature. However,28:20 RAP to
CRM combination result$n a high temperature gain of 8@ while maintairing the low critical
temperaturesimilar to a PG6434P blend.The low temperature properties of all binders tested were
determined fromcreep stiffness (S) and creeperdimvalue) which is a measure of the ability to
withstand thermal cracking.

Continuous True Grade: PG 64-34 & 64-34P

80 OHigh mIntermediate -~ Low
70 71

60 65 67
40

19 19
20 13

. . 9
0 .

Temperature (°C)

? o

-0 35 - -35 -35
60
%) ] %) S
<3 \3} S \33'
& N s S
éeb b‘><"\" &% xﬁ"
@0 "J \?,0 bs
> » < el
5:?‘:5 HC‘;'P ﬂ:b‘ ﬁb‘
N 3 )
] \2”\ Ny o3 @Q"@
Binder Blend Type Q;\

Figure 5-4: Continuous True Grade for PG 64-34 and 64-34P

The parameter G* L s iment i@mparatures maéasuresntbedbindets ebilify o wesist
fatigue cracking at corresponding service temperatuimeaccordance with binder grading criteria and
specifications, the intermedigbavement e mper at ur es wher e skWwriisFigure U
5-2 through 5.4above
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All recovered binders wergbservedo be more flexible abwer intermediatéemperaturesuggesting
moreresistance tfatiguefailure. Increasing the RAP content or combining RAPhWIIRM is observed

to havesignificantlyl ower ed t he temper at ur e Thetmaximbm aldwabé* L s i n
pavement temperature at w0h828 643G4nd 6434R bindler ©1945 000 KP
while those of PG2-34, 5834 and 5240 are 13°C16°C and 10C respectively.

5.2 Thermal Crack Characterization of Evaluated HMA Mixtures

Thermal cracking is a major form of distress in asphalt concrete paverbigdorm of pavement
distress is visible as a set of parallel surfaitated transverse cracks of various lengths and wjdths
and are rostly perpendicular to the ceatine of the pavemeniThe existenceof cracksinitiates other

forms of pavement distres¥ater passes through the pits and crevices created hpitiaé cracks
resulting in the weakening of the underlyipgvement structurdiayers A progressive deterioration of

the asphalt pavemenayer resultsfrom the loss of fine materialsnder traffic loads The situation
becomes worse witlheezethaw cycling and associated heaving

Thermal cracking is a tensile faik of the asphalt bind@iggregate mixture influenced tiye repeated

daily and seasonal temperature fluctuations; particularly thoseti@mdy low-temperature anditions

In addition, the HMA mix volumetric, source and percentages of recycled mataré@akonsidered to

have significant effects on the properties of the resultant HMA mixture. The aged asphalt binder in
RAP-HMA is assumed to boost the susceptibility to thermal crackifgereas CRM is considered to
enhance the adhesive properties betwbenaggregates and the asphalt binder as well as increase the
relaxation properties of the resulting HMA mixture at {egrvice temperatures to reduce thermal
cracking.By incorporating RAP and CRM into HMA, it is possible to extend pavement life asawell
reduce the frequency and cost of construction, maintenance, and rehabilifd@motential for
transverse thermal cracking at low temperatures were evaluated for the HMA mixtures under study
based on the methodology described in Chapter Thrests were conducted on four replicate
rectangular beam specimens for the respective experimental mix matrixes. In total, 76 specimens were
subjected tahe fiThermal Stress Restrained Specimen Tensile Strdregttf TSRS T) 0 .

Appendix A details the fractuemperature and stresesults determined from TSRST for each HMA
mixture tested. The standard deviations, coefficient of variation and variance between tests are also
detailed in Appendix A.These findings are analyzed and summarized HHre.critical low true

temperature gradesoted fromrheologicalbinder characterization tests are matched it mean
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fracture temperatures determined from the TSRBdracterization to quantifigoth mix performance
and reliability of the rheological testing method empbbykhis is based on the finding that the RAP and
CRM had interacted to improve the performance of the binder which primary cahiotsal crack
resistanceatlow temperaturg

The TSRST resultsioted in this studyndicate thatthe colder;i.e. the morenegativethe fracture
temperature, the greater is the potential of the asphalt mixtures to resietiperature thermal cracks.
It is observed irFigure 5-5 thatall HMA mixtures tested either met or exceed28C. However, the
laboratoryprepared 2% and 40% RAP mixefailed to meet the critical low true temperature grades
noted fromtheir respectivéinder characterization testdotwithstanding, the potential for usi2g% to
40% RAP or combining a 20:10/20RAP to CRMrecycling ratiowith a PG 588 binderis exhibited
in the observed performanoéd mixes in this categoryThe most significant trend is noted inbher
terminatblendmix with 20% RAPwhich gained approximately @ in comparison to theritical low
true temperature grade of the blended binder.

Fracture Temperature Behaviour of PG 58-28 HMA Mixtures
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Figure 5-5: Fracture Temperature Behaviour of PG 58-28 HMA Mixtures
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It is observed irFigure 5-6 that the 20 and 40% RAP mixtures do not compare favorably with their
respective control mixtures for PG-88, 5234 and 5240. These mixes failed to attain th@4°C or-

40°C requirement for mix fracture temperature, nor reacleritieal low true grade of their respective
recovered binderddowever,a case for maintaining 20% RAlBageis exhibited with the PG8-34

mix. These observations make it compelling to experiment with CRM for the respective binder grades
and varying RAP contenis this category of the research experimental matrix

Fracture Temperature Behaviour For PG 58-34, 52-34 & 52-40P HMA Mixtures
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Figure 5-6: Fracture Temperature for PG 58-34, 5234 and 5240P HMA Mixtures
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In Figure 5-7, it is observed that the fracture temperature of RhbberizedRAP mix with 6434P
binder exceeded the critical low true grade of the recovered binderd@y @fereas the 20% RAP mix
with PG 64-34 failed to meet the34°C requirement for mix fractartemperature, but exceeded the
critical low true grade of the recovered binder byQ.&€ombining RAP and CRM for HMA mixtures
with a polymer modified PG 6384 binderincreased the low temperature cracking resistan&@@y

Fracture Temperature Behaviour For PG 64-34 and 64-34P Mixtures
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Figure 5-7: Fracture Temperature for PG64-34 and 6434P HMA Mixtures

Comparingthe mean fracture stresses for the evaluated HMA mixtures as depictedjure 5-8
indicates that the laboratepreparedcontrol HMA mix reported the least fracture streiss the
PG 5828 category This was closely followed by the field and t®inalblend RibberizedRAP HMA
mixtures Overall, it is observed thdhe fracture sresesfor HMA mixtures with 186, 20% and 40%

RAP including the RubberizeBRAP HMA mixturesare comparablwith the control mix
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In the PG58-34 laboratory mix categoryhe fracture stress faf0% RAP mixis similarto what was
obtained forthe controlmix and 20% RAP mix. In contrasy, lower fracture stress is noted foR@%%o
RAP comparedo the control and 40% RAP fdaboratorypreparedHMA mixtures in thePG 52-40
binder categoryfor laboratorypreparedHMA mixtures with PG 5234 binder, lower fractre stress is
observedfor the control mixwhereas those of 20% and 40% RAP are compar&béeture stress
comparisons between 20% RAP &rabberizeedRAP plant mixes with P®4-34 and 6434P suggest
that both mixes are not any different from each other.

Mean Fracture Stress Between HVMA Mixtures
35
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Figure 5-8: Fracture Stress of Evaluated HMA Mixtures
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Recall thathefracture temperature is considered the primary indicator for thermal crack initiation in the
pavement surfacavhile fracture stress is more indicativetbke spacing betweesraclks after initiation.

Larger crack spacing thus attributed a higher fracture strebsuld the mix fail to meet its fracture
temperature cracking starts to develop.

The fracture tempature for HMA mixtures in the PG &3 category were satisfieénd their
corresponding fracture stress values are not significantly high to suggest that they will be prone to
transverse thermal cracking at low temperatut@sthe other handhecontroland 40% RAP PG 58
34;20% and 40% RAP PG 524; and 2086 and 40% RAP PG 520 HMA mixtures failed to attain the

34°C or-40°C requirement for mix fracture temperature, nor reach the critical low true grade values of
their respective recovered binderBhe fracture stress results for these mixtures walso not
significantly high

The fracture behaviourof the evaluatedHMA mixtures is also easily explained in terms tie
viscosities of thie respective bindeblend This is taking into consideratiotihe general belief that
asphalt mixtures with lower viscosity are better resistanthtwmal cracking thamhose of higher
viscosity, but higher viscosity mixes could exhibit higher buiidof tensile stress during cooling which

is beneficial to fracture dtigher temperatures

In the case of the terminal and fidddend RAP HMA mixtures, fracture temperature and streseés

to besignificantly influencedince their binder viscosities are improved by the rubber crudased on

the fracture temperatuand stress results noted for the control and 40% RAP P&580% and 40%

RAP PG 5234; and 20% and 40% RAP PG-8Q, it isthussuggestd that thér flexibilities at low
temperatures could be improved for better performance if CRM were incorporated.

The coefficients of variation for fracture stress as noted in Appendix A for all evaluated HMA mixtures
were significantly higher compared to those for fracture temperature. Hence, a confirmation of why
fracture temperature is preferred in the ranking of-femperature cracking resistance of asphalt
concrete mixturesStatistical analysisising a 95% confidence levelere completed forfracture stress
resultsin accordance with the hypothesiescribed in Chapter Thre€he details from a single factor
Analyds of Variance (ANOVA)for the evaluated HMA mixtureare reported iffable5-2.
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Table 5-2: ANOVA on Fracture Stress

HMA Mix Category Fcalculated | Feritical P-value Remark
PG58-28 (Lab Mix) 0.24 4.26 0.8 Statistically Insignificant
PG58-28 (Plant Mix) 9.64 3.06 0.00 Statistically Significant
PG58-28 (Lab + Plant Mix) 2.25 2.42 0.10 Statistically Insignificant
PG58-34 (Lab Mix) 0.45 4.26 0.70 Statistically Insgnificant
PG52-34 (Lab Mix) 5.08 4.26 0.03 Statistically Significant
PG52-40 (Lab Mix) 1.4 4.26 0.30 Statistically Insignificant
PG64-34 (P) (Plant) 6.69 5.99 0.04 Statistically Significant

The findingsshowthat thereare no significant statisticalifferencesfor all cases with exceptions to
specific scenarios between and within groups in the jpleodtuced PG 5828, PG 6434(P) and
laboratory PG52-34 mix categories. Thimeansthat performancef the evaluated HMAmixturesin
terms of fracture sessis consistent and comparable for casgre kcacuaeawere found to béess than
Feriical With @ corresponding -palue greater than 0.1An affirmation of the influence oihcreasingthe
RAP contentor a combination of RAP and CRbh the binder grde of the blendandits consequent
effects onfracture properties of the HMA mixtures were determinted cases where daculated Were
found to bgyreater than &iica With a corresponding-palue less than 0.1.

To further verify the deductiondrom Table 5-2, t-testsassuming equal variancesere performed for
different coupled asphalt mixtures in the respective binder categbhiesalues for ¢acuateswere found
to be less than diica With a correspoding pvalue greater than 0.1n all cases except for specific
couples detailed ifable5-3. Again, the statistically insignificant comparisastsow that the mixes are
statistically similar with respect to fraceustressvhile the statistically significant comparisons affeth
the greaterdifferences in effects of RABr combining RAP andCRM. The statistically significant
observations iMable5-3 areindicative of the fat that the control mix in the pad compariso@re less
likely to havelarge crack spacirggn the event that cracking occui@at is to say for example, H115
rubber fieldblend mix with 20% RAP is less likely to have large crack spacing when compéhed w
H115C with 20% RAP.
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Table 5-3: t-test on Fracture Stress for HMA Mix Couple

Bilgger HMA Mix Couple tcalculated tvcvzt':: ;\%i:l) Remark
L3:40%RAP L1:0%RAP 1.12 0.30 Statistically Insignificant
L2:20%RAP L1:0%RAP 0.48 0.65 Statistically Insignificant
L3:40%RAP L2:20%RAP 0.07 0.95 Statistically Insignificant
H7RFB:20%RAP L1:0%RAP 0.83 0.44 | Statistically Insignificant
H7RFB:20%RAP L2:20%RAP -0.07 0.95 | Statstically Insignificant
H7RFB:20%RAP L3:40%RAP -0.29 0.78 | Statistically Insignificant
H7RTB:20%RAP L1:0%RAP 1.78 0.13 | Statistically Insignificant
H7RTB:20%RAP L2:20%RAP 0.22 0.83 | Statistically Insignificant
H7RTB:20%RAP L3:40%RAP 0.37 0.72 | Statstically Insignificant

5828 | H35RFB:20%RAP L1:0%RAP 0.62 | 245 | 0.56 | Statistically Insignificant
H35RFB:20%RAP L2:20%RAP -0.23 0.83 | Statistically Insignificant
H35RFB:20%RAP L3:40%RAP -0.70 0.51 | Statistically Insignificant
H35RFB:20%RAP H35C:20%RAP -6.85 0.00 | Statistically Significant
H7RFB:20%RAP H7C:15%RAP -0.71 0.51 | Statistically Insignificant
H7RTB:20%RAP H7RFB:20%RAP 0.73 0.49 | Statistically Insignificant
H7RTB:20%RAP H7C:15%RAP -0.06 0.95 | Statistically Insignificant
H7RTB:20%RAP H35RFB:20%RA | 152 0.18 | Statistically Insignificant
H7RTB:20%RAP H35C:20%RAP -6.70 0.00 | Statistically Significant
H7RFB:20%RAP H35C:20%RAP -4.53 0.00 | Statistically Significant
L6:40%RAP L4:0%RAP 4.43 0.00 | Statistically Significant

52-34 | L5:20%RAP L4:0%RAP 2.33 0.03 | Statistically Insignificant
L6:40%RAP L5:20%RAP -0.17 0.90 | Statistically Insignificant
L9:40%RAP L7:0%RAP 0.26 0.80 | Statistically Insignificant

5834 | L8:20%RAP L7:0%RAP 0.79 | , 4 | 0.50 | Statistically Insignificant
L9:40%RAP L8:20%RAP -1.4 0.21 | Statistically Insignificant
L12:40%RAP L10:0%RAP 0.33 0.80 | Statistically Insignificant

52-40P | L11:20%RAP L10:0%RAP -1.21 0.30 | Statistically Insignificant
L12:40%RAP L11:20%RAP 1.35 0.20 | Statistically Insignificant

64-34(P) | H115RFB:20%RAP | H115C:20%RAP -2.59 0.04 | Statistically Significant

*NOTE: Rubber Terminablend (RTB) contains 10% CRMndRubber Fieleblend (RFB) contais20% CRM
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Besides the effects of RAP and CRM on binder grades, variations in fracture stress values could be
attributad to changes in the air voids of the specimens or possible-tstah@ne contact within the
mixture composition leading to weak spots inthenpactedest specimen.

Other significant factors could beslated to thedifferences inmixing temperatureand method of
compaction. HMA mixtures incorporating RAP were stiffer than the control mixtures as observed during
mixing. The RAP mixtures required a longer mixing time than the control mixtures. However, there
were no observable differences in compactioretimetween RAP and control mixtures. The 20% and
40% laboratory RAP mixtures were compacted in one direction for 12 seconds while the control
mixtures were compacted for 15 seconds to achieve the target air voids content of 7£1% in TSRST
specimens. Plant RAand RAPCRM mixes were respectively compacted for 30 and 40 seconds in both
direction(Ambaioweiet al.,2013)

HMA mixtures with higher viscosity tend to exhibit larger builpl of tensile stress during cooling. This
allows them to fracture at a highesmperature when compared with mixes with lower visco3ite
behavioural flexibilityof variousPG 58-28 asphalt mituresincorporating RAP and CRM under low
temperature conditions is highlightedRigure5-9.

TSRST Fracture Curve Behaviour
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Figure 5-9: Fracture Curve Behaviour for PG 58-28 HMA Mixtures
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The CRM isseen tocounterat the brittlenes®f binderby relaxingthe buildup of residualstressesn
the mixduring coolingthus enhancing the flexibility of the binders fraemperatures belows2°Cto
temperatures colder thad0°C for terminal and field blend rubber mixa&is flexibility results from
the absorption of stresses by the rubber binder and a cmmatelay in thermal crack propagatidhe
PG64-34P CRM mixalsoexhibited similar behaviour.

Based ornthe fracture temperature observations and statistical analydiseofeported fracture stress
values it is reasonable tgay that typical Ontario onventional HMA mixes incorporating RAP, or
combining RAP and CRM with thproper binder selectionwill not be prone to transverse thermal

cracking at low temperatures warrant wide spacing between cracks in the event that cracking occurs.

5.3 Rutting, Moisture Damage and Stripping Characterization

The resistance to rutting, moisture damage and stripping poteetialconducted on two replicatef

paired cylindrical specimens for each HMA mixtuRecall that stripping results when the adhesive
bond (asphalcement) between the aggregates is weakened by moisture damage.

In total, 76 specimens weréested in accordance with the methodology described in Chapter 3. The
summary inAppendix B provides data on the rut testinghe rut depths measured in this ersé
suggests that all evaluated Superpave HMA mixtures are relatively good compared to the National
Center for Asphalt Technology (NCAT) suggesteddepth criteria of less than 10 mm after 10,000
load cycles or 20,000 passes for conventional dgrestel HMA mixtures. Note that this criteria is
applicable to low volume roads whereas for interstate roads, it is typiealtgra.

Figure 5-10 highlights comparisonmadebetween migsfor rut depths measured at 1,0&0d 10,000

load cycles includinghe mean rut impreseh calculatedas thedifference betweenalculatedaverage

of maximumrut depthat 10,000 load cycleand postcompaction consolidatioat 1,000 load cycles

The RAP only mixtures indicated signifitiarut improvement witlanincrease in RAP from 0 to 20 and
subsequently 40%. It is observed that maximum rut depths for all mixtures did not exceed 4.1 mm after
10,000 cycles. Howeverut depths exceeding 5 mwere noted for mix L820% RAP PG68-34, L4:

0% RAP PG52-34 and L5:20% RAP PG52-34. For theseategory of HMA mixturesFigure 5-10
indicates thaincorporatingd0% RAPresulted in astiffer binderblendwhich was beneficiato resisting

the effects ofrutting.

The effectiveness of both methods of the-micess rubberized mixtures is also demonstrated in the

observed rutting behaviour of the evaluated mixtufég. combination of RAP and CRM is observed to
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stiffen the base PG8-28 and 6434P binders multing ina mix that ismore resistance to ruttinghis

gives an indication that the potential to incorporate higher RAP contents into HMA mingsimgshese

binder grade exists.

Figure 5-11 compares mean cneeslopes between the evaluated HMA mixtures in tegearchThe

creep slope represents the slope of the first steady state portion in the deformation vs. number of passes
graph. A higher creep slope suggests the mix is susceptible to rutting. Higherstopes in this
researchare consistent for mixtures with more pronounced wheel impressions. It is observed that the
densegradedPG 5828 terminal blend mix is the least susceptible to rutting. This is closely followed by
the PG 5828 gapgradedrubberfield blend mixtures in the following order: H¥FB, and H/RFB.
H115RFB with 20%RAP PG64-34P had a lower creep slope compared to HI/EE 20%RAP PG

64-34. It is important to note that thes¢MA mixtures with redued rut depths and creep slopkad

higher mix volumetridVMA, VFA and DP)compared to others within their respective categories.

Rut Depths For Evaluated HMA Mixtures
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Figure 5-10: Rut Depths betweerHMA Mixtures at 1,000 and 10,000 Load Cycles
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Creep Slope Comparison Between HMA Mixtures
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Figure 5-11: Creep Slopes between HMA Mixtures

An Analysis of Variance (ANOVA) was conducted between and within groups of the evaluated HMA
mixtures for the maximum rut depthDetails of hese statistical findings for maximum rut depth are
shown in

Table5-4. Statistical differences were found in maximum rut depths for investigationsimtueplant
produced PG 588, and laboratorprepared PG 240 mix categoriesSincea rigorous quality control
procedure was enforced for aggregagitadation ananix volumetric in the selection and design of these
mixes, the statistical observations for rut deptbsld beattributedto the differences in air vias

between test samples
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Table 5-4: ANOVA for Maximum Rut Depth betweenHMA Mixtures

Mix Category Fcalculated |  Fecritical P-value Remark
PG58-28 (Lab Mix) 0.49 9.55 0.70 Statistically Insignificant
PG58-28 (Plant Mix) 5.93 5.19 0.04 Statistically Significant
PG58-28 (Lab + Plant Mix) 2,71 3.5 0.09 Statistically Insignificant
PG58-34 (Lab Mix) 7.46 9.55 0.07 Statistically Insignificant
PG52-34 (Lab Mix) 6.43 9.55 0.08 Statistically Insignificant
PG52-40 (Lab Mix) 11.84 9.55 0.03 Statistically Significant
PG64-34 (P) (Plant Mix) 0.02 18.5 0.91 Statistically Insignificant

To affirm the differencem

Table 5-4, an Analysis of Variance (ANOVA) was conductedtWween and within groups of the
evaluated HMA mixtures for the creep slope. Details of statistical findings for creep slope are shown in
Table5-5. It should be noted thateep slopés preferredfor evaluatingrutting potential instead of rut

depth because the number of load cycles at which moisture begins to affect rut depth varies between
HMA mixtures and cannot be conclusively determined fromrthiglot (Asphalt Institute, 2010)rable

5-5 also suggestthat theair void differences betwegrairedtest samplesnay have beetost over the

test duration. This explains why those mixtures behaved similarly regardless of differences in mix type,
addition of crumb rubber athange in the binder grad&atisticalanalysis thus suggests that the rutting
resistance ofecycled mixtures incorporating RAP or combining RAP and CRM will result in a mix that

compares favourabhlyith conventional HMA mixture# they are properly d#gned and compacted
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Table 5-5: ANOVA f or Creep Slope betweetdMA Mixtures

Mix Category Fcalculated |  Feritical P-value Remark
PG58-28 (Lab Mix) 5.79 9.55 0.10 Statistically Insignificant
PG58-28 (Plant Mk) 2.94 5.19 0.13 Statistically Inggnificant
PG58-28 (Lab + Plant Mix) 5.23 3.51 0.02 Statistically Inggnificant
PG58-34 (Lab Mix) 0.17 9.55 0.90 Statistically Insignificant
PG52-34 (Lab Mix) 7.9 9.55 0.04 Statistically Inggnificant
PG52-40 (LabMix) 0.03 9.55 0.9 Statistically Insignificant
PG64-34 (P) (Plant Mix) 0.39 18.5 0.6 Statistically Insignificant

It should also be noted that Stripping Inflection Point (SIP) could not be determinednfprof the
evaluated mixtures at any load cytdss than 10,000. A correlation analyBetween all mix variables
was conducted, but no strong correlagisereobservedConsequentlythe evaluated mixtures wenot
susceptible to moisture damage or stripping since stripping slope was not detdeedraiphically
from the rut depth data or by visual inspection of the tested samples.

