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EXECUTIVE SUMMARY

Traditional asphalt mixturdsave generallynvolved relativelysimple combinatios of virgin
asphalt binder and aggregatesneetioad-bearing needs of the roads and surfaces. Accordingly,
simple tests such as Marshall Stability and Rleeveusedin an effective manndor asphalt
mixturescreening and quality control purposes. In recent years, there has beereeponlibf
aghalt ingredientavailable to designers, especially in the case of recycled materials,
compaction aides, and mixture performance and/or sustainability promoting products. Thes
includereclaimed asphalt pavement (RAP), recycled asphalt shingles (RA8),miaragen,
antistripping agents, rejuvenators, ground tire rubberggaad waste plastidhese modern,
heterogeneous asphalt mixtures exhibit more complex beles/mympared to earlier mixes
containing fewer ingredients and predominantly virgin male As a result, recent asphalt
mixes require advanced pemnfeance tests to account for these complexities, while factoring in
traffic and environmental loads for the given mixture type being designed.

According torecentliterature,mixture performancean be evaluated using various tests to
mitigate different distress types such as crackimiging, and moisture damage. In tipigoject
fourteendifferentmixtures produced in 201& mainlineand shouldersections across the
Tollway systenmwere selectetb characterize performantesting trends in current Tollway
mixtures and to study the ability tife different performance tests to predict pave@me
performanceTo this end, performance tests sucthaDC(T), I-FIT, IDEAL-CT, IDT,

Hamburg, and TSR were conducted on the collected plant produced mixtures. The process of
sample fabrication, ease of conditioning and testieggatabilityand ability tocorrectly rank
various Tollwaymix typeswas taken int@onsideration irselecing the appropriate performance
teststo be used in the Tollway’s mix design asplspkcification.The DC(T) test was found to
possess the best correlation to field performance, and significantly outpedftrenlFIT test in
ternms of test repeatability. Both theé=IT and IDEAL tests returned failing results for a number
of SMA mixes, and dense-graded mixes with high recycling content, which hditetally
performed well on the Tollway. This provided additional motivatioretain the DC(T) test as
the cracking test to be used in the Tollway’s asphalt mixture design spé&mificat

In addition to performance testing of plant-produced mixtures in 2018, various eristasy
including good and bad performing sections were ssdedtera site visit in Mayof 2019. In

this field investigation, the main distresseglos Tollwaywere identified. Also, several field
cores were obtained fromainlineand shoulder sections evaluate the laboratory performance
of existing asphalt miuresacrossa rangan-situ aging levelsAnalyzing the available field
performance data such as international roughness index (IRI), conditionsygdteg (CRS),

and rut depths and comparing them with laboratory testing results provided adethest to
establislupdated prformance test thresholéts the Tollway mixture design specification.

The analysis presented in this study, in conjunction with ibkkrvationded to the identification
of various cackingtypes as the primary disssebserved on Tollway mainline and shoulder
sections surfaced with asphalt. Rutting and strippiagewot found on ®llway asphalt surfaces
at the present tim&@he Diskshaped Compact Tension (DC(T)) test was chosen tetamedn
the performane related specificatio(PRS for the designof crackresistantmixturesdue to its
high degree otorrelation with field results and best repeatabilithe DC(T) fracture energy



values for different types of SMA and dergradedmixturesincluded in this studwerecomputed
after takingdfield aging, production and test variability into accouasystematic approach was
developed, which allowed diffent reliability levels to be addressed in the specification, along
with a consensus step take advantage of local practitioner experier®eilarly, for high
temperature performancéjamburg thresholds for binder cours@xtures were tailored for
different mixture types and use cadasome cases, by relaxing Hamburg requiremeletsignes
have more leeway in building crack resistance into the mixture and/or to utilies bigiounts of
recycled materialBecausestrippingappears to be absent under the current Tollway mix design
specification, only minor changes were recommended in the Hamburg strippewiantipoint
thresholds.For SMA mixtures, it was observed that lowt-depth mixes were sometimes
identified as having stripping potential in the lowa method. However, simildumras have not
exhibited stripping in the field. As asult, it is recommended that SMA mixtures with rut depths
less than or equal to 4.0 mm after 20,000 pasisesld be characterized as p&inpping anddo

not need to bassessedbr stripping potentialisingthe lowa methodBased orexperimental
results it is alsorecommended taise the Hamburg test in lieu of the TSR stripping test for
moisture sensitivity evaluation. In the event of failing results, the TSRctn be used as a
secondary method to assess adequate moisture resistance.
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Chapter 1

INTRODUCTION

1.1.Overview

Some eighty years ago, the Marshall stability and flow test and Hvebitosteter and
cohesiometer devices were developed to supplement asphalt binder purchasatspesifiod
volumetricsbased mix design methods by providitests on the mix.” In both cases, tests were
developed to provide bookends on high and low temperature asphalt pavement performance, i.e.,
rutting and durability/cracking. These were necessarily very simple, ealgasts run at room
temperature or higheasit was difficult to test in the low kservice temperature range in that
era, or to reliably measure fundamental material properties. In the late 8@ar@n90’s, the
Strategic Highway Research Program (SHRP) undertook an ambitiouarproggradially
improve asphalt binder purchase specifications, aggregate requiremefmse roanpaction,

and performanceased mixture tests with associated models. The SHRP program created
‘Superpave’ products such as the PG Binder specification, new collections of aggregate
consensus and source property tests, a new standardized asphalt gyratoryocpamuhct
provided minor changes and national standardization of mixture volumetric design psiacigle
use of the AASHTO 1283 tensile strength ratio test to exate moisture damage.

After much painstaking debate early in SHRP, it was agreed that fundamestgabére the key

to moving forwardrom the shortcomings of past, empirical, strengtimaterials, and torture

test approaches. For instance, one cans®binder penetration (PEN) values in a finite element
model to relate binder properties to ld@mperature crackin@n the other hanareep stiffness
from the bending beam rheometer is a fundamental measure and has been used iamdixture
pavement models to develop Superpave binder specification limits. However, in theeend, t
advancednixturetests and models that were developed and used to calibrate and validate the
Superpave PG binder specificatarre deemetb be too complicateth serve as replacements
for the Marshall stability and flow test or the Hveem mixture tests. For instavecef the tests:
the Superpave Shear Tester and Superpave IDT, were far too expensive, cumliengome,
consuming and variable to be practically used in mixturgydes

More than 25/ears hae passedince the completion of the SHRP program, and although the
asphalt community has produced PG-plus binder tests and has conducted extenstyetoesear
investigate simpler mixture performance tests (such as tests del/gldg€HRP 1-37A for use
with the M-E Pavement Design Guide), a national consensus on mixture performasite test
supplement volumetric mixture design still does not exist. In terms of permanemhdgbn, a

few tests have gradually been adopted by @gsrfor routine mix design of heavy volume
roadways, including the asphalt pavement analyzer, Hamburg wheel trackjranteflow

number test. Advances in applying fracture mechanics principles to asphaéiteanottures

have led to the development of new, robust fracture tests, which show promise as toats that ¢
accompany volumetric mix design to limit pavement cracking. Adding to this saaenamber



of newly developed or re-vamped empirical mix cracking tests. Thus, there aréarrmim
fundamental and empirical cracking tests being proposed at this time, which itehuatiek-
shaped compact tension test (ASTM D7313), the Texas overlay test, sevesiktaating from
the semicircular bend test geometry (fracture toughness, fracture energyeaidifly index),
and several revamped IEdased tests, such as the NCAT ID#keNactor test. A brief review of
the current literature is included in Appendix\&Xhile a few agencies have investigated
performance specifications for asphalt mixturemne of them have led to the establishment of a
rigorously calibrategherformanceelatedspecification(NCHRP 492 Synthesis). The lllinois
Tollway was one of théirst agenciedo investigate, and to adopt, modeerformanceelated
specfications for asphalt pavements. The Tollway now seeks to validate andlve their
performancebased asphalt specification.

While the rutting test debate has settled down with the successful implementation of the
Hamburg wheel tracking test in manwgtsts, a number of interconnected factors have
undoubtedly clouded the national debate on mixtuaeking performance tests. These
complicating factorénclude:

1) the existence of many cracking forms, including single eventdawerature (thermal)
cracking, thermal fatigue cracking, block cracking, top-down cracking, bottom-up
(traditional) fatigue cracking, reflective cracking (which is furttleuded by the
important role of the underlying pavement in the development of this distress), and
interface debonding and cracking;

2) the differing mechanisms behind each of these cracking forms;

3) the differing pavement configurations, climatic conditions, anfidrednditions
nationwide, leading to differences in cracking types observed and subsequsitrsefe
cracking performance tests;

4) the moving target resulting from constant changes in binder refiningledayaterial
types and amounts, use of ad8 such as warmix, antistrip, rejuvenators, and
REOB, and;

5) adjustments to Superpave mix design volumetrics that have been proposed to address
higher recycling amounts, such as lowering the target air voids, use of a binder
availability factor for reycled asphalt shingles, and/or raising the required VMA or
volume of effective binder for mixtures with higher binder replacement.

