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ABSTRACT

In Canada especially, cracking and potholes on aspbaltrete pavements is a continuous
problem requiring constant repairs. With the incrdamepansiorand useof asphalt pavement
infrastructure combined with more severe climactic conditions and freeze thaw cycles
experienced by asphalt pavements, pavement maintenance and repair practices need to improve
the quality and longevity of their raps.

When compared to current standard crack and pothole repair processes such as crack sealing,
crack filling, and full milling and replacement, infrared heatiegairs carconsistentlyprovide a

longer lasting repaithen crack sealing, crack fillingnd mill and replace patch repairs. Infrared
heating repairs provide a repaihich is more cost effective thdull roadway replacement, with
significantly longer lifespasithan most conventional repair methods, filling in an intermediary

repair gap presnt in the current pavement maintenance roster.

The City of Waterl oo cooperated with Univer s
Transportation Technology and infrared heating manufacturer Heat Design Equipment Inc.
(HDE) to evaluate the use of iafied heating repairs on a local projectisTroject was located

along Sugarbush Drive which requires major pavement rehabilitatipaen visual inspection,

and laboratory testing completed on the asphalt, granular base course, and subgrade materials,
reailts indicated that Sugarbush Drive was a prime candidate for infrared heating repairs, mainly
because the sampled asphalt cores contained high percentages of asphalt binder. It was
recommendedhatthe City of Waterloo proceed with the use of infraredtingatechnology to

repair the entirety of Sugarbush Drive, and continue partnership with CPATT to observe and

record the performance of the repair througho

The development of a patching mixture utilizing infrared heatmgsisted 6 using reclaimed
asphaltpavement (RAP) antejuvenating agentd.he properties of three different RAP sources
were evaluated througlaboratory testing in order to determine thedspective performance
gradings. Good performance was achieved from twdha standard RAP sources retrieved from

previously used milled asphalt pavement materials from the region, however, extremely high



stiffness was observed from a RAP source consisting of unused excess asphalt mixtures, and
further testing was recommend&ddonfirm the properties of the RAP source.
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CHAPTER 1

INTRODUCTION

Asphalt concrete pavement design has evolved significantly since it started being used in the late
1800s(National AsphaltPavement Association 2019)hrough the use of different materials,
designs, maintenance and rehabilitation treatments, the durabilityilitgxand service life of
asphalt pavement roadwaias significantly increasedDespite these advancementsaaking

and potholesre stillacommon occurrencie asphalt concrete roadwaykhis kind of pavement
damagecan be caused by fatigue, as well as the constant expansion and contraction of the

pavement during freezilaw cycles.

Climate change continue® cause more adverse weather conditions worldwide including
increased temperature extremes, precipitation, solar radiation, and extreme weathefYevents
Qiao, A. Dawson, T. Parry 2016)rhesesnvironmental changes severely affect the performance
of pavement structures, reducing service lives significantly. One study completed in 2007
estimated a 30% increase in rehabilitation costs for flexible pavement stristilaigsiue to the

adverse eficts of climate chang€echet 2007)

In most regions of Caa, cold winters as well as hot summers are experienced. This great
temperature variation significantly changes the characteristics of asphalt binder by increasing
viscosity and decreasing penetration and ductility, and thus vastly accelerates thetidagrada
asphalt paveents, creating more premature craakg potholes throughout the countfere is

a vast network of paved highways and roadways across Canada, totaling approximately 415,000
km (Kang and Adams 2013Due to the extent ofoadway infrastructure, some sectiomf
pawement within the roadway system al@vays in need ofmaintenance or repair workt the
networklevel, owner agencies involved in pavement management must assess a large number of
assets to identify the most caffective and sustainable maintenance and rehabilitation methods
(commonly referred to as "M&R. At the projectlevel, the agencies must evaluate and select

the best maintenance or repair alternative from the feasible techniques.



In Ontario, the Ministry of Transportation maintaiapproximately40,000 km ofasphalt

pavementhighway lanes From 2016 to 2025, $14 billion will be spent on maintaining and
rehabilitating these roadwaysysyk 2016) Increased formation of cracks and potholes in
Ontario roadways is making it very difficult for the Ministry to keep up with the constantly

growing number of crack repair projects.

There are many existing methods efformingcrack and potholeepails on asphalt pavements
Often one method is preferred because it is t
the benefits of having well understood performance and a construction process familiar to
contractorsHowever, with advances in materials and technology there are new pavement repair
methods being developed that promise advantages over the traditional methods with regards to
cost, sustainability, p@rmarce, and constructability The drawbacks assoatat with a new
technology are an uncertain letgrm history of performance and inexperience in the design,

construction, and maintenance process.

To properly address cracks and potholes, municipalities and road authorities typically implement
the currentstandard crack repair techniques which include crack sealing, crack filling, and mill
and replace. Althese methods, especialsjompletdy milling and replacing a section of
roadway, utilize virgin asphalt materials to repair the affected areas. In & amatoximately 4
million cubic metres of asphalt is sold annually, 80% of whiclhised for paving applications
(Statistics Canada 2017) The <creation of asphalt significa
footprint, with the life cycle carbon footprint of an average asphalt plant being 80,962-¢ CO
(Karjalainen 2019)This is assuming an annual asphalt mix production of 150,000 tonnes over a
15 year lifespanWhen this asphalt has reached its service life on a roadway and is removed, a
small portion of the removed asphalt material, known as Reclaimed Asphalt Pavement (RAP)
often gets added into Hot Mix Asphalt (HMA), while the rest is typically stockpiled. These
stockpiles represent inefficiencies in the asphalt industry. Many of the chemicals and materials

making up this RARure still effective and usab{&Villis and Marasteanu 201.3)

A pavement repair methoid neededthat can managéhe continual deterioration o&sphalt

pavement structures. Ideally, a solution that will utilize the growing stockpiles of RAP



materials. Infrared heating repairs have this potential. This paper will explore the method of
infrared heatig for asphalt pavement repairs, including analyzing system processes, quantifying
the effects of using RAP materials with this method, and evalu#tmgerformance of these

repairs.

1.1 Research Background

Heat Design Equipment Inc. is a manufacturerinfifared heating machinerfpr use in the
construction and maintenance/repair processes of asphalt pavement surfdoes. have
partnered with the University of Waterloo’ s Ce
(CPATT) in order tdfurther resech the effects of infrared heating repair methods and validate

their ongoing success with them.

Two major projects have been the focus of this partnership: First is a project aiming to create an
asphalt patching mixture with infrared heatiogntaining D0% RAP materialsThe second
project is in collaboration with the City of Waterloo and involves the rehabilitation of a

residential street using infrared heating technology.

1.1.1 Infrared Heating

Infrared heating is a relatively new heating technology in pamemreservation treatments for
fixing cracks and potholes. This technology utilizes infrared light to evenly heat the pavement
surface Infrared light is not visible to the naked eye because it consists of much longer
wavelengths then all visible lightWhen objects are exposed to infrared radiation they absorb
these rays in the form of he@ayTech Infrared Corp. 2017)The purpose of this machinery is

to heatthe existing asphalt in a damagaea until it is malleable enough at a specified dépth

rework

The infrared machinery works by using propane fed into a heater plenum through atll&vice
mixes the proper amouwif air with propane to causgnition. Each infrared heating segment
uses 100,000 Btus, which is equivalent todh@unt of propane used by two typical household
barbeques.Ignition occurs within a ceramic cloth so that the cloth heats up to a temgeratur

range of 800 to 100C at the outside face of the ceramic. This hot surface emits infrared

3



radiation until it impinges on a body (the asphalt in this case) at which point it turns into heat as
it travels through the solid. In less than ten minutes Buekktcanheat the asphalt to 380, 2.5
inchesdeep(Kieswetter 2013)The area heated to these specifications will typically be 2 inches
from the outside perimeter of the infrared heating machinEng. temperature of theeramic

cloth can be adjustedybdecreasinghe gas pressurso there is control over the amount of
infrared that impinges the surface of the aspliadjure 1.1 below displays an infrared heating

machine with a close up on the heated ceramic cloth.

Figure 1.1 Left: Infrared Heating Machine in Use,Right: Bottom of Machine in Use
(Kieswetter 2013)

The infrared heating machines are typically composed of multiple individually controlled
infrared heating segments. On the right sid€igéire 1.1above thden rectangular segments are
easily identifiable. In mler to contain the infrared heat and focus it on the desired pavement
surface, flaps arefteninstalled on the sides of the infrared machine. These flaps also assist in
keeping the temperature consistent inside of the heated area, and block the micddliag

down the process, making the machines more efficient.

Infrared heating repairs are most commonly performed during construction season, but can be
performed in the winter if necessaripue to the cold air and coolential pavement temperature

in the winter the area will take longer to heat up, and the effectively heated surface area of the
patch will reduce approximately@linches along the perimeter of the infrared heating machine

(Heat Design Equipment Inc. 2019)



The process forepairing a section gbavement with infrared heating as follows: Firstly, the
affected pavement area, as well as a perimeter of surrounding pavement, isrheétegd sure
the pavement is evenly heated 3(0°C past the depth of any cracked areas or deficiencies
Workers then rake and mix tim@w malleable asphalt in place to remove damagesting from
the outer edges of the heated area and working their wgyzarowski et al. 2011)in some
casestypically during pothole repairghen a signifiant amount of asphalt has been removed
from the site, additional asphalvill be added at this poirtb makethe affected arekevel with

the surrounding pavemeruring the scarifying processyorkers add rejuvenators tbe hot
asphal in order for the affected pavement to regain some of its innate properties that avierses
time. When asphalt pavement ages it becemere stiff, hard, and prorte cracking; dding the
rejuvenators when the pavement is soft makes the pavement lexibdef The entire heated
area is then compacted, creating a strihbegmal bond between the reworkgavement area and
the surrounding pavement which was also he@®adker 2007) Once the pavenm surface has
cooled down to approximately 50/ regular traffic flow can continudzigure 1.2below shows

the general process for repairing a section of pavement with infrared heating.

b .

B , .
Figure 1.2 1) Infrared Heating 2) Scarifying 3) Rejuvenators Adled 4) Compaction

(Kieswetter 2013)
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It has been found thathere is a time limitto heat the grface until it gets overheated.
Overheating may evaporate the rejuvenators and even burn the asphalt bindenva&rheating

the pavement surface is the main challenfeebeatig the asphalt in placéPark 2007)
Compared to more conventional heating methods such as hot air and open flame, infrared
heating technology can heat a pavement sarfaeger and to a higher temperatate specified

depth before causing any damage to the matéRalder 2007)

1.1.2 Sugarbush Drive Rehabilitation Project

When establishing a new pavement repairhodtsuch as infrared heating, it is extremely
important to create connections to significant clients with notoriety and many project
opportunities. Heat Design Equipment IM¢IDE) is a KitchenefWaterloo based company
specializingin the creation and nmaifacturing of infrared heating machinery solely for asphalt
pavement repairsThe City of Waterloo has been hesitant to utilize infrared heating in their
pavement repairs in the past, but throughesearch partnership with CPATT, the City of
Waterloo was willing to try using infrared heating repairs during rehabilitation of a small,

residential roadwagalled Sugarbush Drive

1.1.3 100% RAP Patching Mixture

When repairing deteriorated roadways with significant asphalt loss, virgin materials are almost
always $ed to bring the surface up to gradéis is the perfect opportunity to use an asphalt

patching mixture made with RAP materiaistead

To create an asphalt patching mixture on siteorable asphaleater is used. These machines
are used to rehe&dose asphalt mixtures, including virgin HMA or RAP, into a malleable state
before application. A reliable heating operation ensures that RAP remains loose with no
agglomeration and the rejuvenators can be dissolved uniformly and effectively within the age
asphalt binder(Nazzal et al. 2015)Asphalt heaterbave been developed using conventional hot
air oropenflame heating methods, as well as infrared heating technology. For this project, only
the infrared heating method witle considered due to i®iperior heating abilities and track
record of burning fewer materials. Figuke3 below displays an infrared heating portable asphalt

recycler.
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Figure 1.3 Portable Asphalt Recycler(Heat Design Equipment Inc., 2017)

Asphalt mixtures created by using theseardd heating machineries have not been formally
tested and an optimal mix design for 100% RAP with the right type and dosage of rejuvenators is
in need. The goal of this project is to develop an asphalt mix which can be effectively used as a
patching/ filling mixture during infrared heating repairs, containing as much RAP material as

possible.

1.1.4 Research Benefits

Great economic and environmental benefits can be achieved if the quantity of RAP can be
increased in pavement design, construction, maintenamteeaabilitation. In the more remote
regions of Canada especially, where small townships and native reservations are widely
dispersed, access to the pavement materials and equipment is scarce, and the expense of shipping
virgin materials to these regiotis enormous. With the right combination of rejuvenators and
infrared heating technology using 100% RAP materials to maintain pavement surfaces, these
regions can greatly reduce the expense, energy used and emissions created for these pavement
repairs. In ammary, this research will contribute to theesttific knowledge in Canada by:

1 Evaluating and comparintpe properties of different sources of RAP created by infrared

heating and traditional gas burners.
1 Evaluaing and quantifyng the effectsdifferent types and dosages of rejuvenatbase

onRAP performance



Evaluatingthe lab and irservice performances of mixtwesing 100% RAP
Developng anoptimal mix design using 100% RARith and without virgin materials
for the applicable implementatians

1 Evaluding and verifyng the economic and environmental benefits of RAP in pavement
construction and preservation

1 Improving thesustainability of Canadian roads by improvthg design, construction and

maintenance techniques using RAP

1.2 Scope

This report explogs the validity of using infrared heating as a pavement repair strategy. This
includes comparing the quality of the infrared heating repair method to standard practices, a case
study exploring the decision making process involved in choosing an infraegohdn style of

repair, andusing infrared heating to create a pavement patching mixture composed entirely of

RAP materials.

When comparing the performance of infrared heating repairs to more commonly used methods,
only the following repair strategieseaconsidered:

1. Crack sealing

2. Crack / pothole filling with virgin materials

3. Conventional milling and repaving

No laboratory or field testing machinery was used for fingt study, however, several case
studies are considered during this comparison. lteng field performance studies on infrared
heating repairs are lacking, but several field inspections of previous infrared heating repair sites

are included in the evaluation.

The scope for the Sugarbush Drive project includgsetiminary assessment ttie roadway
borehole sampling, lightweight deflectometer (LWD) testing, and laboratory testing to evaluate
the current condition of Sugarbush Drive. The laboratory testing completed on the collected
materials include binder extractions, gradation anslyand proctor testing. Multiple

maintenance/rehabilitaticptionsinvolving the use of infrared heating are created and proposed
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to the City of Waterloo for evaluatio®eyond this, a preliminary design of the recommended
maintenance strategy was comptkete

This report covers the research plan, methodology, and current progress of the 100% RAP
patching mixture project. This includes the collection, laboratory testing, and analysis of the
three base RAP materiatensidered for this project. Laboratorytieg completedon the RAP
material is as follows:

1 Binder extraction
1 Gradation
1 Rolling Thin-Film Oven (RFTO)
1 Bending Beam RheometéBBR)
1 Dynamic Shear Rheometdd$R)

1.3 Objectives

The primary objective of thigsesearch is taunderstand the effectsf infrared heatingon
pavement maintenance and repair projeutsh particular emphasis othe use of infrared
heaters during crack and pothole patch repding following specific objectivesf this thesis
include:
1 Evaluatingthe advantages and disadvantagesndfared heating, focusing on previous
studies validating the performance of the repair method
1 Comparingthe effects of infrared heating asphalt pavement repawghay conventional
pavementepair methods
1 Developing amatrix which utilizesthe main @cision factors when choosing a pavement
repair method, highlighting the advantages and disadvantages of each repair option
1 Designng a suitable maienance strategy for Sugarbushiv@, located in the City of
Waterloo.
Desigring a 100% RAP patching mite using new infrared heaters.
Characterising théhree different RAP sources to be used in the 100% RAP patching mix

designs



1.4 Organization of Thesis

Chapter 2 consists of a literature review covering information pertinent to previous research
completed a infrared heating as it pertains to the two major projects covered in this thesis.
Chapter 3 compares the quality of infrared heating crack and pothole repairs to those achieved by
more commonly used maintenance repair strategies. Chapter 4 summaripesgtiess of a

project involving the repair of Sugarbush Drive using infrared heating techndligpter 5
discusses the progress made on the creation of a pavement patching mixture using 100% RAP
materials and infrared heatin@hapter 6 provides condions and recommendations for future

work.
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CHAPTER 2

LITERATURE REVIEW

This chapter provides a summarymevious studies pertinent the infrared heatingesearch
covered in this thesis

2.1 Use of Infrared Heating

This section summarizes the camt uses of infrared heating in Canada and around the world.
Previous research regarding the quality of infrared heating rgpplications including multiple

case studiess examined as well.