The resistance to rutting, stripping and moisture damiagattributed tothe mix volumetric, good
aggregate skeleton bond, good compactabitihd the mixtures exceed the minimum 80 percent
requirement for Tensile Stress Ratio (TSRable 5-6 compaes the laboratory rudata with those
obtained fronfield trial sections The field survey of rut depths were completed byNtieO in June
2013 wusing the Automated Road Analyzer (ARAN). Th
6 mm minimum rut criterion for slight rutting configthe effectiveness of RAP and CRM as a valuable

componentor typical Ontario HMA mixturegAmbaiowe et al.,2014)
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Table 5-6: Performance Comparison between Lab Mixes and Field Sections

Laboratory MTO's 2013 ARAN
Evaluation Survey of Field Sections
Mix Description
Mean Mean Average Mean
Rut Length 9 Rut Depth
Creep IRI
Slope Depth (Km) (M/Km) (mm), both
P (mm) Directions
H7RTB:PG 5828 (10% CRM + 20% RAP 3.83E06 2.3 1.5 1.12 1.9
H7RFBPG 5828 (20% CRM + 20% RAP 2.25E05 2.2 3 1.14 25
H115C:PG 6434 20% CRM + 20% RAP 3.05E-05 2.1 1 1.93 2.5
H115RFBPG 6434P 0% CRM + 20% RAP | 1.73E05 2.2 3 0.93 2.0

5.4 Mix Stiffness Characterization

A comprehensive stiffness assessment of the evaluated HMA mixtures was performed using the
dynamic modulus test protocol described in Caaphree Tests were conducted in triplicates for each
HMA mix evaluated. In total, 57 samples were tested. The average dynamic modulus and corresponding
phase angle values from test triplicates at varying temperatdf@®s4( 21, 37 and 54°C) and loading
frequencies (0.1, 0.5, 1, 5, 10 and 25Hz) for the respective HMA mixtures evaluated in this study are
tabulated in Appendix C.

A lower stiffness at low temperatures high loading frequenciesill help to minimize fatigue and low
temperature cracking.olreduce rutting potential, a highstiffnessat high temperatures low loading
frequenciess desirableAs expected, the trend the dynamic moduluslata collectedetween mixtures
showeda reduction in mix stiffness as the temperature increfased-10°C to 54°Cand an increase in
stiffness with increasingpading frequenciesrom 0.1Hz to 25HzHMA mixtures incorporating 40%

RAP were observed to have higher stiffness at Ewd high frequencies in comparison to 2B8%P,
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and mixtures without RAPThis trend was consistent for all PG binders used. For comparisons made in
the plantprepared mix categoryhe stiffness of the BbberizedRAP HMA mixtures were noted to be
higher at all temperatures and loading frequenttiasthose withRAP or mixturesin the laboratory
prepared mix category

A high phase angle at high stiffness is indicative of a binder with reduced relaxation properties thus
reducing its tendency for thermal cracking; whereas a low phase angle at low stiffness is indicative of a
binde capable of preventing ruttinhe phase angle dataetween the evaluated mixtur@sthis study

were observedo reduce with increasintpading frequency, andestingtemperatureThat is to say,

higher phase angles we=recorded at lower frequenciesile lower phase anglewere recordedit

higher frequenciesHowever, the measured phase angles at 1Hz across all test temperatures were
observed to be higher than those at 0.&Hmixtures and samples tested

For HMA mixtures in the laboratogreparedcategory,40% RAP recordedlower phase adgs in
comparison to those without RAP fadl loading frequencies atl0°C and 4°Ctest temperature.
However, both werehigher for comparisons made with 20% RAP HMA mixturéhis trend or
behaviour in phase anglef the evaluated mixtures are maintained in BudbberizedRAP HMA
mixtures, but it was observed that these mixturespective of the method of CRM incorporation
recorded phase angles that were significantly higher in comparisiie tmnventional mixures and
mixturesincorporatingl 5% and 20% RAP.

At 21°C, 37°C and 54°%@st temperatureshe performance of the recycled mixtures were better than the
conventional mixesThese observations confirm thfects of RAP or combining RAP and CRM on the
viscaelastic behaviouof asphalt binderandconsequentlyn HMA mixtures. In this casémprovemerd

in the data for mix stiffness and phase angleobhservedin accordance with theesearchmethodology,
theF-test analysis of variance (ANOVA) assumirgual variances was employedewaminevariability

in thetestdata. These validations were compared in otdafetermine which mix performed the best

The details of the fest ANOVA for mix stiffness and phase angle are present&dbie5-7 andTable

5-8 respectivelywith remarks Data validation mostly reported weak statistical evidence of differences
betweenthe HMA mixtures.In cases where the differences are sta#ily insignificant, the mixes are
deemed to be the samhile, statisticallysignificant validations suggests that there are differences in

mix stiffness and phase angle data between respective mix pairs.
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Table 5-7: Validated StiffnessData for Evaluated HMA Mixtures

Bilr;((jser HMA Mix Couple Fcalculated ';:em:: I;S:t;? Remark
L3:40%RAP L1:0%RAP 1.19 0.30 | Statistically Insignificant
L2:20%RAP L1:0%RAP 1.14 1.86 0.40 | Statistically Insignificant
L3:40%RAP L2:20%RAP 1.05 0.50 | Statistically Insignificant
H7RFB:20%RAP L1:0%RAP 0.74 0.20 | Statistically Insignificant
H7RFB:20%RAP L2:20%RAP 0.66 0.10 | Statistically Insignificant
H7RFB:20%RAP | L3:40%RAP 0.62 0.10 | Statistically Insignificant
H7RTB:20%RAP L1:0%RAP 0.32 Statistically Insignificant
H7RTB:20%RAP L2:20%RAP 0.28 0.00 | Statistically Insignificant
H7RTB:20%RAP L3:40%RAP 0.27 Statistically Insignificant|

5828 | H35RFB:20%RAP | L1:0%RAP 0.69 0.20 | Statistically Significant
H35RFB:20%RAP | L2:20%RAP 0.61 0.54 0.10 | Statistically Significant
H35RFB:20%RAP | L3:40%RAP 0.59 0.10 | Statistically Significant
H35RFB:20%RAP | H35C:20%RAP 0.57 0.10 | Statistically Significant
H7RFB:20%RAP | H7C:15%RAP 0.94 0.40 | Statistically Significant
H7RTB:20%RAP | H7RFB:20%RAP 0.43 0.01 | Statistically Insignificant
H7RTB:20%RAP | H7C:15%RAP 0.41 0.01 | Statistically Insignificant
H7RTB:20%RAP | H35RFB:20%RAP| 0.46 0.00 | Statistically Insignificant
H7RTB:20%RAP | H35C:20%RAP 0.26 0.10 | Statstically Insignificant
H7RFB:20%RAP | H35C:20%RAP 0.61 0.10 | Statistically Insignificant
L6:40%RAP L4:0%RAP 1.24 0.30 | Statistically Insignificant

52-34 L5:20%RAP L4:0%RAP 1.08 0.40 | Statistically Insignificant
L6:40%RAP L5:20%RAP 1.15 0.40 | Statstically Insignificant
L9:40%RAP L7:0%RAP 1.23 0.30 | Statistically Insignificant

5834 L8:20%RAP L7:0%RAP 1.22 0.30 | Statistically Insignificant
L9:40%RAP L8:20%RAP 1.01 1.80 0.50 | Statistically Insignificant
L12:40%RAP L10:0%RAP 1.82 0.10 | Statistcally Insignificant

52-40P | L11:20%RAP L10:0%RAP 2.43 0.01 | Statistically Significant
L12:40%RAP L11:20%RAP 0.75 0.20 | Statistically Insignificant

64-34(P) | H115RFB:20%RAP| H115C:20%RAP 1.13 0.40 | Statistically Insignificant

*NOTE: Rubber Terminablend (RTB)contains 10% CRM, and Rubber Fidittnd (RFB) contains 20% CRM
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Table 5-8: Validated Phase Angle Data for Evaluated HMA Mixtures

B'SdGer HMA Mix Couple Fcalculated Eizﬁtj Zg:tjl) Remark
L3:40%RAP L1:0%RAP 1.21 1.86 0.30 | Statistically Insignificant
L2:20%RAP L1:0%RAP 1.22 0.30 | Statistically Insignificant
L3:40%RAP L2:20%RAP 0.99 0.54 0.50 | Statistically Insignificant
H7RFB:20%RAP L1:0%RAP 1.47 0.20 | Statisticaly Insignificant
H7RFB:20%RAP | L2:20%RAP 1.21 1.86 0.30 | Statistically Insignificant
H7RFB:20%RAP L3:40%RAP 1.21 0.30 | Statistically Insignificant
H7RTB:20%RAP L1:0%RAP 0.37 Statistically Insignificant
H7RTB:20%RAP L2:20%RAP 0.31 0.54 0.00 | Statisticallylnsignificant
H7RTB:20%RAP L3:40%RAP 0.31 Statistically Insignificant|

5828 | H35RFB:20%RAP | L1:0%RAP 1.60 0.10 | Statistically Insignificant
H35RFB:20%RAP | L2:20%RAP 1.32 0.20 | Statistically Insignificant
H35RFB:20%RAP | L3:40%RAP 1.32 1.86 0.20 | Statisticaly Insignificant
H35RFB:20%RAP | H35C:20%RAP 1.90 0.10 | Statistically Significant
H7RFB:20%RAP | H7C:15%RAP 1.88 0.10 | Statistically Significant
H7RTB:20%RAP H7RFB:20%RAP 0.25 0.00 | Statistically Insignificant
H7RTB:20%RAP | H7C:15%RAP 0.48 0.54 0.00 | Stdistically Insignificant
H7RTB:20%RAP | H35RFB:20%RAP 0.23 0.00 | Statistically Insignificant
H7RTB:20%RAP H35C:20%RAP 0.44 0.00 | Statistically Insignificant
H7RFB:20%RAP | H35C:20%RAP 1.74 186 0.10 | Statistically Insignificant
L6:40%RAP L4:0%RAP 1.08 0.40 | Statistically Insignificant

52-34 | L5:20%RAP L4:0%RAP 0.91 0.5 0.40 | Statistically Significant
L6:40%RAP L5:20%RAP 1.18 186 0.30 | Statistically Insignificant
L9:40%RAP L7:0%RAP 1.13 0.40 | Statistically Insignificant

5834 | L8:20%RAP L7:0%RAP 0.82 05 0.30 | Statistically Significant
L9:40%RAP L8:20%RAP 0.89 0.40 | Statistically Significant
L12:40%RAP L10:0%RAP 1.07 1.86 0.40 | Statistically Insignificant

52-40P | L11:20%RAP L10:0%RAP 0.82 0.5 0.30 | Statistically Significant
L12:40%RAP L11:20%RAP 1.29 1.86 0.20 | Statistically Insignificant

64-34(P) | HL115RFB:20%RAP| H115C:20%RAP 1.15 0.40 | Statistically Insignificant

*NOTE: Rubber Terminablend (RTB) contains 10% CRM, and Rubber Fielend (RFB) contains 20% CRM

Note that the validation analysis wasrmaeted to confirm the consistency of the data collected for mix
stiffness and phase angles between the paired HMA mixtures. The ptastddr sample means was

used to assess and compare performance of the HMA mixtures in terms of stiffness andnubngsp
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phase angles after the data were validated. The detaitestf for mix stiffness are presentedTiable

5-9 with remarks.

Table 5-9: Performance AssessmentfdHMA Mixtures Based on Stiffness

B'Sger HMA Mix Couple tcalculated tt?ﬁ? tPV\(/Z<t:I) Remark
L3:40%RAP L1:0%RAP 5.16 Statistically Significant
L2:20%RAP L1:0%RAP 6.37 Statistically Significant
L3:40%RAP L2:20%RAP 2.55 Statistically Significant
H7RFB:20%RAP | L1:0%RAP -4.44 Statistically Significant
H7RFB:20%RAP L2:20%RAP -5.19 Statistically Significant
H7RFB:20%RAP | L3:40%RAP -5.14 Statistically Significant
H7RTB:20%RAP L1:0%RAP -5.07 Statistically Significant
H7RTB:20%RAP L2:20%RAP -5.27 Statistically Significant
H7RTB:20%RAP | L3:40%RAP -5.26 Statistically Significant

5828 | H35RFB:20%RAP | L1:0%RAP -4.97 Statistically Significant
H35RFB:20%RAP | L2:20%RAP -5.48 Statistically Significant
H35RFB:20%RAP | L3:40%RAP -5.41 Statistically Significant
H35RFB:20%RAP | H35C:20%RAP -5.15 Statistically Significant
H7RFB:20%RAP | H7C:15%RAP 3.09 Statistically Significant
H7RTB:20%RAP H7RFB:20%RAP -5.29 2.05 0 Statistically Significant
H7RTB:20%RA? H7C:15%RAP -4.46 Statistically Significant
H7RTB:20%RAP H35RFB20%RAP -5.05 Statistically Significant
H7RTB:20%RAP | H35C:20%RAP -5.12 Statistically Significant
H7RFB:20%RAP H35C:20%RAP -4.87 Statistically Significant
L6:40%RAP L4:0%RAP 6.82 Statistically Significant

52-34 | L5:20%RAP L4:0%RAP 7.06 Statistically Significant
L6:40%RAP L5:20%RAP 4.08 Statistically Significant
L9:40%RAP L7:0%RAP 5.99 Statistically Significant

5834 | L8:20%RAP L7:0%RAP 7.34 Statistically Significant
L9:40%RAP L8:20%RAP -6.8 Statistically Significant
L12:40%RAP L10:0%RAP 7.01 Statistically Significant

52-40P | L11:20%RAP L10:0%RAP 6.97 Statistically Significant
L12:40%RAP L11:20%RAP -6.48 Statistically Significant

64-34(P) | H115RFB:20%RAP| H115C:20%RAP 6.65 Statistically Significant

*NOTE: Rubber Terminablend (RTB) contains 10% CRM, and Rubber Fielend (RFB) contains 20% CRM
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Table5-9 shows thatwvhenthe value fortcacuiatediS greater thnthe teriica With a corresponding-palue
lessthan 0.1 for all HMA mix pairs his suggests there are significant differenteshort, therecycled
materials intypical OntarioHMA for all categories of binders evaluatace shown to bstiffer. This
showsthat increasing the RAP content or combining RAP with CRM will result in a stiffemich is
more rut resistantompared to conventional HMA mixturédowever, it is important t@stablishthat

the observednix stiffness isnot exclusivelya furction of the improvemnts made to the binder, bat
combination with other factorsThe improvements to the binder do have a major influencing role
though.The ttest for mix phase anglevere determined in this rega@hdare presented iable5-10
andTable5-11 with remarks.

Table 5-10: Performance Assessment d?G 5828 HMA Mixtures Based on Phase Angle

B'SdGer HMA Mix Couple tcalculated tt?g(i;:-“ thx(/-:t:I) Remark
L3:40%RAP L1:0%RAP 0.39 0.70 | Statistically Insignificant
L2:20%RAP L1:0%RAP -0.47 0.60 | Statistically Insignificant
L3:40%RAP L2:20%RAP 1.09 0.30 | Statistically Insigrficant
H7RFB20%RAP L1:0%RAP 1.52 0.10 | Statistically Insignificant
H7RFB20%RAP L2:20%RAP 1.49 0.20 | Statistically Insignificant
H7RFB20%RAP L3:40%RAP 1.08 3.00 | Statistically Insignificant
H7RTB:20%RAP L1:0%RAP -1.05 0.30 | Statistically Insigniicant
H7RTB:20%RAP L2:20%RAP -0.67 0.50 | Statistically Insignificant
H7RTB:20%RAP L3:40%RAP -0.98 0.34 | Statistically Insignificant

5828 | H35RFB20%RAP | L1:0%RAP 0.69 2.05 0.50 | Statistically Insignificant
H35RFB20%RAP | L2:20%RAP 0.78 0.40 | Statistically Insigificant
H35RFB20%RAP | L3:40%RAP 0.4 0.70 | Statistically Insignificant
H35RFB20%RAP | H35C20%RAP 0.82 0.40 | Statistically Insignificant
H7RFB20%RAP H7C:15%RAP 0.89 0.40 | Statistically Insignificant
H7RTB:20%RAP H7RFB20%RAP -1.71 0.10 | Statisticaly Insignificant
H7RTB:20%RAP H7C:15%RAP -1.47 0.20 | Statistically Insignificant
H7RTB:20%RAP H35RFB20%RAP -1.17 0.30 | Statistically Insignificant
H7RTB:20%RAP H35C20%RAP -0.89 0.40 | Statistically Insignificant
H7RFB20%RAP H35C20%RAP 1.73 0.10 | Statistically Insignificant

*NOTE: Rubber Terminablend (RTB) contains 10% CRM, and Rubber Fielend (RFB) contains 20% CRM
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Table 5-11: Performance Assessment of HMA Mixtures Based on Phase Angl€ontinued

. tcritical _
B'Sger HMA Mix Couple tcalculated tgﬁ- z\(/-;;fl) Remark
L6:40%RAP L4:0%RAP 1.14 0.30 | Statistically Insignificant
52-34 | L5:20%RAP L4:0%RAP 0.39 0.70 | Statistically Insignificant
L6:40%RAP L5:20%RAP 1.41 0.10 Statistically Insignificant
L9:40%RAP L7:0%RAP -1.42 0.20 | Statistically Insignificant
5834 | L8:20%RAP L7:0%RAP -0.77 0.50 | Statistically Insignificant
2.05
L9:40%RAP L8:20%RAP -0.49 0.60 | Statistically Insignificant
L12:40%RAP L10:0%RAP 0.73 Statistically Insignificant
0.50
52-40P | L11:20%RAP L10:0%RAP -0.62 Statistically Insignificant
L12:40%RAP L11:20%RAP 4.72 0.00 | Statistically Significant
64-34(P) | HL115RFB20%RAP | H115C20%RAP -2.16 0.04 | Statistically Significant

*NOTE: Rubber Terminablerd (RTB) contains 10% CRM, and Rubber Fielend (RFB) contains 20% CRM

In Table 5-10 and Table 5-11, it is observed thawalues for ¢acuated are less thancgica with a

corresponding {value greater than or equal to 0.1 for all HMA mix pairs exé@ptomparisons made
betweena 40% and 20% RAP imwith PG 5240 asphalt binder. Theibberized mix with 20% RAP
PG6434P mix and 20% RAP mix with PG &4 asphalt bindeshowed similar trends

The statisttally insignificant scenarioare indicative of a lesser degree of sensitivity on effects of

increasingrRAP contents or combinintpesewith CRM. That is to saythe degree to wibh therecycled

components improvethe phase angles of the respective binder grades at high antielguwenciess

less. Hence thphase anglef these recycled HMA mixtures are compardiséveen mixes the order

in which they were pairedzor example, the phase angle of a 40% RAP mix idasino a mix without

RAP in the PG 5&8 laboratory mix category.
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In contrast, statistically significant scenarios are indicative of a higher degree of sensitthigetiacts

of increasing RAP contents or combining same with CRM. This means thdegree to with recycled
components improvethe phase angles of the respective binder grades at high and low stiffness is
greater Hence the lpase anglef a field blendRubberizedRAP with PG 6434P asphalt binder is better
when compared with a 20% RARXwith PG 6434 asphalt binder.

Regardless of the statistical sensitivity of the phase angle to increasing RAP coimetdrabination

with  CRM for the respective binder grades, tiverall behavioral characteristof the HMA mixtures
indicates thathe observedimprovements instiffnessof the recycled mixturesvere predominately
affected by thenix volumetric,good aggregate skeleton boadd good compactability.

The main deductions frothe t-test assessment of mix stiffnemsd phase angleharaterizationis that
increasing the RAP content or combining RAP with CRM will result in a mix that is stiff, more elastic
or flexible and capable of withstanding the effects of low temperature cracking and fatigue cracking
including those of rutting or peranent deformatioif such mixtures are properly designed, mixed and

compacteds is the case with the HMA mixtures evaludtethis study

5.5 Master Curve Development for Evaluated HMA Mixtures

The stresstrain behavior of HMA mixture iprimarily dependenhon temperature and loading rate. By
constructing a master curve, it is possible to observdehavioralchanges in thasphalt binder and
mixture over time.Master curves are constructed using the {iemperature superpositigurinciple

This principe assumes that the effect of time @dding or frequencgn the material properties can be
replaced by the effexbf temperature, and vice versa. In this way, the master curve can be defined as a
function that describes simultaneously the dependencynafndic modulus on both the temperature and

the time of loadingising shift factorsThe amount of shifting at each temperature required to form the
master curve describes the temperature dependency of the material. The greater the shift factor, the
greaterthe temperature susceptibility of the mixtufe.number ofapproache®xist to establish this
relationship between shift factors and temperature.

In this study,stiffnessmaster curves fothe respectivéiMA mixtures evaluatedvere constructednd
compaed using therheologyand master urve analysissoftware( RHE A E, . RHEALI4 3 user
friendly softwarethat allows the conversion dfynamic mechanical data from the frequedoynain to

the time domain, and vieeersa( R HE A E , . TBeOb&ngfi of usinghis software is that the shifting

procedure is done automaticallyaoeference temperature dd’Z.
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TheRHE AE s odlsb pvavided allowance for smoothening the 1Hz bump in phase alagge
collected across all HMA mixtures befattee shifting task wa completed. Theeduced frequency and
smoothenednaster curves were plotted verify thebehavioral observations frothe tteststatistical
analysis Figure5-12 throughFigure5-18 shows the completed master curves for all 19 evaluated HMA
mixtures in the rgsective order of comparison

Although statistical analysis of phase angle daiggests that the behavioral tendencies of the evaluated
mixtures are similar or compzble the master curvaadicate that there are differences with respect to
how each mix would respond to resisting the effects of pavement rutting, fatigue and thermal cracking at
high, intermediate and low temperatures respectively. These differastiatglier mentioned are related

to the variations betweanix stiffness andinfluenced by thenteraction between temperatwkanges

on asphalt binder ppertes mix volumetricand theaggregate structure withgachmix.

The presence of RAP in inciag percentages or combining RAP and CRMixtureswith PG 58-28
binder as seen irFigure 5-12 through Figure 5-14 suggests that thesmtegoryof mixturesbehave
similarly atintermedia¢ and high loading frequencies or lower temperatsimgse the curves tend to
come together. Hower at low loading frequencies bigher temperature a smalldegree of separation

is observedn favour of the recycled mixtures

The mos significant differences for this category of HMA mixturedates tothe method of CRM
incorporation.As shown inFigure5-13 andFigure 5-14, the terminal blend wegtrogess mix (H7RTB

20% RAP+10%CRM) indicateda reasonable degree of separabigrexhibiting thelowest stiffness at
lower temperature However, its rutting behaviour is comparable to the-pvetess field blend mixes
with 20% RAP +20% CRM ratio.