With the Tollway’'s emphasis on constructing and maintaining high volume expigsdvigh
performing asphalt mixtures areaued to ensure durable, lolagting pavements. The use of
validated and improveplerformanceelated specifications (PR8&puld also lead to lower
maintenanc@eeds|ower mix costsandreduced usedelays Asphalt mixture test methods in a
practitionerfriendly PRSshouldbe repeatablestraightforward commercially available and
sufficiently standardizedTheyshould also reliably contréhe most critical distresses identified
by the owner (Tollway). The types of critical distresses to be controllgdifiar when
developing PRS limits fasurface mixes, binder course mixasdshoulder mixes. In theory, a
benefit arising from adoption of performanagated mixture specifications is the ability to



provide additionaflexibility to the mix designer byelaxing or removing any over-constrained
method-based requirements (gradation bands,tdtestphalt ratio range). This should be
simultaneously investigated to shorten the PRS development and implementatioragyuie, s
time and money.

On the basis of these needs, this research investigation invateedpaehensive literature

review, extensivéaboratory and field investigations, frequent consultation with Tollway and
area practitionersliscussions withelated agencies, analysis and ranking of tested on
numerous metrics, and the evaluation, evolution, and consensus-based tuning of the Tollway
asphalt mixture PRfr a range ofnixture typesPosition in the pavement; i.e., surface vs. non-
surface, and mainline vs. shoulgeas also considered

1.2. ResearchQuestions
The key research questions posed in the research study included:

X What are the most critical flexible pavement or asphalt overlay distressesaiotitmted
by a new performaneeslated mixture specification to be used by the Tollway?

X Based on the distresses to be controlled, which mixture performance tests aiadesissoc
limits or ranges can be used to most reliably and effectively control tretsesdes over
the design life in a cosffective and practical manner?

X Has the Hamburg device successfully eliminated the need for AASHZEBTTSR)?

X Which test devices have the versatility to be adapted and used to obtain other
fundamental properties and performance measures for research/forepssgepuand
possibly for the development future performance measures as materials, recycling, and
pavement practices evolve?

x Can all of the critical cracking forms be controlled by a single test, or dtplatests
needed?

X If only one cracking test can be employed from a practical stamgigbiould it be at
intermediate temperature or low temperature?

x If a low temperature test is selected, would cracking at intermediate tempeaddarbe
sufficiently controlled by the test, or would changes in mixture volumetrics beaéed
fill the gap?

x If an intermediate temperature test is selected, how would low temperature gtaekin
controlled, such as by testing of the recovered binder for mixtures, partiouteety
higher recycling levels are used?

x Finally, can any mixture volumetric critetge eliminated or relaxed in light of the
mixture performance tests? In theory, the use of mixture performance testsgbemul
the door for mix design flexibility and innovation, which might mean relagritgria
such aglust proportion requirements, VTM target range, and VFA. To be truly
performancebased, method-based specification aspects should in theory be eliminated.
Practically, methodbased specification aspects should be minimized and/or relaxed as
appropriate.

Thekey tasks identified to addse these research questions were
x A comprehensive review of the literature and relevant project reports and atsurvey



identify the stateof-the-art for asphalt mixture performance-related testing methods, and
recent adjustments to Superpave mixture w@tric targets aimed at ensuring sufficient
binder content for mixture durability.

x Evaluating available performance tests used to predict or measure the resistance o
asphalt mixtures to distresses such as ruttingitémperature cracking, fatigue craogj
and moisture damage.

x Evaluation and calibration of the Tollway’s performamekted asphalt mix design
specificationjncluding evaluation of candidate cracking tests and adjustofient
specification limits for Tollway mix designs basedthatestingof samples obtained
from new and existing Tollway pavements, dnydcollecting and analyzing field
performance data.

x Updating the Tollway with quarterigports and frequent meetings of the technical
review panel

x Development of a comprehensifneal report, to includecalibrated updates to the
performancerelated specificationsed for thelesign of Illinois Tollway asphalt
mixtures.

1.3.Research ApproachDetailed Work Plan

After consultatiorwith the Technical Review Panel (TRR)detailed research plaras
developed, as follows.

1.3.1.Task 1: Literature Review

A thorough review of the available literature and ongoing project documentagnarried out
by the research teato determine the current stadéthepractice for asphalt mixtures testing
ard to identify thoseasphalt mixture performanctests thashould be included in a performance-
related specification for asphalt mixturégpendix Aprovides a preview of the available
current literature in the area of asphalt mixture performance tests and spengicabme of the
subtasks performed within Task 1 included:

X A comprehensive search of journal papers, conference papers, technical repogs, these
agency and industry websitess conducted

x Development and deployment of a brief, targeted survey administered to statayhitpl!
authorities and other related agencies in theMdS carried oufThe survey providedn
updated snapshot of the asphalt tests and specifications being used, developed or considered
by relate agencies, along with information regarding the objectives of theiffRuding:
which distresses are being addressed, and how; what test pro@duhesits are being
used; what recent changes in Superpave mixture volumetric design have been ushg; and w
how the PRS is being developed and validated, implications of added cost for mixture design
and asphalt bid prices and expected life extensidroaarall life cycle savings, and; lessons
learned during PRS development and implementation.

x A compilation ofthedraft and final literature search and survey synopses, after synthesizing,
analyzing, interpreting, and organizing the findings was produced.

X A meeting was helaith theTRPto review findings and to discuise approach for
developing the first roundf revisedPRSrecommendations. The desired scope of the study
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moving forwardwasalso discussed, for instance, to determine how much relative emphasis
to place on SMA surface mixes, and dense-graded mixes for lower lifts and shduldass
agreed that eobust PRS should be equally applicable to SMA and dgrasked mixes,
although volumetric and performance test limvtsuld obviouslydiffer between these mixes
This isdue to differences in their compositidheir usage (riding surface vs. structural or
shoulder use), the key distresses to be contrdhedypes and levels of recycled materials to
be incorporated, angd differences in desired mixture economics.

Task1 deliverablesLiterature Reviewgrovided inAppendix A).

1.3.2.Task 2: DrafRevisedPRS

A draft, revisedperformanceelated specification foFollway SMA and densegraded asphalt
mixtures, complete with sampling, testiagd mx volumetric target and rangecommendations

for implementation on nederm Tollway rehabilitation and reconstruction projetss to be
developedn this task The subtasks conducted and factors considered in the development of the
draftrevised specification included

X Review of past experiences and availability of performance test resmitgpfeviously
designed and constructed Tollway asphalt mixture sections, and informati@neghfrom
the literature review and survey.

X Review of ley distresses to be controlled in the PRS, including rutting, single event low-
temperature cracking, thermal fatigue cracking, block cracking, fatiguamgatép-down
and traditional bottom up), reflective cracking, raveling, moisture damage, arfdget
debonding. Obviously, iwvasnot anticipated that a practical, fuggneration PRS will be
able to directly address all of these common asphalt distress types. Howeiwggrttienal
prioritization and strategic selection of a suite of tests and assoamitsddased on the
identified prioritieswas targeted to arrive at affective and efficient firsgeneration PRS.
Directly or indirectly, the performance tests and mixture volumetric designges proposed
were to be chosen toitigate or significantly deter many of the listed distresses.

x A narrowly-focused and aggressively-scheduled laboratory stadperformed in the first
half of the study, designed to answer some of the critical research questioely; rdue
number and type of mixture cracking tests needed in the PRS; if and how adjustments t
Superpave mixture volumetrics can be used along with a single selected mixthkregr
performance test to effectively control multiple forms of pavement cracking jfdow
temperature binder tests tire recovered binder are needed as part of mix design in light of
the selected mixture cracking performance test and adjusted volumetric (Begéts.
performed (hereafter referred to as ‘Performance Test Suite’) adftestments from Task 1
and input from the TRP included:

X Hamburg wheel trackingAASHTO T329

x Disk-shaped compact tension test (ASTM D7313-07)

X IL-SCB, or ‘I+IT’ (ITP-405)

x Extraction and recovery and Superpave binder testing, including MSCR testing
(AASHTO T350, M320) (presented in Appendix B)

X Mixture volumetrics and TSR (AASHTO T166, T209, T283)

X Resultswerereviewed in conjunction with the Technical Review Panel (TRP), and a draft
PRSwasdeveloped and fine-tuned through consendgtis the TRP.
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Task?2 deliverablesRecommendetksts for ge in theperfamancerelated asphalt mixture
design specificatian The adjustment of test thresholds in the PRS was deferred until field
performance results and statistical analysis of data from Task 3 was completed

1.3.3.Task 3: Project Shadowing with PRS

Laboratory testingvasperformedon a large number slamples obtained from Tollway projects
to ensure that the performance testing suite was syitetied for modern, heterogeneous
recycled Tollway mixturesParallel teshg on labproduced specimens that relate to the
corresponding fielanix desigrs wasalso conductedlhese activities incluak

X Working closely with the mixture designer on Tollway asphalt projects to develomkeve
candidate mix designs for selected mixtures on selected projects, to geneeate mor
laboratory data to support finalization of the PRS, and to open the door for the
construction of longerm monitoring test sections (stdg-side comparisons of mixes
designed to meet the candidate PRS, but with significdifferent design approaches).

