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Abstract

Asphalt additives have been utilized for years to modify the performance of flexible
pavements. Thelgave the potential to lead to lofesting and sustainable asphalt pavemeénts
recent years, several new categories of asphalt additives, such asiréoycléber, post
consumer recycled plastic, and synthetic fiber, have been introduced to the flexible pavement
industry. These new additives are being marketed toward agencies and contractors increasingly
with thepotentialof increased pavement perfaanteor maintaining performance at reduced
cost Field testing, which can confirm or deny the claimed benefits, is costly and time
consuming. Vith the rapidly advancing asphalt additive industry, there is a need to efficiently
evaluate and depldapnenew aphalt additive technologie$o address this need, the National
Center for Asphalt Technology developed the Additive Grigxperiment for the 2021 NCAT
Test Track research cycle to evaluate a range of new asphalt additive technologies.

Full-scale pavemeérsections, each using a different asphalt additive, were constructed
and instrumented at the Test Tradlkprimary objective of this thesis was to documtet
construction of these sectiosccelerated trafficking and monitoring of the sections then
commenced. The data collected from the monitoring and testing of the sections was then used to
achieve the secondary objective: preliminsuyface performance evaluations and structural
behavior characterizations. The performance and behavior of the adualiifeed sections were
then compared to those of the control section. It was determined that the data analyzed for the
relatively short timeframe did not allow foecommendation® be made in this thesi the
viability of the additives for use in realorld pavingapplicationslt was recommended,
however, to continue trafficking and field testing of the sections to owmgrehensively

characterize theperformancend behavior.
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CHAPTER 1

Introduction

1.1Background

Asphaltadditives have been used for decades to improve the performance and
sustainability of flexible pavements. Additives modify the asphalt binder or the asphalt
mixture to enhance the rutting and/or cracking resistance of an asphalt pavement. Some
additives ado increase the sustainability of an asphalt pavement by reducing the need for
virgin materials, incorporating recycled waste products, and/or lowering the cost of the
mixture. For example, if an asphalt additive enhances the fatigue cracking resistance of
mixture enough, the asphalt layer of the pavement structure could be designed thinner. This
would enable agencies and contractors to use less virgin aggregate and asphalt binder per
lane mile and to better utilize their budgets. This scenario is imgfovtner if the additive
is derived from recycled waste products, since they are most likely cheaper and address
environmental concerns. Asphalt additives have the potential to lead ttakimg and
sustainable asphalt pavements.

In recent years, sevarmew categories of asphalt additives, such as recycled tire rubber
(RTR), postconsumerecycled(PCR)plastic,andsynthetic fiber, have been introduced to
theflexible pavement industry. Asphalt additives like these are being developed and
marketed towrds agencies and contractors increasingly with claims to enhance asphalt
pavements in some form or fashion. For some new asphalt additives, laboratory testing and
research already exist verify the claimed benefits. However, field testing and evaluation
which is objectively the more reliable method for the determination of benefits, is not
available fomewerasphalt additives since it is tirRoensuming to produce such data.
Theoretically, asphalt additiveodified mixtures could show promising resuttsa
laboratory setting but unfavorable results in the field. In this case, if only laboratory tests are
run on the additivenodified mixtures, potentially counterproductive asphalt additives could
be utilized on projects. On the other hand, asphalt addiiodified mixtures could show
promising results in both laboratory and field settings. In this case, the extra time that it takes
to validate laboratory findings with field performance could be equated to lost revenue on the

agencyo6s or duetarnorbaingtaldertaduse the asphalt additives on projects



during this time. Either way, with the rapidly advancing asphalt additive industry, there is a
need to efficiently evaluate and deploy new asphalt additive technologies. To address this
needthe National Center for Asphalt Technology (NCAT) developed the Additive Group
(AG) experiment for the 2021 NCAT Test Track research cycle to evaluate a range of new
asphalt additive technologies.

The AG experiment is composed of three phases of woik;and Ill. Phase | involved
preliminary efforts, such as limited laboratory characterization and predictive structural
analyses for several experimental and control mixtures. This phase was crucial, as it allowed
sponsors to make informed decisions alwahith asphalt additivenodified test sections to
construct at the NCAT Test Track. The importance of gatheringdale data on mixtures
with a range of predicted performance was stressed to the sponsors, since it could aid in the
development and calibiian of a framework that enables rapid evaluation and deployment of
new asphalt additive technologi@mm et al., 2022)

With this goal in mind, the sponsors chose five additives across the new asphalt additive
categorieso compare against StyreneButadieneStyrene (SBS) polymeanodified control
test section. Phase Il included the construction and instrumentation of thedflelltest
sections. Phase lll involves structural and performance evaluation. This phase can be further
categorized by early dlongterm evaluation, which will be referred to from this point on as
Phases llla and llIb, respectively. Phase llla was comprised of applying accelerated traffic,
monitoring, and evaluating the performance of the test sections over the first few months
after construction. Phase IlIb consists of applying accelerated traffic, monitoring, evaluating
the performance, and conducting more comprehensive laboratory testing on the test sections
over the remainder of the research cycle. From the information gdtimeall three phases,
various new asphalt addithiraodified sectiongan be directly compared toagell-known
and studied control section, and agencies and contractors may be able to efficiently and
confidently decide what types of asphalt additivesvakle for projects.

At the writing of this thesis, Phases I, I, and llla were complete. Dnertalisclosure
agreements (NDAsyithin Phase |, which was funded directly by material suppliers, it is not
presented in depth in this thesis. However, Phask lbe discussed in the literature review
using publicly available information.



1.2 Objectives
The main objectives of this thesisithin the framework of the 2021 NCAT Test Track AG
experimentyere:
1 Construct and document ftdcale test sectionssing the selected asphalt additives.
1 Evaluate the early field performances of the test sections.
1 Compare the early field performance of the addithadified test sections to that of

the control test section.

1.3Scope of Work

Several steps were taken to @mplish the research objectives. After five of the many
asphalt additives were chosen for implementation by sponsorscélé test sections were
constructedand instrumentedt the NCATTest Track. Accelerated traffic was then applied
to the test sections by utilizing multiple heavy tripiailer trucks. For the 2021 research
cycle, traffic began on Novemb#0, 2021. This thesis incilesdata from the start of traffic
until March15, 2022, accumulating approximatedp6,884.2quivalent single axle loads
(ESALS9). Over ths timeframe, the sections were routinely monitongth subsurface
instrumentation in addition to falling weight deflectometer (FWD) testing and
backcalculation for stetural characterization.ie sections weralso monitored and
evaluated for earlgurfacefield performancdi.e., rutting, cracking, ride qualitgver the
sametimeframe.Comparisons were made between each experimental section and the

control.

1.4 Organization of Thesis
This thesis continues in Chapter 2 with a literature reviewinbraduces th@ew asphalt

additive technoloigsthat are relevant to ¢hAG Experimeni describes potential benefits and
concerns othenew asphalt additive technoleg, detailsprevious testing and studies
involving thenew asphalt additive technoleg, and presents the methods and publicly
available results of the AG Experiment: PhageHapter 3 describes the construction process
and instrumerationimplementation fothe test sections. Chapter 4 discusses the early
surface performance of the sections under accelerated traffic. Chapter 5 analyzes the early
structural performance of the sections under accelerated traffic. Finally, Chapter 6

3



summarizes the findings angcommendations derived from this experiment as well as the

plans for future research involving tA& experiment



CHAPTER 2

Literature Review

This literature review firsintroduces the new asphalt additive technologies that are
relevant to te AG Expeliment The additives, as well as the respective incorporation
processes, are defined and described. Also, the state of practice for utilizing these new
asphalt additives is revealedext, thepotential benefits and concernseaich othe new
asphalt addive technologiesre listed and discussdetevious testing and studies involving
the new asphalt additive technologas then presenteBinally, the methods and publicly

available resultffom Phase | ofthe AG Experiment are stated and discussed

2.1Introduction of New Asphalt Additive Technologies
The types of new asphalt additives included in this study are recycled tire rubber (RTR)
postconsumer recyclePCR)plastic, and synthetic fibeRTR is rubber that is made from
PCRtires. Itisavailabl i n many f owhatestires, stampeld ilecths, chgnksii
shreds, chips, crumb, and groor{fBaumgardneet al., 202). Ground tire rubber (GTR),
which is also referred to as crumb rubber, is the more commonly used form of RTR in
flexible asphalt paement production. For this reason, GTR is focused on in this literature
review. There are currently two ways of incorporating GTR into the asphalt binder and
mixture, which are known as wet and dry processes, respediBeaiyngardneet al., 2020).
The we process involves modifying the asphalt binder with GTR particles and then using the
modified binder to produce an asphalt mixt(Rath et al., 2021 This process is usually
compl eted at the asphalt biprestibedextioptiney t er mi
prior to mixing the GTRmodified asphalt binder with aggrega{@aumgardner et al.,
2020) The dry process entails adding GTR particles directly into the asphalt mixture during
production. According tBaumgardner et a{2020) this process is usually performed-
site at the asphalt mixture plant wher e it i s aidtbHeesphalfiptact t he agg
mixing drum prior to introducing the asphalt bindler R a t(2021)ekpara bn.this
concept by explaining that it is typically added near the reclaimed asphalt pavement (RAP)
collar, which is located toward tligscharge end of a drum mptant wittout any change

in aggregate gradation. Figure 2.1 provides a flow chart



processes. Figures 2.2 and 2.3 show what typical GTR additives look like, when included via

the wet and dry processes, respectively.

Material
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Figure 2.1: Primary Methods of Incorporating GTR into Asphalt Binders and

Mixtures (Baumgardner et al., 2020)

Figure 2.2: Typical Wet Process GTR Additive fiScrap Tiresin Asphalt 6 2021
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Figure 2.3: Typical Dry Process GTR Additive iSmartMix, 6 202 1

According toBaumgardner et af2020, state department of transportation (DOT)
published specifications showed that only twelve states have published specifications that
allow for the use o6 TR-modified asphalt bindeiis theconstruction of asphalt pavements
The states are Oregon, Neva@alifornia, Arizona, Texas, Louisiana, Missouri, Tennessee,
Florida, Georgia, South Carolina, and OH@{mgardner et al., 20RAlso, theNational
Asphalt Pavement Association (NAPA) recently reported that tweméyproducers from
elevenstates indicadfiusing GTR in some asphalt mixtuees ( Wi | | i ams et al .,

2.1 presents the reported tons of GTR used in 2018 by various states.