Another nteresting observation for theggesof HMA mixtures is that the master curvaslow and
intermediate temperaturdésr the control mix, 15, 20 and 409RAP mixes respectivelyincluding the

field blend RibberizedRAP mixtures appear to show @ncave bedwviour whereas their high
temperature behaviour appears to b®mewhat convexHowever the mastecurve for the terminal
blend RubberizedRAP mix exhibis a consistentstraight line at the low, intermediate and high
temperatures. The concave behavicurgpresentative of a ndinear behavior during compression as
well as an increasing influence of the aggregatee | et ondés mechani cal respons
binder while theconvex or apparenstraight lineis indicative of a more viscoelastic xnthat is

predominantly influenced by changes in the asphalt biryger
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Figure 5-12: Master Curve for Lab and Plant HMA Mix tures with PG 58-28and 0, 15, 20 and 40%RAP
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Figure 5-13. Master Curve for Plant RubberizedRAP PG 5828 HMA Mixtures
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Figure 5-14: Master Curve for PG 58-28 HMA Mixtures with CRM+RAP, RAP only and No RAP

In Figure 5-15, the HMA mixturesexhibited a reasonable degree of separafldre differences in
master curves arobserved betwedPG 5240 HMA mixtures incoporating @6, 20% and 40% RAP.

The 20% RAP mix appears to be stiffer than a 40% R&Pwhich in turn was stiffer than the control

mix. The recycled mixtures also exhibited a more concave behaviour compared to the control mix which
is astraight line.At the low loading frequencies, the master curves suggests thé arD40% RAP

PG 5240 mix will perform better in ruttingrespectively. At the intermediate loading frequencies, the
master curves suggests that the control and 40% RAP PM® B3x will perform better infatigue
cracking resistance as opposedhe 20% RAPmix since they are more flexibl&t the high loading
frequency, the control miand 40% RAP mixvill be moreresistant tahermal cracing ascompared to

the20% RAPHMA mixtures.
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Figure 5-15: Master Curve i PG 52-40for 0, 20 and 40%RAP

Very small differences in master curves are observed betifdénmixturesutilizing PG 5234 asphalt
binders at the intermed& and high loading frequencieBigure 5-16 shows that at high loading
frequency, the 2% and 40% RAP PG 524 will perform similarly, but the control mix will perform
better interms oflow temperature crack susatibility. At the intermediate loading frequency, the 40%
RAP mix appears to haweslight edgein stiffnessover the 20% RAP and control miowever, the
control and 20% RAP mix are more flexible in terms of fatigue resistakicéhe high loading
frequency, the 20% RAP mix is seen to be stiffer than the 40% RAP mix which in turn is stiffer than the
control mix. This suggest th#te 20% RAP PG 534 mix has better resistancertdgting orpermanent
deformation compared to the 40% RAP and control riixritical look at the master curve for this
group of HMA mixtures shows that the concave behaviour of the curve is only consistent at the high
loading frequency or low temperature region whereas the straightwlere consistent at the
intermediate and higlvading frequencies. This confirms that good compaction aided the mix behaviour

at low temperatures while influences from the asphalt binder csthifatigue and rutting behaviour.
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Figure 5-16: Master Curve for Lab Mix with PG 52-34 and 0, 20 and 409RAP

In Figure 5-17, all RAP HMA mix configurations utilizing a PG &8l asphaltbinderappeared to have a
concave behaviour across th&|dntermediate and high loading frequenaigsch is indicative of the
predominant influence of the aggregat&k e | et onés mechani cal response
The 20 and 40% RAP miappear to be comparable in stiffness at both the low agid Ibading
frequencies in comparison to the control mtowever, at the intermediate loading frequency, the
control mixtures appearto be more flexiblethan therecycledmixtures The 40% RAP mixis also
observed to bslightly more flexiblecompared tadhe 2% RAP mix; henceavill perform better in terms

of fatigue resistance. The control mix is also observed to have a slightly better resistance to thermal

cracking compared to the recycled HMA mixtures in this category.
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Figure5-17: Master Curve for Lab Mix with PG 58-34 and 0, 20 and 40%RAP

Figure5-18indicates that the behaviour of rubberizRAP mix with PG 6434P and RAP mix with PG
64-34 bindermay becomparabldor resistance to ruttingt the low loading frequencieb terms of
thermal crackingesistance, the ubberizedRAP mix has a slight edge over the corR#AP mix
However, at the intermediate loading frequenthe RubberzedRAP mix appears to bmore fatigue
resistantonsidering that it imore flexible A combination of the concave and straight line behaviour is

also observed for these mixtures.
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Figure 5-18 Master Curve for PG 64-34(P) mix with CRM+RAP, and RAP mix with PG 64-34

5.5.1 Evaluation of Rutting and Fatigue Factors from E* Tests
A final level of assessment of the HMA mixtsrim this study involvedestimatingthe ruttingfactor
(E*/si n anid) fatiguefactor (E * s i rdromitHe dynamic modulugE*) test resultsat specific

temperatures and frequées TheE* / sin 0 was computed at a |l oadir
temperature of 54UC whil e E*si etalii2000aNote thad the a't 2

greater theutting parameterE*/sin U), the less susceptible thexms to the effects ofutting whilea

lower fatigue factor E * s i) is goddindicabr of the HMA mixtures performance against fatigue

cracking.
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Thefindingsbr E*/ si n 0 a nHgurds*1%andiriguie5-20prowda a goad perspective

of the observatios in the master curgconstructed.The resultsare agood indicabr of rutting
susceptibility for compasbns between theuRberizedRAP HMA mixtures and RAP only mixtures

with the former having higher rutting parameters and lower fatigue parameters. Again the terminal blend
wet-process mix is noted to have ranked bmmnhpared with field blend rubberized mixtur@hese

results confirm thata@mbining RAP and CRM provided a goodlénce between binder stiffnessix
stiffness, and durability. The resulter rutting potentialalso appear to beconsistent with those
deteminedfrom the Hamburg Wheel Tracking Device (HWTD).
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Figure 5-19: Rutting Parameter of Evaluated HMA Mixture s
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Estimated Fatigue Parameter
3500

2879
3000 2731 }_
2601

n 477 2492
2441
2500 ; 4 o 2418

2003
F 2000

& 1500 -
1000

500

$EFFE TS
CREERE R \ o gl e\ o o
SANEFFF LTS
S FFF I FTFXS
FHYEE 45 gy & N &

“
Vvvé\@? Qg“’ VF ST

MU

HMA Mix Type

Figure 5-20: Fatigue Parameter of Evaluated HMA Mixture

5.6 Performance Ranking of the Evaluated HMA Mixtures

Based on the outcome of performanceingststatisticaland master curvanalysis of the evaluated
HMA mixtures rankings were completed ihd order of theiactual and estimate@sistances to rutting,
fatigue cracking ad thermal cradkg at low temperatureghe criteria and limits used in ranking the

performance for each failure moediscussed below.
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Therankings for low temperatureeformance between HMA mixtures were considerechogetevels.

The first level was based on the ability to meet or exceed thedageminimum Pavement Design
Temperature (PDT) for the binder grade in the respective mix categories.

The HMA mixtures thasatisfied this criteria were furth@onsidered to have good performarssel
placedin the third (3) rankf the difference betweeits Mean Fracture Temperature (MFT) and the
corresponding onrday minimum PDT was equal to zero. HMA mixtures placed insdeond (2) rank
were those whose difference between MFT and-dae minimum PDT were less than the
corresponding onday minimum PDTby 1 to 5°C. Such HMA mixtures were considered to be better
performing. The best performing HMA mixtures which were rankest (1) were those whose
difference between MFT and oday minimum PDT were less than the corresponding-daye
minimum PDT by 1 to 5°C

In contrast HMA mixtureswere considered to have performed poorly and subsequently placed in the
fourth (4) rank i the difference between MFT and ocday minimum PDT ws greaterthan the
corresponding onday minimum PDTby more than 5°CThe second level of ranking considered the
variation between MF1n the respective category of HMA mixtures. The ranks were plasegod (3),
better (2) and best (1) depending ondbgree of variation betweeamperatures.

Thethird and overall level of ranking was based on the sum of leuts 1 and 2. The HMA mixture

with the least sum of ranks was considered to be thgbdsrming The intermediate suf rankswas
considered better performing while the highest sum of ranks was congidédregioodin performance
Table5-12 summarizes the low temperature performance of the aemltHMA mixtures as ranked.

In terms of actual performance, the ranking system for the labonatepared PG 528 HMA mix
category suggests that utilizing up to 40% RAP content compares favourably with the conventional mix,
but the overall ranking suggt that the conventional mix is the best.

For the HMA mixtures with PG 584, 5234 and 5240 binders, the ranking systesuggests that
utilizing 40% RAP is not favourable to low temperature performance. These category of mixtures were
found to be goodnithe overall rank. In the PG &8 plantproduced mix category, the rubber terminal
blend mix consistently ranked best in terms of performance and overall rank while the rubddefigld

was placed in better rank. For comparisons made between the 28%amRiRubberizeeRAP HMA
mixturesin the PG 6434(P) category, the latter was ranked best.
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Table 5-12: Low Temperature Performance Ranking of Evaluated HMA Mixtures

Low Temperature Cracking
1 Da

waTpe  |mm | Rank | Renk Level 2 | S o | Oere!
poT(C) | MFTCO) et 6 RVBTT- PDT) |Level 1| (Variation MFT) Ranks | Ran

L1:58-28 -30 -2 2 1 3 1
12:58-28+20%RAP -28 0 3 3 6 3
L.3:58-28+40%RAP -29 -1 2 2 4 2
H7C:58-28+15%RAP 28 -33 Ves -5 2 1 3 1
H35C:58-28+20%RAP -30 -2 2 3 5 3
H35RFB:58-28+20%RAP -32 -4 2 2 4 2
H7RTB:58-28+20%RAP -40 -12 1 1 2 1
H7RFB:58-28+20%RAP -32 -4 2 2 4 2
L7:58-34 31 No 3 4 2 6 2
1.8:58-34+20%RAP -34 Yes 0 3 1 4 1
19:58-34+40%RAP -29 No 5 4 3 7 3
L4:52-34 -34 Yes 0 3 1 4 1
L5:52-34+20%RAP -30 No 4 4 2 6 2
L6:52-34+40%RAP -34 27 No 7 4 3 7 3
110:52-40 -43 Yes 9 1 1 2 1
L11:52-40P+20%RAP -32 No 2 4 2 6 2
112:52-40P+40%RAP -32 No 2 4 2 6 3
H115C:64-34+20%RAP -32 No 2 4 2 6 2
H115RFB:64-34P+20%RAl -37 Yes -3 2 1 3 1

*Note: Performance 1 = Best, 2 = Bette3 = Good, 4 = Poor
MFT = Mean Fracture Temperature;
PDT = Average 1 Day Minimum Pavement Desiggmperature

In the case ofutting resistancethe overall ranks wergased on the sum of rankstweernthe mean rut
impressionand mean creep slope as determined from the Hamburg Wheel Tracking Device (HWTD),
and the estimated rutting factd*( s i fnom dynamic modulus mix characterizatiooemputed at a
loading frequency of 5Hz and test temperature of 5#f@ HMA mixture with the least sum of ranks
was considered to be the best performing (1). The intermediate sum of ranks was consitiered b
performing (2) while the highest sum of ranks was considered to be good in performance (3).

It should be noted that thmean rut impression is the difference between the maximum rut depth at

10,000 cycles and pesbmpaction consolidation depth g0@0 cyclesRanks for mean rut impression
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and mean creep slopeeve assigned inrdexending order. This allowed for HMA mixtures with the
highestvalues of mean rut impression, and mean creep slope to be igode(B), better (2) andbest

(1) respectivel. In contrast, ranks for estimated rutting facter(/ si n U0) wescendingssi gne
order.This allowed for HMA mixtures with thaighestvalues of stiffness to be ranked best (1), better

(2) and good (3) respectivelyrable5-13 summarizes theank in ruttingperformance of the evaluated

HMA mixtures The overall rankshows that increasing the RAP contentombining RAP and CRM

is favourable to the rutting performance of HMA mixtures.

Table 5-13: Rutting Performance Ranking of Evaluated HMA Mixtures

Rutting
] Hamburg Wheel Tracking Device (HWTD) | Estimated Rutting Factor
HIVIA Mix Type Sum of | Overall
Mean Rut Witczack's Ranks | Rank
Impression| Rank Mean Rank E/ s i nRank
(mm) Creep Slope (MPa)
L1:58-28 11 1 6.8E-05 2 3065 2 5 2
12:58-28+20%RAP 15 3 1.1E-04 3 2976 3 9 3
L3:58-28+40%RAP 11 1 2.9E-05 1 3255 1 3 1
H7C:58-28+15%RAP 10 2 6.9E-05 3 2719 2 7 3
H35C:58-28+20%RAP 13 3 3.4E-05 2 3051 1 6 2
H35RFB:58-28+20%RAP 0.6 1 7.0E-06 1 2396 3 5 1
H7RTB:58-28+20%RAP 10 2 3.8E-06 1 3289 1 4 1
H7RFB:58-28+20%RAP 0.6 1 2.3E-05 2 3240 2 5 2
L7:58-34 18 1 1.0E-04 2 3117 2 5 1
L8:58-34+20%RAP 3.0 3 1.3E-04 3 3993 1 7 3
19:58-34+40%RAP 18 1 8.2E-05 1 3046 3 5 1
L4:52-34 2.8 2 1.8E-04 2 2326 3 7 2
L5:52-34+20%RAP 31 3 2.4E-04 3 2967 1 7 2
L6:52-34+40%RAP 15 1 6.0E-05 1 2475 2 4 1
110:52-40 15 3 6.8E-05 2 2905 3 8 3
L11:52-40P+20%RAP 13 2 7.2E-05 3 5676 1 6 2
L12:52-40P+40%RAP 11 1 6.3E-05 1 3709 2 4 1
H115C:64-34+20%RAP 0.6 1 3.1E-05 2 3886 2 5 2
H115RFB:64-34P+20%RAH 0.8 2 1.7E-05 1 4361 1 4 1

*Note: Performance 1 = Best, 2 = Better, 3 = Good
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The overall ranking criteria for fatigue cracking between the evaluated HMA mixtures were based on
the sum ofranks between performance from binder rheological characterization and the estimated
fati gue f afoomdynamic Biddaliusmix Gharacterizatioc@mputed at a loading frequency

of 5Hz and test temperature of 21°C.

The HMA mixture with the leastusn of ranks was considered to be the best performing. The
intermediate sum of ranks was considered better performing while the highest sum of ranks was
considered to be good in performancehe ranks assigned to performance of tiheological
characterizetinders werdasedn the satisfaction afquation 51 below:

TO T (Equation 51)

Where:

IT = Intermediate temperature of the recovered binder (°C)
T = Temperature for G*sin U O 5000 kPa

The HMA mixtures that satisfied ehcriteria above were furtherranked in descending order, and
consdered to lave good(3), better (2) and best (3) performance depending on the degree of variation
between théntermediate temperatures of the recovered binder

The HMA mixtures that did not satisfy equatiofil svere considered to have poor performance and

placed n the fourth (4) rankRanks for estimated rutting factdeXs i n U0) werdesceadingi gned
order. This allowed for HMA mixtures with thibwestvalues of stiffness to be ranked best (1), better

(2) and good (3performanceespectively.Table 5-14 sunmarizes the rank irutting performance of

the evaluated HMA mixtures.
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Table 5-14: Fatigue Cracking Performance Ranking between Evaluated HMA Mixtures

Fatigue Cracking
Binder Rheological Characterization Estimated Fatigue Factor
Recowered
HMA Mix Type Tfr?)p(: ratuée; T( Intermediate ‘ WitCZ&CK'S SR::]sz O;;il
5000 kPpa Temperature, | | T O] Rank E*sin Rank
0) I (MPa)
9
11:58-28 19 3 2731 2 5 3
12:58-28+20%RAP 11 1 2879 3 4 2
1.3:58-28+40%RAP 16 2 2477 1 3 1
H7C:58-28+15%RAP 19 16 ves 2 2003 1 3 1
H35C:58-28+20%RAP 19 3 2601 3 6 3
H35RFB:58-28+20%RAP 14 1 2302 2 3 1
H7RTB:58-28+20%RAP 11 1 1465 1 2 1
H7RFB:58-28+20%RAP 14 2 2441 2 4 2
L7:58-34 16 3 2154 1 4 1
18:58-34+20%RAP 16 14 Yes 2 2492 3 5 3
19:58-34+40%RAP 14 2 2418 2 4 1
L4:52-34 13 Yes 1 1920 1 2 1
15:52-34+20%RAP 13 14 No 4 2193 2 6 2
16:52-34+40%RAP 14 4 2278 3 7 3
110:52-40 10 Yes 1 1441 1 2 1
L11:52-40P+20%RAP 10 14 No 4 2576 3 7 3
L12:52-40P+40%RAP 14 4 2347 2 6 2
H115C:64-34+20%RAP 19 13 Vs 2 2236 2 4 2
H115RFB:64-34P+20%RA 9 1 1612 1 2 1

*Note: Performance- 1 = Best, 2 = Better, 3 = Good

5.7 Field Monitoring of In-service Pavement Sections

It has been approximatelpdr years sincall of these trial sections were placdéleld monitoring
resultsto date areonsistent with the laboratory performance evaluatiohs.field monitoring exercise
was conducted by CPAT®n Highways 7, 35 and 115 pilot sections in June 2@18&ccordance with
the Ministry of Transportation Ontario (MT@gavement distress evaluation consideratidiable 5-15
summarizesperformancefindings from the visual evaluations conductedhe RubberizedRAP
(Terminal and Fieléblend) sectionsare all performing very well in comparison to itheespective
control sectionsncorporating 1%, and20% RAR It should be noted that there are no control sections

without RAP for this demonstration project.
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Table 5-15; Distress Manifestation on Pavement Sections

Highway Section Distress Type Severity | Density Remarks
Physical appearance
Transverse cracks \% F pavement section is good, b
H7-C:15% RAP PG 5828 Longitudnal cracks \% F with minor cracks and sligh
distortions. Excellent ride
ability.
Centre line cracks H E Overall pavement conditio
Transverse crack H Fq. and rideability is good, but
(1.52m apart) with slightly rough and uneve
H35-C:20% RAP PG 5828 Longitudinal cracks L F sections.
Edge cracking \ F
Aggregate Loss \% F
Overall pavement condition i
H115-C:20% RAP PG 6434 Centre line cracks \% F good and rideability is very
Transvers cracks L Fq. good.
Pavement section is i
Centre line cracks g Vv F excellent working condition
H7R.TB:20% RAP PG 7628 start of section Ride-ability is smooth ang
Transverse cracks \Y, F noiseless.
Overall working condition is
H7R.FB:20% RAP PG 5828 No visible distress - - excellent. Ri_deability is
pavement smooth and noiseless
Pavement section is visual
Centre line cracks H E gapgraded, and in better
H35R.FB:20% RAP PG 5828 Transyerse cracks M Fq. condition cqmpeed to the H_35
Flushing \% F control section. Excellent ridg
ability and noiseless.
Pavement section is i
Centre line cracks \% F excellent working condition
H115R.FB:20% RAP PG 6434P | Transverse cracks Vv F Excellent rideability and
noiseless.

*Note: Distress 8verity are noted as L = Low; V = Very Low; M = Moderate (M) and H High (H)

Distress Density aneoted ad= = Few; Fq. = Frequent; and E = Extensive
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5.8 Forensic Testing on Cored Pavement Sections

Forensic pavement analysis provddaluable infomation intothe potential cause giavement failures.
Prior to extracting theoresfrom Highway 15, North of Smith Falls, Ontayiall trial sectiondrom field
investigationsverenoted to have very slight to few raveling and coarse aggregate losswidreralso
reported cases of few multipente line cracks and slight multiongitudinal cracks along the wheel
tracks. However, the overall condition of the controld moist cryogenisections appeared to be in
good condition, and were performing wedimpared to the moisimbient rubbesections

The following sections detail test findings aimed at understanding reasons édistheed distressas

the rubber modified sectisn

5.8.1 Density Tests

Density analysisperformedas part of this researabvealed aeragevalues for themaximum specific
gravity, air void content (Irplace Density)and volume of water absorbed by the corescfmtrol
sectionsas 2.519 6.4% and 0.4% respectivel\}While ambient rubber sectiawere 2.5176.9% and
0.4% andcryogenic sections wer2.518 5.0and0.4% respectively

Water absorption rates were found to be compardhilemaximum specific gravity of the rubberized
sectionswvere observed to be lowtran the controsection However the differences are rapatistially
significant. It is thus expected that the asphalt contents between thedesaongles may bavithin
similar range.

It is also recognizedhat a high in-place density can potentially result water and air permeability
which results in water damagexidation, raveling, and cracking while low-jpface densitiesan
potentially result in permanent deformation in the fornruifing and shoving in flexible pavements.
The measured iplacedensitiesare no more than 8% or less ththe 446 required pavemnt densities
In this case, the observed pavement distresses cpossiblybe attributed to insufficient compaction.
However, it is possible that the densities in and around the longitudinal construction jointaveay
been poorly constructedThis istakinginto account the observed cexline cracks Longitudinal joints
are typically constructed one lane at a tikisresults in low density areas and consequentyeases
the potentiaffor voids tointerconnecincluding thelikelihood for permeaitity and possible pavement

settlement
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5.8.2 Binder Extraction and Gradation Analysis

On completion oflensity testingthe cores were dried to a constant masser room temperaturéhe
asphalt cement content and aggregate graddtimm selected ares for eah trial section were
determinedn accordance witlin accordance with the MTQaboratory Testing Manual, Test Method
LS-282Rev. No. 25(MTO, 2001) Trichloroethylene solvent wassed tcextract theasphalt bindefrom
thein-service pavement cores to eehine if insufficient binder content could be attributedhe poor
performance ofhesesections. Gradation analysis was conducted to help identify whether the cause of
poor performance for the sections could be related to mix gradatierdetermineasphalt content and
aggregate gradation for each trial section is showrabie5-16.

Table 5-16: Gradation Analysis and Asphalt Content of Trial Sections

% Passing Sieve (mm)
. Ambient Cryogenic
Si Sieve gzg:irgrl] Rubber Rubber
ize(mm) Section Section
16.0 100.00 100.00 100.00
125 88.89 95.62 98.56
9.5 75.56 82.50 89.12
4.75 53.78 55.95 52.25
2.36 45.88 48.08 45.68
1.18 41.39 34.22 34.83
0.600 36.42 24.97 26.70
0.300 16.41 12.69 12.93
0.150 7.92 5.24 5.89
0.075 4.90 1.62 2.15
Pan 1.29 0.00 0.19
% A sphalt Content 6.0 5.4 6.1
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The slope and the intercept constants of the coarse and fine aggregate portions of thedrecaver
graded aggregates were anal y Zhlesdaw ussekpregsedtahr showp ower 6
below(Ruthet al.,2002)

Pes = aca(d)™ (Equation %)
Pra = apy(d)™* (Equation 53)

Where:
Pcs andPgps = Percent by weighpassing a given sieve that has an opening of vddth
ac4 = Intercept constant for the coarse aggregate
g4 = Intercept constant for the fine aggregate
d = Sieve opening width, mm
N4 = Slope (exponentpr the coarse aggregate

ng4 = Slope (exponent) for the fine aggregates

The divider sieve between coarse and fine aggregate is given by the Nominal Maximum Aggregate Size
(NMAS) of the mixture. All trial sections were found to have a NMAS of 1&i&, so the
recommended 2.36 mm dividing sieve was used for anaBgiss e d o silanwRie Wwigher the slope

value, the coarser or finer thabrtion. Table 5-17 shows the application of the procedure for the

respectiverial sections.