X Analyzing data to addressy unanswered research questions, and to develop more data
on inter-laboratory repeatability of the proposed performance Estgstance, lab
aging to validate and/or calibrate the cracking performance test threshetdsedfor
shortterm aged specimens, while providing the ability to control mixture performance
longterm aging levels experienced in the field.

x Documenting designs, field trialand associated laboratory tests to maximize wilhat
be learned from the sections developed with the new PRS as they perform under traff
and environmental loading in the years that follow. For instance, new maduiniade
tools show great promise in connecting the dots between mixture igngiecpredicted
performance test resulsd predicted field performance. However, they require fairly
extensive amounts @fell-documented laboratory and field study data to ensure high
accuracy.

X Analysis of results and in-depth discussions withTtR® were carried outo finalize the
suggested changes to the TollWRiyS.

Task3 deliverablesDocumenation of mixdesigrs, observed constructi@ttivitiesand other
details of the selectdkld sections, anthboratorytest result®n the as-produced matds and
anyparalle| labaatory-prepared mix testingA revised PRS, based on field data and consensus
with the TRP.

1.3.4.Task 4: Final Report

Task 4 involved the compilation of this comprehensive final report.

1.4. Meetings with TRP

One of the distinctivéeatures of this project was thedose coodinationbetween a diverse array

of technicalexperts in academia (University of Missouri), agencies (Tollway,TIDénd
industry (including STATE Testing, LLC, local contractors, the lllinois A#pgPavement
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Association, Seneca Petroleum, and Vulcan Industriesyei@l meetingwith the TRP orad
hoc TRP subcommitteewere held, involving research progress reports, data review sessions,
and field sampling and specification discussions.

Table 1-1lists the meetingkeld during the conduct of this study. The TRP members, along with
their affiliations, are provided ifablel1-2.

Table 1-1. Summary of technical meetings

No. Date

Location Participants

Description

1 10/4/2017 Lisle, IL TRP-MU Literature review

2 6/26/2018 Lisle, IL TRP-MU Updated literature review and sampling plan

3 11/5/2018 Lisle, IL TRP-MU Sampled mixtures and testing results for

SMAs

4 2/15/2019 Zoom Sub TRPMU Update on _performa_nce testing results
Call Comparing cracking tests results

5 3/7/2019 Lisle, IL TRERMU Stripping p_erformance tests. Performance

space diagram (DGHamburg plot)
6  5/30/2019 Lisle,IL Sub TRPMU Organizing the field visit Field coring plan
7 8/5/2019 Lisle, IL TRERMU Performance mpde;lmg resuh‘}reep testing
results- Picking up field coes

8 11/5/2019 Zoom Sub TRPMU Field core testing resultd=ield performance
Call data analysis Spec development

9 12/9/2019 Lisle, IL TRERMU Performance thresholé®pec draft

Consensus




Table 1-2. Names/current affiliations of TRP members

Name Organtaation
1. Jay Behnke S.T.A.T.E. Testing LLC
2. Ross Bentsen Quigg Engineering Inc.
3. Kevin Burke lll. Asphalt Pavement Assn
4. Richard Duval FHWA
5. Jay Gabrielson Vulcan Materials
6. Dan Gallagher Gallagher Asphalt
7. DanGancarz Applied Research Associates
8. Brian Hill lllinois DOT
9. Stephen Jones lllinois DOT
10. Steve Kennedy Rock Road Companies
11. John Lavallee S.T.A.T.E. Testing LLC
12. Jeff Kern Open Road Paving, LLC
13. Alicia Pitlik lllinois Tollway
14. Mike Schilke lllinois DOT
15. Don Sjogren Seneca Petroleum
16. William Vavrik Applied Research Associates
17. Cindy Williams lllinois Tollway
18. Richard Willis NAPA

1.5. Organization of the Remainder of the Report

A comprehensive literature review waanducted and provided in Appendix A. The obtained
insight from literature reviewwlong with consultation with the TRBssisted ithe selectin of

projects to be shadowed in 2018, and in the selection of older projects for coring and collection
of performance data&he references citetiroughout the body of this repadnbe found in the
reference lisprovided at the end Appendix A (chapters do not contain referenceTiss).

overall projecibrganization is summaned as a flowchart iRigurel-1.

Chapter two providesdetailsregardingthe collected plant produced asphalt mixtielected

for sampling inthis study. Fourteemixtures producedat six asphalt planta/ere selectin
consultation with the TRP. These were sampled during production in the summer of 2018, with
details on the sampling and storage techniques used, mix designs, etc., provided in #is chapt

Chapter three provides the laboratory testing results from the selected 2018 Tqilandy
produced mixtures. After transferring the collected samples from the ap|amast tathe

Missouri Asphalt Pavement and Innovation Lab (MAPtextingsamples were fabricated and a
suiteof performance tests wecenducted. The testing remaAvereused to evaluate th@os and
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cons of the investigatgeerformance testéncluding their repeatability, practicality and their
expected relationship to field performanbetailed plots and a statistical analysis of data is
presented in Chapter 3. Preliminary recommendations for performance tests to inethise
revised asphalt mixture PR& the Tollway were generated from the results obtained in this
data set.

Chapter four elaborates on a site visit conductedioyy MU team in Mayf 2019 toexamine
the performance of selectathinlinepavementsnd shoulders, including the sampled 2018
sectionsIn addition, the site visit provided the opportunity to visit olderstexg sections with
the goal oidentifying good and poor performing sections withyiag service lives. These
sections were laterored to obtairadditional performanceesting samplesand the
corresponding field performance data versus time was obtained via collabovdh Applied
Research Associates, LLC.

Chapter five presents the results tife second phase of the laborati@sting involving field
coresamples obtained in 201Results from fieleaged cores were studied alongside test results
on shortterm aged samples such thfa mixture PRS could bealibrated This calibration
enableghe PRS to specify the use of sheetm agedlaboratoryprepared specimeyalong with
suitably conservative property thresholds that take into accouexgleeted property (and
performance) effectsf subsequent lonterm agingn the field.

Chapter six presentghe field performance data provided ARA and analyzed by the research
team The distress and overall performance data weeal tesetfinal thresholds irthe revised
asphalt mixturd’RS developed herein.

Chapter sevenestablishes the framework for the development ofébemmended PRS
threshold adjustments. Considering the selected performance tests aride¢bboltls from the
previous chapters, this chaptiascribes the systematic process useflrfalization ofthe
performance spdaation. The frameworlutilizesa combination of laboratory and field
investigatiorresults,a straightforwardstatisticalapproach to conservatively accofmt test and
sampling variabilityand documents the consensus process used to incorporate practical
considerations and experience froatested expertsn the projecTRP, which led toverification
and/or final rounding of PRS thresholds.

Chapter eight summarizes theonclusions and findings of this research investigation, and
providesrecommendationfor future research.
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Figure 1-1. Flowchart for performance-based specification project
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Chapter 2

MATERIAL SAMPLING AND PROCESSING

2.1.Overview

The selecteglant-produced asphalt mixtures in this project were sampled per AASHTO T-168-
03 acrosssix asphalt plastintheChicago areaas shown ifrigure2-1. Mixtures weresampled

into uncoated, 5ajlon steel pailsvith tight-fitting lids. A representative frorthe Missouri

Asphalt Pavement and Innovation LABWAPIL) of the University of Missouri-Columbia
conducted all sampling with the assistance of Igaality cantrol (QC) lab staff. At the time of
sampling, daily Gm, and asphalplant 6-min reports and cumulative mix tons were recorded in
most casesSelected materialwere temporarily stored at tAi®llway maintenance yard in
Naperville, IL (Figure2-2) for approximately one month before collectionMAPIL

researchers

®)
Figure 2-1. Sampling plant produced mixtures from different asphalt plants. a) Mix 1836,
Wm Ch; b) Mix 1845, Curran, and; c) Mix 1807, Geneva.

Figure 2-2. Temporarily storage of samples at Tollway maintenance yard in Naperville,
IL
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Table2-1 providegletailsregarding thesphalt mixtures sampled froGhicago areglants
producing Tollway asphalt mixtasin the summer of 2018n total, six Illinois Tollway SMAs
and eightdense graded mixtures were sampled from different asphalt plardghern lllinois.
Table2-2 saimmarizes key asphalt mixtupeopertiedor each sampled section