Table 2.1: Distribution Among States of Reported Tons of GTR Used in 2018

(Baumgardner et al., 2020)

State Tons of GTR Used % of Total Tons of GTR

Used

Arizona 4.303 21.4
Arkansas 5 <0.1
California 13412 66.7
Delaware 10 <0.1
Florida 136 0.7
Georgia 378 1.9
Ilinois 75 3.7
Massachusetts 710 3.5
Michigan 55 0.3
Missouri 260 1.3
Texas 08 0.5

Total 20,117 100.0

From the table, it is evident that California used the r&d$®-modified asphalt binder

(Baumgardner et al., 20RMHowever, several states have plaeedluation projectssing

GTR via wet and dry process&ry process projectsvhich are oftemeferredto by the

sup

lllinois, Indiana, Louisiana, Maryland, Missouri, Oklahoma, Texas, Virginia, and Wisconsin
since 2007Baumgardner et al., 20R0These projects account fapproximately 5 million
total tons of dryprocess GTR since 20Q74&sphalt Plus 0

Lehigh Industriehave placediry process projects, refémng to thema s

pliers as

ichemical |, gavesheeg constuetedandGearginb b e r 0

2 0 1 hibperty Tid asdo ,

find < Y

technology, in Michigan and Oh{olfiberty TireRe c y ¢ B D & Hlipronized Rubber

Powder (MRP) ,
PCRplasticis another type of new asphalt additive that is included in this study. Out of

2022) .

all PCR plasticslinear lowdensity polyethylene (LLDPE), lowtensity polyethylene

(LDPE), andhigh-density polyethylene (HDPE) together account for the largetiop at

over 35%(Yin et al., 202). For this reason, recycledlyethylene(rPE) is focused on in this

literature reviewThere are currently two ways of incorporatmRE into the asphabinder

and mixture, which are known as wet and dry processes, respectirebt @l., 202). For

t he

where mechanical mixing is required to achieve a homogesiastic modified binde€r Yif

et al., 202} . p r o c eadded,direttliy te the neixturead e d

wet

For

process,
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aggregate replacement or mixture modifietéif et al., 202). These methods are

essentially the same as the methods for GTR incorporation, so the paragraph detailing the
processes for GTR incorporation can be read for further explangigures 24 and 25

show what typicatPE additives look like, when includeda the wet and dry processes,

respectively.

rPE1: 89% LDPE, 11% HDPE rPE2: 100% LLDPE

rPE3: 94% LDPE, 6% HDPE rPE4: 67% LLDPE, 33% LDPE

& %

Figure 2.4: Typical Wet Process rPE AdditivesfiResearch Needed on Using
Recycled Plasticsin Asphalt 6 2021

Figure 2.5: Typical Dry Process rPE Additive {in, 2022
9



Accordingto Willisetal( 202 0) , a p p rfieldkprojpastusnig secycied 0 0
plastics in asphalt pavements were identified in literature Most of t hese fi el
which were completed in mampuntries between the late 1980s and the early 20@9e
constructed usintjovophalf (Willis et al., 2020. These projects included city streets,
county roadsminor and principal arterials, interstates, and airp@ktdlis et al., 2020.

Although limited, field performance data suggestedthe pavement sections performed
well; howeverone study reported more crackimgthese projectcompared to pavement
sections using unmodified and SBS modified bindlerg{lis et al., 2020. Willis et al.
(2020) also claimed thatamy of the projects irhe US areelatively new sofithe longterm
durability of the pavements has yet to be deterntined

Synthetic fiberis the final type of new asphalt additive that is included in this study.
Kadolph(2002)definesfibersthat areused to reinforce asphalt xtures as a natural or
synthetic material that has greater length than widtias eigh length to width ratioMany
types of fibers, likdiberglasspasalt, carbon, aramidolyolefin, polypropylene, nylon,
brucite etc.,have been evaluated fbreir potentiato enhance the performancehait mix
asphalt HMA) mixturesover the yearsAlfalah et al., 202} In reviewing literature, it was
determined thatramid, polyolefin, andpolypropylendibers are among the most studied and
tested For thisreasonthese fiber types afecused on in this literature review.

Although some sourcedisa et al., 201%have documented utilizing wet and dry
processes for synthetic fiber dispersion, the dry process is most commonly used in the US. In
factt Musad¢al. (2019) <cl ai m t ha tpreferhree over the wepprooésse s s i ¢
i n field wfithebprodidion prablermsessociated with the wet process. The dry
process for the inclusion of synthetic fibergéasused on in this literature revidar this
reason. This process is similar to thg proces$or GTR and rPE asphalt additiwrgclusion,
so the paragraph detaigjrdry process GTR incorporation can be read for further explanation.
Essentially, hey are all introduced directly into the asphalt mixture near the RAP collar
during production. However, synthetic fibers must be blown intaspé&alimixture due to
theirsmall mass, elongated shape, and tendency to adhere to one another. Figure 2.6 shows

what typical synthetic fiber asphalt additives look like.
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Figure 2.6: Typical Synthetic Fiber Additives- Polyolefin and Aramid Fibers
(Muftah et al., 2017)

Accordingto McDaniel (2015), most states have used fibers in egrexdled mixtures, but
only a few states have utilized fibers in degsaded asphalt mixtures. It was determined that
t he states us e diindral, blass, celupge,easd sythetidhpody s i M t hes e
mixtures McDaniel, 201%. The design procedure for the fiber mixtures was found to be the
same as for conventional mixtures, but the purposes for the fibers WdaBauigiel 2015).

For stone matrix asphalt (SMA), opgraded, and porous friction course mixtures, fibers
were primarily used toontrol the draindown of thasphaltinder in the miture McDaniel,
2015. For densggraded mixtures, the fibers were used in orfigva states t@nhance

rutting and crackingerformancéMcDaniel, 201%. Georgia, Oklahoma, Tennessee,
Virginia, and ldaho were found to use fibers for the purpose of enhancing performance in
both ways KcDaniel, 201%. However, New Hampshire was founduse fibers for

improving only cracking performance, while Ohwas found to use fibers for improving

only rutting performancéMcDaniel, 201%.

2.2 Potential Benefits and Concerns of New Asphalt Additive Technologies
As mentionedn Chapter 1the new categories of asphalt additives are introduced to the
mar ket with the goal of enhancing a flexible
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sustainability It is generally accepted thatp ave ment s with | onger serv
involve less maintgance and are environmentally friendly from the perspective that they
i nvol ve | es sandthapaventeasmdtielongeassraice lives are more
economical and more efficiently serve public needs since there is less congestion due to
recurring maitenance and constructigBaumgardner et al., 20R(5o, if potential
performancesnhancing benefits can be proven, arguments can logically be made for the
environmental and economic benefits of an asphalt addiivke literature, a number of
potentialbenefitssuch as thesas well as possible concerns, are documented and discussed
for the various asphalt additivegince theexpected mode of failure for the AG experiment is
bottomup fatigue cracking, benefits and concerns related to cracking and the additives
themselves were the focus.

A noted potential benefit of adding GTR to asphalt binder is that it improvelastscty
and introducevarious mechanisms that ardmixture performancéRath et al., 2021 Rath
et al.(2021) goes on to write that this could solve two issues at once, which are the need to
ficonstruct more durable, distress resistant mads find a siitable use for the billions of
scrap tires that overwhelmed the landfills and were the source of various kinds of pollution
including uncontrolledfires. GTR i s evidently an abundant]|y
can be tapped into for use in enhancqthak pavement applications. Also, a life cycle
analysis (LCA) ofrubbermodified asphalt has shown that net energy sawhgs.651
kWh/m?® could beseerover the lifetime of & TR-modified asphalt pavemerglative to that
of a conventional HMA pavemerds well agost effectivenesom better pavement
performancgWang et al., 2018Soulimanet al., 2020). Greenhouse gas emissions derived
from electricity consumption could be reduced by alpoutp Ttkg CO when compared to
conventional technologieand budgets could be better utiliz&dang et al., 2018; Souliman
et al., 202

The different methods for GTR incorporation also have benefits and concerns associated
with them. An advantage of the dry process t h ladistically easies, asfit does not
require storage, and can be achieved with minimum modification to existing plant
equipmenh as opposed Rahetah02WEntragors waule sos  (
necessarily have to purchase all newigapent to pave with dry process GTR. Also, the dry
process allows for a higher percentage of GTR to be added to the asphalt mixture (Bressi et
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al., 2019). This would enable more PCR tires to be repurposed, as well as potentially better
pavement performande be experienced. A concern of the wet process is that there is the
p ot e n tsetdementobrubbei particles in the modified binder during storage and
transpod ( Pr est i, 2013). The time spent in stor
theasphalt binder to become rbomogeneous and perform differently than intended.
Anot her concern of the wetconentandasphaltbinder t hat 0
compatibilityp it fimay lead to binders having much higher viscosities than typicaneol
modified binderé Bgumgardner et al., 20R0rhis increased viscosity may cause pumping
issues at asphalt mixture production plants.

Similar to GTR, a documented potential benefit of adding rPE to asphalt mixtures is that
it can reduce the amountpfl a st i ¢ atheravise bavlandfilled, burned, or discarded
in the natural environment as trash or lidtdfgderal Highway AdministratiofFHWA),
2015).According to the U.S. Environmental Protection Age(telA), more thar85 million
tons of plastics were disposed of in 2017, with only 2.9 million tons being re@miktke
remainingbeingincinerated or sent to land8l{2018. To add to the sense of urgency, a
report published NAPA stated that in 20China closed itborders to the import of waste
plastics from other countrig€gVillis et al., 2020. Until 2018, China importedo@ut45% of
t he wor | doé sWillsletals 2020cSo,wha amoent of incinerated or landfilled
plastic in the US must have increasearenin the last few years than previously. Clearly
there is a pressing need to develop a better alternative for waste plastics after their initial
service life. PCR plastic asphalt additives might be the solution. However, it has also been
stated that due oincre@ased embrittlement and reduced relaxation properties, adding
recycled plastics may have a detrimental impact on the fatigue and cracking resistance of
asphalt binders and mixtuesrig et al., 202). A balance between stiffness and softness
mustbe achieved for an asphalt mixture to resist most forms of distress, but PCR plastics
might make mixtures too stiff to resist cracking. Also, NAPA has reported that using certain
recycled plastics in asphalt mixtures has health and safety concerns adssithait Willis
et al., 202). If certain plastics get into stormwater runoff or otherwise come into contact
with people, animals, and/or the environment, harm could be done. This could potentially be
a reason to put a filtering process in place for PERtics before use in asphalt pavements.

It might be able to ensure that these types of plastic additives are not utilized.
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As with GTR, the different methods for riti€orporation also have benefits and
concerns associated withthefmor t he dry process, tlackofmai n r
consistency in the quality of final produced asphalt mixturgg et al., 202). This is
possibly due to the variability of PCR plastic shapes, sizes, and makeups. This variability
needs tde improved for asphalt pavement designs utilizing PCR plastic additives to be more
reliable. For the wet process, there are concerns about the poor storage stability of the plastic
mo di f i e dwhbre thedplmstispplymers have a tendency to sedanatehe asphalt
binder as a result of the differences in density and viscosity, as well as the incompatibility
between the two componeat¥if et al., 202). Just like with wet process GTRettime
spent in storage in preparation for production mighseahe asphalt binder todmenenon
homogeneous and perform differently than intended.