Table 5-17: Gradation Analysis Based on Power's Law

Trial Sections aCA nCA aFA nFA
Control 31.1 0.4 345 0.7
Ambient Rubber 31.7 0.5 29.6 1.0
Cryogenic Rubber 31.4 0.4 29.4 0.9
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The fine aggregatgortion of both cryogenic and ambient rubber secti@me finer, but appear
segregatedased on th@bservations ifTable 5-16 and Table 5-17. This suggestsa pavement with
sufficient finesthatare unevenly distribedto form a good mastic with the binder thus making it more
permeable.

The control sections appear to have an even distribution of fines wends to reduce permeability.
The coarse ggregate portion of both cryogenic and ambient rubber sections also appear to be coarser,
but is segregated compared to the control secAonbient sections appear to have a lower asphalt
content compared to cryogenic and control sections.

It is also posible that the densgradedmix designof the moistprocessambient and cryogenic mix
design may have contributed to field compactability issues. Perhapsgragkga mixdesign is better
suitedto the moist process rubber mix which is essentially sinhilahe dry process rubber mixhis is
because a gagradation is confirmed to be favorable to the compaction ofpdrgess rubberized
asphalt mixtures. The result of good compactioa ieduction in voids and improved durability of the

resulting pavemen

5.8.3 Rutting, Moisture Damage and Stripping Susceptibility

The extracted cores were also characterized for their resistance to rutting, moisture damage and the
effects of strippingMeasuredrut depthsobtainedfrom the control and ambient rubber trial seos
coreswere found texceedM T O6 s mi ni mu m 6 asfightly cut flexible pavemant; Wwhiler

the cryogenic sectiois at leas2 mm below theninimum rut criterion

Figure5-21 highlightsthese findingsneasured at 1,000 and 10,000 load cycles including the mean rut
impressios calculated as the difference between calculated averages of maximum rut depth -and post
compaction consolidation.

To confirm the measured rut depths, mean creep slopes betwetialtisections were compared as
shown inFigure 5-22. Higher creep slopes are observed to be consistent with the control, and ambient
rubber trial sections, both of which exhibited higher rut depths and moreumeatbwheel impressions.
Stripping Inflection Point (SIP) could not be determined for any of the trial sections at any load cycle
less than 10,000. This is partly related to the low water absorption behaviour-gladerpavement
densities. The main dediipn is that a strong relationship exist between pavement density, aggregate

gradation and permeability.
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Rut Evaluation on Pavement Cores
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Figure 5-21: Rut Depths between Trial Sections
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Forensic findings confirm that all trial sections may have been well compacted. However, the observed
distress ignost likely relatedo aggregate ggegation resulting from the effects of permeability caused

by poorly constructed or compacted longitudinal joints. The sections were permeable regardless of the
high asphalt content and fine aggregate gradations. Regardless of the low asphalt cdraeahbient

rubber sections, results from rut characterization makes a statement for the continued use of crumb
rubber in Hot Mix Asphalt (HMA). A properly designed, mixed and well compacted rubberized
pavement will compare favorably or perform better tbamventional HMA pavements.

5.9 Summary

In this Chapter the laboratoryperformancdestingresultsfor all evaluated HMA samples and extracted
pavement cores were presented, analyzed and discussed in accordance with the thesis methodology and
research objetes. The results and observations from field monitoring eirvice pavement sections
were also reported.The experimental data obtained from performance characterization tests were
observed, and statistically analyzed to investigate the effects octimpaarying RAP contents, or
combining RAP and CRM for the evaluated HMA mixtur@serall, it is concluded that an engineered
HMA mix with up to 40%RAP content, or a mix incorporatirg)% RAP and10 or 20% CRM wiill

satisfy all its functional pavemenegormance requirements if it is properly designadked and
compactedA properly designed HMA mix demands that an acceptable criteria for both volumetric
and mechanical propertiesreachedFinding ths balances possible witha solid understanding o

the material properties of the aoponents of theAMA mix and how interactionoccurs between
them. The RAP mixtures in this study have been designed keeping all Superpave volumetric
properties within minimum specifications while the crumb rubber usedhén field-blend
RubberizeeRAP HMA mixtures were subjected to both ambient and cryogenic grimdsgting

in finer crumb particles. Thisnsure good solubility with the virgin binder prior to mixing with the

aggregates.
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Chapter 6

Sustainability and Cost Assessment

6.1 Introduction to Sustainable Pavements
The general consensos sustainability revolves arourits relationship and benefits to the economy,
environment andociety.The consideration of these factavigthin the context of a sustainable pavement
requires that a pavemetd durable, cost effective, e@lficient, and is of better or comparable
performancdo one built with virgin materialsThe main indicatorgor a sustainable pavemestiould
thereforeincludethe following(Uzarowski & Moorg 2008)
1 Minimizing the use of natural resources;
Reducing energy consumption;
Reducing greenhouse gas (GHG) emissions;

1

1

1 Limiting pollution (air, water, earth, noisecej

1 Improving health, safety and risk prevention; and
1

Ensuring a high level of user comfort and safety.

Chapter Five oftis thesishas shown thathe use of RAP and CRMatisfiesboth structural and
functionalpavemenperformanceequirementsin addtion, the innovative use of Reclaimed Asphalt
Pavement (RAPand Crumb Rubber ModifigflCRM) in Hot Mix Asphaltcan potentially provide the
abovementionedsustainablgpavemenbenefits Therefore, lhis Chapter assess and compares tloest

and sustainabiy of thevarious pavement design alternatitesdetermine the optimal sustainable
option

A number of ratingoolshave been developéd assess the sustainability level of various pavement
design alternativesSome ofwhich include Leadership in Emgy and Environmental Design
(LEED), GreenLITES,GreerGuide, INVEST, GreenRoads GreenPave, Sustainable Highways
SeltEvaluation Toaoland Envision(Hertel, 2012) These rating toolsliffer in terms of applications
and procedure, buhe general underlyingrinciple is point basedn self-assessient.For this research

the sustainabilitylevel of a control pavement secticend thoseincorporatingRAP and CRM are
assessedi si ng Ontariobs pavement S u s tThe cost agsdéssment r at i

considers both the environmental and economiplications of the various pavement design
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alternativesFor this research, the environmenitapacs are asesed usingthe fiPavement lifeCycle

Assessment Software for Environmental and economic Effee&s@ATE)0 while the economic

assessmenttilizes thefiLife Cycle Cost Assessmerit@CA)0 methodologyA brief description of each

tool, and results of the completed analysis for differestarcitase studies are presentedgusequent

sectionsof this Chapér.

6.2 GreenPave Sustainability Rating Tool

GreenPave is simple point basedelf-evaluatng ratingtoolt o
transportation infrastructure through designing and selecting the most economical and environmentally

enhance

t he

sust ai

friendly pavement alternativet is modelled aftethe GreenLITES sustainability rating system, but

focuses specifically on pavement projecasher thanthe entire road (Lane, 2011)here are four

categories withinwhich GreenPaveassesses pavement sustailitgbithesealongside corresponding

goals andgoint totals are etailedin Table6-1.

Table 6-1: GreenPave Category OverviewLane, 2011)

Category Goal Points
Pavemert To optimizesustainable design¥hese include long life pavements, permeg
Design pavements, noise mitigating pavements, padements that minimize the he 9
Technologies | island effect.
Materials & | To optimize the usage/reusérecycledmaterials and to minimize material
Resources transportation distances. 11
Energy & To minimize energy consumption and GHG emissions.
Atmosphere 8
Innovation & | To recognize innovation and exemplary efforts made to foster sustainable
Design pavement designs. 4
Process

Maximum Total: 32

Each category is further broken down to address specific objectives, with corresponding points assigned

to each sutmtegory.The degree to which credit objectives are met determines how projects are awarded

points for each subcategory under the GreenPave ratingAioa@verview of the GreenPageorecard

for eachsubcategor and the points associated with each critei® highlighted inFigure 6-1. The

following four awardsare established in GreenPave: Bronzd{7points), Silver (1114 points), Gold
(15-19 points), and Trillium (20+ pointgl.ane, 2011)

115

na


http://www.mto.gov.on.ca/english/transtek/roadtalk/rt16-1/

Pavement Material & Energy & Innovations &
Technologies Resources Atmosphere Design Process
9 Points 11 Points & Points 4 Points
Long-Life Recycled Reduced Energy Innovation in
Pavement Design Content Consumption Design
3 Points 5 Points 3 Points 2 Points
Permeable Undisturbed GHG Emissions Exemplary
Pavement Ravement Reduction Process
2 Points 2 Points 3 Points 2 Points
Noise . Pavement
Mitigation Local Materials Smoothness
2 Points 2 Points 1 Point
Cool Construction Polluti_cm
Pavements Quality Reduction
2 Points 2 Points 1 Point

Figure 6-1. GreenPave Score Card OverviewlLane, 2011)

6.2.1 GreenPave Evaluation for Design Case Studies

To illustrate the applicability and impacts ofilizing RAP and CRM in HMA mixtures based on
Ont ari ods pavietnye nrtatsiunsg as yhaatassumedaGemenstruuaaldesign
inputis adopted for the analgsiThe structure foanalysisconsists of two layers of asphathie surface
course, beingl0 mm of a SP 12.5nm FC1 mix over 110 mm thick SP19.0 mm bindea course.The
underlying layersare 150 mm and450 mm for thegranular A and B, respectivelfrhe recycled
components of the binder and granular layers are assinted30% The analysisrecompleted in the
following order:

1 CaseA i Rubbeized-RAP:20% RAP + 20% CRM in surface course

1 CaseB - 20% RAP in surface course

1 CaseC-40% RAP in surface course

1 CaseD - Control Mix with no recycled components in the surfand bindercourse
It should also be noted thatcomputer spreadsheet is available for@neenPave rating tool, bthe
analysis weragnanually computed based tnhe MTO6s Gr eenPave r Ebler ence
6-2. Table6-3 highlightsthe pavement desigrestion forCaseA - RubberizedRAP.
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Table 6-2: MTO's GreenPave Rating System Guide (GreenPave, 2012)

Sub- Points Requirements
Category | Awarded Asphalt Concrete Granular Lager
Composite pavement, perpetual
Lang Life 2 asphalt pavement, deep strength
Fawvement asphalt pavement
3 - Rigid pavement
Fermeable 1 Foadside drainage
Favement z P arking lat
1 Superpave mikes Langitudinal tining, Oiamond grinding|
Moise
Mitigation 5 ShA8, mike=s, HMWG, with rubber
modified AC, Quiet Pavement Mives
1 Cluiet pavement, porous asphalt
Cool Concrete pavement, white cement
Favement 2 - pavement, permeable pavers,
pErIOUs concreks
1 5152 RAF by mass 10-1552 of SCM by mass of cement | 10-233 BM by mazss
2 16-20% RAF by mass 16-255 of SCM by mass of cement -
3 21-20% RAF by mass - F0-43% Al by mass
Feoycled 4 31-405 BAP by mass -
Content . CIR. CIREAM, HIF =00 R By rna.SE.
In-place processing
Ext.ra 2154 of O or BST by mass Uze of =lurry water or treaked wazh
Foint waker
Feusze of 1 Fresepration treatments
Favement 2 Maintainingg > 202 of pavement structure, Concrete overlay
Local i 50-73% materials transported less than 100 km
Material=s 2 » B3 materials tranzported less than 100 km
Construction 1 Meets Requirements
Cuality z Exceeds Requirements
Freduce 1 WwhAs, 5152 RAP, =22 BST by mase  16-26 ST by maz=s of cement 10-492< Rl by mass
Energy 5 HIF:, 16-4052 FAF by mass >502¢ FM by mass,
Consumption In-place processing
3 CIR, CIREAM - FOR.EAS
S 1 Wb, B-152 FAF by mass 16-263¢ SCM by mas= of cement 10-492< Bl by mass
Emissions 5 HIF:, 16-4052 FiaF by mass >50¢ AM by mass,
Freduction In-place processing
3 CIR, CIREAM FOR,EAS
Frauement 1 IR < 065 Concrete
Smoothness
PD"U“F“ 1 »802 vehicles with diesel retrofit » 203 wehicles with alternative fuels
Feduction
Innowation in 1 linnowation in design
De=ign 2 » 2 inmowations in design
Ezemplary 1 1exemplary process
Frocess z »2 exemplary processes
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Table 6-3: Rubberized-RAP Pavement Section

Construction Pavement . Content Layer Width
Process Material Depth
Type Layers (%) (m)
(mm)
AV|rg|n : 80
Surface Course ggregate 0
SP 12.5 mm RAP 20
Asphalt Gment 6.6
Virgin 80
HMA with Binder Course Aggregate
20% RAP and| Initial SP 19 mm RAP 20 110 8
0,
20% CRM Asphalt Cement| 5
RAP to Site 30
Granular A - 150
Gravel to Site 70
RAP to site 30
Granular B - 450
Rock to Site 70

Based on recommendations Trable 6-2, no point is earned fordng Life Pavement or Permeable
Pavement subcategoriéhe surfacecourse isa SPmix containing rubber, s@ points is earnedunder

the Noise Mitigation subcategorilowever,the pavement does not meet the requirements under the
Cool Pavement subcategortherefore nopoints are awardedPoints in he Recycled Content
subcategoryare awarded based ameighted averagesince the different pavement layessll earn
varying amounts of pointd.able 6-4 highlights the weighted average calculation; therefor8 goints

are awarded under thésibcategory.

Table 6-4: Recycled Content Calculation

Pavement Point Thickness Thickness x Points Awarded
Layers Awarded
Surface Course
SP 12.5 mm 2 40 80
Binder Course
SP 19 mm 2 110 220
Granular A 3 150 450
Granular B 3 450 1350
Total 750 2100
Points Earned 2100750 = 2.8
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No points are awarded under the Reuse of Pavement subcategory since an initial construction project is
beinganalyzedIt is assumed thatlautilized materials have transportationtdisces less than 100km, so

2 points are awarded under the Local Materials subcate@umy. point is awarded for Construction
Quality subcategory since the finished pavementregirements A weighted average system similar

to the method illustrated ihable6-4 is alsois requiredto award points in thReduce Energy andréen

House Gas (GHG)Emissimms Reduction subcategories. Thesdbcatgoriesare awarded .2 points

each.l pointsis awarded under the Pollah Reduction subcategory since use of scrap tires contributes

to reducing pollution Two points are awarded folnnovation in Designsince the mix design
incomporatesRAP and CRM whi¢ no pointis awarded to thé&xemplary Process subcategoA
completed GreenPave scorecard fibrd@signcase studieare presented imable 6-5. This simple
sustainability analysis returned a score card of pBiBtsfor Case A- RubberizeeRAP, so itis
awarded a Gr ecertifitaion.Basei 8n pbintseearned and GreenPave rankBase

B - 20% RAP andCaseC i 40% RAP are awardeithei Br o n z e 0 cespedtivelfwhile at i on

CaseD i Control Mix iscertified unsustainable.

Table 6-5: GreenPave Score Card forll PavementSectiors

Max Awarded Points
Category Sub-Category )
Points | SetA | SetB | SetC | SetD
Long Life pavement 3 0 0 0 0
Pavement Permeable Pavement 2 0 0 0 0
Technologies Noise Mitigation 2 2 1 1 1
Cool Pavement 2 0 0 0 0
Recycled Content 5 2.8 2.8 2.9 2.5
Materials and Reuse of Pavement 2 0 0 0 0
Resources Local Materials 2 2 0
Construction Quality 2 1
Rggrﬁ’s"mepqgr?y 3 12 | 12 | 12 0
Energy and GHG Emissions Reductiof 3 1.2 1.2 1.2 0
Atmosphere Pavement Smoothness 1 0 0 0 0
Pollution reduction 1 1 1 1 0
Innovation and Innovation in Design 2 2 0 0 0
Design Processe Exemplary Process 2 0 0 0 0
Total Points 32 13.2 10.2 10.3 4.5
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6.3 Life Cycle Cost Assessment (LCCA) Methodology

Life Cycle Cost Assessment (LCCA) is an as@yechnique thabuilds on the weklfounded principles
of economic analysisto evaluatethe overall-longterm economic efficiacy between competing
alternative investment optiofEHWA, 1998) The six major pavement life cycle cost components and

level of influence are summarizedTiable6-6.

Table 6-6: Pavement Life Cycle Cost ComponentfOHMPA, 1998)

: : Influence on

THE SIX MAJOR LIFE-CYCLE COST COMPONENTS Life-Cycle Costs
Initial Costs design, build and construct

cost of hot mix (standard mixes or enhanced pavement designs like moderate to high

stone mastic asphalt or modified/engineered asphalt)
Maintenance routing maintenance such as crack sealing and patching to extend moderate
Costs pavement service life
Rehabilitation resurfacing and reconditioning to restore pavement to acceptable moderate
Costs service levels
User Costs cost of delays due to construction and maintenance low to moderate
Residual Value ~ value of the remaining service life of the road (the economic analysis low

may cover 40 years compared to the road's expected hife of 50 years).
Salvage Value value of reusable components at the end of the analysis period low

A LCCA is particularly beneficial where project alternatives that satisfy similar performance
requirements, but differ in terms of the relevant costs of the agency, owner, and the pagsensearel

to be compared for purposes of selecting the project that maximizes net savings. The relevant costs
include initial construction and project support, future maintenance and rehabilitation, and the user costs
(delays and vehicle costshhe most ppropriate time for conducting LCCA for pavement projects is
during the design stage. This allows for necessary modifications that will ensure cost reductions, and in
decision makingA summary of LCCA input variables and the general basis used to detetimein

values is shown ihfable6-7.
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Table 6-7: LCCA Input Variables (FHWA, 1998)

LCCA Component Input Variable Source
Preliminary Engineering Estimate
Wi i iy Cloits Constmct?on Management Est@ate
Construction Estimate
Maintenance Assumption
Timing of Costs Pavement Performance Projection
Current Traffic Estimate
Future Traffic Projection
Hourly Demand Estimate
Vehicle Distributions Estimate
Dollar Value of Delay Time Assumption
User Costs Work Zone Configuration Assumption
Work Zone Hours of Operation Assumption
Work Zone Duration Assumption
Work Zone Activity Years Projection
Crash Rates Estimate
Crash Cost Rates Assumption
NPV Discount Rate Assumption

A LCCA is conducted in accordanedgth the following proceduregHicks & Epps, 199), (FHWA,
1998)
1 Assume an analysis period and develop rehabilitation and maintenance strategies for the
analysis period.
Establish the timing (or expected life) of various rehabilitation and maintenance strategies
Estimate the agency costs for constirgtrehabilitation, and maintenance
Estimate user and narser costaind avelop expenditure streams
Compute the preseptojectvalue orworth.

Analyze the results using either a deterministic or probabilistic approach

= =4 =4 -4 -4 =4

Re-evaluate strategies and @éyp new ones as needed
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The present valuef the investmentis evaluated by combining the initial project costs and the
discounted futurexpendituresHowever, forpurposes ofjuaranteeingeasonableomparisons between
options, it is important for LCCA0 be evaluated based tire Net PresenYalueor Worth(NPV). The

NPV is aneconomic efficiency indictor computed as shown in Equation 6.1. It takes into consideration
the usercosts (i.edelay and vehicle operatimgstsincurred by the user of the flity) and agency costs

(i.e. all costs incurred directly by the agency over the life of the projacprobabilistic LCCA
approach is also recommendgdighe, 2001).

1
NPV = Initial Cost + F ( m)
(Equation6-1)
Where; F1 Future cost at the end dfe " year
i T Discount ratetypically 3to 5%

ni Number of years

An Equivalent Uniform Annual Cost (EUAC)sicomputedusing Equatioré-3 after the NPV has been
determinedThe EUAC represents the NPV of all the discounted costs and benefits bérmative as if
they were to occur uniformly throughout the analysis period.

EUAC = NPV <M>

a+ir-1
(Equation6-3)

A salvage value which takes into consideration the cost of the final rehabilitation activity, expected life
of rehabilitation, ad time since last rehabilitation activity is also calculated as shown in Equadion 6

This represents the value of an investment alternative at the end of the analysis period.

Sv=1 Le zC
(Equation &4)
Where; C1 Cost of rehabitiation strategy
La T Portion of expected life consumed

Le T Expected life of the rehabilitation strategy
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6.3.1 Research Design Considerations for LCCA

The LCCA methodology described in section 6.3 and a frameworla 2011 CPATT study that
evaluated the emomic effectiveness of RAP afkcycledAsphaltShingles (RAS) in HMA Mixtures
(Ddamba, 2011)were adoptechnd modifiedto quantify and comparéhe economic valgeof the
respective case studies in this reseaftte CPATT LCCA framework took into considgion a 2011
Ontario report on the life cycle cost analysis of municipal pavements in Southern and Eastern Ontario
(ARA, 2011).In addition, materialinit costestimategeflecting current market pricing ithe Greater
Toronto Area (GTA)havebeenconsideed. Note that theprice per tone of each materiafluctuates
regularly, so all analysis done herein are simplttierpurposes of thigsearch.

The unit cost estimates fall HMA layers consideredare for those incorporating a PG-88 asphalt
binder. A tonne of the 20% and 40% RAP HMA mixture with PG 5828 binderwere respectively
assumed to b&0% and20% less expensivthanthat ofconventional HMAThis was considered in part
because the cost far PG 5828 HMA mixture incorporatingRAP was not radily available, but those
for a PG 6428 HMA mixture were found to be within the price range considekéalvever, h most
cases, it was found that some municipalitrethe province wee paying the regular HMArice whilst
allowingthe contractato elect if they want to incorporate RAP.

In the case of a Rubberized HMA mixture, no cost estimates were obtained since it is not typically in use
in Ontario.The actual cost per tore of a ubberized HMA mix useh the 2011 rubbedemonstration
project were o not readily availableso estimatesvere determined based on findings from a paper
t i t UifeCyclefiCosts for AsphaRubber Paving Materiaés(Hicks & Epps, 1999).

The paper showed that the cost of usemphalt rubbemix could rangebetween appromately 26-

45% highe than the cost o conventional HMAmix. This takes into consideration the incremental cost
of acquiring, renting, or contracting the equipment used to blendrtireb rubberinto the asphalt
cement In the case of the 2011 rubbdemonstration projecthe cost ofcontracting the blending unit
ranged between $15- $30 per tonne of asphalt rubber, not including the cost of mobilizing,
demobilizing, and settup/taking down the equipmeftiegazi, 2014)

Consequentlyit was assumethat the unit cost for a toie of RubberizedRAP HMA mixture with 20%
RAP and 20% crumb rubbeshould be30% more expensivéhana conventional HMAmixture (i.e. the
differencebetween an assumedbberizedHMA being40% more expensiveand a 10% less epensive
20% RAP HMAmixture).
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An analysis period of 20 years svassumed and the unit cost per tonne of each material ufitized
initial pavement construction are highlightedrliable6-8.