Table 2-1. Mixture sampling details

Date No. of  Tollway Mix ID Producer Mix Type/Usage
SamEIed Buckets

9-Jul 10 90WMA1826 Plote, WesChicago N70 9.5mm Surface

9-Jul 10 90WMA1803 Curran DeKalb  N50 19.0mm Binder - 3.0 voi

9-Jul 10 90WMA1840 Geneva North Aurore N8012.5 mmSMA Surface

9-Jul 10 90WMA1844 K-Five Romeoville N80 12.5 mnSMA Friction
Surface

13-Jul 10 90WMA1836  Wm CharledAirport N80 12.5 mmSMA Surface

13-Jul 10 90WMA1845 Curran DeKalb N80 12.5 mmSMA Friction
Surface

16-Jul 10 90WMA1807 Geneva North AuroreN50 19.0mm Binder - 3.0 voi

16-Jul 10 90WMA1828 Curran DeKalb N50 4.75mmlL-4.75

18-Jul 10 90WMA1834 K-Five Romeoville N70D 9.5mm Surface

18-Jul 10 90WMA1829 Geneva North Aurora N50 4.75thA4.75

18-Jul 10 90WMA1823 Rock Road Rochelle N50 4.75mmL-4.75

18-Jul 10 90WMA1835 Curran DeKalb N80 12.5 mmSMA Friction
Surface

2-Aug 10 90WMA1824  Rock Road Rochelle N80 12.5 mmSMA Friction
Surface

12-Sep 10 90WMA1818  Wm Charles Airport N70E 9.5mm Surface

For the sake of simplicitghe commorf90WMA” prefix in the Tollway Mix ID wasomitted,
andashorter, fourdigit sample ID wasised throughout the report. The first four mixtures (1844,
1835, 1824, and 1845) direction-surfacetype SMAs denoted asFriction S (used on
highwaycurves and rampsandthe last twdSMA mixtures(1836 and 1840)raregular SMA
surfaces (usa in lower trafficked noncurvedor tangentoad alignments)lhe next three
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mixtures (1829, 1828, and 1823) are fikb1A mixtures(IL-4.75) whichare used on the
mairline below SMAs to promotpavemensmoothness. Some engineers also believe that the
IL-4.75 helps to redudée rate of reflectiveracking emanating upward from underlying
Portland cement concrete joints and cracketiiree mixturesabeled a4818, 1834, and 1826
represensurface shouldanaterials(Shoulder S.)Finally, the last tw@ample IDg1803 and
1807)represenshoulder bindersvhich appeabelow shoulder surface mixtures on the Tollway.
As shown in the table, the design number of gyrationss@dy of all SMAs is 80, while the
Npesignfor shouldersurfacemixtures is 70IL-4.75 and shoulder binderixturesusedan Npesign
level of 50 gyrations.

Table2-2 also shows the binder system agypbrtedmodifiersused ineachmix. Among the
mixtures investigated, four of them, including 1844, 1824, 1836, and 1823 inv®B&d
polymer-modified binder systems. Five mixtures (1835, 1845, 1840, 1829, and 1828) involved
ground tire rubbefGTR), either by aerminatblendwet processr by dry processThe 1835

mix utilized a relativelysoft, neat binder (Superpave PG 46-34) combined with 10% enguaheer
crumb rubber (ECR) by weight of bind@rdry-processGTR system)This mix also had the
highest amount of recyatl materialsin any of theSMAs investigated41.2% ABR), including
25.1% ABR by RAP and 16.1% ABR by RAS. Similar to 1835, the1845 mix also used PG 46-34
neat binderwhich was later modified by(d15% rubber by weight of the binder. The neat binder
used in the 1840 miwasPG 58-28. This bindein this mix possessel2.0% GTR, added to the
bindervia a terminablend,wet processThe binder used in dee gradedhouldemixtures
involvedneat (umodified) Superpave binders.

The plan grade of binder used in Tollway SMAs #dndl.75mixesis PG76-22. This implies
thatanyextracted bindesampleswhichmayinclude both a modifier (polymer or rubber),
recycled bindecomponents (usually RAP and RAS), and possibly rejuvenators and/or warm-
mix and/or liquid antistrip additives, aexpectedo pass the performance grading criteria at
76 ( for the PG high temperature (PGHT) and ¢2fr the PG low temperature (PGLT). As for
the shoulder mixtures, the plan grade is PG 64-22. The less stringent requirerhern® GidiT

of the shouldeplan grade islueto the lower trafit load that the shoulders experience
throughout their service life. However, the plan PGeduirement is the sanfier shoulder and
mainlinemixtures as they experience the same{@mperature environmental conditiohkte
also thatle bindercoursemixtures on both shoulder anthinlinesections undergo lessitical
low temperature and high temperature eveagghey ar¢ghermally insulated and protected by
the overlyingsurfa@ mix. This should be considered when establishing PRS thresholds.

Aggregde gradation forthe mixtures investigated are showrFigure2-3. It can be seen that
the gradation of all SMABvestigatedarequite similar, possessag a nominal maximum
aggregate siz€NMAS) of 12.5 mm. Likewise, the gradation of demgaded mixtures ithin the
groups, includindL-4.75, shoulder surface, and shoulder binderquite similar within 4.5,

9.5, and 19 mmominal maximum aggregate si2¢MAS) groups respectively. Despite the
similarities in the aggregate gradations, it should be nbtdhe aggregate type used by each
asphalt contractor can and does vary in the Chlaagarea. Therefore, the overall
characteristics of the aggregate skeleton in each mix investigated $tevald be viewed as
unique.
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Table 2-2. Details of mixture ingredients

Plan ABR by ABR by NMAS

Mix. ID  Mix Type Base Binder - .o RAP RAS

1844  NBOSMA SBS7628 76-22 108 160 125
Friction S.
N80 SMA 46-34

1835 Friction S. +10%ECR 76-22 25.1 16.1 12.5

1824 N8O SMA SBS 6434  76-22 204 167 125
Friction S.
N80 SMA 46-34

1845 rictions.  +105%Lehigh (022 239 154 125

1836 N80 SMA SBS 6434 76-22 16.2 16.3 12.5

Surface

N80 SMA 58-28

1840 Surface +12%GTR 76-22 15.9 9.8 12.5
N50 Dense 58-28

1829 IL-4.75 +120GTR 76-22 17.8 9.3 4.75
N50 Dense 46-34

1828 478 ‘lowecr 7622 353 92 475
N50 Dense

1823 IL-4.75 SBS 6434 76-22 24.1 14.2 4.75
N70 Dense

1818 Shoulder S. 64-22 64-22 20.4 0.0 95
N70 Dense

1834 Shoulder S. 58-28 64-22 20.0 0.0 9.5
N70 Dense

1826 Shoulder S. 46-34 64-22 27.6 18.1 95
N50 Dense

1807 Shoulder Binder 46-34 64-22 34.4 14.0 19.0

1803 NS0 Dense 58-28 64-22 265 166  19.0

Shoulder Binder

14
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Figure 2-3. Aggregate gradations for the investigated plant-produced mixtures
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Table2-3 presents detailegardingthe sectionshat were paved in 2018, includifgerage
Daily Traffic (ADT) and percent commercial vehicléss indicated in Table -3 and shown on
Figure 24, mixtures1844 and 1834 were used to pavertt@nlineand shoulder, respectively,
on route 1-355 in starting from mile post (MP) 12 to 22ix 1826wasused to pavéhel-355
shoulder from MP 22 to 30. All other mixturegreused on I-8®&etween the indicatedile
posts. The direction of the routeimglicatedin the Mile Post column whenever the miure
appeared only in ongirection. Itis also worth mentioning that the 1845 miasused on a small
testsection on the shouldewenthough itwas afriction-surfacetype mix.

Table 2-3. Location of the paved section using the studied mixtures
Traffic (ADT, and %

Mix. ID Mix Type Route Mile Post Location Commercial VehiclesCV)
1844  SMA Friction S.  1-355 12-22 Mainline 65,000 -10% CV
1835 SMA Friction S.  1-88 93-103 Mainline 16,900 -25% CV
1824  SMA Friction S.  1-88 EB 7691 Mainline 10,600 25% CV
1845  SMA Friction S.  1-88 WB-105  Shoulder 16,900 -25% CV
1836 SMA Surface -88  WB 7691 Mainline 10,600 25% CV
1840 SMA Surface [-88 103-113  Mainline 16,900 25% CV
1829 IL-4.75 [-88 103-113  Mainline 16,900 25% CV
1828 IL-4.75 [-88 92-103 Mainline 16,900 25% CV
1823 IL-4.75 [-88 WB 7991 Mainline 10,600 25% CV
1818 Shoulder S. 1-88 EB 7691  Shoulder N.A.

1834 Shoulder S. 1-355 12-22 Shoulder N.A.
1826 Shoulder S. I-355 22-30 Shoulder N.A.
1807  Shoulder Binder  1-88 103-113  Shoulder N.A.
1803  Shoulder Binder  1-88 92-103 Shoulder N.A.
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Figure 2-4. Location of paved roads using the sampled mixtures on Google Earth

2.1. Sample and Fabrication

The sampled plant-produced mixtures were brought back to MAPIL in 5-gallon steelpails
plastic handles were removed and then pails were placed in a forced draft oventte heat t
asphalt mixture to a workable consistency (~100 The heated mixture was then reduced to
the gyratory samp mass following the quartering method in AASHTO RgéeFigure2-5).
After reduction, two 1500 ggets were collected in order to measure the maximum specific
gravity (Gmm) of the mixturesasper AASHTO T 209 (seEigure2-6). Although the @mwas
mentioned on the job mix formula (JMF) of each mix, it was attempted to verify it &nihat
the time of production might vary from the one on JMigure2-7 shows three different.t
values obtained for each mixture. The blue bars are thev@ues measured at MAPIL after
reheating the buckets and collecting the,Gamples. Therange bars are thass measured at
the night of mix production in the asphalt plant for quality control purposes, and the graydar
the Gnm mentioned on the JMF sheets. It is also worth mentioning thMARIL measured
values were used to measure thevaid content of the gyratory compacted specimbenerder

to avoid segregation during the sample production process, the heated asphalt mikeipains
was transferred to a chytes shown irrigure2-8, and then was poured into the médRine