2.1.1 Infrared Heating Applications

Infrared heating repar are very versatile as they can repair a wide variety of pavement
deficiencies of different sizes and levels of severity. The extent of research on these different

applications of infrared heating technology is summarized in the following section.

2.1.1.1Patch Repairs

By far the most common use of infrared heating technolegpairing asphalt pavement is
patchng, where the affected area is cleaned, heated, scarified while adding rejuvenators then
supplemental asphalt, before finally being compactetihis basic patching process was

described in detail in Chapter 1.

The key component contributing to the success of this style of patch repair is the thermal bond
created between the repaired asphalt and the surrounding in place matehatmal bond
requres both bonding materials to be heated during compac@ampared to a cold joint, a
thermal bond provides increased density at the joint, allowing less water and material to
penetrat€dKandhal and Rao 1994; Daniel 2006)
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2.11.2 Longitudinal Crack Repairs

Longitudinal cracking is an extremely common roadway deficiency wieiahs parallel to the
centreline of the roadway, and imost typically caused by the reflection of a joint in the
pavement, or poor joint constructifDecker 2016)

Specializedinfrared heating machigehave been designed flengitudinal crack repairdt is

composed of multiple infrared heating devices linked together from endltimening a 48 foot
long“train”. This chain of infrared heating dev
construction vehicle. During maintenance repair of longitudinal cracking, this machine can be
continuously towed along the affected area atte of 5 feet/minute (Heat Design Equipment

Inc., 2017). By the time the affected pavement has been heated by the entire length of the train,

it is at the correct temperature to be scarified, reworked, rejuvenated and compacted by the

maintenance wokk's. Figure2.1 below displays this machine in use

Figure 2.1 Infrared Heating Train (Heat Design Equipment Inc., 2017)
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2.1.1.3Joint Heating

When constructing a longitudinal joint one would ideally pave the entire widtbamfiwayat

once, or have pers pave in echelon so the longitudinal joint has a thermal bond conniecting

This is not always feasibler cost effectivdor every projectso most often roadways are paved

one lane at a time, with a cold joint connecting thémany different strateégs have been

developed to optimally connect to this cold joint includergating a wedge or tapered edge on

the joint, cutting back the cold joint before paving the next lane, overlapping the cold joint with

hot mix, and various methods afompacting thelongitudinal joint( Vef a Ak p. nar 2
Although each of these longitudinal joint construction methods work with varied levels of
success, severe longitudinal joint cracking is still extremely common when constiasgimagit

pavement roadwaywith a cold joint. Kandhal and Rao state that longitudinal joint cracking

results primarily from the lower density gradient which is usuatigountered across a cold joint

(Kandhal and Rao 1994Yhe unconfined edge from the first paved and cooled lane has a low
density whie the hot paved lane connectiedit has a high density. The resultant density at the

cold join is typically 1%2% lower than the rest of the roadwajlowing water to penetrate the

joint and cause premature cracking, usually wwidn year a#r constructionKandhal and Rao

1994; Daniel 2006)Multiple studies on longitudinal joint construction have concluded that no

matter what extra measures are taken during cold joint construction, the performance is still
inferior to what a hot joint provides Kandhal and Rao 1994; V.efa Akp

Anotheruse for infrared heatinghachinery isto remove this problematic cold joint lineating

up longitudinal jomnts during construction to ensure a thermal bond with the asphalt alongside.
To achievethis hot joint, aninfrared heating train would heat up the new cold joint between
lanes with the asphalt paver followind-igure 2.2 on the next pagéisplays this dngitudinal

joint construction technique as usedHamilton, Ontario.

13



Figure 2.2 Placement ofSurface Course Using Infrared Joint Heater onRymal Road,
Hamilton in 2008 (Uzarowski et al. 2009)

Compaction tests of Rymal Road after construction indicated 95% compaction, and the average
compaction of the longitudinal joint was 94.2%zarowski et al. 2009)A study completedht

the University of New Hampshireompared the performance mifrared heated construction
joints to conventional cold joint amstruction and concluded a signd#i@ performance
improvement wherusing infrared heater@Daniel 2006) Utilizing the longitudinal infrared
heating train for joint construction is an effective preventative maintenance strategy, which will

decrease the maintenameguirementdgor the roadwayHeat Design Equipment Inc. 2019)

2.1.1.4 Full Roadway Rehabilitation

A larger infrared heating machine can be developed to operate this train style seamless repair
over an entire lane or roadway widtheat Design Equipment Inc. 2019Current large infrared
heating machines could be used in this manner, but they would have to move very slowly in
order to properly heat the pavement surface. A more idadigaration would consist of
additional heaters on the end of the wide patching devices to make them longer, but not so many

that they become too difficult to transport.
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2.1.2 Case Studies

This section bthe literature review coversdifferent case stues involving the use of infrared
heating repairs, and the quality or repair provided. These studies provide a practical perspective
on the effectiveness and lifespan of various infrared heating repair applications.

2.1.2.1 Case Studio. 11 Bleams Road Wagrloo, Ontario

An example of infrared heating technology chosen as the pavement repair method for a project is
in the Region of Waterloo on Bleams Road. This project began in 2008 with the resurfacing of
Bleams Road. The binder course was placed in 20@8henRegion of Waterloo decided to wait

two years before placing the surface course. In 2010 however, several low to medium severity
cracks had propagated on the binder course and required attention before placing the surface
course(Uzarowski et al. 2011)

The Region of Waterloo required a cost effective, long term repair solution for these cracks. As
this road was newly resurfaced and expected to last a long time, it was very important to use the
most effective methogossible to repair these cracks. The Region of Waterloo chose to use
infrared heating to repair the cracked areas on Bleams Road because it provided a long term
repair solution, used the -place materials which were only two years old, adery cost
effective because there were local experts in the infrared heating industry stationed in Waterloo
(Uzarowski et al. 2011)Figure2.3 on the following pagelisplays cracking on Beams Road

before and aftethe infrared hating repairs.
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Figure 2.3 Left T Cracking on Bleams Road;Right i Repaired Cracking on Bleams Road
(Uzarowski et al. 2011)

This surface continued to perform well beyond a year after it was repaired with no surface
distresses visibleand no signs of cracking from the binder coufgearowski et al. 2011)

Density measurements were performed and cores taken across some of the repaired cracks to
further evaluate the quality of repaDensity measurements recorded were within the required
range of 92%P6.5%, and the cores taken displayed a strong bond still in place between the new
and existing pavemeiiuzarowski et al. 2011)

2.1.2.2 Case StudWo. 21 Kuujjaq Airport, Kuujjag, Quebec

In Kuujjag, Quebec, &rge transverse crack in the middle of the runway was causing continual
problems for aircraft taking off and landing. The crack had sealant applied in it many times but
the repairs were not lasgjiiong.In 2013, Kuujjag Airport decided to implement infrared heating
repairs as a lonterm repair solution for thiarge crack. When repairing a crack with infrared
heating in which crack sealant has been applied in the past, the crack sealant raosiviee r
before scarification. After the area has been heated, it is quick and easy to remove old crack
sealant before addingejuvenatorsto the heated asphalt and scarifyifi§ieswetter 2013)
Kuujjuag Airport has experienced success with the infrared heating patthas not considered
additional repairs for this runway in the 6 yeamsce. Figure 2.4shows the crack in question
before and during the infrared repair process.
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Figure 2.4: Kuujjuaq Airport. Left: Crack Before Repairs; Right: Crack During Infrared

Heating Repairs(Kieswetter 2013)

Other runway/taxiway repair projects which have utilized infrared heating as their maintenance
method include Jean Lesage International Airport in Quebec City used infrared heating while
resurfacing a runway, Fort Drum Air Base ieW York utilized infrared heating for longitudinal

joint construction, and Vancouver International Airport recently used infrared heating for some

patch repairgKieswetter 2013)

2.1.2.2.1 Infrared Heating Repairs on Airfield Surfaces

Runways and taxiways, unlike goort apron areas, are designed to withstand short term loading
by aircrafts taking off, landing, and taxiing. The most common asphalt pavement distress types
for airport runways and taxiways are longitudinal cracking, transverse cracking, weathering,
block cracking, rutting, ravelling, jet blast and oil spillag¢ajek, J., Hd] J.W., Hein 2011)
Routine maintenance is essential inder to stop these distresses nfrooccurring and

propagating, causing unsafe coratit for airplanes

When operang larger aircraft, pilots camt properly see the pavement surface around the
wheels of their aircraft, so it is vital there are no major pavement distresses to cause damage to
the aircraft or veer them off course. When travelling at high speeds during takeoff and landing,
running into any sort of debris could severely damage tloeaftir Common airfield pavement
distressesincluding cracking and potholesan loosen small chunks of pavement, increasing
foreign object damage (FOD) risk for aircrgBennett 2007) Compared to other smadlrea
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crack sealing and patching, infrared heating repairs bond all surfaces within the applied area
together, providing the repair with less opportunity for chunks of pavement to come loose,
decreasing FOD risks.

2.1.2.3 Case Studio. 31 Waterloo Street, New Hamburg, Ontario

In 1997, a large transverse crack crossing the entirety of Waterloo Street irHataburg
Ontario was repaired using an infrared heating pa@nsity measurements were taken on the
patched area immediately following the repair, averaging @3%arowski et al. 2011)Asphalt

cores wee taken from tl repaired areand some adjacent pavement sections on Waterloo Street
exhibiting no signs of distres8fter some laboatory tests were completed, it was concluded that

the repaired asphalt exhibited slightly lower flow, stability, &edds in the MineraAggregate

(VMA) then the adjacent unrepaired af&lzarowski et al. 2011)Gradation analysis on the
sampled asphalt cores indicated the repaired area had a noticeably finer gradation. The
differences in test resultgsere considered to mainly be due to the introduction of virgin asphalt

mix to the fixed area during repaifidzarowski et al. 2011)

Throughout the service life of the repair, the area performed well structurally raycbioe
additional repair was required in that area due to reflective cracking. The entirety of Waterloo
Street was repaved in 2010, giving the infrared patch a successful service life of 13 years
(Uzarowski et al. 2011)

2.1.2.4 Case StudyNo. 41 Longitudinal Joint Construction in Tennessee

The state of Tennesee had experienced continuous longituctiaeking problems along
construction joints, so a study was completed by the University of Tennessee to investigate the
fundamental mechanisms of longitudinal joint failure in Tennessee, evaluate several available
technologies and construction practices that could mitigate HMA longitudinal joint failures, and
recommend necessary changes to the Tennessee Department of MatoepdTDOT)
specifications to ensure higher quality longitudinal joint repairs in the fytdlweng and Shu

2010) It was determined that the masause of theslngitudinaljoint failures was ineffective

joint construction techniques, maindue to the fact that Tennessee only utilized cold joint

construction.The effectiveness of different longitudinal joint construction techniques was field
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tested usingy nuclear gauge deiyg test and a permeability/vacuum test, and asphalt cores were
sampled to complete laboratory tests on including dia@ctoid content, permeability, indirect
tensile (IDT) strength, water absorption, anday CT tests The longitudinal joint construicn
techniqguesnalysedvereconventional cold joint construction as a control, rolling from hot side

6 inches away from joint, notched wedge joint, cutting wheel, infrared heating, joint maker, and
restrained edge. Several joint sealers and joint adlses#ee also analyzed.

The study concluded that the infrared heater exhibited the best perforamaonogall of the

joint constructiortechniquesvaluatedn the studyInfrared heating the cold joint before paving
was proven to reduce the air void cotand water permeability, while increasing IDT strength.
The air voids distribution obtained from therXy CT images shoed that theeffectiveness of
infrared heatingin improving joint quality was through increasing the compaction degree of
longitudinal joint deep to the overlay bottgrthus making the joint denséHuang and Shu
2010)

This study references anothsimilar case studycompleted by theKentucky Transportation
Center, which compares the effectivenessnofched wedge jointestrained wedge, joint maker,
infrared joint reheater, and joint adhesiesslongitudinal joint construction techniques and also
concluded that infrared heating provided the highest joinsitdefFleckenstein, Allen, and
Schultz Jr 2003)

2.1.3 Summary of Case Studies

Four different case studies regarding the use of irdfr&eating repairs were reviewed and are

summarized in Tablg.1 below.
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Table 2.1 Summary of Case Studies

Unrepaired Area

Case Study No. 1 No. 2 No. 3 No. 4
Location | Bleams Road | B g, | - Various
Waterloo, Ontarig Kuuijjuag, Quebed Ontario Tennessee, USA
Surface 2 Lane Roadway| Runway Sirface | 2 Lane Roadway, Highway Surface
Binder Course Course Surface Course Courses
. : Longitudinal Joint
Deficiency Cracking Transverse Crack Transverse Crach Construction
Lifespan 13+ years 6+ years 13 years N/A
. Highest of Testeg
0 0 0
Density 92%-96.5% N/A 97% (Above 92%6)
Lower Deeper
VMA N/A N/A Lower than than all other

TestedMethods

When tested, all infrared heating procedupesducedlow VMA and high density asphalt

pavement surfaces, resulting in long lifespanéll four case studies displayed praet

examples oinfrared heating repairs performing successfully.

2.2 Reclaimed Asphalt Pavement

Reclaimed asphalt pavement (RAPR}he reprocessed materials collected from milling existing

asphalt surfaceduring maintenance/rehabilitation, or resunfaciprocedure¢Copeland 2011)

RAP contains course aggregates and asphalt binder mdteriadan be reused to create new hot

mix asphalt (HMA).RAP is also commonly used in granular base or subbase materials to

stabilize the base aggregate or an embank(@oyeland 2011) After the material is milled and

removed froms i t e, it

achievedlIn general, mixtures containing high amaiof RAP have increased stiffness, which

s processed

by

bl ending

and

improves rutting resistance, but reduces low temperature and fatigue performaicte wh

associates with increased thermal and fatigue (betfontracking(Forfylow 2011)
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In Ontario, the use of RAP material is governed by the Ontario Provincial Standards and
Specifications (OPSS) 1150his standard allows a maximum of %5RAP by mass inside
surface courseixtures (HL 3, HL 3F, K 4, and HL 4F)and30% in binder coursg$iL 4, HL

8) (OPSS 2018) HL 4 and HL 8 mixtures with up to 50% RAP materials may be allowed, but
require additional testingp provethe mixture meets specifications, and written approval by a
contract administrato(OPSS 2018)This option is not common among projects in Ontario
because of the extra effort required and because mixtures witegthar20% RAP must differ

in gradation tha conventional mixtures, with no gent standarcautlining best practicenix
designs and performance standards for tt@mbaiowei 2014) Throughout the rest of Canada,
higher percent RAP mixtures are slightly more common, with the provinces of Manitoba,
Saskatchewan, and British Columba placing no limit orp#reentage of RAP allowed in HMA
mixtures. Other countries including the United States, Australia, South Africa, Japan, Germany,
France, United Kingdom, and other European countries have also used RAP materials in HMA

with great succegStephanos and Pag@ntiz 2011; Merrill, Nunn, and Carswell 2004)

2.3 Rejuvenators

Due to the densification effect of asphalt mixesler repeated traffic loada hgh RAP content

will result in increased stiffness of the asphalt mixtames susceptibility to fatigue cracking and

low temperature crackin@Babouri et al. 2015; Tran et al. 2017; Shu, Huang, and Vukosavljevic
2008) For these reasonthe commonly used approach to improve the quality of high ednte

RAP mixture isto add rejuvenators or recycling ageriRejuvenators, which generally consist of
low-viscosity oil and certain modifiers, can be roughly divided into three types: abplsat,
coattar-based and bitvased(Walck et al. 2018) Overall, coatarbased rejuvenators have
dominated the market while blmased rejuvenators made of agricultural productstédréeing

tested. Existing researchers have found that the dose and type of rejuvenator have effects on
mixture and binder properti€Mogawer et al. 2013)Specifically, asphalt rejuvenators improve
cracking resistance by mitigatingpet stiffness of the aged binder, and the dosage and test
conditions can adversely impact the rutting and moisture susceptibility. The relationships
between RAP performance and rejuvenator content seem linear, which can help determine the
dosage of rejuvemar when Superpave performance grade (PG) requirements at the three

temperatures are satisfi@daumanis, Mallick, and Frank 2014; Shen and OhnR@fowever,
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the complicated mechanism of interaction between the rejuvenator and RAP is still unclear, so
the type and dosagef rejuvenators and their effectiveness will be ano#itea of studyn this
research.

2.3.1 Alternative Rejuvenator Substanceand Additives

Beyond standard rejuvenating agents, other materials have flexibility and durability properties
that could benefit an asphalt patching mixtudgsing more recycled materials such as crumb
rubber, roofing shingles, or waste plastics can &irritlecrease the carbon footpriritasphalt
mixes. Other material additivessich asibre reinforcementould possibly improve properties of

the mix as well.