A possiblebenefit of addingynthetic fiberdo asphalt mixtures is thatcan strengthen
the mixture and enhance | tadlitiopef foéroimodAce. Thi
mixtures serves as athrdee mensi onal secondary reinforceme
adhesion with asphalt binders and ability to interlock with aggreyakekin, 2008).
Mahrez et al.(2005) expands on this concept by explaining thatse of fiber as
reinforcing materials is mainly for the purpasfgoroviding extra tensile strengththe
asphalt mixurethatmayincrease the amount of strain enetiggtcan be absorbed
throughoutcrackingof the mixture Tapkin (2008 attributes the additional tensile strength to
fibers like polypropylene fibers sometimes having tensile strengths greater than 276 MPa by
themselves, which is evidently the minimum value accepted for polypropylene fibers by the
Ohio Department of Transpatton. It is believed thadtresses can be transmitted to the
fibers, which are strong in tensipthusreducing the stresses on the relatively weak asphalt
mixture McDaniel, 2013 . Thi s has the potential to i mprc
as desgbed later in this literature review.

However, good adhesion between the fibers and asphalt binder are necessary to
efficiently transfer the stresses; larger surface area on the fibers can promote this adhesion
(McDaniel, 201%. It has also beestated that there is a lack of understanding in this regard
and thateinforcing mechanisms and ways of optimizing fiber propengesi to be
improved Jahromj 2015).Jahromic | ai ms t hat fi bers that are 0

Abal l i ngo presmndyéump togbtieer, gevdniing a homogeneous mixture, and
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that fibers that are Atoo shorto cannot prov
(2015). Blowing the fibers into the mixture at the production plant can help alleviate
homogeneity issueRegardless, if the fibers do not possess the appropriate qualities like the
examples listed and do not perform as intended, there could be negative consequences on
mixture performance.

A major concern of using synthetic fibers in asphalt mixtures isribertainty associated
with dosage rates, or fiber contents. It has been showfilibeg can improve thatigue or
structuralperformance oasphaltmixtures when high dosage rates (0.3% and greater) are
used(Mahrezand Karim, 201Q)Although, it has also been found ttégher fiber dosage
ratescancause issues in the niixe design, requiring major increases in binder content or
alterationstothg r adat i on t o me ¢éutedenignspedifieatondMahrez s 6 mi X
and Karim, 201p Fiber manufacturerghereforeyecommend the use of fibersasphalt
mixtures at lower dosage rates (between 0.05% and 04d®d6)aim not toaffect the
original mxturedesign FORTA, 2017. However Alfalah et al.(2020) state that there is a
|l ack of research on the impact of fibers on
d 0 s a g e Toraddttoehe dosage rate discussion, Alidadi and Kh@iti6) propos that
too low of a fiber dosagmay increase the probability obnstructinga weak crossection
while too high of a fiber dosageaayfireduce the cohesion between aggregeiad
encourage fibers to lump togethEridently, it is imperative thanappropriate amount of
fiber is selected for a given asphalt mixture. Manufacturer dosage rates may be suitable, but
laboratory tests like the ones discussed in the following section of this literature review could

be conducted to optimize the fiber contenperform as desired.

2.3Previous Testing and Studies Involving New Asphalt Additive Technologies
Possible benefits and concerns of the new additive technologies can be discussed and
debated at length, but laboratory and field tests are necessary toidet@imather or not the
claims are true. Laboratory testing, depending on the type of test being run, can be a quick
and easy way of predicting mixture performance, determining whether a mixture is adequate
for production, and/or giving greater insight itih@ characteristics of a mixture. Field
testing, on the other hand, is often a slower process since it can necessitatddybrojects

and longer timeframes. However, field testing is an extremely reliable method for evaluating
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mixture performance. Bb laboratory and field testing are recommended to fully
characterize and evaluate an asphalt mixture, though. To this end, laboratory test data and
field study information was gathered and discussed for projects involviRy t8@E, and
synthetic fiber Snce theexpected mode of failure for the AG experiment is bottgm
fatigue cracking, mixture laboratory tests and field studies related to general cracking and
fatigue cracking were the focus.

In reviewing literature, it was found that several laboratoagking testbave been
conducted on GTR, rPE, and synthetic fiber modified asphalt mixilinesvarious tests
include thdllinois Flexibility Index Test(I-FIT) which can be completed according to
American Association dbtateHighway andTransportation Official$AASHTO) TP 12416,
thelndirectTensile Asphalt Cracking Test (IDEACT) which can beonducted per
American Society for Testing and Materigd$STM) D 822519, theSemiCircular Bend
(SCB) testwhich can beompleted peASTM D 804416, the Dynamic Complex Modulus
(E*) testwhich can beperformed in accordance witkASHTO T 342, and the Texas
Overlay Test (OTyhich can beonducted according fhex-248-F. It wasalsofound that
some field experiments have been conducted using GTR and synthetic fiber modified asphalt
mixtures. The various field experiments were conducted at different times and in different
locationsall over the US. However, field testing utilizing rirtodified asphalt mixtures was
not found intheliterature. Willis et al(2020)statethat several field projects using recycled
plastic have been completed and perform well, but limited data exist to confirm or deny this
assertion

For the IFIT, the Flexbility Index (FI) parameter igalculated from test data anded to
evaluate the cracking propagation resistance of an asphalt mixture at an intermediate
temperatureAbdalfattah et al., 2092Figure 2.7 shows the test setup, where the test
specimen isemicircular with a precut notch and undergoes thpeiat bending Rivera
Pérezet al., 2021). The Fl is determined by dividing the fracture energy of the specimen by
the loaddisplacement curve postpeak inflection point sldpedraPérez et al., 2031The
greater the Fl value, the bettbe cracking resistancef themixture.
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Figure 2.7: I-FIT Setup (Rivera-Pérez et al., 2021)

Using dry process GTR incorporatidath et alconducted an-FIT experiment
involving 12 asphaltimixtures (2021). The FI values, which can be found in Figure 2.8,
reveakdthat thefiaddition of rubber to the mixture decreases the cracking resiotdeh
et al, 2021).Rath et al(2021) concludehowever, that these FI results are inconsistent with

field performance. This field performance study is discussed later in this literature review.
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Figure 2.8: FI Results by Percentage of GTR AddedRath et al., 2021)

Using rPE Abdalfattahet al.(2022) completed anFIT experimeninvolving 12 wet
process mixtures and 10 dry process mixtures. For the wet process part of the experiment, Fl

val ues sPEonwdifiedrasphalt mixtures are more susceptible to cracking at
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intermediate tergraturee t han t he contr ol Mbdalfatteh et al.a s s e e |
2022. Two different asphalt binders were also utilized in this wet process experiment. The |

FI'T results show t hat miexhtbited shightly pettevreckirge d wi t h
performancethan mi xt ures produced with the other bi
2.9 Abdalfattah etal.,20d2. The r esear cherconfirgsothatdthe t o say
performance ofPE modified asphalt mixtures could be highffected by the virgin binder

sourc® Al(dalfattah et a).2022). For the dry process part of the experiment, different

dosages were utilized. The 2.5% and 5% rPE modified mixtures produced greater Fl values

than the control mixture, meaning that those ant® of rPE increased the cracking

resi stance of t htherRRidosaga was increasedirerersentally, thes Fl fi

values kept dropping Al{dalfattah et al., 2092As the dosage of rPE increased, the

cracking resistance decreased. An optimurowamhof rPE may exist in this case. It was also

not ed ixtulesproduted using the dry process yielded a better cracking propagation
resistance compared with their counterparts fabricated using the wet préddgdaifattah et

al., 2022. From the wetind dry process experiments, it is evident that virgin binder source

as well as incorporation procdsave a impact on the performance d#E modified

mixtures
16 ®9.5- mm NMAS Mixtures M12.5- mm NMAS Mixtures
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Figure 2.9: FI Results of Control and rPE Modified Mixtures via the Wet Process
(Abdalfattah et al., 2022)
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For thelDEAL-CT, the Cracking Tolerance Index (adkx) parameter is calculatécbm
test data and used determineheintermediatdemperature cracking resistance of asphalt
mixtures(Yin et al., 202). Figure 210s hows t he t eCs-tSimpgles Reliaple, ( Al d e al
Efficient, Repeatabl e, Cost unéfafdamndergogse, 06 20 2 2
indirect tension to determine tk ¥ index Of the mixture The greater the Grhex value,the

betterthe cracking resistanceof a mixture.

Figure 2.10:IDEAL -CT Setup (il | d-Eta Simple, Reliable, Efficient, Repeatable,
Cost Effective0 2022

Usingthe samalry process GTR incorporati@s in the 4FIT experimentRath et al.
(2021)conducted atDEAL -CT experimentvith 12 mixturesThe researchers found that,
similar to their 4FIT results, ChdexvV @ | penalizeithe mixtures fahe addition of
rubbet 0 whi ch c¢can b eRathetaln 2001lOncE agginRatreet &. (2021) (
concludethatthese results are inconsistent with field performaibe.field performance
study is discussed in the following paragraphs. They go on to explain the issues that the
results of their tests highligRathetal( 202 1) c¢c | ai m t hirhibitthebse r es ul
of sustainable recycled materials such as GTR vidaanced Mixture DesigrBMD)
principles are used, depending on the selection of the mixture cracking test in the BMD
specification . For exampl e, I f agen€lTe®EA«TA/ or cont
parameters as their cracking test thresholds, GTR modified mixtures could possibly be

deemed inadequate for production, even though they may perform well in the field. Thus, the
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benefits of GTR would not be realized. So, new additive modifiedungis may need to go
through laboratory test and field calibration procedures before BMD based decisions are

made, or cracking tests need to be chosen with the desired new additive in mind.
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Figure 2.11:CTindex Results by Percentage of GTR Adde@Rath et al., 2021)

Rath et al(2021) documented three field projects that utilized dry process GTR because
they found the fAdiscrepancies observed in cr
enough to ficonduct acdaegéengepaemioamboneoflat
researchers visually inspected the projects, analyzed the limited field core data, and applied a
complex smart pavement monitoring (SPM) software to measure the Pavement Service
Evaluation and Rating (PASER) (Rath et al220 The PASER system can be used to rate
the condition of road sections on a scale-@D1with 1 being the worst condition and 10
being the best condition (Walker, 2002).