GB2 Superpave gyratory compactor was used to compact the reheated samples and make
cylindrical specimens.
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Figure 2-6. Preparing samples for theoretical maximum specific gravity (Gmm) testing
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Figure 2-7. Comparing different Gmm values for the studied mixtures (Measured = Test
performed in MAPIL; QC = Measured by quality control crew; JMF = job mix formula)

18



Figure 2-8. Transferring the heated mix to the mold

After splitting todesired mass, the asphalt mixture was heated to compaction temperature (155
and 143( for modified and unmodified mixes, respectively). All SMA testing samples were
compacted to 6.0 %ir voidswhile the target air voifor dense graded mixtures was 7.0 %. For
DC(T) and tFIT samples, aivoids weremeasured on the 50 mm slices before notching and
coring for the DCT specimens, ahdfore cutting the slice in half amdtchingin the case oF

FIT specimens. For Hambuspecimensthe original gyratory specimen (62 mm in height) was
used for G testing prior to cutting the flat face on one side. The TSR and IDERLests were
performed on 95 mm gyratory compacted samples.
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Chapter 3
TESTING RESULTS FOR PLANT -PRODUCED MIXTURES

3.1.DC(T) Testing Results

The DC(T) test was developed to characterize the fracture behavior of aspbadtecomxtures

at low temperatures. The testing temperature 9€ iarmer than the PG low temperature grade
of the mixture, per (ASTM D7313-13Jhermal cracking in asphalt pavements can be
considered as occurring in pure tensile openingadle Ifracture, as the cracks propagate
perpendicular to the direction of the thermal-induced stresses in the pavemeranseerse to
the direction of traffiq\Wagoner et al. 2005 he fracture energy is computed as follows.

#A4'#

Ju= 30, [1]

where, Gdenotes fracture energy in JIMREA is the area under Lod&@MODgr curve, until

the terminal load of 0.1 kN is reached. B is specimen thickness in m, generally 0.05&pt (ex
for field cores) and L is ligament length, usually around 0.083h®a.0C(T) test procedure used
in this study includes conditioning of the fabricated specimen at the selestteshiperature in a
temperatureontrolled chamber for a minimum of two hours. After the conditioning, the
specimens are suspended on loading pins in the DC(T) machine. A portable Test Quip DC(T
device was used, which is housed at MAPIL. The test is performed at a constambcudh
opening displacement (CMOD) rate, which is controlled by a CMOD clip-on gage rdaitnte
the crack mouth. The CMORte specified in ASTM D73133 is 0.017 mm/s (1 mm/min). To
begin the testing sequence, a seating load no greater than 0.2 kN (typically abouti®.1 kN)
applied to ‘seat’ the specimem the loading pin©nce a stable seatingald is confirmed, the
testis run at the specified CMOD ratieet test is completeathen the crack has propagated and
the post-peak load level is reduced to 0.1 khe fracture energy can be obtained by measuring
the area under the 10&MOD curve and dividing it by the fractured area (ligament length times
thickness).

Figure3-1shows the DC(T) fracture ¢&esting results atl2 ( , using samplefabricated at
MAPIL. The error bars provide the range of the values obtained for the three repdistaedsrt
DC(T) fracture. In addition to the bars shoinrthe figure, the table attachedthe figure
provides the mixD, the average fracture energy and also the ABR of eachAhsig, the type of
the mix andhe binder system are shown above eachTier cracking resistance of the SMA
friction surface(F. S.) mixeswas expected tbe the highest, followed by SMA surfacéxes
Additionally, as the shoulder surface mixtures experience the same envitahoamditions,
theyshould ideally be designed with relatively higiackingresistance. Thi.-4.75 and
shoulder binder mixturesere expected to have lower cracking resistance as they arenused
sublayers of the pavement. As showirigure3-1,the expectationfor relativecrack resistance
were found to be in close agreemetith themeasured DC(T) fracture energy results. This
finding was among the early indicatioigt the DC(T)est is aviable candidate for the control
of cracking in Tollway asphalt mixtures, at least from the standpoint of mixtuiepance.
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1844 1835 1824 1845 1836 1840 1829 1828 1823 1818 1834 1826 1807 1803
mGfat- + 828 772 790 864 596 684 466 449 378 427 512 438 414 410
ABR by RAP 10.8 25.0 20.4 23.9 16.2 15.9 17.8 35.3 24.1 20.4 20.0 27.6 34.4 26.5
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Figure 3-1. DC(T) fracture energy at -12 ( using MAPIL samples

As shown in the figure, all the SMA friction surface type mixtunese foundo pass the 750
JIn? fracture energy thresholdhich wasspecifiedby the Tollwayin prior completion of this
project(for instance, in the 2019 specificatioihe difference between the highest and lowest
recorded fracture energy is less than 10¢ Which implies that the resistance of ®EIA
Friction surface with respetbd low temperature cracking expected to be simildretween
sections On the other hand, the SMAIrfacemixtures had significantly lower fracture energy
than theSMA friction surface mixturesThe 1836mix recorded the lowest fracture energy
(596.5 J/mM) and similar to 1840 which had 6847, the sampled production mix did not pass
theformerly practiced700 J/nt limit for SMA surface mixtures in design. This may be possibly
attributed tahe effects ohging during sample storage (3 months on average) followed by
reheating of the mixvMore observations from the results atanmarized as follows

X The base inder system used in the 1824 and 1836 mixtisrése same (SBS &34).
Although the 1824 mixture had higher amount of ABR, it has an additional 270f)/m
fractureenergy. This comparison reveals the importance of aggregate quality and its
significantrole in low temperature cracking resistance of the mix.

x Although the 1840 mix had the lowest amount of recycling, it was not foypasgthe

existing Tollwayfracture energy criteria. Using a softer base binder on the low
temperature side, adding a rejuvendtecycling agent)and/or utilizing higher quality
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aggregate are strategies that could be used in the future to boost the fractyrenghesg
mixture.

x Despite the high ABR (44.6%) incorporated in 1828 mix, using a softdebsystem
along withengineered crumb rubb@CR) resultedn a relatively high fracture energy.
In IL-4.75mixtures,the 1823 mix withanSBS 6434 binder system exhibitdbe lowest
fracture energy.

x In the shoulder surfagaix group,the 1826 mix benefited from the soft binder system
andpossessed DC(T) fracture energy of 438 Juespite the high recycle content
(ABR=45.7 %). Compared to 1818, the 1834 mix with a softer binder and similar recycle
content performed notably better in terms of low temperature cradknegofter binder
system used in 1834 mix likely contributed to the additional 75 dfifinacture energy as
compared to mix 1818. Differences in aggregate quality might also contribute to the
difference in DC(T) fracture energy of these two mixsure

X The shoulder binder mixtures includimgx 1807 and 1803 yielded similar DC(T)
fracture energy valueslose to the 400 Jffevel specifiecby the Tollway at the time of
their designIn the future, incorporatinG TR couldassist in raisinghe fracture energy
of these mixturesaswas the case fdt.-4.75s.

Figure3-2 compares the DC(T) fracture energy measured at MABing plant-produced lab
compated mixtures with the ones reported on the JMF. As shown, in most of the cases (all
except 1844) the measured DC(T) energy at MAPIL is lower than the repodeadranergy.
Storage and reheatimg the plant-produced samples might have resulted in addiagimal of
the mixtureswhich often leadso lower DC(T) fracture energyalues(Buttlar et al., 2019).

Figure3-3 presents a contour map that provides the penetamperature at the surface
produced by MAPIL researchers using LTPP bind software at a level of 98a®litg. This
temperature is used in order to determine the required PGLT for the binder. As shiogvn in t
figure, the required PGLT of the binder in the state of lllinois is in the range of -22 {o. -Pffe
PGLT of-22 ( is mainly required in the southern part of lllinois while the {2Wmit is

suitable for the very northern part of the state. Therefore, the PGLT of pajrtne binder in
the upper parts of Illinois should be lower than {220 reach 98 % reliability. As per ASTM-D
7313, the DC(T) test is performed at {Owarmer than the binder grade. The lllinois Tollway
currently uses &2 ( plan low temperature grade, and thus testinrgz ( used in the DC(T).
Thus, the relatively high DC(T) thresholds specified by the lllinois Tegllveflect both the high
project criticality of Tollway road surfaces, and also the fact that a sidjhstment has been
factored inthe specification based on the fact that Northern lllinois is somewhat coldeghéha
assumed22 ( PGLT used in the asphalt binder plan grades.
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Figure 3-2. Comparing DC(T) fracture energy at -12 ( : current study vs. JMF
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As testing temperature drops, asphalt binder becomes stiffer and as ahesdphalt sample
exhibits more brittle behaviandreduced fracture energy. Therefore, lower fracture energies are
expected atl8 ( compared to -1 . As shown in Figure 3;4he DC(T) fracture energy of all
the mixtures atl8 ( areindeed lower than those obtainad12 ( . Experiencing a drop of
about 260 J/i)the 1824, which is an SBS modified mix, showed the highest temperature
sensitivityin the SMA friction surface ¢agory. On the other hand, the 1835 mix, which is
modified with a dry process Engineered Crumb Rubber (ECR-type GTR) showed &lenost t
same fracture energy dt8 ( as compared tdl2 ( . If the same DC(T) criteria were applied by
Tollway at-18 (, only the 1835 would pas§he 1840 mix inthe SMA surface group
experiencd a significant drop in fracture energy after testingl8t ( , whichindicates that this
mix may be highlytemperature sensitivag low temperaturef\lthough thelL-4.75 and shoulder
binda mixtures willnot experience extreme low temperature eveunth as surface mixtures do,
the DC(T) test atl8 ( was conductedeverthelesto evaluate thetemperature sensitivity.
Only the 1803 mix, which used a PG 58-28 base binderesdhbigh sensivity, wherethe

DC(T) fracture droppeffom 410 to 290 J/f(a 28 % reduction in fracture energy).
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Figure 3-4. Comparing DC(T) fracture energy at -12 and -18 (
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3.2.1-FIT Testing Resuls

The flexibility index (FI) isan empirical index parameter that@mmputed aghetotal fracture
energydivided by the absolute value of the slope of the post-peak softening curve. Fl is gropose
to provide a means to identify brittle mixtures that ammprto premature crackingnd was
specifically developed to be sensitive to recycled material content (AASHT@4TES).The Fl
parameter is calculated as follows.