Huge stockpiles of scrap tires exist across Canada, which not only are a waste of space and
usalle resources, but are a constant danger of creating tire fires which release harmful toxins into
the air and are very difficult to extinguigMashaan et al. 2014Crum rubber is created from

scrap tires beinghreddedand grinded into a uniform mixture with particle sizes ranging from
4.75mm to 0.075mnrWay, Kaloush, and Biligiri 2012)This material is used in playgrounds as

a sand substitute, in landscaping applicatioas, well as in asphalt roadway mixtures
(Ambaiowei and Tighe 2013)A study by Doubra Charles Ambaiowei at the University of
Wat er | oo ¢ o Ganbinird)RAP witih @RM (Crumb rubber modified asphalt) is
capable of compensating for RAP shortfalls such as its effects on binder aging aniffmasss

thus improving the mixture’s stability, dur al
(Ambaiowei 2014) Incorporating crumb rubber into a 100% RAP patching mixture can

therefore result in performance and environmental benefits.

Asphalt 0ofing shinglestypically lastonly 1520 years producing a large quantity of waste

One and a half million tons of asphalt roofing shingle waste is generated each year in Canada,
90% of which is dumped into landfilldslam 2011) They are composed of asphalt cement
(AC), fine aggregates, filler, and fibres, 3@ mass of which i&\C (Islam 2011) It appears to

be an ideapairing mixing recycled asphalshingles(RSA) with RAP in an asphalt patching
mixture, the AC in the RSA should complement the lack thereof in the RAP. A stutpleted

by University oftestédantoepordtiogoRSA int€ Prariol standaHiMA
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mi xtures containing RAP. It concluded that
asphalt binder by 6 °C and incorporating 3% RAS or less with RAP in HhAdesign can
meet t he appr opYfangaetak2054pHowevelr, the asphaltdinder in RSA was
typically tested to be stiff, similar to that present in RAP materials making the mixtures
performance less than ideal at low temperat(ifasg et al. 2014)

It is well known that asphalt pavement performs much better in compression then.temsion
theory, he addition of fibres with high tensile strength to the asphalt mixulteallow the
tensile stresses the pavement experiences to be transferred to theMdmgsdifferent fibre
materials have been tested in asphalt cement including cellidgsthetic polymey glass, tire
fibres, asbestos, ligniand coconut fiboregChowdhury, Button, and Bhasin 2006; Kaloush
2014) Fibre reinforcemenhas been proven timmprove crack resistance, rutting resistararg]
freeze thaw resistand® HMA mixtures (Chen et al. 2009; Biligiri, Rodezno, and Nadkarni
2008; Aramid 2019)Fibre reinforcement has been used in asphalt mixtures containing low
percentages of RAP material, but not often with high amounts of (Rfegid 2019)

The growing amount waste produced by plastic products suchotiles, containers, and
electronics has developed into a serious disposal problem for all of this métaighaan,
Rezagholilou, and Nikarz 2019ncorporating the tensile strength and flexibility of plastics into
asphalt mixtures could be extremely useful, especially to high percent RAP mixtures. In order to
combine the waste plastiasto HMA, the material first is processed by grinding the waste
materials into a powdef he plastic powder is then chemically treated with hygkeooxide, or
modified by maleation by adding maleic anhydride to improve the bonding between the
polymers andthe asphalt binde(Colbert 2012; Daly et al. 2002Multiple studies have
concluded improvedensile strength, permanentfoenation resistance, rutting resistance, low
temperature cracking resistance, and age hardefiiagpbalt mixtures as a direct result from
adding waste plastic materials to the HMA mixtuf8ken et al. 2018; Colbert 22,1Daly et al.

2002) Zhen et al. 2018, who completed a study on adding waste plastic material to high RAP
percentage mixtures statéShe results indicated that the samples containing RAP and PET
(Polyethylene Terephthalatdgrived additives provideletter overall performance compared to

the conventional binder, increasing titing resstance by at least 15% and fatigtracking
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resistancdy up to 60%. Usage of suchaste PET based additives as an additive for RAP
mixtures represents an approach to deal with a relevant recycling problem while simultaneously

recovering twovalueadded materials(Zhen et al. 2018)

2.4 Summary of Findingsand Research Gaps

This chapter provided a review of literature relevant to the research presented in thig ligesis.
findings validated many uses wifrared heating for asphalt pavement construction rapairs
including patch repairs, longitudinal crack repairs, joint heating, and full roadway rehabilitation.
Multiple studiesconcludedhat heated materialwithin the hot joint providegreater compaction
results, higher densitgnd fewerair voids resliing in a higher quality repaivhen compared to

cold joints

Four case studies wereviewed involving infrared heating usage in asphalt pavement crack
repairs, airfield pavement repairs, and longitudinal joint construction. All four studies exhibited
improved field performance when incorporating infrared heating into their respective pavement
maintenance processes. Further long term monitoring of infrared heating prdgects
recommendedn order to create anore comprehensiveinderstanding of the longgrm effects

associated with this method.

In Canada, the use of RAP materials in HMA has gained widespread acceptance, but limited
research has been completed on developing asphalt mixtures with over 50%caRARO
published researchvas discovered on D9 RAP mixturesSpecialized mix designs fdypical
patchingand infrared heatingperationsare uncommononly standard HMA designs or cold mix

asphalts are currently used.

Significant research has been completed on additional additives and rejuvexggtirtg which
could be utilized within a 100% RAP patching mixture includingmb rubber, roofing shingles,
waste plastics, and fibre reinforcement. These materials will be considered when creating
additional 100% RAP mixtures after mix desgusing tradional asphalt and petroleum

emulsion styleejuvenatorsare tested.
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CHAPTER 3

COMPARISON OF INFRARED HEATING ALTERNATIVES

This chapter will focus on comparing the performance of infrared heating technology to other
currently usedrack and pothole repamethods.

3.1 Current Repair Methods

According to Uzarowski edl. (2011), the most commonly used crack repair methards
1. Crack Sealingincluding Routing
2. Crack / Pothole Filling
3. Milling and Repaving

These methods are well known and established repair dwethal are used frequently to repair
cracking and potholes across the countigeir performance will be examined in this section

before being compared to the quality of infrared heating repairs.

3.1.1 Crack Sealingand Routing

Crack sealing is a repair ethod generally used on smaller, low severity cracks in order to
prevent water and incompressible materials from entering the crack therefore slowing
propagation of the repaired craffecker 2016)Cr ack seal ing is often ap
“act cracks,” which meanghey exhibit greater than 2.5mm of movement per year
(Transportation Alberta 2003)Working cracks are typically transverse cracks, which are
perpendicul ar t o t ICeck pealnge mamteriance is meehedtby &#rdt i n e .
cleaning the crack using compressed air, ensuring the crack is dry, and clear of any loose
pavement fragments or debris. If the crack is not sufficiently dry, a hot air lance can be used to
sufficiently dry the inside of the crack. The hait lance also slightly heats the inside of the
crack, making thesealantoond betteto the warmed asphaltThese hot air lances, however, are

not common practic€Decker 2016)Next, the crack is filledvith a hot rubberized high modulus

crack filling material Figure3.1below shows the crack sealing process.
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Figure 3.1 Left T Crack Cleaning With Compressed Air(Decker 2016) Centrei Hot Air
Lance (Al-Qadi, Imad L Ozer et al. 2016, Right T Crack Sealant Application (AsphaltPro
2019)

For crack sealing operations, the timing of application is critical for optimal performance. In the
winter and summer months asphalt pavement suraqesnd and contract the most. If sealant is
applied during the winter when the crack is at its widda sealant will bulge out of the crack
during the summer when the pavement compresses. If the sealant is applied in the heat of the
summer, the sealanindergoes higkension in the winter and teansiining the effectiveness of

the seal. When the sealant is applied in the intermediary seasons, the seal is most effective and

produces a longer service [fINDOT 2017) Figure3.2below demonstrates this concept.

Winter & Summer NOT the Right Time
for Joint and Crack Sealing

Winter

Doh’t Pour

---------------------------------------------------------------------------------

Spring or Fall

. & hr

Pour Joint Compression (minimum) Tension (minimum)

Figure 3.2 Demonstration of Proper Seasons to Apply Crack SealaftNDOT 2017)
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Crack routing is an additional step in the crack sealing method that can be used to create a more
effective repair. Crack routing occurs after the crack cleaning process and consistsitirica

machine drilling open the crack making it wider and dedpéry pi c al | yBratniey by %~
2015) A routing machine iruse and the resultant routed crack are displayed in Fi§8re

below.

Figure 3.3 Left T Crack Routing Machine in Use, Righti Routed Crack (Brahney 2015)

Crack routing creates a defined reservoir to contaégnapplied sealanallowing the salant to

bond properly with the walls of the cradRuring the winter months when the crack is at its
widest, the reservoir has already accommodated for the expansion, keeping the crack sealed.
Crack routing is only recommend for smaller cracks (smalkerrth 1 ) ard ypavdrient areas

with lower crack density (less than 20%jherwise the pavement area will only be susceptible to

further damage from the routing procélsembardo 2017)

3.1.1.1 Advantages and Disadvantages

Crack sealing is a quick, low cost, crack repair method, typically costing about $8 per linear
metre (David Jeong et al. 2015)t is a frequently used repaiedhnique worldwide, so any
contractor that works in pavement preservation will have the skills, tools, and machinery to

complete a crack sealing repair efficient8everal technological advances in the field of crack
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sealing repairs such as using hotlamces and routing machines, have significantly improved

the efficiency of these repairs.

Crack sealing is limited to repairing only small pavement deficiencies, as it will not be effective
in slowing down the propagation of larger cragkembardo 2017)Crack sealing is also only
considered a shoterm or preventative repair method. It is useful in preventing smadks

from propagating, but does not remove the deficigiuzarowski et al. 2011) This corresponds

to a high frequency of continual maintenance required when using crack sealing, which adds up

over time when consideg the life cycle cost of the pavement.

3.1.2 Crack / Pothole Filling

Pavement areas with more significant cracks or potholes will often be treated with small area
patching. “* No t acti-wet kiom g, traaksnhctk ndergo less than 2.5mm of
movement per yearare generally treated in this manner as opposed to crack s@agoger

2016) In most casesphgitudinal cracksare noaworking cracks.

The crack filling rgair process again begins with the cleaning of the affected area, making sure
the crack or pothole is dry and cleared of any debhs. voids are then filled with a hot or cold
virgin asphalt mixture, and compacted into pldéigure3.4and3.5below diplay two different

potholes being repaired and compacted.

Figure 3.4: Hot Mix Asphalt Pothole Repair Using Plate Tamper for Compaction(City of
Edmonton 2019)
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Figure 3.5 Pothole Repair Using ColdMix Asphalt and Hand Tamper for Compaction
(EZ Street Asphalt 2019)

For the best quality of repair, the asphalt must be properly compacted intagilagex manual

plate tamper as shown kigure 3.4, or some kind of vehicle dm compactor. Common practice
often involves only using a hand tamper like showrkigure 3.5, or simply driving over the

filled pothole with a heavy vehicle. These styles of compaction will not create an adequate seal
between the virgin material and tle place pavement, resulting in poor performance of the
patch(Wilson and Romine 1993)

Hot mix asphalt generally performs much better then cold mix asphalt applicationsapied

to small area patching. Cold mix asphalt has higher void content then hot mix asphalt, making
the patched area more permeable and therefore much more susceptible to @(nmygegi

2006) Cold mix asphalt will most commonly be used during the winter months when hot mix
asphalt cannot be kept suféatly heated during its cooling process, significantly reducing its
structural integrity. Although cold mix asphalt generally has a lower service life then a hot mix
patchng mixture, it can beused as a temporary patch in winter where a defect is & safe
concern. Other benefits of choosing cold mix asphalt over hot mix include lower cost, less
construction time, and environmental benefits from huge reduction of energy use between the

two mixtures(Munyagi 2006)
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3.1.2.1 Advantages and Disadvantages

Small patch repair of asphalt pavement using hot or caldvirgin materials is another fast,
relatively inexpensive maintenance strategy. The main factor in determining the cost of a
patchingproject is the amount of material required to fill the voids.standard patcliilling
projectwill cost $50%$80 per abic foot of patching materigWilson and Romine 1993)

There are many different methods of crack and pothole filling, all of which the materials, labour,
and equipment areasy to come by. The varying success of these different methods of patching,
however, is cause for concern. A |l ow dguanl ity
three months, depending on roadway and weatbeditions while some high qualiit pothole

patching operations can survive a few years withzause forconcern(Wilson and Romine

1993) Clients should be specific on what kind of repair they want whengh& contractor for

small patch repairs in order to receive a product with the lifespan they require.

Realistically, this kind of asphalt filling repair is only feasible on small areas of pavement. If a
much larger area of pavement is deteriorated anteed of repair, it would be more prudent to

use a more thorough repair strategy.

3.1.3 Milling and Repaving

When cracks and potholes are more extensive and/or severe, the affected area of asphalt needs to
be completely renewedThe most common methodead to achieve complete replacement of a
pavement action is milling and repaving. This process starts with using a milling machine to
remove he top layer of asphalt to a specified depth, without disturbing the granular base or
subbase layers. The rengallayer of asphalt is shipped offsite and often stockpiled as RAP.

The underlying surface is then cleared of debris and dNedt, athin tadk coat consisting of
emulsified asphalt or PG graded binder is often applied on the milled base to promaig bond
between the old and new pavement lay@tanyagi 20®). An asphalt paver will then apply a

fresh layer of asphalt pavemefallowed by a drum roller style compactor. Fig@é and 3.7

below displays the process of mill and replace.
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Figure 3.7: Left T Application of Tack Coat (Pavement Interactive 2019b) Right i Paving

and Compaction(Fowler Construction 2019)

As shown in the above figures, mill and replace operations are commonly completed across an
entire lane widthMilling machinery is also manufacturéain enough to only remove individual
cracks from the roadway surface. Depending on the size of the opening, these milled crevices

can be epaved or simplyilled and compacted in a similar manner to crack filling operations.
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Unlike crack routing and sealingr arack filling, this operation removes the entire deficiency

out of the pavement, replacing it with virgin materials.

3.1.3.1 Advantages and Disadvantages

The main advantage mill and replace provides is a very high quality of repair. With the entire
surface course removed and replaced, all deficiencies are eliminatesllamgl service life is
expected until further maintenance is requiiréA service life of 125 years is expected from an
asphalt mill and replace maintenance repamt this is extremgl dependant on the site
conditions including traffic, weather, granular base and subgrade perforrGiuttesz and
Williamson 2017)

This high quality of repair has a high price associatet iviFor a crack repair style of mill and
replace, $3-$20per linear metre ia conservative price quofelzarowski et al. 2011 )while the

full lane width mill and replace can cost upwards of $82 per mstpeared (Alberta
Transportation 2019)This nethod is significantly more expensive than the other repair methods
discussedput is a longterm solution providing the affected area with a brand new surface
course insteadf filling and patching continuously propagating defdéigarowski et al. 2011)

This repair method also requires a long time to complete, so corresgarsdir costs are high as

well. The negative environmental impact associated with this repair strategy is very large, since
an entire new surfaccourse is manufactured for the roadway without using any of iplade

materials.

3.2 Infrared Heating

Infrared heating machinery has been manufactured into different dexogag in shape and
sizespecializing in different types of crack and pdéhmepairs. The most commonly used type

of infrared machinery is used for patch styleaiepwhere an area of pavemenheated in place

by infrared heaters, scarified with rejuvenators added, then compacted to ensure a thedmal b
secures the patch iplace. These asphalt paitolp machines vary in size frosmall, hand
operated machines heating areas of 20" by 51”7
or skid steer, heating up {(Hedt Design&qu@pmewntilt.t h ar

2019) Figure3.8below shows two of these infrared patching machines.

32



Figure 3.8 Infrared Heating Patchers. Lefti 8. 6 6 by B2 0600 , b (fReatdibsign
Equipment Inc. 2019)

Infrared heating machinery has many useful repair applications including patching, longitudinal

crack repairs, joint heating, and full laneway rehéadditin.

3.2.1 Other Asphalt Heating Techniques

When asphalt is heated without using infrared heating machinery, a conventional flame is most
often used. Using a flame to heat asphalt tends to overheat the top layer of asphalt, burning and
damaging the aspltt material. Burnt asphalt will not perform well because most of the innate
oils will have burned off and the aggregates will be weakened. In place materials heated by a
conventional flame burner are not usually heated enough near the bottom of the: llestiesl

section before burning of the top layer occurs. These under heated materials fail to become
sufficiently malleable and do not mix properly with added rejuvenators, or create a sufficient
thermal bond with connecting asphalt secti¢bsg, Huang, and Shu 2016)In comparison,
infrared heating is much more reliable to evenly heat the pavement layerspettifed depth

with a much lower risk of burning the materials.
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3.2.2 Infrared Repair on Site Evaluatiors

Infrared heating has been proven to provide a quality repair, but since it is a relatively new
technique, questioning on the longevity of the regrommon when not provided with much
evidence supportingts lifespan. This section investigates multiple locations where infrared
heating repairs have been apglidrom a freshly repaired site an elevenyear old patchto
observe the condition offirmared heating repairs over time. All of the observed infrared repairs in
this section are located within the Kitchener/Waterloo region, so climactic conditions
experienced byach patch are generally consistent. All of the patches are also locatetl in hig
volume commercial parking lots, so relatively similar loading patterns can be assumed for each

location.