The first projecthat Rath et a2021)evaluated was a section of Interstaje8@ in
Dekalbcounty, Chicago, lllinois. In 2016, a dry process GTR modified SMA mixture was
placed in the left lane, which was next to an SBS modified SMA mixture that had been
placed in the right lane in 2015 (Rath et al., 20Eigure 2.12 shows thestions.In 2019,
the researchers concluded via visual i nspect
(Rath et al., 2021 Field cores were also collected from the sections and tested using the |
FIT (Rath et al., 2021). The results indicatedttthe SBS modified section had a higher FI
value than the dry process GTR modified section, meaning that the SBS modified section had

greater cracking resistance, fnAndespite the ad
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These {FIT results are comstent with FFIT and IDEAL-CT tests discussed earlier.

However, the researchers emphasized that the
exhibit any form of cracking, 0 even though i
RAP, whilethe SBSmodf i ed section Ashowed the onset of
2021). Also, the SPM software calculated the PASER rating to be 9.7 for the two sections
combined, meaning that the sections are in e
, 2021
modified with dry process GTR performed well, the need to calibrate BMD cracking tests

confrmedly vi sual inspectiond (Rath et al

like the FFIT and IDEAL-CT to correlate more accurately to field performan@pjzarent

Figure 2.12:Picture of Dry Process GTR and SBS Modified Section®&ath et al.,
2021)

The second projethat Rath et a2021)evaluated was a section 675 in Perry,

Georgia. In 2007, a chemically modified dry process GTR mixture was placed next to an
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SBS modified porous European mixture (PEM) (Rath et al., 2021). The GTR section was
apparently expected to last only fivetosev year s, but Arecent fielc
the pavement | anes are still in good condit:i
calculated the PASER rating to be 8.5 in 2019, which is a high rating for pavement that is

over ten years old (Raet al., 2021)Figure 2.13 shows a picture of the sections as well as

pictures from the SPM softwarRdth et al., 2021

Picture taken in 2007 Pictures from SMP, 2019

Figure 2.13:Chemically Modified Dry Process GTRand SBS Modified PEM
Sections and SMP Software PicturefRath et al., 2021)

The thirdand finalprojectthat Rath et al2021)evaluated was a section of residential
street in Davison, Mi chigan. The sotbuseet Af un
twice a day during the school year, 0 meaning
(Rath et al., 2021). In 2016, a dry process GTR modified mixture was placed. Recent visual
inspections revealed that wihéd sectiracki gids {
2021). Also, the SPM software calculated the PASER rating to be 8.1 in 2019.

Using wet process rPE incorporatiofin et al.(2021)conducted atDEAL-CT
experiment involvingeveral different asphalt mixtures. One contnotture was
unmodified, another was modified with rPE, another with rPE and Reactive Elastomeric
Terpolymer (RET), and one more with SB8 et al., 202). The mixtures were also either
shortterm or longterm aged. Figure 2.14 shows theifaekresults ¥in et al., 202). For the
shortt er m aged por t i dhecootfol mixture shewegtieerhighest avérage
CTindexvalue and thus was expected to have the best intermezhaperature cracking
resistance, followed by the rRus-RET modified, SBS modified, and rPE modified
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mixtures, respectively Yif et al., 202). For the longterm aged portion of the experiment,

fithe control mixture still had the highest averagengevalue while the rP¥plusRET

modified mixture had the lowesfTidexvalued Yif et al., 202). For both parts of the
experiment, the control mixture has the best cracking resistance. This suggests that aging
polymer and plastic modified mixtures increases their stiffnesses and reduces their ability to
resist crackig, which is to be expected. This concept is supported by the observation that
flong-term aged samples had significantly lowerqgek values than the shet¢érm aged

samples Yifetal.,202) . However, it thedifferenadsanwongrifier ed t ha
mixtures were less pronounced for letegm aged samples than shtatm aged samplés

(Yin et al., 202). Regardless, IDEAICT results showed that using rPE and rPE+RET in
shortterm and longerm aged asphalt mixtures had a negative impact on ietkaie

temperature cracking resistand@n et al., 202}

@ Short-term Aged OLong-term Aged

323
30 13 28.9
x 24 13.0
- 96
10 (R %
0 ‘ oot XX XX

58-28 Neat 64-28 fPE  70-28 rPE+RET 70-28 SBS
Modified Modified Modified

IDEAL Crildcx
8

Figure 2.14: CTindex Resultsof Short-Term and Long-Term Aged Asphalt Mixtures
(Yinetal., 2021)

Using the sameéPEas in the IFIT experimentAbdalfattahet al. (2022) alseonducted
an IDEAL-CT experiment witil2 wet process mixtures and 10 dry process mixtures. Only
long-term aged mixtures were tested in this experinfemtthe wet process part of the
experimentfi PE modified asphalt mixtures exhibitkedver average Ciddexthan the

corresponding control mixture0 meaning that the rPE modifi ec
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cracking resistance than the control mixtukbdalfattah et al., 2092This trend can be

visualized in Figure 2.15Apdalfattah et al.2022. It was also observed that rPE modified

mixtures using one virgin binder produced highemgelvalues than when using another

virgin binder, which can also be seen in Figure 2Altid@lfattahet al., 2022). Thus, virgin

binder source does have ampact on mixture cracking performanéer thedry process part

of the experimentifferent dosages weagainutilized. 't was dingeasnger ed t |
therPE percentage slightly decreased the averagadT Aldalfattah et al., 2092This

trend is consistent with the results of tHeIT test that was conducted by the same
researchersAbdalfattah et al., 2032It was also consistent in that the dry process yielded

higher CTngex values, and therefore better cracking resistance, thanethgrecess, which

further confirms that the method of rPE incorporation affects performadckalifattah et al.,
2022.

120 ®9.5- mm NMAS Mixtures ©12.5- mm NMAS Mixtures
100
g 80
3 r I
Q 0 |
@«
;n T J.
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20 ! 1 I |
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Binder A Binder A + Binder A + Binder B Binder B + Binder B +
2.5% RPE-A  2.5% RPE-B 2.5% RPE-A  2.5% RPE-B

Figure 2.15:CTndex Results of Control and rPE Modified Mixtures via the Wet
Process(Abdalfattah et al., 2022)

Using a blend opolyolefin andaramidsynthetic fibersAlfalah et al.(2020) conducted
an IDEAL-CT experimenbn asphalt mixtures. It was determined thaf&Jvalues
increased slightly when the fibers were used, as sdeigume 2.16, but aAnalysis of
Variance(ANOVA) test showed that the Gfiex values were not significantly different for
the control and fiber reinforced asphalt mixturdBglah et al., 202 So, it was concluded

thatuse ofthefibers does not improve the cracking resistancasphaltmixtures(Alfalah et
al., 2020.
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For the SCB testest dataareused to determine tHettomup fatiguecracking
resistance of asphalt mixturéd\ftah et al., 201y Figure 217 showsthe geometry of a
SCB test specimefMull et al., 2009%. The test specimen is seqircular with a precut notch
and undergoes thrgmint bending as with theFIT test However, in the SCB test, Fl is not
determinedSeveral other parameters measured within the test, such as fracture energy,
cycles to failure, and crack speed, are used instead to evaluate the cracking resistance of a
mixture. The greater the fracture energy, which is the area undeathversusdeformation
curve, the more cycles it takes to fail a mixture speciraed the lower the crack spedade

better cracking resistance a mixture has.
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Figure 2.17:SCB Test Specimen GeometrfMull et al., 2005)

Using dry process GTR incorporatiaviull et al. (2@5) conducted &CB experiment
involving several asphathixtures.A control mixture, GTR modified mixture, and a
chemically modified GTR mixture were test The resulting cycles to failure revealed that
the chemically modified GTR mixture had the best fatigue cracking resistance, as seen in
Figure 2.18 Mull et al., 2009. This mixture achieved more cycles to failure and its crack
propagated more slowlydh the GTR modified and control mixtures, which can be seen in
Figure 2.19, giving it about 2.2 times the fatigue life of the GTR modified mixturatzmat
5.6 times the fatigue life of the control mixtyMull et al., 2003. Mull et al.(2005)
attributed this increased fatigue crack resistance to enhanced asphalt binder performance. The
resear cher s thtoah an intrdase in bdthithe smterfasal athesion between
the asphalt binder and aggregate, and the cohesiveness propéhebiotler itsefi Myl
et al., 2005
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Figure 2.18:Crack Length asa Function of Number of Cycles(Mull et al., 2005)
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Figure 2.19:Crack Speed asa Function of Energy Release RatéMull et al., 2005)

Using a blend of polyolefin and aransgnthetic fibersas well asvax-treated aramid
fibers, Muftah et al.(2017) conducted a SCBexperiment on asphalt mixturdsat were

placed in the field for a project as well as field coFes the experiment, both low and high
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fiber dosages were used, with the low dosage rates b&ngfacturer recommenddeigure

2.20 presents the resulting load versus deformation curves, which help visualize fracture

energy Muftah et al., 201 From & ANOVA analysisof the low dosage results, it was
determinedhatiino significant difference was found in the field mixes with respect to

fracture energy Myftah et al., 201y Muftah et al.(2017) claim that this finding may

S u g g e sfiberstddnatirovide significant improvements to the cracking resistance of

field mixes because of their low fiberconent The fracture energies ¢
however, showed different behawwigltnothaviehe r ese
improved the performance of the mix before the peak load was reachedb ut af t er t h
| oad was reached and fiberbweredouna tokeducegcraska s i ni t i a
propagation significantly Mftah et al., 201} They also suggest that this ntzgve been

t he r ettebridging effect di fiberso6 whi ch essentially means
prohibited further cracking by keeping the materials intact (Muftah et al., 2017). It was

further stated that they observed this phenomenon during thet t . It was thdet er mi
bonding of the fibers to the mixtureds const
key factors that contributed to the improved performanikiftah et al., 201} The

researchers conclude that at low strauele the fibers simply acted as filler material and did

not improve mixture performance, but at higher strain levels the fibers may have enhanced
performanceNluftah et al., 201} Since the mixtures utilizing fibers at the manufacturer
recommended dosagates were shown not to significantly affect mixture performance but

hi gher fiber dosage was shown to itmprove per
optimum amount of different fibers be checked before the production offibdified

asphalt mixture3(Muftah et al., 201}
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Figure 2.20:Load versus Deformation Curvesat (a) 4GF, (b) 70, and (c) 10@F
(Muftah et al., 2017)

For the E* testiest dataare used to create a master curve, allowing researchers to
determine the modulus of asphaixtures over a wide range of testing temperatures and
loading frequencied-igure 2.21 shows the test setup. The test can be run in unconfined or
confined modes using small or large specimens. Since it is a repeated load test, the modulus
values can based to evaluate the bottenp fatigue cracking resistancetbe mixtures
when it is run at high frequencies. At a given test temperanddrequency, lower modulus
values translate to a less stiff mixture, usually meaning that the mixture has bekieigcrac

resistance.
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Figure 2.21:E* Test Setup