(+= |)|—[;(0-01 : 2]

where Gis computed in a similar manner as to the DC(T) test, and m represents the ghepe of
post-peak soft@ng curve. There amumerousvays to estimate the slope of a curve resulting
from a material testyhich posed an inherenhallenge from the perspeat of test

standardization in the developmentedts such as tHe~IT. At present, to address this source of
variability, the slope parameter is typicatlgtermined using a sophisticated software program
available from the lllinois Center for Transgadron (visit https://ict.illinois.edu/2016/07/01fit-
softwarenow-availableon-ct-website). To fabricate samples, a notch is cut along the axis of
symmety of a semicircularbend specimen to a depth of 151 mm. Test specimens are then
conditioned in the environmentathamber at 2°C for 2 hrs.+ 10 min. After a contact load of

0.1 kN is reached, the test is carried out at a rate of 50 mrgadriine diplacement (LLD)
Thetestis considered to be complete when the load drops below Q.Wikish is identical to the
DC(T) test termination definitiorA sampling ratef 40 samples per secomas used to collect
the data during the test. A software nam8@&B TestQuip LLC. V2.0.0rc4” was then applied to
analyze the collected loatisplacement data and calculated the FI parameter.

Figure3-5 presents the results oFIT testing performed on the samples conditioned &C25
The blue bars represent the average of four replicates. As inferred frongtheranr bars
which displaytheupper and loweFIs obtained foreach mixthe repeatability of theFIT test
itself may be viewed as borderline (too high). In order to loweRheariability, researchers in
lllinois proposed that theeplicatewith thefurthestFl from the averag€l be removed, followed
by a recalculation of the average of three remaining replidée®ted herein as ‘FI 3 Reps’).
Although this approach is questionable from a statistical standpoint and may psmplteant
movemenin the averag€upwards or downwardsit clearly achieves the goal of redgthe
reportedvariability in the averaged resultsigure3-5 also compares these two averages (four
replicates vs. three replicates).

Examining the~1 trends, the cracking performance of thdfdrent groups off ollway mixtures
were not in close coespndencewith expected, relative cracking performartiends For
exampletwo mixtures in thdL-4.75group (1829 and 182®pssessells that werehigher than
those of SMA friction surface mixes. In addition, 18&4jch is ashoulder surface mix, yielded
the highest FI amongst the studied mixtufeswill be shown later, thEl parameter is heavily
dependent on aging. As these plant-produmedures have been reheated for sample
preparation, the FIs values, including relative trends, might havesigedficantly affected

Figure3-6 shows the I-FIT testing results for specimens having varied levalsvofids. A
straight line was fitted to data to quantify the sensitivity of the FI parameter tidst YAs the
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slopes suggests, air void content has a very significant effect on the Flakgslexthe FI for

the 1828 mix would increase by 2.4 for each percent increase in air void content. Ihis wort
mentioning that the effect of air void on thelIIF test was not the main goal of this study and the
extra testing was done on the fabricated samples having air void levetke@mitdie acceptable
range (6x0.5 for SMAs and 7£0.5 for dense graded mixes). Based ozldhisely limited

number of tested mixes, the maximum and minimum FI change per percent incraas®ids

was found to be 5.1 and 2.4, respectively.

Figure3-7 compares the average Fl values from four replicates calculated through Qaipest
software with the outputs from the software provided by lllinois CenterrBmisportation (ICT).

As seen, hie difference between the Fls is not considerable and could be mainly attrtbtited t
differences in curve fitting techniques including the slope (derivativepatation method used.
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Figure 3-5. I-FIT testing results (four replicates vs. three replicates)
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= Fl (from TestQuip) 8.1 82 9.5 10.0 6.9 86 88 129 53 7.1 141 53 39 2.3

u Fl (from ICT) 85 89 96 10.é 6.8 8.', 9.1 13.2 6|.O 7.3 143 I5.7 46 2.5
ABR by RAP 10.8 25.0 20.4 23.5 16.2 15I.9 17.8 35.3 24.1 20.4 20.0 27.6 34.4 26.5
ABR by RAS 16.0 16.1 16.7 154 16.3 9.8 9.3 9.2 142 0.0 0.0 18.1 14.0 16.6
Total ABR 26.8 41.2 37.1 39.3 32.5 25.7 27.0 44.6 38.3 20.4 20.0 45.7 48.4 431
COV (TestQuip)%21.9 14.8 12.3 46.1 27.3 13.3 28.5 26.3 20.7 9.6 27.4 27.2 23.1 194
COV (ICT)% 20.1 26.1 12.6 36.2 34.3 10.6 27.0 24.1 39.1 115 26.8 21.7 24.1 7.4

Figure 3-7. Comparing Fls calculated from Test Quip and ICT software
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3.3.IDEAL -CT Testing Results

ThelDEAL-CT test was developed to characterize the potential of crackegphalt mixes at
room temperature. The test-sgtis similar to the traditional indirect tensile strength test, but it
is performedat 25C undera constant loading rate of 50 mm/nuintil failure occurdASTM D
8225-19). The specimens are cylindrical with a diameter of 100 or 150 mm and a thickness of
38, 62, 75, or 95 mm, depending on the specification followkd specimendo not require
gluing, notching, drilling or additional cuttinghe procedure of the test inckglconditioning

the specimens ia temperatureontrolled chamér for a minimum of 2 hours at 26. After
conditioring, the specimens wepdacedin aTest Quig“ load frame setip for thelDEAL test

A seating load of 0.1 kN was applied in order to make appropriate contact betweenlitige loa
heads and the sample. The sampletlvas loaded under a displacement control mode of 50
mm/min while the loading leveVvascollectedby the device

The cracking parameter for the IDEALT is derived from the load veamdisplacement curve
The larger the Cindex, the bettethe cracking resistance of the mixtuaecording to the test
developersA minimum of CFindexfor SMAs proposeds 145while the recommended CT
index for Superpavdense gradenhixes is 105Zhou, 2018). The CT index equatitor a
specimen of 62 mm thiclesss as follows

U Hy P
WGaxge 7% g P* 1=

ma e P 3]

where

Gi= Fracture energyAREA under the curve normalized by the area fractured)
AREA= Area under the loadisplacement curve, until a terminal load of 0.1 kN is reach
mzs= Modulus parameter (absolute value of the slope at 75% of peak load)
l7s= Vertical displacement when th@ad is reduced to 75% of peak load
I7s/D= Strain tolerance parameter (when load is reduced to 75% of peak load)
D= Specimen diameter
t= Specimen thickness

In this project, the IDEALET test was performed on cylindrical samples compacted to 95 mm
and conditioned for two hours in an environmental chamber. Three replicates weratéalior
each mix and tested to calculate theidex. Similar to the previous testing figures, the error
bars inFigure3-8 showghe range of the calculateCTs for each mix. As shown, most of the
SMA mixturescould not meet the threshold of 145, whicheisommended foFexas.The dense
graded mixtures haddifficult time reachinghe minimumrecommende®T-index thresholaf
105. Given the fact that most of tB&A mixturesproducedelatively high DC(T) fracture
energy valueand Flvalues in excess &0, the CT-index thresholdescommended by
developers for th&exasclimate might be too stringent for Tollway mixturéss also worth
mentioning that reheating the samples might have reduced the crack resistapamigfures
dueto excessive aging.
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mCT-index 137 104 140 195 110 184 96 111 55 86 119 49 81 24
ABR by RAP 10.8 25.0 20.4 23.9 162 159 17.8 35.3 24.1 20.4 20.0 27.6 34.4 26.5
ABR by RAS 16.0 16.1 16.7 154 163 98 9.3 92 142 00 0.0 18.1 14.0 16.6
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COV (%)  14.3 37.3 20.8 35.2 8.0 150 14.6 12.6 18.1 51.8 9.0 8.8 29.3

Figure 3-8. Results from IDEAL-CT testing (95 mm sample thickness)

x Similar to the other two cracking tests (DC(T) a#fdT), 1836 (SMA surface) recorded the
lowest score in the IDEIACT test among SMA mixtures.