The first site observed was a restaurant parking lot sharedhwi a Ti m Hort on’ s d
located at 384 King Street North, Waterloo. This laathad a working history with infrared

heating repairs, and has implemented annual infrared patch repairs for the past couple of years
targeted at repairing the most detesied areas of the parking loausing the greatest safety

hazards for user&igure 3.9 and 3.10elow display onedand new infrared heating patahd an

area surrounding a storm drain with a two year old infrared patch, marked for further repairs this

year.The repaired areas are outlined in yellow.

Figure 3.9: Fresh Infrared Heating Patch Repair
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Figure 3.1Q Storm Drain Regionwith Two Year Old Patch Marked for Repair

As llustrated in the above image, pavement infrastructure surrounding storm drains and
manholes can deteriorate quickly due to increased stress on the pasametureThe infrared
heating process can repair the deficiencies surrounding the static infrastructure easily without
risk of damaging it, buasFigure 3.10shows, mg not provide as long lastirgrepair as desired.

A study completed in Kitchenemnausing infrared heating to regrade manholes concluded that the
infrared heating process provided a quick, economical, and sustainablefoephis kind of
project(Love 2018)

The secondsite visited wa the parking lot of a Wholesale cldbcated at24 Forwell Creek
Road, Waterloo This site had several previous infrared repaogmgleted,including patches
surrounding storm drains. FiguBellon the next pagdisplays aone two, three andfour year

old patch.
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Figure 3.11 One, Two, Three,and Four Year Old Infrared Patch Repairs (As Labelled)

These patch repairs display the most deterioration at the areas surrounding the storm drains,
similar to the f i rthréeandfour yarold paehed didrshwaigns & . The
deterioration fromsome small cracks throughout. It should be observed that many of these
cracks appear to have propagated into the repaired area from the surrounding pavement, and the
edges of the patcheteas display minimal cracking, a sign that the thermal bond has performed

well.

The final site studied waat the Sunrise Shopping Centparking lotlocated onOttawa Street
Southin Kitchener. This site contains madifferent infrared heahg patch repirs, some up to
elevenyears old. Figurg.12 below shows some of the patched areas obseyrddngitudinal

joint regions, ranging from five to seven ygald.
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Figure 3.12 Five, Six and SevernYear Old Longitudinal Joint Infrared Patch Repairs (As
Labelled)

The five year old patches displayed minor cracking along the longitudinal, joim®ring the
deficienciesoriginally repaired.The existing pavement structure is unknown, but if the original
cracking occurred throughout the entpavement depthit is possible old cracking from the
original pavement structure reflected up to cause this premature crathégix and seven year

old patches have had crack sealant applied to some of the larger cracks which propagated
throughout. Thenfrared patches themselves do appear to have held up along the patching joints,
but the cracking throughout was deemed severe enough to requkeseeding maintenance.

The oldest infrared patches observed at this site miageto eleven years old,gbures of which

are displayed inigure3.13below.
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Figure 3.13 Nine, Tenand ElevenYear Old Longitudinal Joint Infrared Patch Repairs (As
Labelled)

The nine year old patch merforming well, withcrack sealanbhaving beempreviouwsly applied to
some of the cracking which propagated around the draimesten year old patch exhibits only
minor cracking along the longitudinal joint it lies on. The oldest patch observed at this site was

eleven years old, and is exhibiting moderatekiray around the storm drains it is around.

Like any other repair methodhé longevity of the repair is very project dependéiatctors
including condition of surrounding pavement, climatic effects, quality of repair installment, and
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traffic loading allgreatly affect the longevity of any repair. When comparing the quality of the
infrared patches studied, some patches required maintenance only a few tpeanstaflation

while most patches displayed adequate performance over the course of theivee$ifespans.
When comparing the five and ten year old longitudinal joint patches displaygdures3.12

and 3.13 similar minor cracking was observed, impressive results for the older patch, but
performance of these longitudinal joint patches is lyighependent on the activity of the
longitudinal cracks they are positioned on. All patches obsetwvedistentlyachievel long
lasting repairs @undthe perimeter of the patchewhich cannot be said in general for asphalt
milling patch jobs.

3.2.3Advantages and Disadvantages

When compared tomore common crack and pothole repair methods, several performance
benefits of the infrared heating method can be observed. Cracksetepairinfrared heating

tend to last longr without further deterioration thathe other methods mainly because of the
thermal bond created between the repaired/rejuvenated area and the surrounding pavement
(Davis 2019) This thermal bond is created because both the repaired area and the pavement
surrounding that area are heated when the joint between them is compachpérétbto the

cold joint created when using the more commonly used methods, the thermal bond will not allow
any water or debris into the jojnincreasing the service life of the pavemeservice lives of
infrared heating repairs have been observed tookeer 13 yeargUzarowski et al. 2011)The

cost on mfrared heating repairis more expensive than typical crack sealing and crack filling
operations, but can typically be competitive with mill and replacemeces averaging around
$53.28 per square metfer patch repairsand $17 per linear metréor crack repairdHeat

Design Equipment Inc. 2019nfrared heating is also an extregneersatile repair technique,
similar to mill and replace this method can fix any pavement deficiency within each specific
mac hi ne’ s s iComapardd itontratkaseéaling ansl filling, which are not very useful
against surface cracking and deterimmatsuch as alligator cracking, infrared heating is of
greater value for general usage. Infrared heating is also very flexible when it comes to winter
repair options, its heating area is more limited, but it still provides the same quakiyadr in
anyseason, unlike crack sealing and filling options which provide a lower quality of repair when

not applied in the proper season.
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The main disadvantage offrared heatingpavementepars, and any other new methodsthe
field, is the lack of availabift of machinery and expertisé#. a project is not located near an
infrared heating contractor, theachineryand trained labouwould have to be transported a
longer distance to the construction site, dramatically increasing theandstenvironmental
impact of that option

3.3Summary and Comparison

Many factors are considered when determining what repair strategy to use for a specific project,
including repair size, time available or budgeted for repair, accessibility /ease of access to repair
method,initial cost, and expected frequency between requiring a similar répdie 1 below
displays thee major decision factors most companies focus on when determining what repair

strakegy to use

Table 3.1: Comparison of Treatment Alternatives for Crack/Pothole Repairs on Asphalt

Pavements
o Crack - Asphalt Milling Infrared
Criteria Sealing Crack Filling and Replacement Heating
Crack/Pothole Small Small- Medium Large Cracks / SmallLarge
Size to Repair Cracks Cracks / Areas LargeAreas Cracks / Areas
Repair Time Very low Very low High Low
Availability High High High Low
$8 per $50-$80 per cubig $15$20 per linea $17 per linear
Initial Cost i P foot of patching metre $82 per metre $53per
inear metre )
material squaremetre square metre
Maintenance &
Rehabilitation | 0.55 years 0.55 years 10-25 years 5-13+ years
Frequency

Based onthe above tableone can select the most appropriate repair method for a specific

project.For small repair projects, one might stick to crack sealing or filling due to theirdeiv c

40



and high accessibility, however, for pavement sections causing continual problems infrared
heating repairs should be considered becausmvides a longer term solution resulting in less
overall life-cycle maintenance costsijth minimal repair timesFor larger pavement deficiencies
where asphalt milling and replacement is required due to poor materials, infrared heating
equipment should still be considered as part of the repair process to provide a hot joint between

the existing and patched pavemargas.
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CHAPTER 4

CASE STUDY: SUGARBUSH DRIVE

This chaptersummarises the progress of an ongoing project between CPATT, the City of
Waterloo, and Heat Design Equipment IGEIDE) involving the repair of a small residential
street.

4.1 Background

Sugabush Drive is a residential edke-sac within the Colonial Acres area at the northern end of

the City of Waterloo.Figure4.1below displays a map of its exact location.
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Conestoga Mall

Figure 4.1 Map of Sugarbush Drive (Google Eath 2019)

Sugarbush Drive is approximately 350 metres long and is located within the area bounded by
Bridge St., Northfield Dr., Davenport Rd., and Lexington Ridhis residential areaf Waterloo

is older than most, and does not contain any sidewalk, curgutter detailsResidents of this

street have been complaining about tleterioratingcondition of their street to theit§ of

42



Waterloo for a long time, noting in particular the large number of pothbesCity of Waterloo
was interested in explang new pavement repair techniques the repair of Sugarbush Drive
and contacted CPATT to propoagartnership for this project. CPATT decided to consult with
HDE on this progct and invited them oa site visit to determine some possible repair sirase
for Sugarbush Drive.

4.2 Site Condition

A preliminary site visit on May '8 2019was conducted by the author abdniel Pickel of
CPATT, joined by Bob Kieswetter and Nathan Love of HOBe purpose of this visit was to
access the current condition 8ugarbush Drive by performing a visuakpection of the
roadway, ando consult with HDE about possible repair solutions involving infrared heating.

Based on thevisual inspectionthe pavement structure appeared to consist of m#Osurface

course ofasphalt pavement on a granular base. The thickness of the granular base and the nature
of the sibgrade could not be determined fronsual inspection. The pavement surface is
crowned at its center allowingninimal drainage; however, the edges of the roadsiayat a

lower elevation then the adjacent residential lots. No drainage system was observed4.Bigure

below displays a typical street view of Sugarbush Drive.
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Figure 4.2 Typical layout of Sugarbush Drive Taken May 8", 2019
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Various pavement distsses were present throughout the entire length of Sugarbush Drive and,
to a lesser extent, throughout the rest of the Colonial Acres neighbourhood. These distresses
included many potholes, extensive block cracking, and some pavement distortion aldregthe s

edges. Figured.3, 4.4,and4.5below display some of these features.

Figure 4.4 Block Cracking, Potholes and Drainage IssuesTaken May 8", 2019
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Figure 4.5. Pavement Ditortion Along Sides of Sugarbush Drive Taken May 8", 2019

There was evidence of several previous repairs on Sugarbush Drive, inchatiygspot repairs
of potholes with both colghatch and hot mix asphalt. Some larger areas had beeousamd
filled with hot mix material. The level of effectiveness of these repairs was variable, most likely

due in part to their respective ages. Figutgsand4.7 below display images of some of these
repaired sections.

Figure 4.6: Patched Areas of Sugarbush Drive Taken May 8", 2019
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Figure 4.7- Saw-Cut and Repaired Area Taken May 8", 2019

4.3 Proposed Solutions

After the site visit, CPATT collaborated with HDE to propose four different repair optiwns
Sugarbush Drive to the City of Waterloo. These repgiions increase in cost and repair quality,
three options include infrared heating technology and one does not.

4.3.1 Tier #1 Option

The first proposed option was focused on repairing the most severe distresses on Sugarbush
Drive. It was proposed to usefiiared heating technology to repair the major pavement distresses
which were most noticeably affecting ride quality; specifically the larger potholes and severe
block cracking which residents were complaining about the most. Given the estimated pavement
depth of 40mmto 50mm, infrared heating would easily be able to heat th&tunasphalt
material to full depth in order t@work the asphalt to remove deficiencies and fully integrate the
repaired asphalt to the adjacent pavement. A similar patching mé&ggdmuld be applied to

the rest of the Colonial Acres neighbourhood where further severe distresses exist.
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Simply patching the most severe deficiensigsild be the least expensive maintenance strategy.
It would quickly fix the most severe distresses Sagarbush Drive and the surrounding
neighbourhoodThis option also has the least amount of commitment from the City of Waterloo
to the new infrared heating repair technique, while still providing the @it a good
opportunity to examine the performa&nand access the quality ofriared heating repairs on its

roadways.

Sugarbush Drive, however, is severely damaged throughout its entire length. It would be difficult

to narrow down the most distressed places to just a few to complete repdihssoculd cause
additionalc o mpl aints to the city if some residents
On the other hand, if all the areas which are in need of spot repairs were patched, the majority of
Sugarbush Drive would be repaired in the psgzb manner. At thaboint, it would be more

practicalto repair the entire roadway at once like one of the tier 2 through 4 options suggest.

If Sugarbush Drive was toebspot repaired in the mannigr 1 suggests, the repairay not
necessarily last asrg as infrared heating repairs are predicted to. Since Sugarbush Drive is
already so deteriorated, there amet many areas with asphalt pavement in good enough
condition for the repair to properly bond tdf a repaired section of asphalt is next to &eat

and deteriorated pavement, those deficiencies will quickly spread and the repaired area will not
be effective as long as it should. With the current state of Sugarbush &eas, which would

not be repaired under the tier 1 option would not lasthmoieger until they create severe defects
which will require further maintenance and repair in the near future. With these conditions, tier 1

is simply not a long term solution for the City of Waterloo.

Tier 1 does not address the drainage issues Sudpabhie is experiencing, so the pavement
surface will continue to deteriorate at an accelerated rate. The excess of water on the roadway

after rainfall events will continue to cause safety concerns for.users

4.3.2 Tier #2 Option

The second rehabilitatiomption would consist of repairing the entire surface areduggarbush

Drive using infrared heatingA large, full lane width infrared heatingain would be constructed

a7



by HDE for this project.This would work similarly to the infrared heating train ated for
longitudinal cracking repairs discussedsection2.1.1.2 except it would be as wide as the entire
road, shorter in length, and move much slower. This machine would heat the entire width of
Sugarbush Drive simultaneously, and would be followgdalmechanical scarifying unit that
would break apart and mix the heated asphalt materials to achieve uniformity. AdditidAal
materialcould be added to the roadway in places where significant material loss occurred to
bring the road up to a reasonaptade. Rejuvenating admixtures would be applied to the heated
asphalt in order to restore ductility ambhesion to the RAP material. The heated and
rejuvenated material could then be graded to a suitable profile before it is compdused.
process shodlresult in a pavement structure equivalent to the initial design, with an asphalt

thickness of 40mm to 50mm.

Using this method would repair the entire length of Sugarbush Drive using eplgce and

RAP materials. Using only recycled asphalt matesajsificantly decreases the carbon footprint
when compared to a conventional road resurfacing projelis option is also a relatively fast
repair, estimated to take only one day to complete. A quicker repair resoltgeinldbour costs

and less dismtion of the operation of Sugarbush Drive, which in turn reduces the associated
user costsA complete and uniformed repair of Sugarbush Drive will result in dorgsting
roadway structure timatier 1 would provide. Sugarbush Drive would uniformly agd aot

require additional repairs for a long time.

The fer 2 optionwould provide an excellent opportunity for the City of Waterloo to examine the
effects a full infrared heating repair has on a roadwslgen partnered with CPATT for this
project, theras also a price reduction for the city associated with the research partnership. This
provides more incentive for the City to choose a more rigorous repair option dehave the
opportunity. The @y in turn receives valuable information from theiwamsity regarding the

performance bthe repair.

A disadvantage of this second option is its lack of impact on the granular base course. Unlike
conventional mill and replace operations, infrared heating does not expose the granular base

layer. If it was exposed contctéors would be able to inspect it, regrade any sections if necessary,
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and compact it. Often a primecoat is applied to a granular base before asphalt pavement is
installed on top of it. This primecoat stabilizes the fine particles in @ueutar base to preserve

the materials, fills the surface voids to protect the granular base from moisture penetration, and
creates a stronger bond between the granular base and applied asphédBtéékand Livneh

1984) None of this base course refurbishment would occur with the tier 2 option. Secondly, the
in placepavement material on Sugarbushv@ is very old and in rougkhape. The original
asphalt cacrete may not conform to the higher quality standards we have for asphalt today.
Even with the asphalt scarified and rejuvenators added, lower quality asphalt is notdikel
perform as well over timeédith this option a proper grade will be restoredsiagarbush Drive,
however, the roadway will still be at a much lower elevation compared to the adjacent lots. This
lack of proper drainage will continue to adversely affect the performance of Sugarbush Drive.
Finally, the second option would be a more egdee epair than tier 1 Working within the
City’ s bud gealwalschas totbla eonspearetherwise other areas of distress may

not receive the repairs they need.

This remediation technique would be recommended throughout the Colonials Acre
neighbourhood in areas exhibiting similar distresses to Sugarbush Drive. It is expected these
areas will continue to degradapidly in the next few years, and will soon fall into the same state

of disrepair as Sugarbush Drive. It would be preferadbleepair these roadways before they

reach such a state, so less in place material is lost, and residents are more comfortable.