The expected pavemeseérvice lives shown ifable 6-9 for the initial pavement construction for the
control and RAP case studies were obtained from the Transportation Association of Canada (TAC)
Pavement Design and Management GUW@AC, 2013)while the RubberizedRAP case study was
based orestimates fronthe Hickspaper(Hicks & Epps, 1999)

The maintenance antehabilitation design strategies with expected life spans for thee@0analysis
period including unit costir each agvity arealsoshown inTable 6-10. Figure 6-2 and Figure 6-3
illustrates the timeand performanceimpact respectively for maintaning and/or rehabilitating
pavemerg. An increase in the life of the pavement is the result of a timely and appropriate maintenance
or rehabilitation strategyl'he laboratory performan@ssessmentsf the HMA mixtures for rutting, and
thermal crackingasranked in section 5.@ere the primary consideratiomns formulating the year of
maintenance and rehabilitatistrategiedor the respective case studiesnsideredNote that a ideal
approach would involve usinghe mechanistieempirical pavement desigguide (MEPDG)
computerbased modeling softwar actualfield pavement distressata The MEPDG allows for

the prediction of distresses am@termination of rehabilitation and maintenance programs based on the
effects of the traffic, climate, existing y@ment conditionandthe underlying soillt should be noted

that all material quantities used in the LCCA for the hypothetical pavement geometrypizad ty
estimates for a 1 kilometroadway

Table 6-8: AssumedUnit Cost for Initial Pavement Construction

Pavement Layer Description of Pavemgnt Layer, Unit Cost
Amount (Quantity) $/Tonne
Superpave 12.:mFC1 106
Superpave 12.:mmFC1 Q0% RAP 96
Hot I(\fl_:m,:\;,phalt Superpave 12.5mmFC1 @0% RAP 85
Superpave 12.BimFC1 (20% RAP + 20% CRI 138
Superpave 18nm 90
Base Granular A 16
Subbase Granular Bi Type Il 13
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Table 6-9: Expected Pavement Service Lives for Initial Construction

Case Study Life Span (Years)
Case A(RubberizeeRAP HMA - 20% RAP + 20% CRM) 18
Case B 20% RAP HMA 15

Case C40% RAP HMA

Case D(Control HMA)

Table 6-10: Maintenance and RehabilitationStrategies with Unit Costs

Yeafs. Service Description of Pavement Layer, Quantity Unit Cost
after In|t|§1l Life Amount (Quantity) Per 1km $/ Tonne
Construction of Road
3 5-7 Rout and Seal0m/km) 200 5
5 5-7 Rout and Seal (208/km) 200 5
8 8-10 Spot Repairs, mill 4enm/path 40mm, 5% area (A 750 35
12 8-10 Spot Repairs, mill 4enm/patch 40mm, 5% area (A 750 35
16 8-10 Spot Repairs, mill 4enm/patch 40nm, 20% area (& 3,000 45
20 8-10 Spot Repairs, mill 4enm/patch 40mm, 5% area (A 750 35
A
=0
2 % | Original Pavement
© s Rehabilitated Pavement
g3
= £
S E
o= ..
O & | N _______________________M{I_lgmumAcceptable
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5 5
¥ Terminal Condition

—» Pavement Life (Years)

0 «—— Analysis Period (Years) ———» 1

Figure 6-2: Time Impact of Pavement Maintenance and Rehabilitation Strategy
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Figure 6-3: Pavement Performance Impact over Time

6.3.2 LCCA Computation and Analysis

The initial pavement atstruction cost and maintenance aeldabilitation schedules were calculated and
annualized over the analysis periad3, 4, 5 and 7% discount ratéthe excastion costswere not
included in the determination of initiphvementonstruction cost since it is not always necessary for a
LCCA. The initial pavement construction cost determined at gegofor all case designs are shown in
Table6-11. It is observed that congtiting a 1 km pavemesectionincorporatingCase A (Rubberize

RAP HMA) is more expensive comparedadCase D (©ntrol HMA) mix or mixtures withCase B

(20% RAP HMA)andCase C (40% RAP HMA)However,the initial pavement construction cost for

Case GandCase Bareless expensiverhen compared tGase A

The LCCA computations detailing the Present Worth Factor, Net Present Values (NPV) and Equivalent
Uniform Annual Costs (EUAC) over the expenditureeatns for the respective case studies are
summarized in Appendix D. The rankings between case studies for total maintenance and rehabilitations
costs, salvage values, and Present Worth Costs (PWC) at 3, 4, 5 and 7% discount rates are summarized
in Table6-12. Note that he typical discount rate used in Ontariai®ut5.4% (ARA, 2011)
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Table 6-11: Initial Pavement Construction Costs

Case D - Control HMA Mixture

Pavement Description of Pavement Layer Amount Quantity | Unit Cost Total Cost
Layer per Km $/Tonne
Surface SP 12.5 mm FC1 40 1512|$ 106.00| $ 160,272.0Q
Binder SP 19, mm (1) 110 4059 $ 90.00| $ 365,310.00
Base Granular A, mm (t) 150 5400 $ 16.00| $ 86,400.00
Subbase Granular B - Type Il, mm (t) 450 13500 $ 13.00| $ 175,500.00
Grand Initial Construction Total Cost| $ 787,482.00,
Case B - 20% RAP HMA Mixture
Pavement Description of Pavement Layer Amount Quantity | Unit Cost Total Cost
Layer per Km $/Tonne
Surface SP 12.5 mm FC1 (20% RAP) 40 1512 $ 96.00| $ 145,152.00
Binder SP 19, mm (1) 110 4059 $ 90.00| $ 365,310.00
Base Granular A, mm (t) 150 5400| $ 16.00| $ 86,400.00
Subbase Granular B - Type Il, mm (t) 450 13,500| $ 13.00| $ 175,500.00
Grand Initial Construction Total Cost| $ 772,362.00
Case C - 40% RAP HMA Mixture
Pavement Description of Pavement Layer Amount Quantity | Unit Cost Total Cost
Layer per Km $/Tonne
Surface SP 12.5 mm FC1 (40% RAP) 40 1512| $ 85.00( $ 128,520.00
Binder SP 19, mm () 110 4,059 $ 90.00| $ 365,310.00
Base Granular A, mm (t) 150 5400| $ 16.00| $ 86,400.00
Subbase Granular B - Type Il, mm (t) 450 13,500 $ 13.00| $ 175,500.00
Grand Initial Construction Total Cost| $ 755,730.00
Case A - Rubberized-RAP HMA Mixture
Pavement Description of Pavement Layer Amount Quantity 1 Unit Cost Total Cost
Layer per Km $/Tonne
Surface SP 12.5 mm FC1 (20% RAP + 20% CRM) 40 1512|$ 138.00| $ 208,656.00
Binder SP 19, mm (1) 110 4,059 $ 90.00| $ 365,310.00
Base Granular A, mm (t) 150 5,400( $ 16.00( $ 86,400.00
Subbase Granular B - Type Il, mm (t) 450 13,500 $ 13.00| $ 175,500.00
Grand Initial Construction Total Cost| $ 835,866.00
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Table 6-12: LCCA Summary, Comparisons and Rankings between Case Studies

Mix Discription Discount | Initial |Total M&R | Salvage Present Comparison Rank _
Rate Cost Cost Value |Worth Cost (Least Expensive

Case D (Control HMA) $614,736| $105,765 |-$87,201.94| $306,044.73 4
Case B (20% RAP HMA) % $610,200 | $105,765 |-$85,527.62| $792,599.04  -1.7% 3
Case C (40% RAP HMA) $605,664 | $105,765 |-$83,685.88 $777,808.80 -3.6% 2
Case A (Rubberized-RAP HMA $632,880| $1,539 |-$92,559.75 $759,379.11  -6.1% 1
Case D (Control HMA) $614,736| $92,147 |-$71,879.30] $635,003.92 4
Case B (20% RAP HMA) $610,200| $92,147 |(-$70,499.19 $631,848.03 -0.5% 3
Case C (40% RAP HMA) 4% $605,664 | $92,147 |(-$68,981.06| $628,830.16 -1.0% 2
Case A (Rubberized-RAP HMA $632,880 $1,415 |-$76,295.67| $557,999.25 -13.8% 1
Case D (Control HMA) $614,736| $80,476 |-$59,358.74| $635,853.19 4
Case B (20% RAP HMA) $610,200| $80,476 |(-$58,219.02| $632,456.90 -0.5% 3
Case C (40% RAP HMA) % $605,664 | $80,476 |-$56,965.34| $629,174.59 -1.1% 2
Case A (Rubberized-RAP HMA| $632,880| $1,303 |-$63,005.82[ $571,177.23 -11.3% 1
Case D (Control HMA) $614,736| $61,823 |(-$40,700.06| $308,605.14 4
Case B (20% RAP HMA) 2% $610,200| $61,823 |(-$39,918.60| $794,266.60 -1.8% 2
Case C (40% RAP HMA) $605,664 | $61,823 |-$39,059.00 $778,494.21 -3.9% 1
Case A (Rubberized-RAP HMA| $632,880 $1,110 |-$43,200.73| $300,559.12 -1.0% 3

It is observed inTable 6-12 that Gase A RubberizeeRAP HMA) consistently returnedhe least
expensiveotal maintenance anéhabilitation cost throughout the analysis period for all discount levels
consideredThe cost of maintaining &e C(40% RAP HMA) Case B(20% RAP HMA) andCase D
(Control HMA) were observed to be comparable over the/&dr period of analysiat all lewls of
discount

Table6-12 also shows a negative salvage value for all case scenarios. This suggests that there is a value
associated with the pavemeat the end of the study period, aigl attributed to the tiely and
appropriate preservation and maintenasa®eduleadopted Theanalysis forCase A RubberizedRAP)

is seen to return salvage values higher tGases BC and Dacross all discount levels considerdca
do-nothing approach were adopted, a maxpeasive rehabilitation or reconstruction addition to a
higher disposal costould be associated with the pavement at the end of the analysis period.

Case scenarios fd@, C and Darealsoobserved to have comparable salvage values across all discount
levels considered over the period of analyS§lsmparisonswere alsomade for variation in Present
Worth Costs (PWC) between the recycled tnigs and the control miXxThese variations across all

discount rates considered are showmaible6-12.
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On average, &se A RubberizeeRAP HMA) is approximately8% less expensiveompared to @se D

(Control HMA) while Case B (20% RAP HMA and C (40% RAP HMA) respectively are
approximately2% and 3% less expensive comparémCase D Control HMA) over the 20 year period

of analysis Based on the foregoing, the cost effectiveness of the respective case studies were ranked as
highlighted inTable 6-12. The rankings suggests that increasihe RAP content will result irsome
economic savings, but combining RAP and CRM will result in significant economic savings.

6.3.3 Sensitivity Analysis

The overall best and worstlesign alternativesiere further ranked by determining the influence of the
major lifecycle input variables through a sensitivity analysis. The sensitivity analysis utilized a
probabilistic approach to determine the variapifind effects of th@ariousinput assumptions on the
computed Net Present Values (NPV) for all case studibese were completealver the period of
analysisfor all discount levels considat. Overall, Figure 6-4 throughFigure 6-7 shows thathe cost
effectiveness of the respa® design alternativewere sensitive to the discount rates applieds
observed that the cokenefit attached to utilizing recycled materiatsopposed to a virgimaterials in

HMA mixtures is significant. In Figure 6-4, Case A RubberizeeRAP HMA) showed significant
variation in cost whenompared tahe other design alternativas3% discount rate.
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600 /

S00

Cost($)

400
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Cost at
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Discount
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Figure 6-4: Sensitivity Analysis at 3% Discount Rate
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Figure 6-5 shows that at 4% discourate the variation in costs between all recycled design alternative

are comparable.

Sensitivity Analysis
Thousands

1,000
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900 || —=—Case B -20% RAP HMA ‘/
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Figure 6-5: Sensitivity Analysis at 4% Discount Rate
In Figure 6-6, the variation in cost between Case A (RubberRéd HMA) and Case C (40% RAP

HMA) are comparable.
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Figure 6-6: Sensitivity Analysis at 5% Discount Rate
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In Figure 6-7, costvariation is mogdy favorable to using Case C (40% RAP HMA) at 7% discount rate.
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Figure 6-7: Sensitivity Analysis at 7% Discount Rate

Table6-13 summarizes the standard deviation in cost effectiveness for each design alternative relative to
the control desigmt the various discount rate considem¢kbr the 26year period of analysisit 3%
discount ratdor example, @se B 20% RAP HMA) is observed to b&9,507.53ess expensive when
compared withlthe cost of maintaininGase D(ControlHMA). This trend is repeated for&8e C(40%

RAP HMA) and Gase A(RubberizeeRAP HMA) at all discount ratedHowever, he overall observation
demonstrates that costs are very simitart cost effectiveness changdigigly with different discount

rates The least expensive design alternatieeng Case ARubberizeeRAP HMA) was consistent for

all discount ratesxcept at 7%

Although the inital costs for Case A (Rubberiz8AP HMA) was higher than all other design
alternatives; it should be noted that if HMA mixtures incorporating CRM or combining CRM with RAP

is used more widely, the initial cost of construction is certain to deciéakeuld alsobe noted that the

output from sensitivity analysis which was also reflected in the calculated standard deviations for cost
effectiveness is connected to the fact that a subjective approach was utilized in the selection of the

maintenance and rehétation schedule and strategies.
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A more comprehensive and qualitative apphoagreferably a mechanistempiricalbased method that

is capable of utilizing both laboratory performance tredstatistically analyzed data recommended.

Table 6-13: Standard Deviation in Cost Effectiveness

Di;?[gnt Mix Description Sg?gg‘éﬂ
Case B 20% RAP HMA $ 950753
3% CaseC (40% RAP HMA $ 19,965.82
Case A RubberizeeRAP HMA) $ 32,997.58
Case B (20% RAP HMA) $ 2231.55
4% Case C (40% RAP HMA) $ 4,365.51
Case A (RubberizeRAP HMA) $ 54,4051
Case B (20% RAP HMA) $ 2,401.54
5% Case C (40% RAP HMA) $ 4,722.48
Case A (RubberizeRAP HMA) $ 45,732.81
Case B (20% RAPMA) $ 10,138.88
79 Case C (40% RAP HMA) $ 21,291.65
Case A (RubberizeBRAP HMA) $ 5,689.40

6.4 Environmental Analysis using PaLATE

The environmental impacts of utilizing RAP and CRM in HMA mixturethis researclivere asessed

using the APyacvleemeMsts elsisfnee nt

Tool for

Envi

ronment al

PaLATE is a Microsoft Excdbased spreadsheatogramdeveloped byDr. Arpad Horvath to quantify

the environmental consequences from constructing andhtaimang pavementgHorvath, 2004)

PaLATEroughly estimatethe tradeoffs between using virgin and recycled materials.
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It calculates the cumulative environmental effestieh asenergyconsumption, water consumption,
Carbon Dioxide €O,), Nitrogen Monxide (NOy), Particulate Matter concentrationBMio), Sulfur
Dioxide (SO;), Carbonic Oxide €CO), Mercury Hg) andLead Pb) emissiondrom input data for initial
construction and maintenance material quantitr@ssportation distancend equipment us@orvath,

2004) Although PaLATE is simply meant to understand the general environmental effects of using
recycled materials, it should be noted that the softwanmalsocalculatethe Net PresentValue (NPV)

of the pavement over its life cyclBor the aalysis conducted in this researcigtails of the PaLATE
framework, input formulation and how environmental impact is quantified are explaiAggpemndix E

For the purpose of the environmental quantificationthe research case studies, a PalLAmgut
workbookwascomgeted for a 1 Kn, onelane roadway witld m lane width and surface layer depth of

40 mm. Note thatonly the initial conguction of the stface course was analyzed.A transportation
distance of 120 Km (75 miles) wa$so assumed. Theatetal quantities for virgin aggregate, asphalt
binder, CRM and RAP for the mixes were calculated in accordance with the provisions from the

respectiveHMA mix desigrs, andthe materialdensitieshighlightedin Table6-14.

Table 6-14: PaLATE Material Densities (Horvath, 2004)

Material Suggested Density (tons/\Rl Density used (tons/yé)
Asphalt Mixture 1.23 2.16*
Asphalt Binder 0.84 0.84

RAP 1.62-1.89 1.85
CRM 0.97 0.97
Virgin Aggregate 1.25 2.23*

[*] Adopted from Ddamba, 2011

The total pavement asph&ltPA) required for the analysis was calculated using Equatidn 6
TPA = Width (ft) x Length (miles) x Depth (inches) (Equation €5)
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TPA =8.77(yd) x 1092.96(yd) x 0.044(yd) = 422yd®

The material quantities for virgin aggregate, asphalt binder, CRM andvwA® also determined as

follows:

Weight of Mix = TPA x HMA Mix Density (Equation 66)

Weight of Mix = 422yd® x 2.16tons/yd3= 911.520ns

Weight of Binder = Weight of Mix x HMA Mix Density  (Equation 67)

Weight ofBinder = 0.02 x 91152tons =47.40ns

The total volume of asphalt binder requiredscalculated using thassumedinder densitfrom Table
6-14 in Equation €3. Note that CRM makes u® of the volume of binder for&eA - Rubberize-
RAP HMA mix. The percentage binder contribution from RAP is also considered in this analysis.

Volume of Binder = Weight of Binder + Density of Binder (Equation 68)

Volume of Binder = 47.4tons + 0.84topd? = 56.4yd

CaseD - Control HMA is made up of 94% aggregategherefore volume of aggregateas calculated

using Equation ®:

Volume of Aggregates FPA x Material Percentage (Equation 69)

Volume ofAggregates- 422tons X0.948= 400tons

The total volume of RAP in &e A, B, and Qvere determined using their material densities mnd
designproportions using EquationB); an example is illustrated for &e B 20% RAP HMA

Weight of Mix x Density of HMA

Volume of RAP = -
Dencsity of RAD

X Material Percentage Equation 69)
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911.5x 216
1.85

Volume of RAP = x 0.2 =212.9

The volume of RAP is then subtracted from the total volume of virgin aggregates to determine the
required virgin aggregate

It should be noted that the calculations illustrated abovenatiee mperial systenof units This is
representative of the requirements for the PaLATE software since it was designed in the United States.
However,the units for allinput datawere cowerted to theSI systemfor the purposes of thighesis
Table6-15 summarizes the PaLATE input data

Table 6-15: PaLATE Input Datain Sl Units

Asphalt .
Mix Category Binder Aggregates RAP (m?) Total I;IMA Distance
3 (m?) (m?) (km)
(m°)
Case A RubberizeeRAP HMA) 49.7 187.9 124.8
Case B 20% RAPHMA) 35.6 239.1 72
322 120
Case C40% RAPHMA) 27.4 181.2 145.6
Case D Control HMA) 43.1 296 0

Note: 1 cubic yard isequivalent to 0.764 M

6.4.1 PaLATE Results
This sectionpresentshe PaLATE output datéGHG emissions, Energy and Water usafge)initial
pavement construction based on the input data summariZeabla6-16. The man outputs discussed
include energy usage, water usage, &atbon Doxide (CO,) which reflects global warming potential;
since these contribute the most impact on the environr#her output data presented include CO,
PMyo, NO,, SO, Hg and Pb.
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Table 6-16: PaLATE HMA Output

at Initial Construction

Case Comparison

Description C 5
Case A Case B20% | Case G40% Ciﬁfrol
(Rubberized-RAP) RAP RAP VA
Energy [MJ] 1,303,396 1,089,025 886,754 1,270,975
WaterConsumption [kg] 466 353 274 424
CO, [Mg] = GWP 70 59 48 70
NOX [Kg] 470 669 614 718
PMuo [kg] 147 210 175 244
SO [kg] 10,118 9,626 9,773 9,467
CO [kg] 269 223 178 263
Hg [q] 1.93 1.44 1.12 1.72
Pb [g] o1 69 54 83
RCRA Hazardous Waste 19,333 14,467 11,237 17,342
GeneratedKg]
Human Toxicity Potential (Cance 309,638 229,107 179,487 273,267
Human Toxicity Potential 109,231,082 137,394,455 | 110,857,117 | 163,574,204

(Non-Cancer)
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The environmental gains were evaluated in terms of the effeatsrefising the RAP percentage as well

as the sustainability of incorporating RAP and CRM in HMA. The PaLATE results for all research case
studies considered are tabularized @ble6-16 while the environmental gasrin terms ofenergy usage,
water usage, and G@mission are graphically illustrated Higure 6-8 throughFigure 6-10. The total

CO, emission between Case ARubberizeeRAP HMA mix and Case D Control HMA mix are

comparable at initial pavement construction.

1000 M) Energy Consumption at Construction
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Water Consumption at Construction
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Figure 6-9: Water Consumption at Initial Construction
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CO, Emissions at Construction
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Figure 6-10: CO2 Emission at Initial Construction

Although Case A- RubberizeeRAP HMA mix returned the least environmental savings, it should be
noted that using crumb rubber iNHMA contributes significantly in minimizing the negative
environmental effects from accumulating large amount of scrap rubber tires, landfilling and health
related concerns. In this regaitdshould benoted that there is gignificant costbenefit in removing

scrap tires from the waste streahhere isalsoa significant reduction in emissions from the equipment

and facilities involved in processing scrap rubber tires compared to those from tire fires being allowed to

burnuncontrollably.
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According to the PaLATE finding€Case C- 40% RAP HMA mix returned the least quantity of
emissions into the environment as well as consumed less water and energy at initial construction. This
was closely followed by Case B20% RAP HMA mix,Case D- Control HMA mix and finally case

study A- RubberizeeRAP HMA mix. Figure6-11 throughFigure6-15 summarizes and compares CO,

PMio, NOx, SO2, Hg and Pb air emisss between the evaluated HMA mixtures. Overall, case A
RubberizeeRAP HMA mix reports the least PiYland NQ emissions while Case C40% RAP HMA

mix is observed to have the least Pb emission. The Cageohtrol had the lea80O, emission.

CO and PM10 Emissions at Construction
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Figure 6-11: CO and PM1o Emissions at Initial Construction
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Nitrate Emissions (Kg)
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Figure 6-12 NOx Emissions at Initial Construction

141



SO2 Emissions (Kg)
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Figure 6-13: SOz Emissions at Initial Construction
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Figure 6-14: Mercury (Hg) Emissions at Initial Construction
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Pb Emission at Construction
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Fiaure 6-15; Lead (Pb) Emissions at Initial Construction

6.4.2 Relative Environmental Percentage Savings (RPS)
The Elative environmentalpercentage savings (RPB)air emissions, energy and water consumption

incurred by theevaluatedHMA mixtures were computeand comparedsing Equation 4.0

Control Mix — Alternative Mix)
rps = | ¢ / |« 100
Control Mix

(Equation 610)
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Where; RPS$ RelativeEnvironmentalPercentage Savings
Control Mix = Case D
Alternative Mix= Case A, Bor C

The RPS resultsire tabularized ifable6-17 and graphically illustrated iRigure6-16 andFigure6-17.