X The 1845 and 1840 mixtures, which are both GTR modified, recorded the best CT scores
among the SMAs.

x Similar to the other two cracking tests (DC(T) a#felT), 1823 mix had the lowest CT score
in the IL4.75 group.

X The 1807 mix, which benefits from a softer binder as compared to 1803, had significantly
better cracking performance based on IDEBL results.

3.4.IDT Strength Testing Results

Following AASHTO T32207, 2011, the Superpave Inditédensile Test (IDT) can be used to
perform creep compliance and strenggstingof asphalimixtures. Fieldcored or gyratory-
compacted samples with heights ranging from 38 to 50 mm and diameters in thefrbbge 9
mm are generally used. Three tegtiamperatures with 1Q intervals are recommended for
use, which are often taken as 0, -10, and (2@lternatively, temperatures can be selected to
encompass the lowerformance grade (PG) of the asphalt binder and can use a different
temperature spaa such as 0, -12, and -4 (Marasteanu et al., 2007). A creep test duration of
1000 seconds is generally required to ensure overlap between creep curves whericgribuc
master curve. Since the creep compliance should normally be characterizetineah
viscoelastic range, loading levels should be kept sufficiently low in order to teis linearity.
Therefore, a maximum deformation on the horizontal clip gage of 0.019 mm for 150 mm
diameter samples is suggested to stay within the linear.ramgéddition, to circumvent the noise
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problems and drift inherent in sensors (displacement extensometers), a minimumateh of
0.00125 mm at a 30-second loading time is recommended.

The IDT creep and strength tests were carriedisuiig a Cooper universal testing machine
(UTM) at MAPIL with the capacity of 100 KNDT creep and strength tests were performed
following AASHTO T-322.To carry out the IDT creep test, three samples were conditioned at
three different temperaturegluding 0, -12 and -24 . Each sample was kept at the testing
temperature for 2 hours. The conditioned sample was then put into the IDT fixtureermoord
compensate the temperature loss due to opening the chamber door and installing the
extensometers, thersgle was kept for another half an hour to reach the testing temperature.
During this time, the response of extensometers was monitored to ensure temaperat
stabilization and the absence of sensor drift. Monitoring the response of theoexéterlso

helps indetectingpotential problemsvith the attachment of the extensometerisich could

affect the dataNext, a seating load of 0.1 kN was appltedhe sample. The seating load fixes
the sample position in the IDT fixtyrensures rapid creep loading without impact, and
eliminates some of the slight nonlinearity exhibited at low load lekretbe testthe load level

is rapidlyincreased as a steep sldpad function untithe target creep load reachedwhich

may differat each temperature. The clodedp controls are tuned such that theep loads
attainedin less tharone second. The creep load was then maintained for 1000 sedulels
displacementsvere recorded. Tablg1 shows théestingparameters used in IDT creep test.
Equation 4 presents the general equation used to convert load and deflection values to creep
compliance (AASHTO 1322-17).

Table 3-1. Loading Properties in IDT Creep Test

Testing Chamber Seating Ramp Creep Creep
Temp. (C) Temp. (C) Load (kN) | Time (s) | Load (kN) | Time (s)
0 -1.5 0.1 1 4 1000
-12 -14 0.1 1 8 1000
-24 -26 0.1 1 20 1000
Agac U &e()o GeéUn
Y R= —— 0t 4
e ) as “l
where,
D(t)= Creep compliance as a function of time (1/GPa)
A: 5= Trimmed mearf normalized horizontal deformation (mm)
5¢g Averaged diameter (mm)
>3¢5 Averaged thickness (mm)
g Averaged applied load (kN)
). = Guage length (mm)
% 351 Creep compliance correction factor
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After plotting the creep compliance curves at different temperaturessversiin a logog

space, the curves are shifted horizontally relative to the curve at the cefittemperature to
construct a unique continuous curve, called the master curve. A power law function igeden fi
to the master curve as shown in Eq. 5

Y P= &+ &P [5]
where @ and O and m are model constant values and t denotes time.

The strengthest is performed by applyiran increasing load at a constant displacement rate
until failure occurs in the specimefxtensometers were removed prior to strength testing to
avoid damage, as tensile strength was estimated using a simple 2Bstpdadeased solution.

2208

= — 6
% euU>U2& [6]

= Tensile strength (MPa)

Pmax Maximum recorded load (kN)
= Sample thickness (mm)
= Sample diameter (mm)

Figure3-9 shows the IDT strength testing results performed on SMA slices with 50 mm
thickness after being conditioned-&2 ( for 2 hours. Axan be seen in this figure, the strength
of the SMA mixtures are very similar to each other and there is no signififfi@néce between
the strengths. It is also worth mentioning that unlike the other cracking penfcertests, the
SMA surface mixes arexhibitinga slightly higher strengthscompaedto the SMA friction
surface mixtures under the IDT strength test. The Tollway 2018 mixtueedsar compared to
selected densgradedMissourihighwaymixtures in this figure. It is interesting to note that the
strength othe Missouri highwaynixturesis higher than the Tollway mixtureAdditionally, the
DC(T) fracture energy in the sariissourihighwaymixtures was around 400 JArand
measured creep compliance was relatively low, which indissiteand brittle behavioat low
temperature. This follows the general trend of high stiffness being related to high thtigurg
low fracture resistance. This also follows the current thinking regardirghtiréecomings in
using simple tensile strength nse@ements as a parameter to rank low temperature cracking
resistancéButtlar et al., 2019)

Prior to IDT strength testing, the IDT creep test was conducted on the samgligee IDT creep
compliance master curves were generated as sholigure3-10 The creep compliance master
curve, which is the output of the IDT creep temtbe used to model the viscoelastic behavior of
the mixtures and to predict the amouhtoav temperature cracking expectedie pavement.
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3.5.HWTT Testing Results

Permanent deformation (rutting) in asphalt pavement is a result of consolidat shear flow
caused by traffic loading in hot weather. This results gnadual aaemulation of volumetric and
shear strains in the HMA layers. The measured deformation of differerd lafyiexible
pavement revealed that the upper 100 mm (4 in.) serves the main portion of the pavement rut
depth such that the asphalt layer accumulates up to 60 percent of total permanesttidatorm
Lack of shear strength of the asphalt layer to resist the repeated heiavgrstahoving loads
results in downward movement of the surface and provides the potential for alrehv
microcracks along theut edges. In addition to structural failure issues, safety concesedae
to vehiclesteeringdifficulties and the potential for increaskgdroplaning. Wheel load tracking
(WLT) tests are the most common performance testd to control rutting patéial in HMA
mixes. The WLT methods simulate traffic &gplying thousands efheelload passes,
simulating traffic loads on HMA speciméman accelerated fashian a seleedtemperature
such as 50C.

The two most common WLT test devices #meHamburg Wheel Tracking Test (HWTT) and
the Asphalt Pavement Analyzer (APA) (formerly knowrtresGeorgialoaded wheel tester).

The HWTT is performed in accordance to AtSHTO T324 standard. The vertical
deformation of the specimennscorded along witthe number of wheel passes. In addition,
conducting the testnder wateprovides the opportunity to measure stripping potential. To this
end, the concept @fstripping inflection point (SIPhas beemnlefined ands currently used by
state agencieas Cdifornia, Wisconsin, lova, and MissouriSIP is reporteds thenumber of
passesieeded to reade point at whictihe rutting vs. wheel passirvedisplaysa sudden
increase in rut deptginflection point in the curve). In this studye lowa methochasbeen
implemented to calculate the SIP as follows

x Fit a 8" degree polynomial curve the rut depth vs. wheel pass curve

x Take the first derivative of the fitted curve

x Determine the stripping line using the tangent at the point nearét end of theest where
the minimum of the first derivative of the fitted curve occurs

x Determine the creep line using the tangent at the point where the secontiveenivilne
fitted curve equals zero

X Intersect the creep and stripping lineke wheel pass at which these two lines intersect is
taken aghe SIP

The Hamburg wheel tracking test was carried out in order to evaluatdtthg susceptibility of

the mixtures. As mentiondukfore, the required number of wheel ga$sr Tollway SMASis

20,000 and for shouldsurfacemixtures is 15,000. Also, based on the current versidimeof
Tollway asphalt mixturepecification, the allowable rut depth at the required number of passes
for SMA mixtures is 6 mm and 12.5 mm for shoulder mixtures. The measured rut depth under
the Hamburg test along with the requirements for each mixture type is shéwguia3-11.

From the figure, clearly Tollway SMAs have lowtting levels, as the maximum rut depth
recorded was 3.3 mm in mix 1835. This means that the studied SMAs benefit from a robust
aggregate structure and binder system, which is consistent with the obseistadcedb
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permanent deformation of similar mixés placed in the field over the past ded@de section
6).