4.3.3 Tier #3 Option

The third option would build onto tier 2. After the roadway is resurfaced using infrared heating, a
lift of virgin hot mix asphalt could be installed on top to further raise theegrb&ugarbush

Drive. A tadk coat would be applied to the in place asphalt repaired by infrared heating to the
new asphalt layer in order secure a proper bond between the two Hyensaving crew could
directly follow the infrared heating team, as the heated asphalt would bond to the new asphalt
well. The heating, scarifying, and additiosf rejuvenatorsvould produce a great base asphalt
layer to support a top course. The remhimse layer would resist reflective cracking from

transferring to theurface course, unlike the existing pavement in its current condition.
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By adding an additional layer of asphahis tier 3 option producemn even stronger pavement
structure. If the City of Waterloo wants to explore infrared repairs but is tensabout
committing to a solution relying on this method completely, the tier 3 option provides that.
Considering the drainage quality, the higher elevation of the roadway with the addisphalt

layer would provide some additional assistance in reducing damage to the roadway cause by

moisture.

On the other hand, this option requires hiring multiple contractors, and much more equipment for
a relatively small job, increasing the cost of tiesubstantially. This option produces a very
thorough repair, but it may lexcessive consideriniipe level of service required for Sugarbush

Drive.

4.3.4 Tier #4 Option

The final proposed repair option would not use infrared heating technaotegad, a full-depth
reclamation and remstruction of Sugarbush Driveowld be completed using virgin materials.
It would be strongly recommended that the r oe

repair option to improve drainage of the area@utlice long term damage to the new roadway.

Advantages of this option include a tpiservice life of the new road arf@dmiliarity with the
construction processes. This final option, however, would be the most expensive and not take
advantage of the reseh opportunity using infrared heating technology providése City of
Waterloo would not retain the financial benefits a resepestnership with CPATT provides if

they don’t use infrared heating.

4.4 Sugarbush Drive Testing

Following the site visit,tiwas decided to complete a series of laboratory tests in order to further
understand the current state and composition of Sugarbush Drive before determining what type
of repair to proceed with. Thedests were performedn site at Sugarbush Drive aimdthe

CPATT laboratory, the results and testing procedures of which are summarized in the following
section.

1 Lightweight Deflectometer Testing
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1 Asphalt Binder Extractions
1 Gradation Testing

1 Proctor Testing

4.4.1 Lightweight Deflectometer Testing

On May 30", 2019, Sugarbush Drive was tested usiagDynatest Keros Prima 100 portable
falling weight deflectometer (FWD), dightweight deflectometefLWD). This devicevas used
tomeasure the pavement’'s defl ect i Kgured8iaow i mpac

shows the LWD in use.

q_ : , ,.’1—
Figure 4.8 Lightweight Deflectometer Testingat Location #3on Sugarbush Drive Taken
May 30", 2019

Fourteendifferent locations were tested along Sugarbush Drive, withr@petitions at each
point. These locations were e\ distributed along the entire length of Sugarbush Drive, and
varied in roadway mfile position as well.Test location 1 is located at the south end of
Sugarbush Drive, and the sequential test locatinoge north up the street tocations 12, 13,
and 14 located within the cutle-sac. Figure 4.9 below displays the locations of all the LWD

testing sites.
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Figure 4.9 Lightweight Deflectometer Testing on Sugarbush Driv§Google Earth 2019)

The average deflection measd across Sugarbush Drive was 321 micréngure4.10 below

displays the deflectionvaluesretrieved from Sugarbush Drive.
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Figure 4.1Q Deflections on Sugarbush Drive

From these deflection values, the surface deflection moduli were calculated osingB i nes q’ s

theory for an elastic halpace, while assuming a rigid plate (Equation 1 below).

O 1)

Where:
1 E = material modulus (MPa);
v = Poisson’ s e0d);io (assumed to b

r = radius of the LWD loading plate (150 mm);

Op = maximum applied stress (kPa); and

= =A =2 =

d1 = maximum deflection under the plate center (um).

The average surface deflection moduli calculated for Sugarbush Drive was 280 MPa4Higure

below displys the surface deflection moduli for all locations tested.
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Figure 4.11 Surface Deflection Moduli on Sugarbush Drive

The testing indicates that the pavement throughout Sugarbush Dr. has a relatively consistent
structural capacity. The two outlievghich were noted were at Locationsafhd 13. Location 1

was atthe intersection of Grant Cresceaanid Sugarbush ive and the relatively high modulus

may indicate a pavement builp design at an intersection, or more recent construction on Grant
Cres. Loation 13 was located at the furthest extent of Sugarbush Dr. in tde-sat portion of

the street. This location (shown in Figutd2 below showed severe degradation and standing
water adjacent to the testing location. It is suggested that this rpaitithe street have more
significant rehabilitation in order to address the apparent drainage problems and resulting low

structural stiffness.
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Figure 4.12 Testing Location 13on Sugarbush Drive Taken May 30", 2019

4.4.2 Borehole Testing

In order tounderstand the physical properties of the roadway, its constituent materials have to be
tested. With of the lack of information the City of Waterloo had on the composition of
Sugarbush Drive, it was necessary to complete borehole testing to observiriane samples

of all components of the roadway structure. These sam@es tested in order to identithe

current composition and condition of Sugarbush DriN@s sectiorof the reporisummarizes the
procedures and resultsom the extractionof the materials through the laboratory tgting

completed on thasphalt cores, granular base, and subbase materials.

4.4.2.1 Borehole Extractiors

On the same date as the lightweight deflectometer testing (M3y2809) the City of Waterloo

hired contractor WOD PLC toextract6 borehole sample$, of which granular base ansbil
subgrade samples were drilled for and extracted as well. Four of the drilling locations were
located on Sugarbush Drive, wditwo were located onearby Whitmore Drive. Figuré.13

below displays a map of the colonial acres neighbourhood indicating the locations of Sugarbush
Drive, Whitmore Drive, and athe borehole testing locations.
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Figure 4.13 Site Overview(Google Earth 2019)

The samplegetrieved from Whitmore Drive wergo act as a baseline when comparing the
condition of Sugarbush Drive to the average condition of the rest of the Colonial Acres
neighbourhood. Retrieving some data from the surrounding neighbourhood is prudent for
planning future maintenance and repaifsgure4.14below displays in more detail the locations

borehole samples were extracted on Sugarbush Drive.
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Sugarbush Dr

Figure 4.14 Sugarbush Drive Borehole Locations and Identification§Goode Earth 2019)

On Sugarbush Drive, boreholes BH19hrough BH194 were retrieved from areas of pavement
showing different levels adegradationand spacedvenly throughout the length of the street. At
locations BH191, BH193, and BH194 an asphalt ae was retrieved along with granular base

and subgrade materials samples. At location BRI18nly an asphalt core sample was retrieved.
The original intention of only retrieving a core at this location was to sample the material from a
large patch on theastern side of the road. The contractor, however, misinterpreted the
instructions and took the asphalt core sample from the West side of the road, removing an
asphalt core sample of the original pavement structure. The -BHiEphalt core sample was

still a useful sample and data point, but information on the quality of that asphalt patch was not
retrieved as planned.
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The two borehole sites on Whitmore Drive were labelled BBI#hd BH196. Asphalt core
samples as well as granular base and soil subgadples were retrieved from these locations
The locations of these borehole sites are displayed in FHglidelow.
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Figure 4.15 Whitmore Drive Borehole Locations and Identifications(Google Earth 2019)
The aspalt core samples were retrieved using an 8 miemeterelectric asphalt coring drill.

Some samples were retrieved as whole cylinders but most were split and in multiple pieces due

to cracking. Figurd.16and4.17below show the recovery of the asplalte sample BH14.
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Figure 4.17 Left T Drilling Asphalt Core BH19-1, Righti Retrieving Asphalt Core
BH19-1, Taken May 30", 2019

After the asphalt core was removed, tiranular base samples were retrieved using an auger.
Since the thickness of the granular base layer was unknown, the auger was regularly removed
and cleared of material until the subgrade was observed. Granular base materials and the
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subgrade materials weeiseparated as much as possible and collected for testing. The thickness
of the granular base layer was noted for each borehole site. Big@teelow displays the auger

drilling for materials.

Figure 4.18 Auger Drilling on Sugarbush Drive, Taken May 30", 2019

A copy of the original field report by WOOD PLC from May"™3®019 is located i\ppendix
A.

4.4.2.1.1 Field Results

This section summarizes the information obtained visually from the borehole extractions on May

30" 2019 before ankaboratory tests were completed.
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4.4.2.1.1.1 Asphalt Cores

The average thickness of each asphalt core sample was measured to determine the depth of the
asphalt arface course layer in each locationll Aorehole samples witlsurface cracking

crossing thecore split as soon as they were retrieviadiicating all cracking penetrates the
entirety ofthe asphaltsurface courseFigure 4.19 below displays core samples BH39and

BH19-4. Tables4.1 and4.2 show the thicknessf all asphalt cores retrieved.

Figure 4.19 Asphalt Core Sample BH193 (Left) and BH19-4 (Right)

Table 4.1: Asphalt Core Thicknesses Sugarbush Drive

Core ID Thickness (mm)
BH19-1 60
BH19-2 75
BH19-3 75
BH19-4 90
Average 75

Table 4.2: Asphalt Core Thicknesses Whitmore Drive

Core ID Thickness (mm)
BH19-5 60
BH19-6 75
Average 67.5

These measurements indicate on average a much thicker asphalt surface course (75 mm) then

originally estimated (40 mm) from viewing the depth of several potholes on Sugarbush Drive.

61



Thisdepth is stilreasonable for infrared heating technology to sufficiently heat Sugarbush Drive
to full depth, however, thicker asphalt regions such as location BHi8uld require more
heating time, with extra care taken not to overheat the surface materials.

4.4.2.11.2 Granular BaseLayer Thicknesses

Measurements collected at each borehole location indicating the approximate depth of the
granular base layer are summarized in Ta#l8snd4.4 below.

Table 4.3: Granular Base Layer Thicknesses Sugarbush Drive

Location ID Thickness (mm)
BH19-1 220
BH19-3 245
BH19-4 245
Average 236.7

Table 4.4: Granular Base Layer Thicknesses Whitmore Drive

Location ID Thickness (mm)
BH19-5 340
BH19-6 255
Average 297.5

4.4.2.2 Laboratory Testing

The following laboratory testg procedures were completed to further understand the current
state and composition &ugarbush Drive

1 Asphalt Binder Extractions

1 Gradation Testing

1 Proctor Testing
The following section describes the testing procedures used, and summarizes théregnks.

laboratory data from all tests performed is located in Appendix A.

4.4.2.21 Asphalt Binder Extractions

Extraction testing was completeah the sampled asphalt coiegshe CPATT laboratoryn order

to discover the current asphalt binder conterthefinplace materials on Sugarbush Drive. The
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extractions were performed followirJASHTO designation T 1641 (Same as ASTND 2172
05) usingmethod A (Centrifuge extraction)

The asphalt cores were first heated until malleable then were split ingatwgles. Based on the
observed nominal maximum aggregatee of 9.5nm within the samplgexcluding the outside
edgecut aggregate)the sample sizes were all a minimum mass of 1000 grams, with most
sampeés ranging in weight from 1000gp1200g. The samples were inserted into the large
centrifuge and soaked with metége chloride, a solvent which separated the binder from the
aggregate. The centrifuge spins to remove the liquid methylene chloride with the binder. This
process is repeated until the binder is sufficiently separated from the sample. The smaller
centrifuge is then utilized to remove any fine materials which got separated from the rest of the
aggregates in the first centrifuge. Essentially, the binder content is the percentage of weight
difference of the sample from before and after thedéi was removedrigure 4.20 below

illustratesthe extraction process.

Figure 4.2Q Left - Sample Separating, Centréd Centrifuge, Right T Fine Materials

Centrifuge
Two extractions were performeon each asphalt coreand the asphalt binder contemts

calculated usg equation 2.Table 4.5 and 4.6 below summarize the laboratory test results,

displaying the average asphalt binder content per sample by weight percentage.

O i "®@oad0 Qe GRie 0 ®e 0 pTT (2)
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Where:
1 W= mass of test portion;
1 W, = mass of water in test portion;
1 W;=mass of extracted mineral aggregate; and

1 W, = mass of mineral matter in the extract.

Table 4.5: Asphalt Content of Borehole Samples Sugarbush Drive

Core ID %AC
BH19-1 7.69
BH19-2 7.05
BH19-3 6.55
BH19-4 7.53
Average 7.21

Table 4.6: Asphalt Content of Borehole Samples Whitmore Drive

Core ID %AC
BH19-5 8.91
BH19-6 6.51
Average 7.71

The average asphalt contents of Sugarbush and Whitmore vaenee tested to be 7.21% and
7.71% respectively. Thigepresents aigh asphalt contentonsidering the age and condition of
the roadwayslt should be noted that because the infrared heating repair technology makes use of

the existing asphalt cement in e@s, hese high AC valuegesult inbetter performance from
this style of repair.

4.4.2.2.2Gradation Testing

In order to analyze the composition of the granular and subbase materials, sieves avelys
performed on the collected samples following AS$tdndard D6913. The purpose of thaeve
analysiswasto determine the percentagef the varying sized grains within a soil sample. This
testis constructed to have a combination of sieves ranging from largest sieve size, 37.5 mm, to
the smallest sieve&/5nm. The process to calculate the percent passing through each sieve begins
with measuring the initial total weight of the dry sample. After each sieve sorts the material that

passes through it from the material it retains, the weight of the congaised in the sieve is
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measured. Thentheer cent ' s pe e t aapsing ae calquldtaging equations 3 and

4 below.

P2 AOAEHRAA 0

TU T

POAOORIMOIP2 AOAET AA

3)

(4)

The following sections summarize the results of this tes#qpendix A contains individual
calculation results for all

4.4.2.2.2.1Granular Base Materials

percent

'S

retaine

Figure 4.21 below displays the gradation graph from the sieve analysis completed on granular
base material samples BH19 BH193, and BH194 of Sugarbush Drive, and sample BF3.9
from Whitmore Drive compared to the OPSS standard specificdtogranular A and B

100

(o]
o

Granular Base Gradations

o
o

o

|
—=—BH19-1
—eBH19-3
——BH19-4
BH19-5

o

OPSS A-Low
—— OPAA A-High
OPSS B-Low
OPSS B-High

Percent Passing (%)
w b O (o)) ~
o O O

N
o

=
o

o

100

Particle size (%nm)

0.01

65

Figure 4.21 Granular Base Gradation Graph



The granular base samegltaken from Sugarbush Drive all appear to be uniformly well graded
with an average of 45.8% gravel sized material, 39.0% sand, and 15.2% fines. This gradation
does not specifically conform to a granular A or B mixture, containing gravel sized particles
consi stent with granul ar “AT specifications,
granul ar *“ B” ¢ o mpmaterials cooldhbe a redtilk ebmes ssibgrbde material
getting mixed in with the granular base sample retrieved. Sample BH&®ieved from the

nearby Whitmore Drive contains more course material the Sugarbush Drive samples.

4.4.2.2.2.2Subgrade Materials

Figure 4.22 below displays the gradation graph from the sieve analysis completed on the
subgrade material collectecdbin boreholes BH19, BH193, andBH19-4 of Sugarbush Drive,
andBH19-5 from Whitmore Drive.
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Figure 4.22 Subgrade Gradation Graph
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The subgrade gradations indicate a more significant difference between the soils present on
Sugarbush and Whitmore DrivesSoil gradations beneath Sugarbush Drive are consistently a
course grained sandy mixture with fines, with on average 14.7% gravel, 38.1% fines, and 47.2%
sand. The subgrade on Whitmd@ave consists of 44.7% gravel, 17.2% fines, and 38.1% sandy
material,also consistent with a course grained material containing sand and fines. The Whitmore

Drive subgrade hassignificantly higher proportion of large gravel sized material.

4.4.2.2.3Proctor Testing

A proctor test was completed on two granular base andstwgrade samplesing AASHTO
standardlr99 for standardoroctorin order to determine the optimal moisture content for the best
compaction of each sampl&his test is performed byompacting layers of the soil sampaiea
predeterminedmoisture contentwithin a cylindrical moldusing a hammer of standardized
weight falling from a specified height. Three layers are compacted to create each sample. The
compacted sample is weighed and from this information the wet and dry densities of each sample

can be cleulated using equations 5 and 6 below.

OODQE i RSO (5)

0l 0Q: i Qo pTTP (6)

This process is repeated, increasing the moistangent of the soil sample eaitbration until
the dry density begins to decrease, indicating optimal dry density and moisture content has been

surpassed.

The samples used were from boreholes BA18nd BH195 one sample taken from each of
Sugarbush and Whitmore Drivesespectively. Subgrade sample BHi® was tested with

met hod “A”, which uses a24.5Nrammer droppe fidbrn @ hmight e r  mo
of 12 inches. Both granular base samples and subgrade samplemBid:@ tested with method

“ C Which differsf r o m me t h o dusifiglargeis2l4ynm bligmetemold. The larger

mold was used on these samples because they had meose goained gravels in their gradation,
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and a larger molgrovides more accurate resulwhen testing wh larger aggregates as the
volume ofthe aggregateis proportionate to the mold siz€igures4.23and4.24 below display

the optimal moisture contenurves created for each tested sample.