Table 6-17: RPS Comparison between Control and Recycled HMA Mixtures

Relative Environmental Percentage 8vings (%)
Environmental Emission Case A- 20:20% | Case B-20% Case C-

Rubberized-RAP RAP 40% RAP
Energy (MJ) -2.6 14.3 30.2
Water Consumption (kg) -9.7 16.8 35.5
CO, (Kg) = GWP 0.1 15.0 31.6
NO (kg) 34.5 6.8 14.5
PMio (kg) 39.8 13.9 28.4
SO, (kg) -6.9 1.7 -3.2
CO (kg 2.4 15.3 32,5
Hg (kg) -11.9 16.6 35.2
Pb (kg) -10.3 16.6 35.3
RCRA Hazardous Waste Generated (kg) -11.5 16.6 35.2
Human Toxicity Potential (Cancer) -13.3 16.2 34.3
Human Toxicity Potential (NoCancer) 33.2 16.0 32.2
Average Savings 3.4 12.6 26.7

145



Environmental Emission Savings

#NOx (kg) tPb(ke)

4CO(kg) wHg(kg) -1Pb(kg)

=C02 (Kg)=GWP  #PMI0 (k)

502 (kg)

40.00

R e

f:: ::2&.2:111:3212:&:

W

#*Q.—.ﬁ

ia\\\\

30.00

20.00

10.00
0.00 =~

(33]) suolsspuuy

-10.00

-20.00

Case A-20:20%
Rubberized-RAP

m
=
=
b
[an]
w
2
)
&)

Case C-40% RAP

Asphalt Mixtures

Figure 6-16: RPS, Environment Emissions Savings
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Excess Energy and Water Savings
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Figure 6-17: RPS, Excess Energy and Water Savings

For comparisons made betweeas€ D- Control HMA mix and the recycled HMA mixtures,a8e C-
40% RAP HMA mix is observed to have the highest average relative environmentaitpge savings
(RPS) of 26.7%. This is followed b@ase B- 20% RAP HMA mix with 12.6% and Gse A-
RubberizeeRAP HMA mix with 3.4% in total environmental saving$e resultgpresentedor relative
environmental perceéage savings (RPS) clearly shomat Case A- RubberizeeRAP HMA mix only
returned savings fo€arbon Dioxide (Cg), NitrogenDioxide (NOXx), Particulate Matter concentration
(PM10, and human toxicity potentighon-cancer)whereas @se B- 20% RAP HMA mix, and @se G
40% RAP HMA mixremrded low savings oBulphurDioxide (SO,) for comparisons made withaSe
study D- Control HMA mix. The svings recorded for PM are beneficial for healtlreasos because

inhalingPM; could result inharmful respiratoryssues overtime
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The analysigigailed inTable6-17 further showed that the degree to which CaseRubberizeeRAP

HMA mix negatively impacted the environment wast under3 - 13% acrosghe criteria considered
relative to Case D Control HMA.

Although this analysismay raise questions on the environmental impadnobrporating ofincreasing

the crumb rubber content in HMA mixturesshould be noted that incorporating crumb rubber in HMA
mixtures actually seems to reduce certain emissiamile in others it may increase emissions over
conventional asphalt. In addition, it is yet to be proven that rubberized HMA exposures are more
hazardous than conventional HMA exposures. This is mostly because the compositions of crumb rubber
modified aphalt which includes differences in rubber tire sources and other hydrocarbons, carbon black,
extender oils, and inert fillers are also present to some extent in conventional binders, but in varying
proportiong(Hicks et al., 2013)

Many other studies #t looked into the concerns of rubberized HMA have also indicated that there are
no obvious trends to indicate a significant increase or decrease in emissions attributed to the use of CRM
in HMA (Hicks et al., 2013)However, a look atable6-17 suggests that the trend may not be obvious

in terms of CQ, CO, SQ, Hg, Pb and Human Toxicity Potential (cancer) air emissions, but it is
significant (almost 33 40%) in PMo, NO;, SGQ, and Human Toxicity Potential (nemancer) air
emissions.

The analysis conducted herein is thus in agreement with the conclusions from a New Jersey (1994),
Michigan (1994), Texas (1995), and California (1994 and 2001) study that evaluated and compared
environmental emission issues resultingm the production of rubber modified asphalt (RMA) and
denségraded asphalt concrete HMA mixtures. The main conclusions from these studies as summarized
in the Rubber Modified Technical Manual prepared for Ontario by the Ontario Tire Stewardship is that
emissions from the production of RMA are not significantly different than those from the production of
conventionablensegraded asphalt concrete mixtufescks et al., 2013).

Given these findings, it is reasonable to conclude ttimtresults from thanalysis usinghe PaLATE
sustainability assessment t@k bothencouragingandunfavourable to the green pavements objective

but the capability of theaLATEtool couldbe improved for bettaeliability.

6.5 Optimal Sustainable Mix Design Alternative

An optimal sustainable pavement mix desipes not compromise pavement performance or possess

financial constraintsThe main indicators fothis as earlier describad one thaminimizing the use of
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natural resourceseduces or limits energy consumptigreenhouse gas (GHG) emissiopsllution,
andimproweshealth,safety and risk prevention whilehsuring ahigh level of usesafetyand comfort
Table6-18 summarizesind rankghe optimal sustainability of theespective research case studiased

on overall performance, cost anehvironmentalassessmenEach design option is awarded points in
their order of performance while the optimal sustainable pavement option is determined based on the
least number dfotal points earnedrom rankings

Table 6-18 shows thafat initial constructionCase C- 40% RAP HMA mix ranked best inverall
environmental savingsbut this did not make it the optimal sustainable option gitlen other
influencing factors.

The research &eA - RubberizeeRAP HMA mix is considered the most innovative and optimal
sustaimble option for use in flexible pavement construction given that it satibiidh structural and
functional performance regqements while aiding in the social and economic development

including the potential to minimize negative environmental impacts.

Table 6-18: Optimal Sustainable HMA Mix Design

Sustainahility Rating Tool

HMA Design Alternative Owral thal Opt T“a'
Laboratory . LCCA LCCA Points | Sustainable
(Case Study) MTO's . : : :
Performance GreenPawe Economic | Environmental Earned |Design Option

Analysis Analysis

A - Rubberized-RAP

(20% RAP + 20% CRM) L 1 1 4 ! 1
B-20% RAP 3 3 2 2 10 3
C - 40% RAP 2 2 4 1 9 2
D - Control (0% RAP) 4 4 3 3 14 4
6.6 Summary

This Chapterintroducel sustainalke pavementand its key indicatorsvith respect to the environment,

economy and societyrhe GreenBve pavement sustainability rating tool developed by the Ministry of

Transportation Ontario was also examined and applied towards assessipglitabi#ity and impacts

of combining RAP and CRM in HMAA life cycle cost assessment (LCCA) walso employed to
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evaluate both environmentand economic savings over a 20 year analysis period at different discount
rates.

Based on the research findings is concluded that increasing the RAP percentage in HMA is
environmentally sustainable since these resulted in the most savings in air emissions, water and energy
consumption.However, the innovative use of RAP and CRM in HMA was judged to be the most
optimal sustainable option for use in flexible pavement construction since this combination
demonstrated better cost effectiveness in addition to an exceptional level of perfoimctudtiag the

potential to minimize negative environmental savirgys enouragingtheseinitiatives, the Ministry of

Transportation Ontarid{TO) goalto have one of the greenest roads in North America is realizable.

150



Chapter 7

Conclusions, Recommendations and Future Research

7.1 Conclusions

This researcthasexplored the feasibility of designirand constructing conventional Ontario Superpave

HMA mixtures incorporating RAP and CRM without compromising pavement performdinge.

intended towarde dvancing Ontariobs paving industry to a
direction particularly by encouragingavementecyclingpractices

Results obtained frorthe comprehensive laboratory performance characterization satisfied the research
hypothesisthat combining RAP with CRM is capable of compensating for RAP shortfalls such as its

effects on binder aging and mix stiffness h u s i mpr ovi n ctabilityh euraktity,x t ur e 0
impermeability, workability and flexibilityThe following generaand specific findinghavethusbeen

drawn

1. Rheologicalcharacterization of binders indicdtéhat the influence of RAP variation is highly
related to theperformance grade of the baasphaltcement The highand low temperature
continuous true gradewere found to besignificantly affectedby the additim of RAP in
varying percentage

2. CRM bindermodification significantly improvedb ot h G* and U parTAemet er s
CRM modified binder thusresulted in the balancing of the asphaltenes and maltenes
components of the agdRlAP binder. Tks had a significantimpact s therutting and thermal

crackingperformancef theevaluatedHMA mixtures.

3. All recovered binders werbservedo be moreflexible at low andintermediate temperatures
suggestinghat the potential for improveresistance to fatigue failurexists This observed
flexibility is attributed to areduction inthe G* i U Inhcreasing the RAP coent or
combining RAPwithCRMwas o bserved to have | ower e(di)t he t
was less than or equal 500 KPa.The only exceptions to this were the 20% and 40% RAP
HMA mixtures with PG 5240 and 5234 asphaltement.lt is possible that & virgin asphalt

content for thee category oHMA mixtures was insuféiient.
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4. In general, the mix stiffness characterization at high temperatures egifzebe consistent with
the Superpave rutt i ngthepracovaradebleeded bimder. Hbtvever,i n (U
positive differences observed with HWTD for r
did not accurately capture the contribution of the blended binder in rutting susceptbility.
similar trend wa observedor the low temperature continuous true grade was a much
better performance waobserved with th&hermal Stress Restrained Specimen Test (TSRST)
method This could be attributed to type of solvent used for extraction and recamdiyr a
validationthe inadequacies of th8uperpave binder characterization test metipadticularly
with modified or rubberized binders

5. Assessment of mix stiffness characterizatsimowed that increasing the RAP content or
combining RAP with CRM will result in a mix that stiff, more elastic or flexibleand capable
of withstanding the effects of low temperature cracking and fatigue cracking including those of
rutting or permanent deformatiohhe naster curve construction using ttreeological analysis

software RHEA™) confirmed theebehavioural tendencies

6. Theanalysis performed odynamic modulugmix stiffness |E*|) data were found to be mostly
statistically significant, thus indicatirajhigher degree of sensitivity on the effects of increasing
RAP contents or aabining same with CRM wheredlsoseperformed orp hase angl e, a
werestatistically insignificant. The main deductions from this is thatobserved mix stiffness
is not exclusively a function of the improvements made to the binder, but in combiwition
other factors. The observed mix stiffness was also observed to correlate well with the

mechanistic performance test findings.

7. The wet-processrubber terminablend HMA mixture was noted tobe distinctively different
from the rubber field-blend mixtures in terms of performancé&Vhereasthis performance
differencecould beattributed to the formdnaving aless viscoudinder, there was no evidence
within the concerns of this research to suggest thatrubber fieldblend methodis not
effective or feasible. These generic wptoceses showed the capabdit of providing
performance improvements over strategies that tusditional and RAPrecycled HMA

mixtures.
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8. Although the dboratoryprepared mixekacked antistrippingand other mix improving oribder
rejuvenatingagents, the mixtures in the PG-88were found to haveompared favorably with
the plantmixesof the same binder grad€his is attributed tthe rigorousprocedureadhered to
developing themix designs particularly in terms ofmaintaning and achievingonsistenies
with consensus andolumetric properties.This suggests that a better design for field
application is possible.

9. Although all evaluated HMA mixtures performed very wellténms ofresisting the effects of
rutting, stripping and moisture damagé, was observed that increasing the RAP content
negatively affected the lotemperature performance HMA mixtures of the laborapygpared
PG 5234, 5834 and 5240 category.This confirmed the behavioral differences and effects
between various grades of asphalt binder on mix properties.

10.Forensicstudies on extracted pavement cores indictttatithe observed pavemedistresses
could berelated to aggregate segregation resulting from the effects of permepbggibly

caused byoorly constructed arzompacted longitudinal joints.

From a sustainability perspective, incorporating CRM in HMA can reduce the percentage of scrap
rubber tires that are landfilled or indiscriminately disposed in an unacceptable environmental manner.
RAP in HMA allows for the reuse of aggregates and old binder, thus reducing the need for new
materials and energy required to produce asphalt mixtdres. cost andsustainability analysis

completedn this study revealed as follows:

1. The GreenPave rating toasulted in &ilver certification for a RubberizédAP (20% RAP +
20% CRM) pavement section while sections incorporating 20% and 40% RAP were certified
with the Bronze category respectively. The conventional pavement section was found to be

unsustainable

2. Economic analysis of the research case stumbesideredn accordancavith the life cycle cost
assessment (LCCA) methodology demonstratedtitteatost benefit ratio associated with HMA
mixtures utilizing recycled materials as opposed to virgin mageigasignificant. However,
variation andcost effectiveness between competing alternatiesiependent on the discount
rates applied.
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3. The RubberizeeRAP HMA was observed to be the least expensive opii@r the 20 year
period of analysis, but the majdisincentive to using it is the initial construction cost. It was
noted that initial cost of constructing with this type of mix is certain to decrease if crumb rubber

is extensivelyused.

4. The analysis usinghe PaLATE sustainability assessment taals faind to be in agreement
with many previous studies which conluded tleatissions from the production of rubber
modified asphalt concrete are not significantly different than those from the production of
conventional densgraded asphalt concrete mixtureshisl was considered to bboth
encouraging and unfavourable to the green pavements objective. However, the capability of the
PaLATEtool couldbe improved for better reliability.

Given the performance outcome of the evaluated HMA mixtures in this study, donsidered
reasonable and practical to conclutiat RAP and CRM are valuable componentstygfical Ontario
Superpave HMA mixturesincreasing the RAP percentage in typical Ontario Superpave HMA is
feasible ananvironmentally sustainable, but perforroans better optimized in combination with CRM
using either methods of the watocessThis type of HMA mixtures exhibit the potential to resist fow
temperature cracking and the combined effects of rutting stripping and moisture damage if properly and
efficiently designed, mixed and compactBg¢.encouraging these innovative initiatives, the Ministry of

Transportation Ontariobs (MTO) goal to have one o

7.2 Recommendations

On the bag of thefindings of this study;the need to encourage the inclusion of RAP content as high as
40 percent intypical Ontario SuperPave HMA, especially for use on-lmume roadss strongly
encouraged
For contractors or agencies looking to be more sustainasialts from thistudy further recommends
in strong terms the innovative use of RAP in combination with CRM. Boh mix designs the
following mustbetaken into consideration
1. The minimum Superpave consensus volumetric and source properties should be stringently
adheredto. In this study, he coarseaggregate angularity was observed to decrease with
increasing RAP percentagéhe potential shortfall in interlocking bond between the aggregate
structures were addressby the fine aggregateangularityportion and dust pragtion which
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contribued to forming a good mastiwvith the binder,thus providing good contact for mix
stability. The @nd equivalency in the mix also provided a good bond between the binder and
aggregate since the RAP mixtures had less proportion ofiktaynaterials.In particular, he

low temperature and fatigue properties of theycled HMA mixtures in thiaboratoryprepared

PG 5234, 5834 and 5240 category culd be further improved by increasing the virgin asphalt
binder content by up to 0.5%d%. Alternatively, such mixtures could be improved with a good
RAP-binder rejuvenating agent, or 0.594% CRM by weight of the mixtures.

2. lItis recommended that CRM used in typical Ontaubberizedmixtures be subjected to both
cryogenic and ambient mett® of grinding. This could be a more effective way of engur
better or comparable performance with conventional mixtures. The implication of this would be
higher initial construction costs, but the many benefits associated with rubberized pavements
including its elongated service life would provide a tradé f over the pavemen:
especially in terms of maintenance or the need to carry out major rehabili@xtidinis note, the
MTO appears to be on the right track, andwstl cotinue itsincertive program that encourages
thedemand and use of crumb rubber in HMA mixtures.

3. It has been almost Four (4) years sirfeese trial sections were plac&ikld monitoring
results appear to be consistent with the laboratory performance evaludtiomser it
isstrongyr ecommended t hat Ont ar i oodtualy nmphitered/fer 7, 35
crack evaluation and other distress typegstablish longeterm performance as well as
validate the laboratory performance findings

4. Nondestructive test sould also be conducted orthese sections since such tests walleal

additional benefg of usingcrumb rubber modified asphatMA mixtures.

7.3 Future Research

Based on work done in this thesis, the following are possible areas for future studiesuldabe
beneficial to the use of RAP and CRM in HMA Mixtures:

1. Theinadequacyofth@u per p av e QGrieterdnipredicting Jhe rpttingedormanceand
low temperature true gradef some of the evaluated mixtures have been recogmizéais
study Alternative test methods in capturing contribution of asphalt bimderporating CR/
and RAPis an area worthy of consideration for future studidss can be done using the

Multiple Stress Creep Recovery (MSCR) test, performed in accordance with AASHTO-TP 70
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12, AThe Multiple Stress Creep Recooymmy ( MSCR
Shear Rheometer (DSR)oO.

The flexural fatigue properties of the HMA mixtures should be evaluated for future stddies.
stiffness and binder characterization tests from this study suggest that interesting fatigue life
results could be found.

Future studies can equally consideperimening with HMA mix incorporating 40% RAP and
10% - 20% CRM using either methods of the wgtrocess rubber blend for var®winder
grades used in Ontario.

Note that dynamic modulus is also a required flexible paménhesign parameter in Level 1 of

the MechanistiEmpirical Pavement Design Guide (MEPDQhe MEPDG is a pavement
design strategy that calculates pavement responses (stress, strain and defiedtiosg¢s same

to compute incremental damage overtifiee level 1 analysis ofhis toolcould thusbe used in
conjunction with the measureddynamic modulus recovered binder, rutting, and low
temperature characteristic datavalidate the need for a modified dymia modulus predictive
equation; particularlyor crumb rubber modified HMA mixturesand an overall assessment of
distress propagation and structural performance of the various HMA mix configuraticese T
analysis could be beneficial to addressing the many issues and limitations assuitiatbd
localizedimplementation othe MEPDG

This study showed significant reinforcing and viscosity improvements in the rheological
propertiesof the recovered Rubberiz&AP binders.Whereas his observation validates the
research hypothesis that CRmpensate for the shortfalls and binder performance grade
differences in RAP mixtures, it does not quantify the interaction and particle effects of CRM in
the rubberized binder. For these reasons, it may be interesting to pursue studiesgiiraniiign

and analye thechemical effects of CRM on the relaxation, viscosity, and diffusion properties of
rubberized binders and mixtures incorporating RARuch studies could provide better
clarifications to themix behavioralobservationsparticularlythoseof low tempeature thermal
cracking of the Rubberized AP HMA mixtures in this study.
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Low Temperature: TSRST Fracture Results

Appendix A

Appendix A-1: Fracture Stress Results for PG 58 HMA Mixtures

PG 5828
Details
L1 L2 L3 H7C | H7RFB | H7TRTB | H35C | H35RFB
Bl 2.05 | 2.68| 2.66 | 2.33 2.47 2.3 2.89 2.27
B2 2.38 | 255| 1.95 | 257 2.34 2.29 3.1 2.06
B3 164 | 2.71| 2.21 | 2.08 2.27 2.54 2.89 1.92
B4 2.09 | 1.05| 2.29 2.4 1.79 2.22 2.86 2.36
Average 2.04 | 2.25| 2.28 | 2.35 2.22 2.34 2.94 2.15
Standard
Deviation 0.3 0.8 | 0.29 0.2 0.3 0.14 0.11 0.2
Coefficient of
Variation 14.7 | 35.6| 12.7 8.5 135 6 3.7 9.3
Variance 0.09 | 0.64| 0.09 | 0.04 0.09 0.02 0.01 0.04
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Appendix A-2: Fracture Stress Results for HMA Mixtures with PGAC 58-34, 5234 and 5240

PG 5234 PG 5834 PG 5240
Details
L4 L5 L6 L7 L8 L9 L10 L11 L12
B1 156 | 3.05| 259 | 1.19 2.86 2.29 2.61 3.15 3.02
B2 1.31 | 1.69| 255 | 1.34 2.3 2.66 3.13 2.93 3.16
B3 2.18 | 2.58| 2,57 | 2.53 2.79 1.95 3.07 2.29 259
B4 1.86 | 3.16| 2.54 | 3.47 2.33 2.21 2.97 1.99 3.26

Average 1.73 | 262| 2.56 | 2.13 2.57 2.28 2.95 2.59 3.01

Standard
Deviation 0.38 | 0.67| 0.02 | 1.07 0.3 0.29 0.23 0.54 0.3

Coefficient of
Variation 22 | 256| 0.8 50.2 11.7 12.7 7.8 20.8 10

Variance 0.14 | 0.45| 0.00 | 1.15 0.09 0.09 0.05 0.29 0.09
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Appendix A-3: Fracture Stress Results for HMA Mixtures with PGAC 64-34(P)

PG 6434 PG 6434P
Details
HII5C H115RFB
B1 3.16 2.56
B2 2.64 1.98
B3 3.21 2.54
B4 2.6 1.62
Average 2.15 2.18
Standard
Deviation 0.33 0.46
Coefficient of
Variation 15.3 21.1
Variance 0.11 0.21
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Appendix A-4: Fracture Temperature Results forPG 5828 HMA Mixtures

PG 5828
Details
L1 L2 L3 H7C | H7RFB | H7RTB | H35C | H35RFB

B1 -29.8 | -27.1| -30.8 | -32.4| -315 -36.5 -26.7 -34.1
B2 -30.6 | -27.7| -30.9 | -33.8| -30.8 -43.6 -32.9 -30.9
B3 -275| -28.7| -28.6 | -33.9| -34.2 -43.6 -32.2 -31.6
B4 -30.3 | -275| -27.10 | -31.2| -32.3 -35.7 -26.9 -31.1
Average -29.6 | -27.8| -294 | -32.8| -32.2 -39.9 -29.7 -31.9
Standard
Deviation 1.41 0.68 1.84 1.28 1.47 4.34 3.33 1.48
Coefficient of
Variation -4.8 2.4 -6.3 -3.9 -4.6 -10.9 -11.2 -4.6
Variance 1.98 | 0.46 3.38 1.64 2.15 18.9 111 2.19
PG
Difference -1.6 0.2 4.6 -4.8 -4.2 -11.9 4.3 2.1
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Appendix A-5: Fracture Temperature Results for HMA Mixtures
with PGAC 58-34, 5234 and 5240

PG 5834 PG 5234 PG 5240
Details
L4 L5 L6 L7 L8 L9 L10 L11 L12
B1 -33.8 | -32 -28 -26.1| -33.9 271 -42.7 | -349 | -31.7
B2 -33.9 | -23 -25.3 | -26.5| -34.1 -30.8 -445 | -33.2 | -33.3
B3 -34.1 | -32 -28.3 | -35.4 | -32.7 -30.9 -43.1 | -29.3 | -30.5
B4 -34 -33 | -27.90| -34.4| -33.9 -28.6 -42.4 | -31.6 | -32.7
Average -34 -30 -27.4 | -30.6 | -33.7 -29.4 -43.2 | -32.3 | -321
Standard
Deviation 0.13 | 469 | 1.39 | 4.98 0.64 1.84 0.93 2.38 1.23
Coefficient of
Variation -04 | -156| -5.1 | -16.3 -1.9 -6.3 2.2 -7.4 -3.8
Variance 0.02 22 1.94 | 24.85| 0.41 3.38 0.86 5.68 1.5
PG Difference -6 -2 6.6
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Appendix A-6: Fracture Temperature Results forPG 64 34(P)HMA Mixtures