Willis (2013) documented a field project that utilized wet process GTR. The project was
a section of US 238 near Dothan, Alabama. In 2010, the wet process GTR modified
mixture was placed in thautside lane of traffic, along with an SBS modified mixture
(Willis, 2013). The mixtures were sampled during production and transported to the NCAT
laboratory for testing (Willis, 2013). The results of confined and unconfined E* testing
which can be seewmn a logarithmic scale in Figure 2.22 and on an arithmetic scale in Figure
2.23,show that the SBS modified mixtun@donly slightly better cracking resistance than
the wet process GTR modified mixture (Willis, 2013). The performance of the field sections
was then evaluated a year after placement in 2011. \(@0is3) explains that three
subsections 100 feet long were randomly chosen to assess the cracking in both the wet
process GTR and SBS modified test sections. Cracking was monitored visuallywasd it
determined that both sections were free of cracks (Willis, 2013). Longer duration field testing
may be necessariioweverto truly evaluate the field performance of the wet process GTR

modified mixture relative to the SBS modified mixture.
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Figure 2.22: E* Master Curves on Logarithmic Scale(Willis, 2013)
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Figure 2.23: E* Master Curves on Arithmetic Scale(Willis, 2013)

Using the same blend pblyolefinandaramidsynthetic fibers as in tH®EAL-CT

experimentAlfalah et al.(2020) conductedn E* experimenbn asphalt mixturedt was
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determined thathe modulus values for all the fiber reinforced asphalt mixtuvagh can be
found in Figure 2.24jare similar to or slightly lower than the control mixture at higher
frequencied Alfalah et al., 202] Since the differences were noted to be small or
nonexistent, the findingadicate thathe fibers usetiave flittle impact on the cracking
performance o f t h eAlfatal et dl.,.2028 This ¢onclusions consisént with the
results of thdDEAL -CT test that was conducted by the same researchiéatah et al.,
2020.
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Figure 2.24:E* Master Curves on Logarithmic Scale(Alfalah et al., 2020)

Using the same blend of polyolefin and arasydthetic fiberandwax-treated aramid
fibers as in th&CBexperimentMuftah et al.(2017) conducted mE* experiment on asphalt
mixturesthat were placed in the field for a project as well as field caites results did not
show any notable differences between the fiber reinforced mixtures and control mixture at
low and high temperatures(iftah et al., 201) It was documented, howevénat an
ANOVA analysis revealed there was a significant difference between the control mixture and
the polyolefin and ar amaniterniedidiedemperatuie off/@F c e d
and at a frequency of 1 HzMftah et al., 201} This may suggs that the fibers impacted
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the modulus of the mixture for those specific conditions, but since it was the only significant
difference discovered it may be due to inherent variability of the samples or testing. Other
than the one variation, the ANOVA ansly indicatedhatiino significant difference in the
dynamic modulus valuesexisted so t he researchers concl uded
affect the performance of the mixturdduftah et al., 201} This conclusiorconcurswith
the results of th&CB test that was conducted by the same researdieftah et al., 201y

For the OTthecrack progression ra{é) parameter is calculated from test data and used
to determine theeflectivecracking resistance of asphalt mixtures (Yin et al., 2(2tre
2.25 shows the test setup, where the specimen is cut in several places and glued to two steel
plates. One plate is fixed, while the other moves back and forth. A crack propagates from the
bottom of the speci men wh e bemeasuredihelaverb bot h p
is, the better cracking resistance a mixture has.

150 mm (6 in.)

Steel plates 75 mm (3 in.)

38 mm (1.5 in.)

s
o -

% Ram direction
Gap Movable plate

Fixed plate 4 mm (0.16in.)

Figure 2.25:0T Setup(ifCent er f or Transportap0@n | nfr a

Usingthe samavet process rPE incorporatias in thdDEAL-CT experiment, Yin et al.
(2021) conducted a@T experiment involving several different asphalt mixtuiidse
mixtures were the same as in the IDEBI experiment, except in the OT experiment all
mixtures werelong er m aged. I't was det e hathaloned t hat tFh

averageb value than the three modified mixture® whi ch can be seen in
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was al s o the diffeeente wab reot statistically significant if considering the
variability of the OT results Yif et al., 202). The findings showhat using rPE or
r PE+RET a sdidaat skent to affectsthe feflective cracking resistance of asphalt

mixtures after longerm agin@® Yig et al., 202}
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Figure 2.26:0T b Re s u lTersn Aged AsphaltiVigxtures (Yin et al., 2021)

From the l@oratory and field experiments presented in this literature review, it is clear
that more testing needs to be conducted on mixtures utilizing the new additive types. Some of
the existing test results agree on whether the additives improve cracking cesigtaite
others disagree. For example, it appears that tests such &8TheéDEAL-CT, and E*
agree that GTR decreases the cracking resistance of a mixture, even though some researchers
claim that this trend is inconsistent with field performamt@wever, the SCB test has shown
that dry process GTR can increase the cracking resistance of a nfsiurBE, the-FIT
and IDEAL-CT agree that it decreases the cracking resistance of a mixture, but the OT test
has shown that wet process rPE might not atfez cracking resistance of a mixture. For
synthetic fibers, though, the general consensus of the IDERALSCB, and E* is that they

do not affect the cracking resistance of mixtures at low or manufacturer dosages. However,
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some tests have shown that &iag resistance is increased when fibers are included at

higher dosages.

2.4 Additive Group Experiment Phase |: Methodology and Publicly Available Results
As mentioned in Chapter 1, Phase | of the AG Experiment inv@kedaninary efforts,
such as limited laboratory characterization and predictive structural analyses for several
experimental and control mixtureBhat effort is presented here as part ofghblicly
available information that sponsors agreed to share in an anonymous fashion. Due to NDAs
within Phase I, the particular technologies that were used will not be identified in this
literature review to presenamonymity and each additive will beeferred to by the random
number assigned to it in a previous stuflynm et al., 202p
For this investigation, a typical dergeaded mixture design was used to make 12

mixtures. Two of the mixtures were used as controls, with one using R&wGinodified
asphalt binder and the other using P&2&BS modifiedasphalt binder. The remaining
mixtures were experimental, each utilizing a different new asphalt additive. Two of the
additive modified mixtures were plant produced and had their own respeativel co
mixtures. E* and Cyclic Fatigue tests were conducted on each migtdegermine its
stiffness and fatigue damage characteristics (Timm et al., ZDR@Yesults of these tests
were then used as inputs in the WESLEA for Windows Version 3.0 anB RexEE 1. 1
programs fopavement structural design analyssng a pavement crosgction that was
planned for the fulscale accelerated pavement evaluation on the NCAT Test {rawcin
et al., 2022 The WESLEA analysis yielded a predicted the numbeydtks to bottorup
fatigue cracking failure. The Fl exPAVEE anal
(% damage) value due to bottamp fatigue cracking as well as tdpwn cracking Timm et
al., 2022. Both analyses were then iterated widltying pavement thickness until equivalent
layer thicknesses and provisional structural coefficienjsifare determined for each
additive modified mixture relative to the SBS modified control mixtiiien(n et al., 202p
Figure 2.27 presents a flow chéor this AG Phase | methodology. From all the laboratory
and predictive structural analysis data, sponsors were able to compare the various additive
modified mixtures to the control mixtures and make informed decisions about aduitive

modified testsectiongo construct at the NCAT Test Track.
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Figure 2.27: AG Phase | Methodology Flow Chart (Timm et al., 2022)

As documented by Timm et al. (2022), a 12.5 mm nominal maximum aggregate size
(NMAS) densegraded mixture was used for mixture design. Tidure included a blend of
granite and manufactured sand as well as 20% RAP Baghouse fines were also added at 1.0%
by weight ofaggregate taccount for potential aggregate breakdaimning production The
mixture design was first created with F622 SBS modified asphalt binder. It was found
that the performance optimum binder content (OBC) of the mixture was 5.6%. At OBC, the
mixture had 4.4% air voids and 15.9% voids in the mineral aggregate (VMA) at a design
compaction effort (sign of 60 gyrations. The OBC was selected using a BMD approach
involving the IDEAL-CT and the Hamburg Wheel Tracking Test (HWTT) (AASHTO T
324). The IDEAL-CT and HWTT were conductedonshbre r m aged f or 4 hour
(AASHTO R 30). The IDEAECT was performed @& 5e C t o eval uate inter.:i
temperature cracking resistance. The HWTT wa
resistance. The mixture at OBC had an averagg& ®f 54.1 and an average rut depth of

2.5 mm at 20,000 passes with no signs of stripping.
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As further documented by Timm et al. (2022), E* testing was conducted onsineall
cylindrical gyratory specimens using an Asphalt Mixture Performance Tester (AMPT).
Triplicate specimens were prepared accordingAGHTO PP99-19, and each was tested
with nine temperaturading frequencgombinations, which included three test
temperatures (i.e., 4, 20, and 40°C) and three loading freqa¢neiel0, 1, and 0.1 HzAn
E* master curve was then constructed via the process outlidediSRITO R 8417. Also,
the modulus value at 20eC and 10 Hz was
mixtures. Table 2.2 compiles the Efaster curve coefficients of the 12 laboratory tomis,
including the PG57-22, PG 7&22 control, and ten additivaeodified experimental mixures.

It should be oted that thetwo other plant produced additimeodified mixtures and their
respectiveeontrolmixturesare not includeah the tableo preserve anonymityFigure 2.28
shows the E* master curves for the PG2@7and PG 7&2 control mixtures for

visualization purposes. Figure 2.29 presents all the modulus values determined from E*
testing at 20C and 10 Hz. In Figure 2.29, error bars represent one staadatidmal An
ANOVA analysisxt U = 0. 05) wi dtakistical greupiggs waa conducied te
statistically rank the E* resultsvith the resulting groups being shown in Figure 2.29
Mixtures that do not share a letter are significantly differssthedifferences in E* stiffness
values at 20°C and 1z between the experimental and control mixegraaily due to the

effect of the additives.