. Granular Materials Proctor Results
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Figure 4.23 Granular Proctor Materials Graph
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Figure 4.24 Subgrade Proctor Materials Graph
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Optimal moisture content for each sample occurs at the apex of the curve, when maximum dry
density is achieved. &ed on the above graphthe optimal moisture contefdr the granular

base materials are very similar at 7.5% for B3lard 7.9% for BH195. For the subgrade
materials, optimal moisture content for sample B+18n Sugarbush Drive is 9.5%, while the
subgrade from Whitmore Drive is optimal at a lowe%6.

4.5 Summary of Results

Sugarbush Drive is currently in a decrepit stdielow the service standards of the City of
Waterloo. Figure 4.25 below displays the curremondition of Sugarbush Drive, including the
properties discovered frolaboratory tests completed.

¢
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-] 375
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SAMNDY FINES SUBGRADE \GRANULAR BASE COURSE Z235MM

SUGARBUSH DRIVE CURRENT CONDITION

Figure 4.25 Current Sugarbush Drive Cross Section

4.6 Recommendations

Based on the results of laboratory tests completed, Sugarbush Drive has solid granular base and
subgrade materials, and an asphalt surface course with high AC content, which makes this site an
optimal candidate for infrared heating repaifbree possible repair alternatives were proposed
which involved infrared heating, out of these three, it is recommended to implemeiar the
solution. This option involves the full surfacehabilitation of Sugarbush Drive using infrared
heating, adding newiMA to areas missing asphalt from extensive potholes and cracking,

bringing the pavement structure to a uniform grade. To provide improved drainage, the pavement
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profile will be adjusted accordingly. Figu#e26 below displays a cross section for the jmegd

tier 2 solution.
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SUGARBUSH DRIVE PROPOSED TIER #2 SOLUTION

Figure 4.26 Proposed Sugarbush Drive Cross Section

It is recommended to further incorporate recycled materials into this solution by using a 100%
RAP mixture as discussed in Chapter 5 to bring the surface course up to graate anstegin

materials.

Overall, when establishing a new repair method like infrared heating, pilot projects like the
Sugarbush Drive project are extremely importa
large municipalities like the City of Wetloo will provide a wealth of new project opportunities

and more importantly, the affirmation of the repair method to other potential clientele.
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CHAPTER 5

100% RECYCLED ASPHALT PAVEMENT PATCHING MIXTURE

Chapter five summaizes the progress ofthe ongoingproject CPATT and Heat Design

Equipment Inc. are working on involving the creation of a reliable asphalt pavement patching

mixture containing as much RAP material as possible.

5.1 ResearclObjectives

The overall objective of this project is to develop an optimad design using 100% RAP and

evaluate its performance in pavement preservation and maintenance induabiRgealing,

filling, milling and patching, and hot iplace recyclingThis research project will focus on the

following specific objectives:

T

Evaluate the current condition of multiple RAP sources based on the properties of
extracted binder and aggregate.

Evaluate the effects of the type and dosage of rejuvenator and heating temperature during
the mixing phase.

Determine the most efficient combinatiof rejuvenator and infrared heating temperature
for RAP in various pavement presetian treatments in accordance withdustry
specifications and evaluate its laboratory anearvice performance by conducting a
series of tests.

Characterize and commathe RAP properties heated by infrared heating machinery and
conventional high intensity burner.

Develop the optimal mix design using 100% RAP in selected pavement preservation and
maintenance and determine the optimal quantity of RAP if virgin materalseeded for
certain applications.

Determine and verify the lifeycle economic and environmental benefésulting from

the proposed mix design.
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5.2 Research Methodology

To achieve the objectives ofdhresearch indicated in the previous section,oavéhart was

made, displayed in Figure 5.1 below.

Task 1 Kick-off Meeting
4
Task 2 Literature Review
RAP Sample
Task 3 Collection and
Preparation
l I
Characterization of RAP
1 PG Grade
Task 4 1 Binder Content .| Determination of Rejuvenator
1 Binder Viscosity, e Type and Dose
1 Aggregate Gradation
1 Volumetric Properties
v
Mixture Performance Testing
1 Deformation Resistance: Dynamic modulus
test, Hamburg wheel tracking test
1 Tensile Strength: Indirect tension test Design of Optimal
Task 5 1 Fatigue Resistance: Flexural test < Quantity of RAP in
1 Low Temperature Cracking Resistance: HMA
Thermal stress restrained specimen test
1 Moisture Damage Resistance: Hamburg A
wheel tracking test
Fail
Pass
In-Service Performance Economic and
Task 6 Final Mix Design . Environmental
Prediction .
Analysis
A 4
Final Report:
Task 7 Conclusions and
Recommendations

Figure 5.1 Research Methodology
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Task 1 This task will engage in a project kickf meeting with all designated liaison people.
The intent is to identify any modifications negdwith respect to the tasks and expectations so
that both the research team and Heat Design Equipment Inc. have a mutual understahding
project. During this stagenecessary information to carry out the following tasks will be
requested and collecteby the research team including specifications of RAP, rejuvenators,
infrared heating machinery and potential testing equipment to be used for performance

determination.

Task 2 This task will provide a comprehensive literature review on the -efdtee-art of

pavement maintenance and preservation treatments using RAP, especially high percentage of
RAP in HMA. The heating technologies used in pavement crack repairs and -plaicen

recycling will be compared and pavement performances associated wigheudliffheating
technologies will be reviewed. The current state of knowledge on concepts and approaches
related to determine the type and dosage of rejuvenator and the related effects on RAP by various
test methods will be reviewed as well. Attention wilaabe focused on industry specifications,
national, provinci al and stat e hi ghway agen:

associations practices and publications.
Task 3 This task will involve RAP collection and test sample preparation. MeilltiRAP
sourcesthat represent different collection methods will be sampldw consistency of RAP
characteristics for each stockpile will be verified with a RAP QC plan. To carry out the
following performance tests, RAP will be processed by removing izeerparticles, crushing

large chunks and screening for multiple size range if necessary.

Task 4 This task will focus on the characterization of RAP #hreldetermination of rejuvenator
type and dsage in RAP Characterizing RAP materiahvolves the dtermination of
fundamental RAP properties, which will aid in the selection of rejuvenator and facilitate mix
design in Task 5 if virgin materials are needddhe testing procedure to determine the
performance grading of the extracted binder will followe tstandard specification for
performancegraded asphalt binder, AASHTO M 320. Firgnhder will be exracted from RAP
using solventand a centfuge according to AASHTO T 164n which the binder content in
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percentage will be determined and aggregatdéisbeirecovered for gradation. Binder will be
further aged based on the protodals AASHTO T 24Q Rolling Thin Film Owen (RTFO).Then

a Dynamic Shear Rheometer (DSR) will be used for characterizing the RTFO aged binder
rheology (complex shear modulus’@nd phase angl 8) according,anda AASHT
Bending Beam Rheometer (BBR) will also be used to determine the crerpsstifind avalue

of the RTFOaged bnder according to AASHTO T 313Vith the measurements of binder
parameters in DSR and BBRgtl?G high, intermediate and low temperatures, which represent
rutting resistance, fatigue resistance and low temperature cracking resistance respectively, can be
determined.When grading asphalt binder, typically rotational viscometer, binder flash point,
mass loss, and pressure aging vessel (Pgafjormance tests are performed, however, with
RAP binder these tests are not necessary because the binder has been previo(ANSGED

2018)

There exist a few methods in determining the optimal dosage of rejuvenator to be used in RAP.
Accordingto Zaumanis, Mallick and Frankhe relationship between rejuvenator dosage and
Performance Grade high, intermediate and lomperatures of extraadebinder from RAP is
approximatelylinear (Zaumanis, Mallick, and Frank 2014)herefore, reference binders with
specified PG will be étermined first. Then common types of rejuvenator such as aromatic
extract, waste engine oil and organic product will be selected. To achieve similar rheological
properties as the reference asphalt binders, each source of RAP will be blended with eafch type
rejuvenator for a range of rejuvenator doses, and rejuvenated binder rheology will be determined
by conducting DSR and BBR. From test results, the maximum and minimum required
rejuvenator doses wil/l be det erMeanwhelgithetmost sat i s
suitable type of rejuvenator will be determined for the specific region and application. In
addition, other approaches in determining the dosage of rejuvenator in RAP will also be

considered, revised and possibly used.
Task 5. Thistask will be directed at performing comprehensive testingifferent 100% RAP

mixtures with suitable dosage of rejuvenasoheated tdifferent temperatureby a portable

infrared heating asphalt recycl&ue to the unique mechanism of infrared heatirag cannot be
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replicated in the lab, a portable infrared heating asphalt recycler will be brought to the University
of Waterloo, and all of the different RAP mixtures will be created inside it.

Testing of these mixtures will be performedcarding toAASHTO M 323 Superpave Mix
Design The performance testare used to relate laboratory mix desigw accrual field
performanceand aims to characterize key indicators including deformation resistance, fatigue
resistance, low temperature cracking resigantensile strength, stiffness and moisture
susceptibility to satisfy national and provincial specifications in Canada. babfgesents the
performance tests used in this research to ensure the satisfactory performance of the RAP
mixtures If the perfomance of the mix cannot be guaranteed in certain pavement preservation
treatments, the quantity of RAP to be blended with virgin materials wileberhined according

to Sancheso that a new mix (HMA with RAP) will be designé8anchez et al. 2012)

Table 5.1 Performance Tests to be Completed on 100% RAP Patching Mixtures

Test Name Perfqrmance Standard Output Test .
Indicator Configuration
. 1 Dynamic modulus
Dynamic T Deformatlon AASHTO |f Aging index .
resistance
Modulus Test ) T 378 1 Freezethaw
1 Stiffness o
durability index
Flexural Test 1 Fatigue AASHTO |f Cycles to fall
(Four-point resistance TP 8 Shape fact
Bending Beam) T ape tactor
Indirect Tension| Tensile AASHTO | Creep compliance
Test strength TP 9 and stength
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Thermal Stress|] Low

Restrained temperature | AASHTO |1 Fracture
i : temperature
Specimen Test cracking TP 10 Eract
(TSRST) resistance I Fracture energy

1 Deformation

Hamburg Wheel  resistance AASHTO E gﬁt dreBthh
Tracking Test |f Moisture T 324 ear Upbave
1 Inflection Point

susceptibility

Task 6. This task, which involves final mix design determinationsénvice performance
modeling, and economic and environmental analyses, will be carried out once the results of
performance testing are satisfactory from TaskThe final optimal mix design will be
summarized as a guideline including RAP selection, sample preparation, rejuvenator type and
dosage selection, designed mixture volumetric property calculations and use of appropriate test
methods for mixture performanc&he second part of this task is to conduct statistical analysis
such as Analysis of Variance (ANOVA) and various statistical tests on the test resulthdrom
previous task. Correlations among different variables will be tested and identified, aridrimng
in-service performance will be predicted by statistical modeling. In addition, sensitivity analysis
will be conducted for key variables to evaluate the effects on RAP performance. The last part of
this task is to perform economic and environmentalyaig| which is essentially a lfeycle
assessment on the use of 100% RAP in pavement maintenance and preservation including crack
sealing, filling, milling and patching, and hot-jitace recycling. Case studies will be used to
guantify expenses and grdmmse gas emission over the life cycle stages: raw material
acquisition, production, construction, maintenance, and end of service life. Focus will be on
comparisons between using infrared heating machinery and conventional gas burner, and

comparisons amandifferent percentages of RAP used in the preservation treatments.

Task 7. This task will deliver a final report detailing the design, test methods, reaultts,

analysis of the researchith conclusions, and recommeed guidelines for future usk should
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be noted that over the course of the project, the research team will interact directly with the
industry partner, to whom progress reports both formally and informally will be prepared and
submitted.

5.3 Project Progress

At this pointtask 1 throughask 4 esharacterization of RARas been completed for this project.
During task 1, the project kickoff meetinthree sources of RAP were identified as a base
material for the 100% RAP patching mixtures, and four rejuvenator types were selected to form a
base matrix of 12 possible patching mixture combinations to be tested. Other rejuvenator
alternatives and additives were discussed as viable options for further development of a 100%
RAP patching mixture, and the possibility of a secondary phase ofrijecpexpanding the
scope to specialize in incorporating these methods was disci&seiibn 5.4 discusses the
different RAP and rejuvenator sources, and the scope of testing in this and possible future

projects.

The proposed literatureview was comgted, information from which is summarized in chapter
2. Chapter 3 of thighesisconsisted of the comparison study between infrared heating and

several more conventional repair methods.

During task 3,the three differentRAP materials were collecteiiom st ockpi |l es at
Kitchener headquarter§he RAP was uniformly processed at HDE prior to retrieval. Enough
material for all future planned testing in phase 1 was collected to ensure uniformity between
tests, because RAP quality can vary dramaticadlyethding on its age, and site conditions it is

collected from. The three RAP sources are further discussed in section 5.4.

Finally, dl laboratory testingplanned for task 4 was completed on the collected RAP samples,
the results and processes of whicle atescribed in section 5.5. Future tasks beyond the
completed RAP testing arainder characterization, includingjuvenator dosage determination,

arenot covered in this report
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5.4 Proposed 100% RAPPatching Mixture Materials and Mix Combinations

Three dfferent RAP prodicts which are commonly used and locally available whosen as the
base products for the 100% RAP matching mixtures, they will be referred to as samples A, B,
and C respectively:

1 Sample ~ARAP “Bricks?”

1 Sample B- Aged Ripoff

1 Sample G- Scrapings or milled RAP

Sample A is manufactured RAP bricks made from unused excess asphalt mixes from local
asphalt companies. This product is expected to perform the best as it is aged the least out of all
the RAP sources. HDE receives these RAP briok®quently, and is able to use them in
approximately 0% of their patching mixture§ample A is stored under an outdoor shelter on a
pallet, covered in an additional tarp, and is least exposed to weather conditions as it waits to be

used for a project.

Sample Bconsi sts of aged r i p aefcdss rhatepalm Sanple 8 lis themu ni ¢
| argest source of RAP, wit h 70 %lhis RAPKHdDrEe iss RAP
stockpiled loose under a sheltered enclosiiee final RAP source, s@le C, consists of
scrapings and milled RARaterials This source material is sortedparateifrom sample B as

it is consideredo bein worse condition.

Sample C is stored outside sheltered only by a tarp. This source is only used approximately 20%
of the time, when no other RAP source is readily availdd? samples B and C are delivered

with no knowledge of the products age, condition, or history. This makes it difficult to be sure all
patching mixtures created with the same source of mateilalparform uniformly. Both

samples contain large chunks of material when delivered and are crushed and processed by HDE
to uniform size before being added to any mixture. FiguBedbelow displays some of the RAP

sample sources and how they are storest dfttlivery before use.
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Figure 5.2: Left T Sample C Storage, Centré Sample B Before Processing, Righit Sample

B Processed in Storage, Sample A Stored Under Blue Tarp

The following four rejuvenating agents have been selected to be used in th&RABOp@tching
mixtures:

1 Reclamite

1 ARA-3P

1 CRF

1 Cyclogen M Base Oil

The first rejuvenator, reclamite, is a malteébssed cationic petroleum emulsion manufactured by
Tricor Refining, LLC. This product is advertised to decrease the viscosity and DSR values of
asphalt binder, as well as restore the asphalt to aggregate (boiodr Refining 2019c)
Reclamite is spray applied and recommended to be diluted with water prior to application.
ARA-3P is a rejuvenating agent manufactuby Ergon Asphalt and Emulsion IriEhis product

is composed of 50960% water, 20%10% asphalt binder, and 120% petroleum extract and
heavy naphthenic distillate solve(iirgon Asphalt and Emulsions Inc. 2019)

ARA-3P is produced as small pellets which can be addeddo asphalt mixture a# is being

heated, and should be mixed thoroughly and completely dissolved before application.
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CRF, also manufactured by Tricor Refining LLC, is an asphalt emulsieprimary functionis

an asphalt restorative seal andack filler. When diluted wih water it can also act assaray
applied rejuvenating agent. This product contains greater than 40% asphalt, less than 35%
distillates (petroleum), hydrated heavy naphthenic, and less than 5% proprietary ingredients
(Tricor Refining2019a)

The final product is not a rejuvenator but pure AC provided to HDE by Tricor from excess
production. he product is called Cyclogen M, and it was designed with RAP material
compatibility in mind(Tricor Refining 2019b)

Other rejuvenator alternatives and additives were considered to incorporate into a 100% RAP
patching mixture including crumb rubber, asphalt roofing shingles, fibre reinforcement, and
waste plasticsThe majority of these productre not properly recycledraeused after their
service life, and similarly to RAP are stockpiled or not properly disposed of. To further expand
the scope of this projedRAP sources could be comkd with these materiate create different
patching mixtures. Tabl®.2 summarizingthe different feasible combinations of RAP and

rejuvenator in each phase of the project is displayed beldte purple section of the table

represents t he initial project’ s scope, Wi
combinations with the exgmded project scope discussed.
Table 5.2: 100% RAP Patching Mixture Testing Matrix

RAP\ : i Cyclogen | Crumb | Asphalt Fibre Waste
Rejuvinator REEEmiE | e | EAF M Rubber | Shingles | Reinforcement | Plastics

A-Brick ? ? X* NA X X X X

B-Aged *

Ripoff X X X X X X X X
C-Scrapings X X X X X X X X
Where:

I X —Possible combination to be tested

1 X* - Combination used frequently to be tested for validation purposes

 ?-Unknown combination
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1 NA —Combination not possible or not recommended (Not to be tested in thy$, stud
1 Purple-Phase 1: Optimal00% RAPPatching Mix Desigrand;
1 Green-Phase 2RejuvenatoAlternatives in 100% RAP Patching MBroject

HDE has found the most success in the field using CRF rejuvenator with RAP sample A, and the
Cyclogen Mwith RAP B. They know from experience these combinations provide a good
patching mixture, but the performance has not been verified by te#tihgs been initially
determined to not test the mixture combination of RAP sample A with Cyclogerh&RAP

bricks shouldalready contain sufficient AC content, and in combination with the Cyclogen M,
the mixture would have too much AC, resulting in a suboptimal mix. Asphalt mixtures which
contain an excess of binder typically experience problems such as lower skid resistanc

bleeding, increased rutting and shoving.