PG 6434 | PG 6434P

Details HII5C H115RFB

Bl -31.9 -42.6
B2 -33.1 -33.3
B3 -33.9 -43.7
B4 -30.2 -30.1

Average -32.3 -37.4

Standard

Deviation 1.61 6.75

Coefficient of

Variation -5 -18
Variance 2.59 45.61
PG Difference -4.3 -3.4
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Appendix B

HWTD: Rutting Test Results

Appendix B-1: Rut Results for Evaluated HMA Mixtures

Post
Compaction
Max. Rut . . Consolidation
Mix Type Depth (mm) Air Void after Creep Slope
1,000 Cycles
(mm)
Test1l | Test2| Testl | Test2 | Testl | Test?2 Test 1 Test 2
L1:0-58-28 3.4 3.08 7.8 7.2 2.02 2.31 7.17E05 | 6.40E05
L2:58-28+20%RAP 4.84 3.28 7.7 7.6 3.15 2.00 1.20E04 | 1.00E04
L3:58-28+40%RAP 2.88 4.18 6.4 7.8 2.3 251 1.67E06 | 5.60E05
H7C:5828+15%RAP 3.38 3.38 6.8 6.9 2.26 2.44 5.00e05 | 8.83E05
H35C:5828+20%RAP 2.93 2.98 7.5 7.2 1.70 1.66 1.17e05 | 5.71E05
H7RTB:5828+20%RAP 1.85 2.66 7.5 7.7 1.23 1.38 5.00E06 | 2.67E06
H7RFB:5828+20%RAP 2.04 2.39 6.5 7.1 1.46 1.84 3.83E05 | 6.67E06
H35RFB:5828+20%RAP | 2.42 2.64 6.6 6.3 1.87 1.96 0.00E+00 | 1.39E05
L7:0-58-34 3.31 4.87 6.4 6.6 2.38 2.19 7.17205 | 1.30E04
L8:58-34+20%R 6.93 6.37 7.5 6.9 3.77 3.62 1.95E04 | 5.67E05
L9:58-34+40%R 3.25 4.35 6.0 6.4 1.88 2.18 2.95E05 | 1.35E04
L4:0-52-34 5.11 6.55 7.9 6.6 2.62 3.37 2.00E04 | 1.63E04
L5:52-34+20%R 6.35 5.64 7.2 8.8 3.16 2.61 2.18204 | 2.60E04
L6:52-34+40%R 4.04 3.2 6.2 6.4 2.02 2.15 2.00e05 | 1.00E04
L10:0-52-40 3.66 3.83 6.4 6.4 1.71 2.71 9.67E05 | 4.00E05
L11:52-40P+20%R 3.5 3.22 6.6 6.7 2.05 2.05 4.80E05 | 9.50E05
L12:52-40P+40%R 2.84 2.35 7.2 7.8 1.7 1.39 7.67E05 | 5.00E05
H115C:6434+20%R 2.31 1.90 7.3 7.9 1.56 1.44 450E05 | 1.60E05
H115RFB:6434P+20%R | 1.69 2.66 6.0 6.9 1.01 1.75 2.00e06 | 3.25E05

Appendix B-2: Rut Results for Extracted Cores

PostCompaction
Trial Secti Max. Rut Depth (mm) Air Void Consolidation after Creep Slope
ral section 1,000 Cycles (mm)
Test 1 Test 2 Test 1 Test 2 Test 1 Test 2 Test 1 Test 2

Control 7.96 7.14 6.4 6.4 3.92 3.69 2.22E04 | 1.25E04
Ambient 5.71 7.73 7.7 6.0 1.31 3.35 | 1.38E04 | 1.03E04
Rubber
Cryogenic

Rubber 471 4.97 50 50 1.34 1.41 1.95E04 | 2.30E04
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Average Dynamic Modulus and Phase Angle Results

Appendix C

Appendix C-1: Results for PG58-28 with 0, 20 and 40% RAP

Temperature | Frequency L1:0-58-28 L2:20-58-28 L3:0-58-28
) (Hz) E* a E* a E* i
0.1 21359.197 | 8.43 | 23037.595 | 7.84 | 23470.54 | 8.17
0.5 24731952 | 7.93 | 26452.05 | 7.20 | 27000.089 | 7.17
10 1 26212.557 | 8.38 | 27958.69 | 7.67 | 28553122 | 7.41
5 29586.688 | 6.67 | 31331.885| 6.02 | 32002.147 | 5.96
10 30999.552 | 6.09 | 32745.05 | 5.45 | 33346.834 | 5.42
25 32801.065 | 5.56 | 34575.281 | 4.98 | 35117.178 | 5.11
0.1 9930.2171 | 10.82| 11134.878 | 10.23| 12400.642 | 10.81
0.5 12561.549 | 12.22| 13980.83 | 11.45| 15293.24 | 11.26
4 1 13808.464 | 16.97| 15370.579 | 16.06| 16709.01 | 14.40
5 17412.385 | 12.63| 19092.937 | 11.92| 20356.04 | 11.00
10 19021.646 | 11.49| 20746.608 | 10.63| 21990.456 | 9.93
25 20903.336 | 10.84| 22731.369 | 10.11| 24018.663 | 9.44
0.1 3726.7292 | 9.47 | 4038.6524 | 9.16 | 3620.356 | 8.85
0.5 4874.8065 | 13.81| 5289.9938 | 13.66| 4718.7384 | 13.40
21 1 5280.1877 | 27.89| 5775.6887 | 27.06| 5152.2742 | 26.08
5 7612.6438 | 21.02| 8246.3148 | 20.43| 7256.5276 | 19.96
10 8850.8552 | 19.05| 9531.383 | 18.31| 8362.2226 | 18.58
25 9588.2704 | 18.85| 10511.548 | 17.81 | 9304.309 | 18.19
0.1 1418.5553 | 8.33 1569.326 | 8.65 1812.225 | 9.28
0.5 1824.9674 | 13.43| 2022.2642 | 13.57| 2376.4301 | 14.14
37 1 1967.0859 | 25.81| 2186.45 | 26.58| 2573.7846 | 26.49
5 2851.4604 | 22.58| 3205.1286 | 23.13| 3848.274 | 22.77
10 3521.6025 | 22.14| 3936.1514 | 2289 | 4606.3399 | 22.71
25 3940.4541 | 20.69| 4410.4384 | 21.94| 5106.7082 | 21.05
0.1 496.88987 | 9.98 | 523.75088 | 9.02 | 595.33881 | 12.67
0.5 627.88558 | 13.09 658.65 11.14| 700.557 | 14.98
54 1 679.05993 | 21.46| 683.37221 | 21.90| 772.41455 | 22.65
5 1007.0091 | 19.18| 1009.54@ | 19.83| 1181.3071 | 21.28
10 1259.3332 | 19.52| 1262.021 | 20.75| 1507.454 | 22.35
25 1403.8836 | 21.65| 1328.8664 | 27.23| 1662.4334 | 28.27
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Appendix C-2: Results for PG 5234 with 0, 20 and 40% RAP

Temperature | Frequency L4:0-52-34 L5:20-52-34 L6:40-52-34
(°C) (Hz) E* ] E* ] E* ]
0.1 16972.652 | 10.15| 18403.479 | 9.21 | 20058.868 | 9.50
0.5 20741.211 | 10.23| 21985.414 | 9.13 | 24024.479 | 9.23
10 1 22520.868 | 12.24| 23645.5 | 10.67| 25814.415| 10.54
5 26640.584 | 9.15 | 27534.394 | 8.13 | 29824.914 | 8.11
10 28404.938 | 8.16 | 29232.139 | 7.27 | 31509.318 | 7.33
25 30617.143 | 7.34 | 31228.788 | 6.65 | 33350.89 | 6.69
0.1 7026.3922 | 9.38 | 8145.3025 | 10.59| 8415.4421 | 9.70
0.5 8917.1334 | 12.70| 10343.95 | 12.86| 10708.382 | 12.34
4 1 9782.431 | 22.50| 11410.835 | 20.19| 11814.124 | 20.07
5 13066.104 | 16.44 | 14964.078 | 14.95| 15352.908 | 14.52
10 14573.645 | 14.63| 16540.969 | 13.23| 16901.461 | 12.81
25 16017.689 | 14.48| 18496.368 | 13.43| 18636.285 | 12.53
0.1 2648.5875 | 3.76 | 3091.2123 | 6.67 | 3335.0323 | 8.27
0.5 3424.6438 | 11.09| 3971.1878 | 12.58| 4251.183 | 13.16
21 1 36884744 | 28.26| 4298.6519 | 27.01| 4597.8926 | 26.61
5 5231.2009 | 21.53| 6114.2886 | 21.02| 6473.7812 | 20.60
10 6132.8162 | 19.66| 7131.0205 | 19.16| 7490.3335 | 19.13
25 6786.8 21.23| 8018.8177 | 20.57| 8350.7683 | 20.76
0.1 1063.0078 | 2.61 | 1333.1785| 7.83 | 1434.0506 | 4.55
05 1396.6633 | 9.16 | 1643.9896 | 11.44| 1785.2359 | 11.09
37 1 1479.3774 | 23.42| 1768.8939 | 22.19| 1910.9053 | 24.37
5 2027.2302 | 19.44| 2428.9841 | 19.62| 2675.5732 | 21.07
10 2439.5439 | 19.32| 2942.4643 | 19.37| 3242.8789 | 20.71
25 2868.3298 | 22.50| 3388.717 | 20.96| 3595.8086 | 21.40
0.1 344.43233 | 5.73 | 483.15896 | 5.73 | 426.05112 | 6.90
0.5 465.35784 | 9.81 | 612.2519 | 10.03| 539.66618 | 11.36
54 1 479.73053 | 22.22| 605.98913 | 24.46| 574.86256 | 23.78
5 711.06342 | 17.80| 926.1734 | 18.19| 864.0193 | 20.43
10 897.56091 | 18.59| 1042.3154 | 20.63| 1107.8786 | 22.13
25 907.5262 | 23.58| 972.75584 | 27.18| 1159.7308 | 31.55
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Appendix C-3: Results for PG 5834 with 0, 20 and 40% RAP

Temperature | Frequency L7:0-58-34 L8:20-58-34 L9:40-58-34
(°C) (Hz) E* ] E* U E* v
0.1 17773.78 | 10.16| 20390.94 | 9.21 | 20396.589 | 9.47
0.5 21547.976 | 9.98 | 24157.281 | 8.72 | 24247.012 | 8.96
10 1 23314.135 | 11.49| 25930.803 | 9.75 | 26001.436 | 9.82
5 27332.426 | 8.76 | 29988.938 | 7.61 | 29897.642 | 7.72
10 29074.436 | 7.77 | 31675.455| 6.88 | 31641999 | 7.01
25 31237.092 | 7.20 | 34003.96 | 6.26 | 33794.611 | 6.44
0.1 74255826 | 9.96 | 9896.228 | 11.13| 8966.6889 | 11.04
0.5 9415.7247 | 12.82| 12384.118 | 12.54| 11426.161 | 12.62
4 1 10389.702 | 20.75| 13598.115 | 17.69| 12661.284 | 18.05
5 13652.185 | 15.27| 17301.31 | 13.47| 16217.077 | 13.47
10 15110.812 | 13.52| 18981.117 | 12.14| 17859.053 | 12.02
25 16706.298 | 13.36| 21000.245 | 11.70| 20005.452 | 11.85
0.1 3132.3366 | 8.24 | 3997.7511 | 11.27| 3580.7347 | 9.48
0.5 4013.1856 | 12.95| 5075.7917 | 14.25| 4619.5516 | 13.78
21 1 4361.1292 | 26.28| 5541.7683 | 23.50| 5035.0071 | 26.57
5 6126.8241 | 20.58| 7644.8536 | 19.02| 7150.7473 | 19.76
10 7088.0995 | 19.20| 8738.4378 | 18.41| 8169.0112 | 18.55
25 8000.6506 | 20.18| 9781.7303 | 18.18| 9256.3386 | 20.16
0.1 1343.6201 | 7.86 | 1748.7739 | 10.75| 1513.3335 | 7.67
0.5 1731.3745 | 10.46| 2181.7943 | 13.89| 1896.1895 | 12.35
37 1 1851.7149 | 23.34| 2388.3247 | 21.65| 2053.7615 | 24.12
5 2541.3899 | 20.08| 3331.1096 | 19.85| 2903.8282 | 20.09
10 3056.7663 | 18.85| 3994.1286 | 19.71| 3491.8149 | 20.46
25 3406.1701 | 21.84| 4752.6651 | 23.15| 3959.8129 | 21.51
0.1 506.6228 | 8.62 | 614.03365 | 11.49| 530.3598 | 10.11
0.5 630.85604 | 12.09| 763.94218 | 14.04| 646.83474 | 12.44
54 1 672.79775 | 21.28| 836.40362 | 20.04| 686.8596 | 20.62
5 972.93999 | 18.19| 1243.08 | 18.14| 983.11321 | 18.81
10 1190.1336 | 19.14 | 1553.4979 | 18.79| 1209.2962 | 19.35
25 1359.0952 | 26.11| 1794.6013 | 25.60| 1332.7863 | 20.28
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Appendix C-4: Results for PG 5240 with 0, 20 and 40% RAP
Temperature | Frequency L10:0-52-40 _ L11:20—52—40v L12:40—52—40v
E* u E* u E* u

0.1 12394.391 | 9.25 | 23183.702 | 7.73 | 18983.304 | 8.72

0.5 15418.716 | 10.88| 26833.611 | 7.50 | 22500.524 | 8.45

10 1 16936.26 | 15.85| 28515.359 | 8.29 | 24078.261 | 9.58
5 20826.423 | 11.37| 32300.749 | 6.58 | 27746.667 | 7.53

10 22619.326 | 10.00| 33944.703 | 6.02 | 29430.101 | 6.88

25 24712.087 | 9.16 | 36014.444 | 5.58 31620.21 | 6.37

0.1 5609.5384 | 8.67 | 11508.749 | 10.51| 9815.7781 | 10.79

0.5 6994.703 | 12.49| 14091.956 | 11.41| 12203.831 | 11.41

1 7601.5706 | 23.06| 15381.987 | 15.14 | 13386.863 | 15.30

4 5 10088.544 | 17.22| 18908.796 | 11.74| 16540.16 | 11.81
10 11267.837 | 15.77| 20528.781 | 10.88| 18122.718 | 10.87

25 12439.581 | 16.49| 22573.464 | 10.50| 20258.307 | 10.63

0.1 2568.5646 | 5.95 | 5179.3925 | 12.49| 4293.4657 | 12.14

0.5 3201.3433 | 11.02| 6529.574 | 14.21| 5353.2264 | 14.50

1 3450.4724 | 23.15| 7193.5D2 | 19.07| 5847.8815 | 22.00

21 5 4562.5154 | 18.41| 9442.8858 | 15.83| 7863.0274 | 17.37
10 5222.2501 | 17.38| 10561.461 | 15.06| 8881.3789 | 15.84

25 5969.1105 | 18.46| 11913.04 | 15.31| 9833.3912 | 15.30

0.1 1282.163 | 3.86 | 2189.8389 | 11.36 1848.92 | 12.22

0.5 1572.009 | 8.58 | 2729.1222 | 14.18| 2312.4274 | 15.15

37 1 1666.4939 | 19.93| 3000.5004 | 19.92| 2504.743 | 23.78
5 2139.2316 | 16.05| 4103.9288 | 18.37 | 3545.6061 | 20.35

10 24551082 | 15.94| 4796.0338 | 18.24| 4151.084 | 19.89

25 2793.6143 | 17.34| 5503.5746 | 20.26| 4560.8284 | 21.88

0.1 398.86447 | 7.64 | 888.75695 | 10.99| 673.69032 | 11.36

0.5 547.72787 | 9.76 | 1082.6692 | 13.43| 837.41732 | 14.73

54 1 590.938 | 22.74| 1175.1545 | 19.22| 898.33204 | 23.01
5 852.12752 | 17.06| 1675.4949 | 17.17| 1323.6166 | 20.91

10 1056.1846 | 17.21| 2049.4015 | 17.53| 1645.1924 | 21.24

25 1008.599 | 12.19| 2197.5705 | 22.66| 1598.3008 | 21.29
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Appendix C-5: Results forHighway 115 and 35Plant HMA Mixtures

Temperature | Frequency | H115C:20-64-34 H115RFB:20-64-34P
(°C) (Hz) E* U E* U
0.1 17493.938 | 9.35 | 19595.943 | 8.43
0.5 20716.906 | 8.82 | 22878.409 | 8.08
10 1 22254.125 | 9.83 | 24427.433 | 8.95
5 25695.492 | 7.88 | 27874.104 | 7.21
10 27278.032 | 7.31 | 29387.789 | 6.62
25 29358.806 | 6.94 | 31409.777 | 6.17
0.1 9329.7901 | 11.76| 9782.6011 | 1166
0.5 11694.178 | 12.55| 12165.076 | 12.23
4 1 12848.218 | 16.73| 13351.649 | 15.95
5 16201.473 | 12.96| 16624.801 | 12.43
10 17730.351 | 11.94| 18153.531 | 11.39
25 19652.93 | 11.49| 20108.372 | 11.10
0.1 3711.1988 | 13.17| 4177.7381 | 11.46
0.5 4739.3721 | 15.23| 5342.018 7.86
21 1 5219.6961 | 22.29| 5859.8064 | 11.64
5 7136.6233 | 18.26| 7995.6004 | 11.63
10 8086.3276 | 17.15| 9121.0411 | 13.57
25 9078.3349 | 17.68| 10367.652 | 21.34
0.1 1514.0623 | 11.57| 1892.1341 | 16.22
0.5 1829.6277 | 14.31| 2379.8606 | 7.40
37 1 2004.9439 | 20.37| 2582.869 | 10.68
5 2714.3493 | 18.91| 3699.2963 | 11.95
10 3194.3999 | 18.64| 4341.1305 | 14.32
25 3597.3641 | 20.22| 4623.6418 | 22.61
0.1 626.41403 | 11.87| 716.49529 | 14.03
0.5 742.92579 | 13.50| 853.80805 | 15.10
54 1 798.93424 | 19.48| 929.42024 | 19.43
5 1134.8425 | 16.98| 1335.3309 | 17.83
10 1364.4455 | 18.27| 1590.5944 | 18.85
25 1561.2032 | 17.70| 1707.1734 | 21.27
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Appendix C-6: Resultsfor Highway 7 Plant HMA Mixtures

Temperature | Frequency H7C:15-58-28 H7RTB:20-58-28 H7RFB:20-58-28
(°C) (Hz) E* ] E* U E* ]
0.1 18100.38 | 8.50 11496.168 | 8.32 | 18317.668 | 8.40
0.5 21413.85 | 8.25 13851.801 | 9.27 | 21344.794 | 7.70
10 1 22911.83 | 9.32 14978.914 | 12.33 | 22683.461 | 8.22
5 26370.71 | 7.24 17665.012 | 9.37 | 25686.431 | 6.55
10 27910.84 | 6.52 19008.781 | 8.46 | 26971.328 | 5.95
25 29883.59 | 6.04 20705.037 | 7.88 28693.16 | 5.47
0.1 8132.12 | 11.41| 5403.4135 | 9.88 | 8907.1233 | 10.90
0.5 10332.81 | 12.76 | 6597.6337 | 12.29 | 11210.575 | 12.00
4 1 1142492 | 18.68 | 7167.8082 | 19.33 | 12350.869 | 16.07
5 14666.48 | 13.97 | 9053.6988 | 14.68 | 15430.877 | 12.20
10 16168.81 | 12.42 | 9915.6094 | 13.50 | 16844.223 | 11.20
25 17900.71 | 11.84 | 10984.033 | 13.72 | 18623.706 | 10.49
0.1 3087.10 | 11.52 | 2923.1147 | 11.16 | 3376.6648 | 8.43
0.5 4003.70 | 14.80 | 3612.0063 | 13.54 | 4449.7059 | 13.71
21 1 4418.45 | 23.39 | 3939.4333 | 20.80 | 4809.9663 | 28.12
5 6124.59 | 19.09 | 5150.4318 | 16.52 | 6925.7895 | 20.64
10 7022.02 | 18.00 | 5757.4547 | 15.47 | 7996.9541 | 18.43
25 7909.52 | 18.57 | 6298.7291 | 15.78 | 9012.7603 | 19.44
0.1 1279.90 8.14 1396.2924 | 10.80| 1394.8678 | 8.70
0.5 1600.95 | 12.64 | 1709.2196 | 13.69 | 1852.197 | 13.97
37 1 1738.02 | 22.04 | 1839.2717 | 21.28 | 1955.1349 | 30.87
5 2426.93 | 19.50 | 2482.7593 | 17.70 | 3017.0839 | 24.87
10 2894.17 | 19.56 2864.45 17.35| 3735.7213 | 23.71
25 3402.99 | 21.86| 3108.1082 | 17.00 | 3937.6425 | 28.59
0.1 417.09 13.50 | 462.7013 | 12.19| 513.06691 | 12.(6
0.5 529.89 14.38 567.0322 | 14.38 | 649.31674 | 14.87
54 1 573.33 20.71 | 606.92872 | 20.50 | 676.01354 | 25.98
5 858.81 18.41 | 888.06265 | 17.28 | 1065.0248 | 23.28
10 1077.20 | 20.12| 1036.5845 | 17.93 | 1386.6037 | 26.50
25 1112.85 | 26.92 | 1018.2721 | 15.80| 1156.4842 | 13.03
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Appendix C-7: Results for Highway 35 Plant HMA Mixtures

Temperature | Frequency H35C:20-58-28 H35RFB:20-58-28
(°C) (Hz) E* U E* ]
0.1 23379.43 | 7.85 | 17511.926 | 8.36
0.5 27127.577 | 7.15 20413.08 | 8.01
10 1 28751.097 | 7.51 | 21764.422 | 8.82
5 32362.544 | 5.99 | 24778.138 | 7.00
10 33911.14 | 5.44 | 26040.465 | 6.42
25 35735.925 | 4.99 | 27772.239 | 5.86
0.1 11375.076 | 10.81| 8468.2716 | 10.41
0.5 14381.392 | 11.83| 10719.212 | 12.07
4 1 15996.95 | 15.48| 11848.51 | 16.74
5 19790.123 | 11.86| 14938.309 | 12.44
10 21604.058 | 10.77| 16305.197 | 11.33
25 23881.282 | 10.30| 18082.557 | 10.73
0.1 3962.4008 | 13.82| 3296.4314 | 6.39
0.5 5198.9472 | 15.95| 4317.7505 | 1284
21 1 5778.4509 | 23.32| 4695.0433 | 28.03
5 8043.1777 | 18.87| 6680.5576 | 20.16
10 9199.2316 | 17.30| 7649.5269 | 17.93
25 10294.109 | 18.63| 8426.6933 | 17.94
0.1 1489.8592 | 11.15| 1297.4076 | 5.88
0.5 1914.5068 | 15.25| 1746.3825 | 12.84
37 1 2117.7999 | 23.56| 1817.8184 | 32.66
5 3077.0225 | 21.45| 2811.5506 | 25.30
10 3693.3302 | 21.85| 3327.0318 | 23.03
25 4291.6287 | 22.06| 3480.7608 | 24.02
0.1 497.68985 | 12.14| 469.79306 | 8.42
0.5 625.27102 | 14.84| 607.76127 | 12.81
54 1 682.70949 | 21.21| 612.05362 | 27.10
5 1034.9858 | 19.83| 975.0326 | 24.01
10 1317.9854 | 21.37| 1229.6444 | 29.51
25 1529.7306 | 19.48| 889.21432 | 11.92
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Appendix D