Table 2.2: E* Master Curve Fitting Coefficients (Timm et al., 2022)

Max E*

Mix ID (ksi) Delta (8) Beta () Gamma (y) AE, R’
67-22 Control 3,127.6 1.2 -1.295 -0.435 209,472 0.999
76-22 Control 3,168.6 1.2 -1.329 -0.465 209,589 0.999

Additive 1 3,122.9 1.1 -1.410 -0.433 211,595 0.999
Additive 2 3,168.0 4.7 -1.128 -0.488 206,687 0.998
Additive 3 3,112.9 1.3 -1.156 -0.410 210,310 1.000
Additive 4 3,130.0 1.8 -1.303 -0.447 208,325 0.998
Additive 5 3,117.1 1.0 -1.336 -0.420 212,789 0.999
Additive 6 3,170.6 2.9 -1.196 -0.458 206,956 0.999
Additive 7 3,166.4 2.4 -1.245 -0.424 211,137 0.999
Additive 8 3,155.9 1.1 -1.337 -0.353 217,361 1.000
Additive 9 3,154.8 0.7 -1.402 -0.456 209,576 0.999
Additive 10 3,160.3 1.7 -1.241 -0.453 211,459 0.999
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Figure 2.28: E* Master Curves of PG67-22 and PG 7622 Control Mixtures (Timm
et al., 2022)
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The Cyclic Fatigue test was also conductedmaltsize cylindrical gyratory specimens
using anAMPT. As described by Timm et al. (2BR triplicate specimens were again
prepared, and each was tested accordidgA®HTO TP 13319. The test temperature of
21eC was c ho <lenate hightesngeratuoergradequaement of the mix design
and the frequency was held constant at 10THz main output was a plot wiixture
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modulus and phase angle versus the number of loading cyiflespecimen failure being
determined by the point whetige phase angle peaked and started to offfofd he

corresponding number of cycles at this failure point was designated as the number of cycles
to failure (N). For analysis of this data, a damage characteristic curve was constyicted
plotting the mixture pseudstiffness as a material integrity parater (C) on the-axis

against the damage parameter (S) on thgix This GversusS curverepresents the
fundamentatlamage characteristics of the mixture, which is independent of test temperature
and loading frequencyl.he predicted Nat strain levks varying from 100 to 600 microstrain

(¢ at wag dete@ined by applying the simplified viscoelastic continuum damage (S
VECD) model to the test dat@ihese predicted{Nalues were then fitted with a power

function trendline to construct the pre@dtN-versusStrain curves. Table 2.3 summarizes

the fitting coefficients of the @ersusS and NfversusStrain curves fronthe Cyclic Fatigue

test Figure 2.30 and Figure 2.31 show the GversusS and NfversusStrain curves
respectivelypf the PG 6722 andPG 7622 control mixuresfor visualization purposes

(Timm et al., 2022 In Figure 2.30, th€-versusS curve of the PG 782 control miture

was longer and plotted above the curve of the P@Z3bntrol mixure, which indicateghat

the PG 6722 control mixurewas more susceptible to fatigue damage in disrdion.This
inference can also be made from Figure 2ndiere the PG 722 control mixureyielded
consistently higher predicted Malues at all strain levelsd, therefore was expectetb

have better fatigue damage resistance than the A2 6@ntrol mixure
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Table 2.3:Cyclic Fatigue GversusS and NfversusStrain Curve Fitting

Coefficients (Timm et al., 2022)

C-versus-S Curve

Ngversus-Strain Curve

sl LD Ci Cn S A B
PG 67-22 Control 0.00228 0486 160.000 2 61E+21 7.085
PG 76-22 Control 0.00235 0.477 200.000 1.06E+23 7.553
Additive 1 0.00206 0487 200.000 1.30E+22 7245
Additive 2 0.00221 0473 280.000 6.38E+23 7774
Additive 3 0.00226 0496 160.000 3.54E123 7862
Additive 4 0.00179 0.506 170.000 7.18E+21 7303
Additive 5 0.00207 0496 160.000 6.38E+22 7,550
Additive 6 0.00236 0472 210.000 2.05E+23 7.649
Additive 7 0.00226 0430 240.000 740E+23 7819
Additive 8 0.00271 0460 220.000 2.57E+25 8477
Additive 9 0.00207 0.496 160.000 7.13E+20 6.849
Additive 10 0.00186 0.499 180.000 3.81E+22 7.490

Pseudo Stiffness (C)

0

——PG 67-22 Control

50000

100000

——PG 76-22 Control

150000

Damage Parameter (S)

200000 250000

Figure 2.30: Cyclic Fatigue C-versusS Curve for PG 6722 and PG 7622 Control
Mixtures (Timm et al., 2022)
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Figure 2.31: Cyclic Fatigue N-versusStrain Curve for PG 67-22 and PG 7622
Control Mixtures (Timm et al., 2022)

The WESLEA analysis used layered elaatialysis taletermine tensile strain levels at
the bottom of the asphalt concrete (AC) layer in eddhe analyzed cross sections as
described by Timm et al., (2022). These cross sections included the two control mixtures (PG
67-22 unmodified binder aneG 7622 SBS modified binder) and the experimental additive
modified mixture. Granular base (GB) and subgrade layer properties were held constant.
Figure 2.32 shows one of the experimental additive modified pavement cross sections

alongside the two contraross sections.
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Figure 2.32: WESLEA Cross-Sections (Timm et al., 2022)

The moduli (E) of thesubgrade and GB layenbound materiaJsvhich can be found in
Figure 2.32were based on representative values obtained thimackcalculation oFWD
data fom previous research cycles at the Test Traeklpr and Timm, 2000 Typical
Poisson ratios were assumed for the materials and can also be found in Figure 2.32, and the
moduli of theasphalt layers were based on the E* testing at 20°C ahid {Dimm et al.,
2022 . 20eC was selected due to it being in t
the asphalt layer at the NCAT Test Traitks nearthe cyclic fatigue test temperature (21,°C)
and itcorresponds to the AASHTO reference temperattiG8°F used for asphalt structural
layer coefficientsThe cross sections were modeled as 5 inches of AC over 6 inches of GB to
simulate the planned AG cross sections at the NCAT Test Track. Simulated loadings were
20,000 Ibper axleor 5,000 Ib petire with an inflation pressure of approximately 100 psi,
which is meant to mimic the weight of the single axles on the trucks at the NCAT Test Track
(Timm et al., 2022

The tensile strain at the bottom of the AC was then determined from WESLEA analysis.
Thestrain values were used in ttiansfer functionswhich weregenerated from AMPT
cyclic fatigue testingand N was estimated for each sectidnnim et al., 202 Examples
of the transfer functions and Malues are shown above the cross sections in Figure 2.32, and
Figure 2.33 presents all the Walues.t should be noted that the Malues do not include
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lab-to-field shift factors, so they are only used to compare to othealdes and against %

damageor edi cti ons made vilimmd&a.e202AVEE anal ysis |
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Figure 2.33: WESLEA Nt Values (Timm et al., 2022)

WESLEA was then used to conduct additional simulations to determine the required
thickness to the nearest 0.1 inch of the unmodified R@&263ontrol and additive modified
experimental cross sections to yield approximately the saras the PG 722 contol cross
section Timm et al., 2022 The material properties were held constant, except for the AC
layer thicknesses of tHeG 6722 control and additive modified experimental cross sections
Figure 2.34 shows all the equivalent AC thickness vallles.cetermined thicknesses ranged
from 4.5 to 5.7 inchesand & expected, the tureswith thehighest predictedlls values

translated to the thinnest equivalent AC thickesss

43



3 7

S o 56 57 83 ., 57 44
g 50 5.1 534 - 5.
= 5 | 4.5 g o

g

= 4

H -

v 3

-

s 2

D

2

2 0

= &@\ &&0\ . @\ . 42:» . Ac:b . &b‘ . @6 &b . ch:\ . Qefb s\co, Q\Q

FCEIFIFIFTFIFIFTHFIFTTE &"‘A

RN I I R
&S G

¥ R

Figure 2.34: WESLEA Equivalent AC Thicknesses (Timm et al., 2022)

Theresulting equivalent thicknesses were then used to calcubatdues for use in the
AASHTO 1993Design Guide of Pavement Structu(€gnm et al., 2022 An a of 0.54 was
assumed for the PG 78 control cross section since it is therent value used for this
material by the Alabama Department of Transportat@hen this ais multiplied by the AC
layer thickness of 5 inches, a structural number (SN) as2iétermined for the AC layer
(Timm et al., 202p Structural coefficients for theG 6722 control and additive modified
experimental cross sectiomse r e t h e n ddividiegr2./mbyrihe dorrdspondiing
estimatedhicknesses from the WESLEA simutath s © nc e t tesigneda®e r e 0
structurally equivalent (i.e., SN = 2. Bigure 2.35 presents all thevalues. The determined
a1 values ranged fror@.47to 0.6Q and as expectethe mixtureswith the highest predicted
Nf values andhinnestequivalent AC thicknesstranslated to the highest structural
coefficients What was unexpected, however, was the factlieastructural coefficients all
exceeded the commonly used value of 0.44 but wefiebelow the maximum reported value
from theAmerican Association of State Highway Offici§flSASHO) Road Testwhich was
0.83(Highway Research Board962).
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Figure 2.35: WESLEA a1 Values (Timm et al., 2022)
As documented by Timm et al . viccddate) , t he

continuum damagtheory to account for the effects of loading rate and temperature on the
asphalt pavement response digtress mechanisnamdthreedimensional finite element
analysis with moving load® compute the mechanical response under various traffic.loads
The EnhancethtegratedClimatic Model (EICM)i s i ncor porated into
provide realistic climatic conditions for pavement response calculationseafudmarce
predictions.

The inputs used for the | e x P Af&ti§uE crackinganalysis were selected to closely
mimic the traffic, climate, and subgrade conditions ofNIBAT Test Track as well as the

anticipated pavement structure of th& Axperimen{Timm etal., 2023. The inputs were

aligned with WESLEA inputs when possible to minimize differences between the analyses.
Table 2.4 summarizes the Fl exPAVEE inputs.
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Table 2.4: FlexPAVEE I nputs (Timm e

Pavement type new pavement

pavement performance analysis (fatigug

Analysis option cracking only)

Pavement design life 2 years
Pavement structure 3-layer pavement
AC layer varying thickness, using E* and Cyclic

Fatigue test results as material inputs

6 inches, modulus = 10,000 pBio i s S

GB layer ratio = 0.40

infinite layer, modulus = 30,000 psi,

Subgrade layer Poi ssonds rat.i

EICM temperature profile for Troy, AL

Climate data (closest location to Auburn, AL in
FIl ex PAVEE)
single axle, dual tires 1&ip axle load,
Traffic data design speed = 45 mph, daily ESAL =

13,699 (to simulate 10 million ESALSs ove

2 years), no traffic growth

Examples of the resulting % damage values
seen in Figure 2.36. From the curves, it is evident that % damage decreases as the AC layer
thickness increases, whichdee to enhanced structural capacity of the pave(fiémm et
al., 2022. Figure 2.37 shows the % damage values for all the mixturebe@&n additive
modified experimental mixres, fourwere predicted toutperform the PG 782 SBS
control mixurein termsof the predicted cracking performare® deternmed by
FIl exPAVEE. Al | t tureserceppome (iekdditivd 9% Had alawer
predicted percent damagend therefore better predicted cracking performahes, the PG