5.5Characterization of RAP

In order to determine the properties and PG grade of all three RAP source materials, the
following laboratory tests were completed according to their oésge AASHTO standard
proceses:
1 Asphalt Binder Extractions
1 Rolling Thin Film Oven (RTFO)
1 Dynamic Shear Rheometer (DSR)
1 Bending Beam Rheometer (BBR)
1 Gradation Testing

The following section describes the testing procedures used, and summarizes the results

obtained. All raw lab dataand original calculations are locatedAppendixB.

55.1Binder Extractions

The first test administrated was binder extraction following AASHTO standd@#. The same
process and machinery was used for the Sugarbush Drive project as describedom secti

4.4.2.2.1. For these binder extractioregent grade trichloroethylene was ussdthe solvenin
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order to not altethe properties of the extracted bind€able5.3 below displays the calculated
asphalt cement contents of each of the three RAP retoy mass percent.

Table 5.3: Asphalt Content of Different RAP Sources

Sample ID %AC
A 5.97
B 6.05
C 5.40

All three RAP sources tested contained similar binder contents, with sample B containing the
highest amount of AC at 6.05%, and sample C coimgithe least (5.40%Both samples B and
C were expected to contain less AG@rtlsample A because of their higher age and the fact that

both were previously used materials.

After the centrifuge binder extraction process, the binder was still mixed thih
trichloroethyleneln order to perform further laboratory tests on the extracted asphalt binder, it
needs to be separated from the solv&atseparate these two substances a rotary evaporator was
used following ASTM standard D 5404This process invees the distillation of the solvent
binder solution. The solution is placed in a heated oil bath and subjected to a partial vacuum
with a flow of nitrogen and carbon dioxide gas. The solvent evaporates out of the solution and
condensates and is collecteda separate vessdeaving only asphalt binder in the original
container Figure5.3on the following pagélisplays the rotary evaporator utilized in the CPATT

lab.
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Figure 5.3 Rotary Evaporator In Use

5.5.2Rolling Thin Film Oven (RT FO) Testing

RTFO testing was performed on RAP samples A, B, and C simultaneously in the CPATT lab
following AASHTO T 240 specificationsThe RTFO is a short term aging test, meant to
simulate the aging which occurs on asphalt binder during the manufacturing aathgrc
processes.With the 100% RAPmixtures,however, maafacturingwill occur inside a portable
infrared heating recycler, not the standprdcedure the RTFO test is designed to simulate. It is
still prudent to perform this test in order to follow th&®HTO M 320 procedure to properly
grade the extracted bindeéFhe RTFO test is performed Ipjlacing unaged asphalt binder in
cylindrical glass bottles andserting them into aarousel inside an ovefhe oven is heated to a
temper at ur e o bindet §aBjle€ rotata aralindtthie earousel for 85 minutes. The
samples are removed and stored for future testing once they are aged.5Higpatew displays

the RTFO testing machine used in the CPATT laboratory.
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Figure5.4 Lefti CPATT 0 s Refidf,Right nARTFO Running

After sample A was tested, it was observed thattéisébottle was not completely coated in
asphalt bindera requirement for the successful completion of a standard RTEQheserror is
common with highly viscous bindersuch as polymer modified binders, or binders graded PG
70-XX and higher{Pavement Interactive 2019al} can be concluded from this error that sample

A binderis very viscais and stiff possibly more aged then originally assumed

5.5.3 Dynamic Shear Rheometer (DSRIlesting

DSR testing was performed on the RAP binder samples following AASHTO T 315 in order to
determine the critical high temperatarer their performance gidangs. This testwasperformed

using a small amount of asphalt binder molded into a 1 mm thick, 25 mm diameter cylinder. This
cylinder of bindemwas placedbetween two circular plates in the machine. The sampkethen

heated to the testing temperaturel ghe two plates compress the binder and the top plate
oscillates at 10 rad/sec. The machine records the maximum stress and strain experienced, and
from this calculates the c¢ompl eaueswhiehapredicmo dul u
rutting and féigue cracking potential of the binder respectively. Figofebelow displays the

DSR machine used, and binder sample B molded before testing.
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Figure55 Leftf i DSR Bi nder @ B 0i CPaAnTplD&R MacRineg h t

In order tominimize rutting potentialthe amount of work dissipated into pavement deformation

by each traffic loading cycle needs to be minimized, this value is represented by complex shear
modul us divided by tDSRtegtifmgavaseerfarmay loreunaged extracted ( o )
binder samples, and RTFO aged bindd@ihe critical high temperatures for these tests are the

highest temperatures at whi@t/sin(d ) i s great erkPdforamaged bindeeand al t
2.2kPa for RTFO aged bindefhe PG ditical high temperatures obtainedofn DSR testing for

each sample are summarized mbles5.4 and5.5below.

Table 5.4 Unaged Binder DSR Test Result§G*/sin(i)© 1. 00 kPa)
Sample ID Critical High Temperature (€C)

A 118+
B 90.8
C 98.6
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Table 5.5 RTFO Aged Binder DSR Test Result{G*/sin(li) 02.20 kPa)

Sample ID Critical High Temperature (€C)

A N/A
B 90
C 98.4

When tested, the unaged binder A passed at a critical high temperatureg®f thiEBhighest
temperature the DSR machine is able to reach. Theref@exact high tengrature limitations

of sample A could not bdetermined, but during the testa mpl e A’ s G*/ sin(d) a
of 5.05 kPa, well above the failure limit of 1 kPa, so it is preditted the critical high
temperature could be much high&ample A bindr was unable to be properly molded into a

testing cylinder following RTFO testing, so no aged DSR test was completed.

Thecritical high temperatures determinteat the aged and unaged bindersre very similar for
samples B and C, with less than ongrée differentiating them. This is expected considering the

RAP samples were already aged from placement and years of service prior to testing.

5.5.4 Bending Beam Rheometer (BBR)

BBR testing was performed on the bindemplying AASHTO standard T 313fter RTFO was
completed on the samplés simulate the effects of short term aginghe BBR equipment
measureshe low temperature performance of the binder by calculating its stiffibedestwas
performed first by pouring the asphalt binder into a troiesed mold to form a beam measuring
6.25 mm x 12.5 mm x 127 mm. This beavas cooled at room temperature then trimmed to
make the sample flush with the top of the mold. To remove the sarapigfrom the mold, it
was first cooled at-5° Gor 5 minutes. Once removed, the beams inserted into a cold fluid
bath within the BBR set to the testing temperature for one fdwr.binder beamvas simply
supported wthin the cold bath, and a loagpplied to the centre of the beam. The deflectid
the beam is measured over timend from this information the stiffness of the beams
calculatedusing standard beam theoriigure 5.6 below displays the bending beam rheometer

used, and illustratebe process of creating a beé&ntesting.
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Two BBR tests were completed on each binder sample, theefitsat-1 2 ° C, and t he se

-1 8 ? The calculatedstiffnessat the 60 secontbading interval relative to the temperature of
each test is displayed in Figuser below.
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Binder Stiffness vs. Temperature
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Figure 5.7: Binder Stiffness Graphed Against Tested Temperatures

The critical low temperature grading whidghe testedbinder ca performcorrelates with the
stiffness corresponding to anvalue of 0.3, minus £0 CThe mvalue is the slope of the master
stiffness curve, which is the rate at which the asphalt binder relieves gtreugh plastic flow.

Table 5.6 below displays thestiffnessand critical low temperature calculated for each tested
binder.

Table 5.6: BBR Test Results
Sample ID Stiffness (MPa) Critical Low Temperature (€C)

A N/A N/A
B 191.3 -24.9
C 172.9 -22.7

The sample A BBR test could not be performed due to a lack of material retrieved from the
RTFO container. The high stiffness and viscosity observed from the RTFO testing resulted in it
being very difficult to retrieve binder from the testing cylinder, axd enough binder was
recovered to fill the BBR mold. Figute8 below displays the attempt at creating a BBR sample
for RAP A.
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Figure 5.8 RAP A BBR Sample

It is recommended to recover additional binder from RAP sample A and repeat all testing

procedires in order to properly characterise this sample.

5.5.5 Performance Grading of RAP Samples

Based on the performed laboratoegts, the performance gradinfpr RAP samples A, B, and C
were determined according to AASHTO M320, summarized in Ta@lbelow.

Table 5.7 PG of RAP Samples

Sample ID PG (e€)
A 118-XX
B 90-24.9
C 98.4-22.7

The critical high temperatures from the RTFO aged binders were used in the PG because they
tested slightly lower than the unaged binders. The PG critical temperatures achieved from testing

appear representative atypical aged bindgAlavi, He, and Jones 2014)

5.56 Gradation Testing

Gradation testing was performed on RAP aggregates collected from the extraction testing
following ASTM standard D6913 Figure 5.9 below displays the gradation chadieatedfor
RAP samples A, B, and €mparedo the OPSS gradationestdards for HMA surface courses
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Figure 5.9 Particle Distribution Graph for RAP Samples A, B, and C

The gradations of the three different RAP sources are all very simiiés.ig to be expected
because all sources started from surface course HMA mixtures which are all specified to similar
gradations requirements. Samples B and C were also processed through the same crushing
machineat the same particle sizetting The pecent gravel, sand, and finealculated for each

RAP sample are summarized on Tah@below.

Table 5.8 Gradation Test Results

Sample ID % Gravel % Sand % Fines
A 29.33 68.58 2.09
B 25.86 73.01 1.13
C 40.18 59.34 0.48

All three RAP samples complyitkh Ontario provincial standards for gradation of surface course
HMA mixtures (OPSS 2013) Gradations containing a large amount of fine material cause the

asphalt to distort and cause rutting quicker, similarly to that of a mixture with too muchtasphal
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binder content. These low fines percentageskwogether well with the higlinder contents
recorded.

5.6 Summary of Testing

Table5.9below summarises the results of laboratory tests performed on the RAP samples which
will be used in creating 100% RAfRtching mixtures.

Table 5.9 Summary of RAP Testing

Test Criteria RAP - A RAP - B RAP -C
Binder Content (%) 5.97 6.05 5.40
Critical Hi gh 118+ 90.0 98.4
Critical Low T N/A -24.9 -22.7
Gradation Results

% Gravel 29.33 25.86 40.18

% Sand 68.58 73.01 59.34

% Fines 2.09 1.13 0.48

Out of all RAP samples testedsample A (RAP bricks) was predict to perform the best, but
ended up performing very poorly, often unable to properly complete testing procedures because
of its highly viscous statelt is predicted that somewhere in the mixing, collection, and
stockpiling process, this material was ®dbdgdto stimuli which acceleratethe ageing of the
material. The properties tested and observed from working with this material should be
confirmed by further testing after extracting more binder material from the RAP sample. RAP
samples B and C both mloced promising high binder contents for recycled materials, and
throughout the binder characterization process performelddaaieieving performance gradisg

of 90-24.9, and 98.422.7 respectively.
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CHAPTER 6

CONCLUSIONS AND RECOMMENDATIONS

6.1 Conclusons

This research has explored the use of infrared heating technology in multiple asphalt pavement
repair methods and construction scenarios. It is intendadv@nceknowledge surrounding this
relativey new pavement repair technique and validise paformance in order for future
projects to consider using this maintenance strategy,tangrovide information for future
provincial standards to include infrared heatingereased use of infrared heating repairs will
utilize more inplace and recycled RA materials, moving the paving industry in a more

sustainable, environmentally friendly, and economically viable direction.

When comparing infrared heatimgpairsto more conventionally used crack and pothole repair
method such as crack sealing, cradkirig, and mill and replacement, the following specific
conclusions were drawn:

1. The thermal bond provided by infrared heating is proven to create a stronger, longer
lasting seal between the repaired surface and the in place asphalt then the coldgdints us
in the other researched method#is thermally bonded joint is innately part of the
infrared heating patch and joint repair process, but can be utilized with joint construction
and mill and replace operations to provide a superior repair.

2. When comparé to other commonly used repair methods, infrared heating can provide
more versatile repairs. Crack sealing and crack filling are only viable for small to
moderate sized repairs, and mill and replace is generally used for only large scale repairs.
Infrared heating is more flexible in its application as it can accommodate repair areas of
all sizes, which is useful when one site requires simultaneous repair of different
magnitudes.

3. Crack sealing and crack filling provide the quickest repair time, and akfaterojects
with large user costs associated with traffiterference. Infrared heating does require
slightly longerindividual repair times, however, therepais last longer resulting in a

reduction of theverall maintenance timavert h e p a \service lifet * s
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4. Infrared heating repairs require specialized machinery and expertise to properly
implement, as such, these services are not currently available widespread, resulting in
increased transportation costs associated with projects located farwihene these
services can be provided.

5. Crack sealing and crack filling provide the least expensive repair options, followed by
infrared heating, and mill and replacement as the most expensive, but longest lasting
repair option. The budget available in ttedendar year plays a significant factor in the
type of repair process able to be administered.

6. Infrared heating repairs were observedast upwards of ten years in situations where
ot her infrastructure wasn’t ants@irface.ct i ng add

In Chapter 4the progress of an ongoinmgfrared heating repapilot project between the City of
Waterloo, HDE, and CPATTwas discussed. The condition of Sugarbush Drive was visually
inspectedthen borehole, granular base, and subgradeles were extracted and tested in the
CPATT laboratory to determine the properties of thelate materialsThe average asphalt
binder content of th&5 mm thick surface courseas calculated to be 7.21%radation and
proctor testing was performed olmet granular base and subgrade materials, which found these
layers to be performing adequatelyWD testing was performed on Sugarbush Drive
concluding average surface deflection moduli of 280 MRi@h the testresults, an accurate
understanding of the rsicture and composition of u§arbush Drive was achieved, and

recommendations were made for a suitable repair plan.

Chapter 5 introduced a project planning to create a patching mixture to be used in infrared
heating or crack filling style repairs, contimig 100% recycled pavement materials as a base,
created in a portable infrared heating recycler, adding only rejuvenators to irttefesability

and malleability of the mix. Multiple laboratory tests were completed on three RAP samples
intended to behe major component of the patching mixtures in order to determine their current
properties as a baselinand characterize their binder propertidests performed included
asphalt binder extractions, aggregate gradation testing, RTFO, DSR, andRBB&Rsample A
consisted of unused virgin asphalt concrete materials delivered by a local manufacturer, sample

Bcontained aged ripoff from | ocal wasuscapiogspal it
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and milled RAP materials. RAP sample A was predictegerform the best considering it had

never been used in service before, and RAP C was predicted to perform the worst since it
consisted of the oldest materials. These pre
binder was found to be a very e@mus and stiff material, often unable to properly conform to
standard testing procedures. Samples B and C performed well, exhibiting high AC contents of
6.05% and 5.40% respectivel,hi | e ac hi e v42h9g andd8.42.7, ednsidéréd

standard foRAP materials.

6.2 Recommendations for Future Work

Based on the research completed, the following areas are recommended for future work:
1 Infrared Heating RepalResearch:
1. The long term ageing process of infrared heating style repairs should continee to b
studied includingrepair monitoring from creation to a state where additional repairs are

required. This includesontinual studies oBugarbush Drive.

Sugarbush Drive Rehabilitation:

1. It is recommended to proceed with the tier 2 option proposed forettabilitation of
Sugarbush Drive, involving full lane width infrared heating rehabilitation on the entire
street. This option will provide a completely repaired, seamless pavement structure with
an improved roadway profile to assist drainage.