LCCA Economic Computations

Appendix D-1: Life Cycle Cost at 3% Discount Ratg Case A

Case A - 20:20 Rubberized-RAP HVA 3% M&R
Estimated .
. . . . Unit cost | Length . PW [ PresentWorth| NetPresent
Proposed Maintenance Activity Year Unit Cost ?al;?np:lr:qy Per Km (8) | Per Km Unit Cost Factor Cost Value (NPV) EUAC
Superpave 12.5 mm FC1
(20% RAP +20% CRM) 0 1 $835,866.0p 1.000 [ $ 835,866.00
Rout and Crack Sealing (200 m/km) 6 $5.00 200 $1,000 1 $ 1,000.0p 0.837 | $ 837.48[ $ 836,567.38 $5,147,608.24 N 153886
Rout and Crack Sealing (200 m/km) 12 $5.00 200 $1,000 1 $ 1,000.0p 0.701 | $ 701.38| $ 836,357.9B $2,800,742.0f
5% Mill and patch 40 mm 20 $35.00 750 $26,250 1 $ 26,250.0p 0554 [ $  14,533.99
Salvage Value 20 -$167,173.20 0.554 [-$ 92,559.75
$ 759,379.11
Appendix D-1: Life Cycle Cost at 3% Discount Rate’ Case B
Case B - 20% RAP HVA 3% M&R
Estimated .
. . . . Unitcost | Length . PW | Present Worth| Net Present
Proposed Maintenance Activity Year Unit Cost ?;;e:nélnt)]/ Per Km (§) | Per km Unit Cost Factor Cost Value (NPV) EUAC
SP 12.5 mm FC1 (20% RAP) 0 1 $772,362.0p 1.000 [ $ 772,362.00
Rout and Crack Sealing (200 m/km) 3 $5.00 200 $1,000 1 $ 1,000.00 0.915 | $ 915.14| $  773,199.48 $9,111,649.8P
- 105,764.4
5% Mill and patch 40 mm 8 $35.00 750 $26,250 1 $ 26,250.00 0.789 | $ 20,721.99 $ 788,720.1B $3,745,274.06 $
20% Mill and patch 40 mm 16 $45.00 3000 $135,000 1 $135,000.00 0623 [ $  84,127.54 $ 824,787.50 $2,188,734.44
Salvage Value 20 -$154,472.40 0.554 |-$ 85,527.62
$ 792,599.05

184




Appendix D-1: Life Cycle Cost at 3% Discount Raté¢ Case C

Case C-40% RAP HVA 3% M&R
Estimated .
. . . . Unitcost | Length . PW | Present Worth| Net Present
Proposed Maintenance Activity Year Unit Cost ?;;ar\nélrt: Per Km (§) | Per km Unit Cost Factor Cost Value (NPV) EUAC

SP 12.5 mm FC1 (40% RAP) 1 $ 755,730.00 1.000 [ $ 755,730.00

Rout and Crack Sealing (200 m/km) $5.00 200.00 $1,000 1 $ 1,000.00 0.915 | $ 915.14| $  756,567.48 $8,915,652.59

5% Mill and patch 40 mm $35.00 | 750.00 | $26,250 1 | $ 2625000 0789 | $  20.721.99 $  772,088.1b $3,666.296.24 * 105,764.6

20% Mill and Patch 40mm 16 $45.00 3000.00 [ $135,000 1 $135,000.00 0.623 | $ 84,127.54 $ 808,155.50 $2,144,598.19

Salvage Value 20 -$151,146.00 0.554 |-$ 83,685.88
$ 777,808.80)

Appendix D-1: Life Cycle Cost at 3% Discount Rateé Case D
Case D - Control HMA 3% M&R
Estimated .
. . . . Unit cost | Length . PW [ Present Worth| NetPresent
Proposed Maintenance Activity Year Unit Cost ?al;?np:lr:qy Per Km ($) | Per Km Unit Cost Factor Cost Value (NPV) EUAC
SP 125 mmFC1 0 1 $787,482.0p0 1.000 [ $ 787,482.00
Rout and Crack Sealing (200 m/km) 3 $5.00 200 $1,000 1 $ 1,000.00 0.915 | $ 915.14| $  788,319.48 $9,289,829.1P
- 105,764.67

5% Mill and patch 40 mm 8 $35.00 750 $26,250 1 $ 26,250.00 0.789 [ $ 20,721.99 $ 803,840.13:’63,817,072.03$

20% Mill and patch 40 mm 16 $45.00 3000 $135,000 1 $135,000.00 0.623 | $ 84,127.54 $ 839,907.50 $2,228,858.31

Salvage Value 20 -$157,496.40 0.554 |-$ 87,201.94
$ 806,044.73
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Appendix D-2: Life Cycle Cost at 4% Discount Raté Case A

Case A - 20:20 Rubberized-RAP HVA 4% M&R
Estimated .
. . . . Unit cost | Length . PW [ Present Worth| NetPresent
Proposed Maintenance Activity Year Unit Cost ?al;?np:lr:qy Per Km (8) | Per Km Unit Cost Factor Cost Value (NPV) EUAC

Superpave 12.5 mm FC1
(20% RAP +20% CRM) 0 1 $835,866.0p 1.000 [ $ 835,866.00
Rout and Crack Sealing (200 m/km) 6 $5.00 200 $1,000 1 $ 1,000.0p 0.790 | $ 790.31| $ 836,490.60 $3,989,263.44 N 141491
Rout and Crack Sealing (200 m/km) 12 $5.00 200 $1,000 1 $ 1,000.00 0.625 | $ 624.60| $ 836,256.1P $2,227,622.6f
5% Mill and patch 40 mm 20 $35.00 750 $26,250 1 $ 26,250.0p 0.456 [ $  11,980.16|
Salvage Value 20 -$167,173.20 0.456 |-$ 76,295.67

$ 772,965.40

Appendix D-2: Life Cycle Cost at 4% Discount Raté Case B
Case B - 20% RAP HVA 4% M&R
Estimated .
. . . . Unit cost | Length . PW [ Present Worth| NetPresent
Proposed Maintenance Activity Year Unit Cost | Quantity Per Km ($) | Per Km Unit Cost Factor Cost Value (NPV) EUAC
Per Km
SP 12.5 mm FC1 (20% RAP) 0 1 $772,362.00 1.000 [ $ 772,362.00
Rout and Crack Sealing (200 m/km) 3 $5.00 200 $1,000 1 $ 1,000.0p 0.889 | $ 889.00( $ 773,152.3] $6,965,107.68
2,147.2

5% Mill and patch 40 mm 8 $35.00 750 $26,250 1 $ 26,250.00 0.731 [ $  19,180.62 $ 786,377.095152,919,972.1[$ 92, 1
20% Mill and patch 40 mm 16 $45.00 3000 $135,000 1 $135,000.00 0534 | $ 72,077.600 $ 810,844.8P $1,739,667.5p
Salvage Value 20 -$154,472.40 0.456 |-$ 70,499.19

$ 794,010.03
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Appendix D-2: Life Cycle Cost at 4% Discount Raté Case C

Case C-40% RAP HVA 4% M&R
Estimated .
. . . . Unitcost | Length . PW | Present Worth| Net Present
Proposed Maintenance Activity Year Unit Cost ?;;ar\nélrt: Per Km (§) | Per km Unit Cost Factor Cost Value (NPV) EUAC

SP 12.5 mm FC1 (40% RAP) 1 $755,730.00 1.000 [ $ 755,730.00

Rout and Crack Sealing (200 m/km) $5.00 200.00 $1,000 1 $ 1,000.00 0.889 | $ 889.00| $ 756,520.31 $6,815,274.7¢

5% Mill and patch 40 mm $35.00 750.00 $26,250 1 $ 26,250.00 0.731 | $ 19,180.62] $ 769,745.09$2,858,214.23$ 92,147.2

20% Mill and Patch 40mm 16 $45.00 3000.00 [ $135,000 1 $135,000.00 0534 | $ 72,077.600 $ 794,212.8P $1,703,983.59

Salvage Value 20 -$151,146.00 0.456 |-$ 68,981.06
$ 778,896.16|

Appendix D-2: Life Cycle Cost at 4% Discount Rateé Case D
Case D - Control HMA 4% M&R
Estimated .
. . . . Unit cost | Length . PW [ Present Worth| NetPresent
Proposed Maintenance Activity Year Unit Cost ?al;?np:lr:qy Per Km ($) | Per Km Unit Cost Factor Cost Value (NPV) EUAC
SP 12.5 mmFC1 0 1 $787,482.0p0 1.000 [ $ 787,482.00
Rout and Crack Sealing (200 m/km) 3 $5.00 200 $1,000 1 $ 1,000.00 0.889 | $ 889.00| $ 788,272.31 $7,101,319.48
- 92,147.22,

5% Mill and patch 40 mm 8 $35.00 750 $26,250 1 $ 26,250.00 0.731 | $ 19,180.62| $ 801,497.03:132,976,115.63$

20% Mill and patch 40 mm 16 $45.00 3000 $135,000 1 $135,000.00 0534 | $ 72,077.60 $ 825,964.8p $1,772,107.51

Salvage Value 20 -$157,496.40 0.456 |-$ 71,879.30
$ 807,749.92
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Appendix D-3: Life Cycle Cost at 5% Discount Raté Case A

Case A - 20:20 Rubberized-RAP HVA 5% M&R
Estimated .
. . . . Unit cost | Length . PW [ Present Worth| NetPresent
Proposed Maintenance Activity Year Unit Cost ?al;?np:lr:qy Per Km (8) | Per Km Unit Cost Factor Cost Value (NPV) EUAC

Superpave 12.5 mm FC1
(20% RAP +20% CRM) 0 1 $835,866.0p 1.000 [ $ 835,866.00
Rout and Crack Sealing (200 m/km) 6 $5.00 200 $1,000 1 $ 1,000.0p 0.746 | $ 746.22| $  836,422.84 $3,295,798.19$ 1303.05
Rout and Crack Sealing (200 m/km) 12 $5.00 200 $1,000 1 $ 1,000.00 0.557 | $ 556.84| $ 836,176.0f $1,886,838.1b
5% Mill and patch 40 mm 20 $35.00 750 $26,250 1 $ 26,250.0p 0.377 | $ 9,893.35]
Salvage Value 20 -$167,173.20 0.377 [-$ 63,005.82

$ 784,056.58

Appendix D-3: Life Cycle Cost at 5% Discount Raté Case B
Case B - 20% RAP HVA 5% M&R
Estimated .
. . . . Unit cost | Length . PW [ Present Worth| NetPresent
Proposed Maintenance Activity Year Unit Cost | Quantity Per Km (8) | Per Km Unit Cost Factor Cost Value (NPV) EUAC
Per Km
SP 12.5 mm FC1 (20% RAP) 0 1 $772,362.00 1.000 | $ 772,362.00
Rout and Crack Sealing (200 m/km) 3 $5.00 200 $1,000 1 $ 1,000.0p 0.864 | $ 863.84( $ 773,108.2 $5,677,839.16
475.4

5% Mill and patch 40 mm 8 $35.00 750 $26,250 1 $ 26,250.00 0.677 | $ 17,767.03 $  784,387.48 $2,427,236.9]1 $ 80475
20% Mill and patch 40 mm 16 $45.00 3000 $135,000 1 $135,000.00 0458 [ $ 61,845.06 $ 800,693.98 $1,477,599.1L
Salvage Value 20 -$154,472.40 0.377 |-$ 58,219.02

$ 794,618.90
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Appendix D-3: Life Cycle Cost at 5% Discount Ratei Case C

Case C-40% RAP HVA 5% M&R
Estimated .
. . . . Unitcost | Length . PW | Present Worth| Net Present
Proposed Maintenance Activity Year Unit Cost ?;;ar\nélrt: Per Km (§) | Per km Unit Cost Factor Cost Value (NPV) EUAC
SP 12.5 mm FC1 (40% RAP) 0 1 $755,730.00 1.000 [ $ 755,730.00
Rout and Crack Sealing (200 m/km) $5.00 200.00 $1,000 1 $ 1,000.00 0.864 | $ 863.84| $  756,476.2p $5,555,690.90
(¢
5% Mill and patch 40 mm 8 $35.00 | 750.00 | $26,250 1 | $ 2625000 0677 | $  17.767.03 $  767.755.48 $2.375.770.2h ° 80,475.9
20% Mill and Patch 40mm 16 $45.00 3000.00 [ $135,000 1 $135,000.00 0.458 | $ 61,845.06 $ 784,061.98 $1,446,906.4p
Salvage Value 20 -$151,146.00 0.377 |-$ 56,965.34
$ 779,240.59
Appendix D-3: Life Cycle Cost at 5% Discount Rataé Case D
Case D - Control HMA 5% M&R
Estimated .
. . . . Unit cost | Length . PW [ Present Worth| NetPresent
Proposed Maintenance Activity Year Unit Cost ?al;?np:lr:qy Per Km ($) | Per Km Unit Cost Factor Cost Value (NPV) EUAC
SP 125 mmFC1 0 1 $787,482.0p0 1.000 [ $ 787,482.00
Rout and Crack Sealing (200 m/km) 3 $5.00 200 $1,000 1 $ 1,000.00 0.864 | $ 863.84| $  788,228.2p $5,788,883.08
- 80,475.93
5% Mill and patch 40 mm 8 $35.00 750 $26,250 1 $ 26,250.00 0.677 [ $ 17,767.03 $ 799,507.43:132,474,024.73$
20% Mill and patch 40 mm 16 $45.00 3000 $135,000 1 $135,000.00 0458 | $ 61,845.06 $ 815,813.98 $1,505,501.58
Salvage Value 20 -$157,496.4Q0 0.377 [-$ 59,358.74
$ 808,599.19
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Appendix D-4: Life Cycle Cost at 7% Discount Raté Case A

Case A - 20:20 Rubberized-RAP HVA 7% M&R
Estimated .
. . . . Unit cost | Length . PW [ Present Worth| NetPresent
Proposed Maintenance Activity Year Unit Cost ?Dl;?nigg Per Km (8) | Per Km Unit Cost Factor Cost value (NPV) EUAC

SP12.5 mmFC1
(20% RAP +20% CRM) 0 1 $835,866.0p 1.000 [ $ 835,866.00
Rout and Crack Sealing (200 m/km) 6 $5.00 200 $1,000 $ 1,000.0p 0.666 | $ 666.34| $  836,310.01 $2,506,490.4D $ 1.110.35
Rout and Crack Sealing (200 m/km) 12 $5.00 200 $1,000 1 $ 1,000.00 0.444 | $ 44401 $ 836,063.15 $1,503,743.041 e
5% Mill and patch 40 mm 20 $35.00 750 $26,250 1 $ 26,250.0p 0.258 | $ 6,783.50,
Salvage Value 20 -$167,173.20 0.258 |-$ 43,200.73

$ 800,559.12

Appendix D-4: Life Cycle Cost at 7% Discount Raté Case B
Case B - 20% RAP HMA 7% M&R
Estimated .
. . . . Unit cost | Length . PW [ Present Worth| NetPresent
Proposed Maintenance Activity Year Unit Cost | Quantity Per Km (8) | Per km Unit Cost Factor Cost Value (NPV) EUAC
Per Km
SP 12.5 mm FC1 (20% RAP) 0 1 $772,362.00 1.000 [ $ 772,362.00
Rout and Crack Sealing (200 m/km) 3 $5.00 200 $1,000 1 $ 1,000.00 0.816 | $ 816.30| $  773,028.311 $4,208,053.39
- 61,823.7

5% Mill and patch 40 mm 8 $35.00 750 $26,250 1 $ 26,250.00 0582 [ $ 15277.74 $ 781,253.73:131,869,068.9)$ 1
20% Mill and patch 40 mm 16 $45.00 3000 $135,000 1 $135,000.00 0.339 [ $ 45729.17 $ 787,852.0p $1,191,430.98
Salvage Value 20 -$154,472.4Q0 0.258 [-$ 39,918.60

$ 794,266.60
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Appendix D-4: Life Cycle Caost at 7% Discount Ratei CaseC

Case C-40% RAP HMA 7% M&R
Estimated .
. .. . . Unitcost | Length . PW | Present Worth| Net Present
Proposed Maintenance Activity Year Unit Cost (lgjtéar\nélntz/ Per Km (§) | Per km Unit Cost Factor Cost Value (NPV) EUAC
SP 12.5 mm FC1 (40% RAP) 0 1 $755,730.00 1.000 | $ 755,730.00
Rout and Crack Sealing (200 m/km) 3 $5.00 200.00 $1,000 1 $ 1,000.0p 0.816 | $ 816.30[ $  756,396.3#1 $4,117,515.5
5% Mill and patch 40 mm 8 $35.00 750.00 [ $26,250 1 $ 2625000 0582 | $ 15277.74 $  764,621.78 $1,829,278.5p $ 61,823.3
20% Mill and Patch 40mm 16 $45.00 3000.00 | $135,000 1 $135,000.00 0.339 [ $ 45729.17] $  771,220.0p $1,166,279.1
Salvage Value 20 -$151,146.00 0.258 |-$ 39,059.00
$ 778,494.21
Appendix D-4: Life Cycle Cost at 7% Discount Raté Case D
Case D - Control HMA 7% M&R
Estimated .
. . . . Unit cost | Length . PW | Present Worth [ Net Present
Proposed Maintenance Activity Year Unit Cost %l;a:nélntqy Per Km ($) | Per km Unit Cost Factor Cost Value (NPV) EUAC
SP 12.5 mm FC1 0 1 $787,482.0p 1.000 [ $ 787,482.00
Rout and Crack Sealing (200 m/km) 3 $5.00 200 $1,000 1 $ 1,000.00 0.816 | $ 816.30| $  788,148.311 $4,290,360.55
5% Mill and patch 40 mm 8 $35.00 750 $26,250 1 | $ 2625000 0582 | $ 15277.74 $  796,373.78 $1,905241.04 % 61,823.21]
20% Mill and patch 40 mm 16 $45.00 3000 $135,000 1 $135,000.00 0.339 [ $ 45729.17 $ 802,972.0p $1,214,296.18
Salvage Value 20 -$157,496.40 0.258 |-$ 40,700.06
$ 808,605.14
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Appendix E

PaLATE Framework

The life cycle phasesonsideredn the PaLATE frameworks highlighted inAppendix E1. This

framework assessthe environmental effég of pavement constructi@andmaintenance by defining

the design criteriatype and volume of construction materiatsl equipmentequired A stepby-step

description of the input formulation and hdlwe spreadsheet analyzss/ironmental quantificatiois

givenas follows

Ma

Production

terials

i

Construction

- 1
!
>l Use/ ! »| Maintenance
| Operation™ |
d

i

Appendix E-1: PaLATE Life Cycle Phases

The first stepinvolves completing thelesign worksheetas shown inAppendix E2 is where the

dimensions of pavement layers, density and volume of the construction materials, and the period of

analysis are defined. Theaterial volume for each pavement layés combined withthe material

densityto calculatehe massnput of each material used.

Layer Specifications
Depth Volume
Layer Width [f] Length [miles] [inches] Iye*3]
\Wearing Course 1 262 0.621 35 930
Course 2
2
Subbase 3

Total I

[ and Shoulder Volume [yd*3] |

Period of Analysis [yrs]
40 yrs or less)

20

note: mass wnits are in short tons

Suggested Density
Range or Value

Actual Density
.

i [tonsi{yd~3)] [tons/jyd3)] 4in

Asphalt mix 23 23
Ready-mix concrete 03 03
Virgin Aggregate 25 23
Bitumen 84 B4
Cement 27 27
Concrete Additrves 84 B4
Asphait X} B4
RAP 62-1.69 5
RCM 66-2.10 68
Coal Fly Ash 0.45.2.36 20 >
Coal Bottom Ash 61-2.27 00
Ease Fumace Slag 95-2.10 00
Foundry Sand 150 00
Recycled Tires/ Crumb
o 0.97 192 L
Glass Cullet 1652 12 CE]
Water 0384 84
Steel Reinforcing Bars 024 24
Rock 1.85-253 00

135 35

125 25

051.1.81 63

Granvel

Sand

Soil

Recycled Asphalt

Shingles (RAS)

1.37-1.78

<—— Pavement Dimension Cells

Material Densities

Appendix E-2: PaLATE Design Worksheet

192



The next stefinvolves conpleting the initial construction @rksheetas shownn Appendix E3. This
is where the inputs for pavement material volumes, transportation distances, and method of material
transportation irthe different pavement layers are defined. The framework alsa kieorksheet for

maintenance schedules, but this was not used in the environmental impact assessment in this research.

Instructions - Initial Construciion
Desi | use | Maint ” = .
esign 5 aintenance
_'} Operation” |
T o |
New Asphalt Pavement New Concrete P A ORI DU T
m a avem ew Lon avemen Construction L
Density
L ¥ One-way Transportation
I A I A, I A
3 Volume [yd*3] Volume [yd3] Volume [yd*3] et s
distance [mi]

Virgin Aggregate 233 618.6 0 75 dump truck. -
Bitumen 084 46.5 72 banker truck =
Cement 127 0 0 cement truck =
Concrete Additives 084 0 0 banker truck. =
RAP transportation 185 265.1103307 Q 7% dump truck Jod
RCM transportation 188 0 0 0 dump truck. =
Coal Fly Ash 22 0 1] 1] cement truck =
- O Coal Bottom Ash 2 0 0 0 dup truck -
H § [ OustFumceSe 172 0 0 0 [ampmax >
g : Foundry Sand 0.000 0 0 0 G truck >
= Recycled Tires/ Crumb Rubber 192 0 ] 0 dump truck. )|
é Glass Cullet 193 [ ] 0 dump truck =
RAS 1.78 75 dump truck. hd

Water 0.84 0
Steel Reinforcing Bars 0.24 0 0 dump truck hd

Total: Asphalt mix to site 1.23 930.2116866 0 dump truck
Total: Ready.mix concrete mix to
site 203 0 0 mixing truck

[rests " RAP from site to landSil 185 0 0 dharp truck .2
otorkal RCM from site to landfil 188 0 0 [ampr =]

Appendix E-3: PaLATE Initial Construction Worksheet

The environmental worksheet reports and summarizesnalfonmental effects resulgnfrom the

initial construction,maintenance phasesd design input data. These results are repantdxzbth
numerical and bar chartisat detailemissions let into the environment. Energy use and emissions are
based on typal productivity, fuel consumption rate, and engine size of the equipment used in each
activity. The eavironmental effects depend on the characteristics of equipment used to recover the
construction material and the hauling distances of the material betweeessing facilities and
construction site. The environmental impacts estimated by PaLATE included water andusageyy
global warming potentialpollutant emissions, RCRA hazardous waste release, human toxicity

potential, fumes and leachate PaLATE environmental result worksheetdbown inAppendix E4.
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Appendix E-4: PaLATE Environmental Worksheet
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