67-22 control mixure
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Similar to the WESLEA analysis, iterative

using varying AC layer thicknesses for & 6722 control and additive modified
experimental cross sectionstil an equivalent thickness to the PG2Z&Bcontrol cross
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sectionwas determinedlimm et al., 2022 However, instead of iNthe% damagef thePG

76-22 control crosssectiomas t he target valwue for the iter
Figure 2.38 presents the equivalent AC thickness values. Then the provisiwaal a

computed using the same methodology as in the WESLEA analysisi(et al., 202p

Figure 2.39 shows the calculatedvalues.The equivalenAC layerthicknesses of the

experimental mitures varied from 4.3 to 5.8 incheghile the provisionab; valuesvaried

from 0.47 to 0.67. Overall, the results indicate that many of the asphalt adeitalaated

have the potential to improve the structural capacity of asphalt mixbhassd orthe

predi cted cracking p eHofecertmaeyeeaiferencéftom the AV E E

control mixturesseems to vargreatly from additive to additive.
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After both WESLEA and Fl exPAVEE analyses w
similarities between the results were noticed. Direct comparisons, which can be seen in
Figures 2.40, 2.41, and 2.42, were then made to nheadycunderstand the relationship
between the two distinctly different analysis methods. It should be noted that the figures
include data from the four plant produced mixtures that were not presented previcusty (
et al., 2022 From the figures, it isvident that all comparisons show relatively strong
correlations (RO0.86). The researchers noted that the two analysis metliodsng from
the same set of laboratory data but using very different perfornpaedietion approaches
arrived at sstrong and reasonable (i.e., % fatigue damage decreases with incressier
of cycles to failure) correlatiofTimm et al., 202 The regression equation in Figiz&0
can be used as a waypredictF | e x P A% damage from the WESLEN; analysis and
vice versa over the range afnditionsthat wereevaluated in this stud¥figure2.41shows
the equivalent AC thicknesses determinetithe two methodologies, with linear
regressiorirendine forced through a-ihch y-intercept.On average, thievo mehods
produce almost the same equivalent thickness. Againstimgeresting giverthat the two
approaches are extremely different in terms of compleSityilar statementsanbe made
regarding Figur@.42,where the structural coefficients are compdretiveen the two

approaches. ThHenear trendlineonce againndicateshatt he resul t s from t he
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and WESLEA analysesrenearly identicalHowever, hedata in Figure.42 isnot
surprising, given Figurg.41, sinceit is simply transformed from equivaletiticknesgsto &
valuesby dividing a constant number by the equivalent thicknesses

Also, even though they show nearly identical results in Figures 2.41 and 2.42, two
mixturesfall relatively farther from the linear éndlines. It is not known why this is the case,

butit will be addressed as part of tA& Experiment
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Due to these strong correlations, a framework could be established to rapidly predict and
evaluate the performance of additive modified mixtures using one or bothafdlysis
methods. Another goal of Phases I, llla, and Illb of the AG Experiment is to determine

whether this possibility is viable or if the methods should be refined.

2.5Summary

This literature review introdudghe new asphalt additive technologies thatralevant
to the AG Experimentisted and discusseqmbtentialbenefits and concerns of each of the
new asphalt additive technologigsesentedome pevious testing and studies involving the
new asphalt additive technologjesdstated and discusséuke methods and publicly
available results of the AG Experiment: Phase | study.

It was found from reviewing literature about laboratory and field studies that more testing
needs to be conducted omxtures utilizing the new additive typeEhe various studs
conflicted regarding the roles of GTR and rPE in altering mixture cracking performance.
However, it is generally agreed that synthetic filwkrsot affect the cracking resistance of
mixtures at low or manufacturer dosaggésme tests show that synibdibers may increase
mixture cracking resistance whirtluded at higher dosagdablough.

From reviewing thgublicly available results of Phasdtlwas determined thatsldnd %
damage values for the additive modified mixtures, which were derived from WESLEA and
FI exPAVEE structural analyses, varied in ter
mixtures. The same trend, as well as the expected trend of decreasing egéi@alent
thickness and increasing @ N increased and % damage decreased, was observed in the
calculated values for the additive modified mixtures. What was unexpected, however, was
the fact that the values deter mi nendvaltesom t he
calculated from them correlated extremely wefl (7®.86). This was not expected due to the
vastly different approaches and differing levels of complexity associated with the analysis
methods. Regardless, both methods may potentially alloviadéaraipid evaluation of additive
modified mixture performance. To this end, a godPbéses I, llla, and IlIb of the AG

Experiments to determine the viability of the different structural analysis methods.
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CHAPTER 3

Additive Group Experiment Phasell: Construction

Once the preliminary work of Phase | was completed, the sponsors chose five new
asphalt additives to include in the construction of test sections at the NCAT Test Track. The
chosen additives are presented in Table 3.1, along with tleéimrseesignations and
descriptions. From this point on, the sections will be referred to in this thesis by their
respective descriptions and section numbers for brevity.

Table 3.1: AG Experiment Test Sectiorinformation

Section Non-SBSAdditive Technology Description
N1 Smart MI XE (Liberty T GTRDry
N2 Terminal Blended (TB) Rubber Binder (Entech, Inc.) GTRWet
N5 ACE XPE (Surface Tg¢ Aramid
N7 N/A Ctrl
S5 Generic Pos€onsumer Recycled (PCR) Plastics DryPlastic
S6 LLDPE+ELVALOYE®RET (| WetPlastic

As discussed previously, fedicale testing is necessary to comprehensively characterize
and evaluate the additive modified mixtures. So, the sections were constructed and
instrumented with asphalt strain gauges (ASGSs), earth pressure cells (EPCs), and
the mocoupl e temperature probes to monitor the
accelerated loading is applied. This chapter presents the instrumentation process and overall
construction of the AG Experiment sections.
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3.1lInstrumentation
3.1.1 Layout and Purpose

The various instruments embedded within th
response to traffic and the environment. ASGs measutetimntalstrain response of the
pavement, EPCs measure ttegtical pressure that the pavement experesnand
thermocouple temperature probes measure the temperature of the paVément.
instrumentation scheme and installation process was consistent with recent NCAT Test Track
construction cycles and was implemented into the 2021 research cycle with few
madifications Timm et al., 2009McCarty, 2020). For instance, the one notable difference
between the 2021 Test Track cycle construction and previous cycle construction is that
pandemierelated supply chain issues delayed the shipment of many ASGs. Tys del
caused several ASGs that were intended to be used on another project to be utilized in the
2021 Test Track cycle construction. Therefore, some sections were instrumented with ASGs
from different batches, but all met the quality standards for the Task.Tfhe primary
difference was the length of wires attached to the gauge itself, which did not prove
problematic.

In each section, twelve ASGs were placed at the bottom of the asphalt concrete (AC)
layer, an EPC was placed at the of the granular bag&B) layer and another EPC was
placed at the top of the subgrade soil to measure the structural response of the pavement
sections. A bundle of thermocouple temperature probes was also assembled to measure
temperatures at thep, middle, and bottom of th&C layer and3 inches into the GB layer.
This probe was inserted into the sections to capture the tempeayatdient through the
depth of the pavementhe ASGs consisted of the Geocomx 6 @nodel with 30foot
leadsas well as 15@oot leads. The EPCs were all the Gedk86002-250KPAmodel
semiconductor with 3@oot leadsFinally, thethermocouple temperature prolvesre all the
CampbellScientifi®® 108-U-L30-PT model with permanent temperature measurement and
type J thermocouple3hese ASGs, EPCs, atftermocouple temperature prolas shown
in Figures 3.1, 3.2, and 3.3, respectively.
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Figure 3.2: Geokor? EPC (McCarty, 2020)
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Figure 3.3: Campbell Scientific® Thermocouple Temperature Probe Bundle
(McCarty, 2020)

Figure 3.4 depicts and numbers the ASG and EPC layout in planMewASGs were
assigned to channels 1 through While the EPCs were assigned to channels 13 and 14
the DATAQ data acquisition systefhhe instrument layout, or gauge array, was centered
over the outside wheel path (OWP) to ensure that peak responses of truck passes were
captured and that natural wheel ianwas taken into accoufithe gaugeswithin the gauge
array werespacedrom centerat 2foot incrementsHowever gauge 14vas an exception
since itwasspaced from centett 4 feet from the nearest ASG to provide sufficient spacing
for theEPCtransduer. Also, based on past Test Track measurements illustrating that the
maximum tensile strain came from responses in the direction of traffiddngitudinal
strain), the ASGs werenly oriented longitudinallyn all of the AG Experiment sections
(Timm and Priest, 2008).
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Figure 3.4: Gauge Array for AG Experiment Sections

3.1.2 Calibration

The ASG and EPC local calibration procedures, as documented by McCarty (2020), were
utilized for the gauges in the AG Experiment sections. The ASG calibration procedure
involves ensuring gauge functionality and obtains a voltagerain calibration facto Each
ASG was wired into the DATAQ data acquisition system to record voltage signals and
mounted into a calibration jig to apply tension to the ASG. Displacement values were noted
as tension is applied, allowing strain to be calculated. Two loadingrdoaiding cycles
were applied as a repeatability check. The gauge factor was then determined from the slope
of the linear trendline of the plotted microstrain versus voltage ptmntisidual gauge
factors were determined, but the ASG gauge factors weieatly around 500
microstraiVolt.

The EPC calibration process also involeasuring gauge functionalitfach EPC was
wired into the DATAQ to record voltage signals gidced into thevaterfilled chambeto
apply compressive stress to the EPC. Presglues were recorded as compressive stress
was appliedTwo loading and unloading cycles wexgainapplied as a repeatability check.
The gauge factor was then determined from the slope of the linear trendline of the plotted

pressurezersus voltage points. TiEPCgauge factors are typically aroui® psi/Volt
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The detailed calibration data for each gainthe AG Experimentsectionsan be seen
in AppendixA. The resulting calibration factor of each gauge for the sections can be viewed

in Appendix B along with the gauge assignmefuiseach test section

3.1.3 Installation
After all the gauges were calilvea, installation within the AG Experiment sections

commenced in coordination with the pavement construction schedule. Installation of the
gauges was similar to that of previous test cycles. For each section, the subgrade EPC was
installed first. Thegauges wi re was threaded into flexible
get pinched or cut by aggregate or equipment during construction. Next, the gauge and
conduit were placed on the subgrade according to the layout pictured in Figure 3.4. Spray
paint was lhen used to mark the placement, allowing the gauge and conduit to be removed. A
trench was then dug in the subgrade along the spray paint guidelines for the conduit to lie in,
as seen in Figure 3.5. A shallow hole was also dug for the EPC itself. Subgitadzs
sieved through a #8 and a #16 sieve for placement underneath the EPC iblevekevith
thesubgradesurface and provide a layer of protection from larger startes-#8 material
was placed firstfollowed by a thin layer of fine##16 materialFigure 3.6 shows leveled
subgradd&ePC fromone of the section©nce leveledthe location of the EPC was
documented by a surveyor with a total station. ER€ waghencovered with more#16
and-#8 sulgradematerial The conduit was also placed in the trench and covered and
compacted with subgrade material that had | a
installed and covered subgrade EPC can be seen in Figure 3.7. Finally, an aggregate base was
placed, graded, and compacted on top of the subgrade. Construction equipment was used to
dump and work loads of aggregate base material on top of the covered subgrade EPC, as seen
in Figure 3.8.
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Figure 3.6: Leveled Sibgrade EPC
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Figure 3.7: Installed and Covered Subgrade EPC
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Figure 3.8: Aggregate Base Material Covering the Subgrade EPC
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After the aggregate base was placed and met moisture and density requirements, the base
layer EPC and ASGs were installed. The installation of the base layer EPC was exactly the
same as the installation of the subgrade EPC, except that aggregate baabwaateug
into and used as backfill instead of subgrade material.