2. Based orthe performance of major roadway rehabilitation with infrared heating, the City
of Waterloo can observe the performance first hand and determine if they want to add

this type of repair into their constant rotation.

100% RAP Patching Mixture
1. Itis recommeded to complete additional binder testing on RAP sample A to confirm the
unique properties observed, and run BBR tests and RTFO aged DSRsitests)ot

enough binder was extracted to comptéetestghis round.
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Asphalt Binder Extraction Data Sugarbush Drive

Sample BH 191 BH 192 BH 193 BH 194
Initial Weight (g) 1077.6 1093.5 | 1159.1 | 1153.9 | 1031.9 | 1079.1 | 1257.4 | 1118
Final Weight 994.8 1009.4 | 1073.3 | 1076.5( 962.1 | 1010.7 | 11664 | 1030.5
%AC 7.68 7.69 7.40 6.71 6.76 6.34 7.24 7.83
Average %AC 7.69 7.05 6.55 7.53

Road Average %A

7.21

Asphalt Binder Extraction Data Whitmore Drive

Sample BH 195 BH 196
Initial Weight (g) | 1377.6 | 1077.6 [ 1058 | 1092.8
Final Weight 1266.1 | 972.7 988.2 | 1022.5
%AC 8.09 9.73 6.6 6.43
Average %AC 8.91 6.51
Roagl/oivcerage 771

Gradation Tables for Sugarbush Drive Granular Materials

Granular BH19

. Weight Cumulative % %passin

SIRYE(miT (g? (9) retained p(%) °
63 0 0 0.0% 100.00%
37.5 393.3 180.8 4.0% 96.00%
26.5 435 615.8 8.4% 91.60%
19 424.6 1040.4 12.7% 87.30%
16 302.7 1343.1 15.8% 84.20%
13.2 528.8 1871.9 21.2% 78.80%
9.5 963.9 2835.8 30.9% 69.10%
6.7 798 3633.8 39.0% 61.00%
4.75 553.7 4187.5 44.7% 55.30%
2.36 33 33 51.8% 48.20%
1.18 26 59 57.4% 42.60%
0.6 30.5 89.5 64.0% 36.00%
0.3 36.7 126.2 71.9% 28.10%
0.15 25.8 152 77.4% 22.60%
0.075 24.7 176.7 82.8% 17.20%
Pan 5232 5408.7 55.14% 0.00%
Sum 9808.7

Initial Total Weight 9851.1
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Granular BH1B

Sieve(mm) Weight  Cumulative % %passing
(9) (9) retained (%)

63 0 0 0.0% 100.0%
37.5 0 0 0.0% 100.0%
26.5 227.5 227.5 2.2% 97.8%
19 643.4 870.9 8.6% 91.4%

16 483.9 1354.8 13.4% 86.6%
13.2 677 2031.8 20.1% 79.9%
9.5 1027 3058.8 30.2% 69.8%
6.7 817.9 3876.7 38.3% 61.7%
4.75 627.4 4504.1 44.5% 55.5%
2.36 48.5 48.5 54.7% 45.3%
1.18 27.5 76 60.5% 39.5%
0.6 24.9 100.9 65.7% 34.3%
0.3 29.5 130.4 71.9% 28.1%
0.15 23.5 153.9 76.8% 23.2%
0.075 25.9 179.8 82.3% 17.7%
Pan 5430.4 5610.2 57.20% 0.00

10114.3
Initial Total
Weight 10127.7
Granular BH18}

: Weight Cumulative % %passin

SIRYE(miT (g? (9) retained p(%) °
63 0 0 0.0% 100.0%
37.5 759.5 180.8 8.0% 92.0%
26.5 65.3 246.1 8.8% 91.2%
19 463.4 709.5 13.7% 86.3%

16 220.5 930 16.0% 84.0%
13.2 555.7 1485.7 219% 78.1%
9.5 686.1 2171.8 29.2% 70.8%
6.7 1171 3342.8 41.7% 58.3%
4.75 602.6 3945.4 48.1% 51.9%
2.36 50.3 50.3 58.5% 41.5%
1.18 39.3 89.6 66.7% 33.3%
0.6 33.3 122.9 73.6% 26.4%
0.3 36 158.9 81.0% 19.0%
0.15 21.8 180.7 85.6% 14.4%
0.075 17.7 198.4 89.2% 10.8%
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Pan 2582.9 2781.3 28.36% 0.00
7305.4
Initial Total
Weight 9406.1
Granular BH1%
. Weight Cumulative % %passin
SISV, (g? @ retained p(%) ’
63 0 0 0.0% 100.0%
37.5 180.8 180.8 2.0% 98.0%
26.5 403.3 584.1 6.6% 93.4%
19 1531.2 2115.3 23.8% 76.2%
16 633.5 2748.8 30.9% 69.1%
13.2 662.3 3411.1 38.4% 61.6%
9.5 1121 4532.1 51.0% 49.0%
6.7 739.4 5271.5 59.4% 40.6%
4.75 427.6 5699.1 64.2% 35.8%
2.36 46.9 46.9 70.7% 29.3%
1.18 29.7 76.6 74.7% 25.3%
0.6 38.5 115.1 80.0% 20.0%
0.3 37 152.1 85.1% 14.9%
0.15 23.5 175.6 88.4% 11.6%
0.075 20.4 196 91.2% 8.8%
Pan 2976.4 3172.4 32.34% 0.00
8871.5
Initial Total
Weight 8881.7

Gradation Tables for Sugarbush DriveSubgradeMaterials

Subgrade BH14

Sieve(mm) Weight  Cumulative % %passing
(9) (9) retained (%)
63 0 0 0.0% 100.0%
37.5 120.7 120.7 2.4% 97.6%
26.5 0 120.7 2.4% 97.6%
19 0 120.7 2.4% 97.6%
16 86.2 206.9 4.1% 95.9%
13.2 56.7 263.6 5.2% 94.8%
9.5 147.7 411.3 8.1% 91.9%
6.7 131.3 542.6 10.7% 89.3%
4.75 134.7 677.3 13.4% 86.6%
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2.36 13.4 13.4 17.6% 82%
1.18 13.4 26.8 21.9% 78.1%
0.6 19.3 46.1 28.0% 72.0%
0.3 24.3 70.4 35.8% 64.2%
0.15 25.2 95.6 43.8% 56.2%
0.075 33 128.6 54.3% 45.7%
Pan 4245.5 4374.1 44.59% 55.41
5051.4
Initial Total
Weight 5051.4
Subgrade BH1S3
. Weight Cumulative % %passin
SHRYE(miT) (gg)J (9) retained p(%) °
63 0 0 0.0% 100.0%
37.5 0 0 0.0% 100.00%
26.5 46.1 46.1 1.0% 99.00%
19 97.1 143.2 2.5% 97.50%
16 49 192.2 3.4% 96.60%
13.2 87.9 280.1 5.0% 95.00%
9.5 171.5 451.6 8.0% 92.00%
6.7 146.1 597.7 10.6% 89.40%
4.75 151.7 749.4 13.3% 86.70%
2.36 14.3 14.3 18.0% 82.00%
1.18 14.5 28.8 22.8% 77.20%
0.6 31.2 60 33.2% 66.80%
0.3 22.6 82.6 40.7% 59.30%
0.15 32 114.6 51.3% 48.70%
0.075 41.8 156.4 71.1% 28.90%
Pan 4538.8 4695.2 47.87% 52.13
5444.6
Initial Total
Weight 5633.2
Subgrade BH1¢
. Weight Cumulative % %passin
SISV (gg)J (9) retained Io(%) °
63 0 0 0.0% 100.0%
37.5 0 0 0.0% 100.00%
26.5 51 51 1.0% 99.00%
19 95.4 146.4 2.8% 97.20%
16 63.6 210 4.1% 95.90%
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13.2 116.2 326.2 6.3% 93.70%
9.5 233.5 559.7 10.9% 89.10%
6.7 176.8 736.5 14.3% 85.70%
4.75 152.3 888.8 17.3% 82.70%
2.36 14.2 14.2 21.7% 78.30%
1.18 13 27.2 25.7% 74.30%
0.6 17.9 45.1 31.3% 68.70%
0.3 26.6 71.7 39.5% 60.50%
0.15 25 96.7 47.3% 52.70%
0.075 42.4 139.1 60.3% 39.70%
Pan 4100.8 4239.9 43.23% 56.77
5128.7
Initial Total
Weight 5137.2
Subgrade BH19
. Weight Cumulative % %passin
STV (gg)J (9) retained p(%) °
63 0 0 0.0% 100.0%
37.5 0 0 4.0% 96.00%
26.5 27.4 27.4 8.4% 91.60%
19 47.6 75 12.7% 87.30%
16 43.6 118.6 15.8% 84.20%
13.2 70.3 188.9 21.2% 78.80%
9.5 190.8 379.7 30.9% 69.10%
6.7 183.4 563.1 39.0% 61.00%
4.75 138.8 701.9 44.7% 55.30%
2.36 14.1 14.1 51.8% 48.20%
1.18 12.5 26.6 57.4% 42.60%
0.6 24.3 50.9 64.0% 36.00%
0.3 25.5 76.4 71.9% 28.10%
0.15 19.2 95.6 77.4% 22.60%
0.075 20.3 115.9 82.8% 17.20%
Pan 4499.4 4615.3 47.05% 52.95
5317.2
Initial Total
Weight 5445.2
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Granular Base Proctor Test Data

Granular BH1%

in"3 cm”3

m”3

volume of mold
sample mass ()

170.8361 2799.502
8003.2

0.002799502

Test no 1 2 3 4
water added (%) 0.02 0.04 0.06 0.08
mold + wet soll 12558.2 12801.9 13301.1 13349.1
tare 6530 6530 6530 6530
wet soil mass (g) 6028.2 6271.9 6771.1 6819.1
wet soil mass (KN) | 0.059117 0.061507 0.066402146 0.066873
wet density (g/cm”3) | 2.153312 2.240363 2.418680493 2.435826
Unit Weight
(KN /m’\g) 21.11688 21.97057 23.71927399 23.88742
tin + wet soil 87 110.9 145.8 129.7
tin + dry soll 84.5 104.7 135.6 117.6
moisture loss 2.5 6.2 10.2 12.1
tare 4.1 4.1 4 4.1
dry soil mass 80.4 100.6 131.6 113.5
% moist 2.99 6.16 7.75 10.66
dry density 2.090797 2.110365 2.244715075 2.201181
Granular BH1SB
in"3 cm”3 m”3
volume of mold 170.8361 2799.502 0.002799502
sample mass () 8519.3
Test no 1 2 3 4
water added (%) 0.04 0.06 0.08 0.1
mold + wet soil 12919.4 13261.6 13237.4 13119.3
tare 6530 6530 6530 6530
wet soil mass (g) 6389.4 6731.6 6707.4 6589.3
wet soil mass (KN) | 0.062659 0.066015 0.06577746 0.064619
wet density (g/cm”3) | 2.282335 2.404571 2.395926443 2.35374
Unit Weight
(KN /m’\g) 22.38217 23.5809 23.49613185 23.08243
tin + wet soill 75.3 98.9 137.2 171.7
tin + dry soll 72.1 92.5 126.2 156.6
moisture loss 3.2 6.4 11 15.1
tare 41 4.1 4.1 4.1
dry soil mass 68 88.4 122.1 152.5
% moist 4.71 7.24 9.01 9.9
dry density 2.179672 2.242233 2.197896012 2.141711
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Subgrade Proctor Test Data

Subgrade BH19

m”3 mm”~3

volume of mold

9.9317E+13 99317

sample mass () 5011.6
Test no 1 2 3 4 5
water added (%) 0.04 0.06 0.08 0.1 0.12
mold + wet soil 7021.3  7146.5 7231.2 7237 7207.2
tare 5125.7 5125.7 5125.7 5125.7 5125.7
wet soil mass (g) 1895.6  2020.8 2105.5 2111.3 2081.5

wet soil mass (KN)
wet density (g/cm”3)
Unit Weight
(KN/m"3)
tin + wet soil
tin + dry soill
moisture loss
tare
dry soil mass
% moist
dry density

0.01859 0.019817 0.02064®07 0.020705 0.020413
0.677121 0.721843 0.752098149 0.75417 0.743525

6.640318 7.078895 7.37560092 7.395918 7.291529

60.6 70.6 75.8 99.9
58.5 66.7 70.1 90.9
2.1 3.9 5.7 9
4.1 4.1 4.1 4.2
54.4 62.6 66 86.7
3.86 6.23 6.21 10.38

102.8
92
10.8
4.1
87.9
12.29

0.651955 0.679509 0.708123669 0.683249 0.662147

Subgrade BH13

in"3 cm”3 m”3 mm”3
volume of mold 9.9317E+13 99317
sample mass () 3772
Test no 1 2 3 4 5

water added (%) 0.04 0.06 0.08 0.1 0.12
mold + wet soll 7038.5 7138.3 7251.2 7286.9 7222.4

tare 5125.7 5125.7 5125.7 5125.7 5125.7
wet soil mass (g) 1912.8 2012.6 2125.5 2161.2 2096.7

wet soil masgKN)
wet density (g/cm”3)
Unit Weight
(KN/m"3)
tin + wet soil
tin + dry soll
moisture loss
tare
dry soil mass
% moist
dry density

0.018758 0.019737 0.020844141 0.021194 0.020562
0.683264 0.718914 0.759242278 0.771995 0.748955

6.70057 7.050171 7.445661247 7.570719 7.344774

121 43.8 81.1 100.6
115.8 41.2 75.3 92
52 2.6 5.8 8.6
4.2 4.1 4.1 4.1
111.6 37.1 71.2 87.9
4.66 7.01 8.15 9.78

119.2
107
12.2
3.9

103.1

11.83

0.652842 0.671819 0.702027072 0.70322 0.669726
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Appendix BT 100% RAP Patching Mixture

Laboratory Data
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RAP Asphalt Binder Extraction Data

Mass of LS Extra Mass | Moisture Asphalt
Sample Mass_ e water in Test Ex‘_cracted of Filter Ring| Content Binder
Portion (9) | “portion (g) ALY @ (%) | Content (%)
Aggregate (g)
A 1000 0.357653791 940 3.1 0.04% 5.97%
B 1000 11.14186851 929 0.9 1.11% 6.05%
C 1000 0.864852399 945.2 1.2 0.09% 5.40%
RAP Aggregate Gradation Data
Sieve Analysis Sample A
. Weight  Cumulative % %passin
SHRYE(miT) 5 (9) retained IO(%) °
13.2 0 0% 100
9.5 906 90.6 10.19% 89.81
6.7 102.5 193.1 21.72% 78.28
4.75 67.7 260.8 29.33% 70.67
2.36 127 387.8 43.61% 56.39
2 27.7 415.5 46.73% 53.27
1.18 86.5 502 56.46% 43.54
0.6 119.5 621.5 69.89% 30.11
0.3 121.5 743 83.56% 16.44
0.15 83.5 826.5 92.95% 7.05
0.0 44.1 870.6 97.91% 2.09
Pan 18.6 889.2 100.00% 0.00
889.2
Initial Total
Weight 890.9
Sieve Analysis Sample B
: Weight  Cumulative % %passin
SURYE(TiT 5 (9) retained p(%) °
13.2 0 0% 100
9.5 74.3 74.3 8.50% 91.50
6.7 86.4 160.7 18.39% 8161
4.75 65.3 226 25.86% 74.14
2.36 123 349 39.94% 60.06
2 27.1 376.1 43.04% 56.96
1.18 86.9 463 52.98% 47.02
0.6 122.3 585.3 66.98% 33.02
0.3 138.9 724.2 82.87% 17.13
0.15 91.6 815.8 93.35% 6.65
0.075 48.2 864 98.87% 1.13
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Pan 9.9 873.9 100.00% 0.00
873.9
Initial Total
Weight ST,
Sieve Analysis Sample C
. Weight Cumulative % %passin
SRR, (g? © retained p(%) ’
13.2 0 0 0% 100
9.5 110.5 110.5 12.25% 87.75
6.7 151 261.5 28.98% 71.02
4.75 101 362.5 40.18% 59.82
2.36 120.7 483.2 53.55% 46.45
2 25.6 508.8 56.39% 43.61
1.18 77.7 586.5 65.00% 35.00
0.6 97.1 683.6 75.76% 24.24
0.3 116.4 800 88.66% 11.34
0.15 67.5 867.5 96.14% 3.86
0.075 30.5 898 99.52% 0.48
Pan 4.3 902.3 100.00% 0.00
902.3
Initial Total
Weight 903.3

BBR Test Data

Sample ID | Temp (Degrees C| Stiffness (MPa)| Deflection (mm) M value
B -12 128 0.608 0.323
B -18 260 0.299 0.275
C -12 156 0.508 0.304
C -18 308 0.252 0.268
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