ASG installation was also similar, but some aspects varleelgaugewires were again
threaded intgrotectiveflexible conduit.This process proved to be challenging and time
consumingdor the ASGs with 158oot leads. Thus, these ASGs were prepped using fish tape
beforehand and placed into buckets for transportability, which can be seen in Figure 3.9.

Then thegauge and condui were placed on theggregate bassccording to the layout

pictured in Figure 3.4. Spray paint wagainused to mark the placement, allowing the

gauges and conduit to be removeBligure 3.10 shows the gauges before remdvahches

werethen dug in theaggregate bassdong the spray paint guidelines for the dom to fit in,

as seen in Figure BL. The conduit waghenplaced in the trench and coveraad compacted

with aggregate bagseaterial that had large aggregate sieved framsti ng a .The& scr e e
installedASGs, as well as base layer ER@n be seen in Figurel2 having locations

documented by a surveyor with a total station
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Figure 3.9: Buckets Used to Prep and Transport 15800t Lead ASGs
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Figure 3.10: ASGs in Layout Before Trenches Were Dug
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Figure 3.11: Digging Aggregate Base rEnches
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Figure 3.12: Surveying Installed
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After all the gauges were installed in the subgrade and aggregate base layers, paving of
the Hot Mix Asphalt (HMA) layer began. Details about the different mixtures as well as the
various conditions associated with paving the AG Experiment sections emesd in later
sections of this chapter. The remainder of this section, however, focuses on how the ASGs
and base layer EPC were handled and monitored during paving.

As with previous Test Track cycles, the ASGs were farsked to theggregate base
using a blend of heatedsphalt bindefrom the mixture being placed asdnd as seen in
Figure 3.13This prevents the ASGs from moving from their documented locations during
paving. Next, mix was taken from the paver and sieved to remove large aggregatgusa 1 0
screen. The sieved mix material was thead to cover the gaugesan effortto ensure the
paver and compactodsd not pullthem outof the base layesr adverselyaffect ther
survivability. When covering the gauges, compressive force waseampol the mix over the
ASGs to prestrain them. It is believed that this helps them endure the extreme tensile strains
that occur as the construction equipment passes over. Finally, the mix was carefully
compacted with a tamping plate using constant presand a rocking motion. The pre
straining process, the compaction of the covering mix, and the pesany gauges are

shown in Figures 3.14, 3.15, and 3.16, respectively.

Ll e 4

Figure 3.13: Tacked Down ASG
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Figure 3.14: ASG PreStraining Process
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Figure 3.15:Compaction of theGauge Covering Mix

65



Figure 3.16: PavingReady Gauges

After the sections were paved and compacted, smoothness was deemed to be inadequate.
This was expected since only a single thick lift was used rather than the more conventional
multilift approach. Therefore, all sections underwent precision grindingcgut@atments.

The thicklift topic and method will be discussed in detail later in this chapter. However,
after all the sections were ground to a suitable smoothness and final AC layer thicknesses
were established, they were each retrofitted with a thesopde temperature prokgased

on past Test Track cyclethermocouple temperatupeobes werefound useful to structural
integrity researcllue tothe high correlatioawith AC mid-depth temperature, AC strain
levels, and AC elastic modulus determineamhirbackcalculation (Timm and Priest, 2008).
The probe wasstalledin the shoulder of the roadway to avoid being run over by trucks and
so that a hole was not cut in the middle of the secRartures were not taken during the
installation of the AG Experiment section thermocouple temperature probes, however,
picturestaken during an earlier Test Track reconstruction aydallation are shown for

demonstrative purposebhe process began kaw cuttingransverselyrom the pavement
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edge taabout a footnto the shouldeand verticallyaboutaninch into the pavemepas seen

in Figure 3.17. This cut was then repeated at an offset of about an inch. A vibrating hammer
drill was then used tohesel out the AC between the cuts, creatrghallow slot for the

probe wiresNext, avertical hole was drilled into the pavement daed wideenough so that

the probsefit andthatthe top of the probevasflush with thepavemensurface Figures 3.18

and 3.19 show the drilling and the hole, respectively. The probe and wires were then inserted
into the hole and slot, as shown in Figure 3.20. Finally, the probes were instrtée: hole

and slotusing roofing cementvhich can be seen in Figure 3.21.

Figure 3.18:Drilling Probe Hole (McCarty, 2020)
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Figure 3.19: Probe HolgMcCarty, 2020)

Figure 3.20:Probe in Hole andSlot (McCarty, 2020)
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Figure 3.21:Roofing CementApplication ProcesgMcCarty, 2020)

3.1.4 Survivability
Following paving, all EPCs and ASGs within the AG Experiment sections were checked
to see if they produced viable signals. Table@Besents these results as well as survivability
rates for each sectioA.green cell means that the gauge was found to be working properly,

while a red cell with an X means that the gauge was found to be inoperable.
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Table 32: Gauge Survivability for the AG Experiment Sectiors

N1 N2 N5 N7 S5 S6

Channel :
GTRDry | GTRWet | Aramid | Ctrl | DryPlastic | WetPlastic

OO N0~ WIN(F

14
Survivability
Rate

93% 86% 64% 50% 57% 71%

Although some ofhe sections have low gauge survivability rates, this is believed to be a
nonissue due to the redundancy in the gauge array as well as statistical checks that are built
into the data processing system, which will be explained in detail later in this thesis
Regardless, all EPCs are operable, and at least one ASG to the left, center, and right of the
OWP is working properly for all AG Experiment sections.

3.2Mixture Designs
As described earlier in this thesis, the mixtures for the AG Experiment sections were
designed using Balanced Mixture Design (BMD) and were dense graded. Each mix design is
presented later in this chapter. However, the plant configuration settings used to target the
mixture designs can be viewed in Tabld. Summaries of all the construatidata are also
included in Appendix C.
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Table 33: Plant Configuration Settings

% Setting
Component N1 N2 N5 N7 S5 S6
GTRDry GTRWet Aramid Ctrl DryPlastic WetPlastic
Binder Content 5.7 6.1 5.9 5.9 5.9 5.9
78 Granite 39.0
Sand 23.0
89 Granite 18.0
Processed RAP 20.0
Evotherm P25 0.5
Dry Additive / Fiber T%)fé? E(;:/r‘]) dbeyr) N/A | 2.10zfton | N/A AOQZ r(;/g"abtg) N/A

The binder content plant settings for thee®TRDry and N2GTRWet sections differ
from the rest of theections because they were dry and wet processes that were paved
consecutively on the same day from the same production plant. Adjustments had to be made
in the plant settings to ensure that the quality control (QC) binder content data was within
tolerance Also, the plant configuratiogifor the mixturesadd up tagreater than 100%
because East Alabama Paving Compavtyich is the plant that produced the mixtures,
operates the plant based on aggregate waigtdad ofon the total mixture weight. This
resuts in 100% forthe sum ofiggregatgercentagesilso, the EvotherniP25additive is
based on the weight of the binder coniestead othe weight othe mixture or aggregate.

The various asphalt binder performance grades (PG) that were utilized is¢hgsns
are presented in Table43All sections used a PG @2 base asphalt binder. TN2-
GTRWet andS6-WetPlastic sections utilized Entech, Inc. and Bavet process asphalt
additives, respectively, to modify the base binders to achieve X3 Biders. TheN5-
Aramid, N7-Ctrl, andS5-DryPlastic sections all utilizestyrenebutadienestyrene(SBS) to
modify the base binders to achieve PG226bindersThe modified asphalt binders were
delivered to th@roductionplant preblended so the binder contents detailed in Tabka&3e
associated with the blended binders. HoweverNth& TRDry section is slightly different
from the other sections in that ibels not utilize a modifier or wet process additive and
consequently has a lower graded high temperature, meaning that the binder is softer. The
decision to leave the base binder unmodified in this section was based on the expected grade
bump providedby#® Smart MI XE dry additive.
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Table 34: Asphalt Binder Performance Grades

N1 N2 N5 N7 S5 S6
GTRDry GTRWet | Aramid Ctrl DryPlastic | WetPlastic
PG 67-22 76-22 76-22 76-22 76-22 76-22
Modifier / Wet N/A | Entech, Inc.| SBS SBS SBS Dow®
Additive

The granite, sand, and Reclaimed AspRaltemen{RAP) used in the mixtures were
considered local to the Test Track, coming from nearby quarries and roadway projects.
Evotherm P25 was also utilized in the mixtures. This is a warm mix additive (WMA), which
canlower the temperatures required for pavingwever, another purpose isitaprove the
workability of the mixturewhich was the reason witywas used in the AG Experiment

sectionsThe improved workability likely aided compaatio

3.3Use ofThick-Lift Paving

Thick-lift paving was utilized for all the AG Experiment sections. This method was
chosen based on previous research conducted at the Test Track (McCarty, 2020). In this
research, a section was paved about 8 inches thick in one pasgciibe achieved
adequate density but had issues regarding smoothness and took a considerable amount of
time to cool since it was paved in the middle of the day. Precision grinding had to be used to
improve the smoothness to an acceptable level, and ll@tasmined that thickft sections
needed to be paved at night to allow for faster cooling.

The advantages of thidKt paving outweighed the disadvantages, though, for an
experiment of this kind. Thiekft pavements can be constructed in one liftjchteliminates
the possibility of slippage failure between lifts. This concept was crucial to the design of the
AG Experiment sections, as the intended mode of failure was bogidatigue cracking.
Failures at lift interfaces would prohibit the experimigom running as expected and could
interfere with the comparability of the sections and additives. Therefore, the AG Experiment
sections were designed and constructesl agchthick-lift pavements. Smoothness was an

issue again, so precision grindiwgscompletedafter paving all the sections.
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