As for the 1L-4.75mixtures,the 1828 mix recorded the highest rut depth (12.2 mm) under 15,000
wheel passes required for this categ@eeFigure3-12). This mix was the only mix that could
not meet the rutting requirements among all the Tollway mixtures. However, it is worth
mentioning that thé_-4.75 mixtures are not placed on the surface of the pavement, and thus,
they do not experience the same environmental and traffic conditions as the i¥tdresn The
lower number of wheel gaesequired for this category may reflect the fact that these mixtures
do not undergo heavy traffic stresses. However, ghg@more appropriate testing temperature
and/or adjusting the number of wheel gate more directly account for the temperature
difference between the surface and the binder calgsth was addressed in this study, as
documented later in this report. In addition, setting less stringent (more appjdpaatburg
requirements for this category would result in more economic aallidar more crack resistant
mixturesto be designed in a simpler fashion.
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Figure 3-11. Hamburg testing results at required number of passes at 50 (

In theshoulder surfacmix categorythe 1818 and 1826 shoulder mirespossesselbw

Hamburg rut depths as compared todhewable However, the 1834 mifseeFigure3-12),

which used a softer binder system as compared to 1818, had the highest rut depth (9.8 mm)
among the tested mixtures. This shoulder mix is not designed for heavy traffs; and the
higher Hamburg rut depth opens the door to obtain higher fracture energy due to tharsidte
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gradewhile employinga relatively economical mix desig8imilar to thelL-4.75s, the numbe
of required load pass is lower for shoulder binders due to the lower stress whicheslimdbe
sublayers of the pavement.@h807 mix had a slightly higher rut depth which is attributed to
the softer binder as comparediie 1803 mix. As the maximum rut depth allowfed this
category is the conventional 12.5 mm, in the future, thestures could benefit from a softer
binder system especially if new or more stringent fracture requirements are introduced for
shoulder mixes as discussed later in this report.

As discussed earlier, the moisture damage potential of the mix can be evditmigt SIP
determination. Higher SIP values indicate that the mix can tolerate more whesl passto
stripping. A minimum SIP threshold is thus specified for different mix typesdas the lowa
method, a mix is first identified as potentially stripping when the ratio of theisigiipe slope
to the creep line slope excee?l®. To illustrate the calculation of SIP, examples for four
mixtures are provided iRigure3-13.

The first example is shown Figure3-13-a, which representbe first replicate ofhe 1835mix.
Recall that inFigure3-11, the maximum rut depth recorded for this mix was relatively low, at
3.3 mm. However, as Figure 3-13-a shows, the slope of the creep line is very low, suuh that t
slope ratio did in fact exceed 2.0. Thus, the lowa method determines this mix toripgiegst
potential, and the SIP was subsequently recorded to occur at 10,744 passes. Howeverl, the visua
inspection did not show any de-bonding between aggregate and binder, which is generally
expected in the case of actual stripping. This example implieth#hatathematical process used
in the SIP calculation might lead to misleading results, especially in casestivaeleformation
rate at the end of the densification phase of plastic deformation (i.e., tpeslope) is very low.
This makes the denominator of the slope ratio very small and results in relatgledy slope

ratios even if the stripping phase followed by densification phase is not proicléneat

stripping slope is relatively lowkigure3-13-b (1845-Rep 1) presents another example of what
appears to be an incorrect indication of a stripping-prone mix. However, the 1845 mix did not
show visible stripping, where the rut depth recorded at the end@i®passes was also very
small (just over 2 mm). In addition to the visual inspection, performing other neddorage

tests such as AASHTO-283 and the Texas boiling water test were be used to further evaluate
the lowa method based SIP paramdtegure3-13-c and d present the rut depths and slopes for
the 1828 and 1834 Tollway mixtures, which incurred the highest rut depths among the studied
mixtures.

(b)
Figure 3-12. Tested samples after 20K pass at 50 ( . a) 1828 mix, b) 1834 mix
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Table3-2 shows the average of creep and stripping sl@pekhe SIP of the plant produced

2018 Tollway mixtures investigated. Of these, five mixtures including 1835, 1845, 1829, 1828,
and 1834 had slope ratios over 2.0, indicating stripping potential according to the Idwad.met

It is also worth mentioning that although SIP could be calculateallftdre mixtures, as long as

the slope ratio is lower than 2.0, the mix is not considered as stripping based on the lowa
method. Mixture 1828 was found to be a stripping prone mix, although borderline (9,861 <

10,000).
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Figure 3-13. Examples of determination of SIP: a) 1835, b) 1845, c) 1828, d) 1834
mixtures

Table3-2 also provides the minimum SIP requiredhyTollway in their 2019 asphaimixture
specificationfor different mix categories. Fall SMA categories, a minimum SIP of 15,000
passess used. As highlighted, the average SIP measured on thepptahteed, reheated, lab
compacted specimens for mixe835 and 1845 are lower than tleguiredminimumvaluesand
wereidentified as stripping mixtures. On the other hand, since the average SIP of thtarethe
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mixtures with slope rategreater than 2.0 is higher than the required SIP, they are not teyged
stripping mixtures.

Having very low creep and stripping slopasiresult inextremely low or evenegative SIPs.
This phenomenon especially occurs when most of the deformation occurs during the
densification phase and both the creep and strippingbe@similar slopes. &en the average
slopes and SIP values obtained for mix 1836ahle3-2, it can be seen that the lowa method
resulted inan averag&IP of1711passeshowever, the slope ratio was lower than 2.0 and did
not trigger the stripping detectioAs shown inFigure3-14, in one of the replicates of the 1836
mix, thealmostparallel creemnd stripping lines has shifted the intersection back to negative
computedvheel passeat the SIP (obviously not possibl€)early, the model fitting and
numerical steps used in lowa methodtfaeSIP calculation often fails twork well for mixtures
suchasSMAs, whichexperience a negligible rut depdlaring thedensificationstage In addition
to negative SIPs, positive creep slope (upward defleati@mmlsdoe observed due to curve
fitting issues and numerical calculationtive SIP determinationFor this reason, it is
recommended that f@MA mixtures with very low rut depths, for instance, for those with no
greater thad.0 mm of rutting at 20,000 passes, that the mixture be considered as ‘non-stripping’
without the need to compute the slope ratio and SIP value.

Table 3-2. Identifying the stripping mixtures based on SIP requirements

Mix. ID Creep Slope StrSiIL:JpFigg ‘;l‘;?f SIP I\éilr;). Status
1844 3.99E-05 6.47E-05 1.6 13430 15000 OK
1835 4.29E-05 9.85E-05 2.8 13562 15000 Stripping
1824 5.62E-05 6.20E-05 1.1 14375 15000 OK
1845 1.98E-05 8.18E-05 10.5 10633 15000 Stripping
1836 6.37E-05 7.32E-05 1.5 1711 15000 OK
1840 5.39E-05 9.45E-05 1.8 12382 15000 OK
1829 6.95E-05 1.60E-04 2.3 12450 10000 OK
1828 2.19E-04 1.56E-03 7.1 9861 10000 Stripping
1823 4.48E-05 7.49E-05 1.7 12565 10000 OK
1818 6.51E-05 1.07E-04 1.6 13107 10000 OK
1834 2.43E-04 1.83E-03 7.5 13149 10000 OK
1826 6.16E-05 1.01E-04 1.7 13608 10000 OK
1807 6.62E-05 1.26E-04 1.9 12084 10000 OK
1803 7.68E-05 9.65E-05 1.3 12222 10000 OK
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Figure 3-14. Parallel creep and stripping lines for 1836 mix.

3.6. TSR Testing Results

Prior to the introduction of the Hamburg test, thiesile strength ratio (TSR) tesas the

preferred method tevaluate moisture damage resistancéadfivay asphalt mixtures. The TSR
testwasconducted using the lllinois modified version (accelerated moisture conditiafiticg
AASHTO T283 specification. In this method, the indirect tensile strength ratveoodubsets of
samplais be measured and compared to the required TSR threshold. The first subset of samples
included at least three replicates of gyratory compacted samples with 95 rknes$ki€he air

void content of the sammevas kept within6+0.5 % for SMAs and 7+0.5 % for derg@ded
mixtures. After being compacted and cooled down at room temperatudey gemples were
conditionedn water bath at 2§ (seeFigure3-15-a) for two hours. After conditioning, the
samples were tested to measureitid@ect tensilestrength. Although the conditioning process is
completed in water, this subset of sampdagrmed thelry subset.

The next subset of samples is called wet subset and includes at least threesepiiicahe

same geometry arar void content as the dry subset. This subset is subjected to a vacuum
saturation process, followed by soaking in warm water. To this padinsens werplaced in a
vacuum container, supported a minimum of 25 mm (1 in.) above the container bottom by a
perforated spacer. The container e filled with potable water at room temperature so that
the specimens haat least 25 mm (1 in.) of water above their surface. A vacuum of 13 to 67 kPa
absolute pressure (10 to 26 in. Hg partial pressuas)appliedor approximately 5 to 10

minutes The vacuum pressuveasthen removed, and the specimen left submerged in water for
a short time (approximealy 5 to 10 min). The time required for some specimens to achieve the
correct degree of saturation (between 70 and 80 percentnrfastbe less than 5 min. In
addition, some specimens may require the use of an absolute pressure oftgred@ékiPa.

After performinga first run of vacuum saturatianals, the saturation leve$ measured. If the
degree of saturation is between 70 and 80 %, the sample will be ready for warm wat
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conditioning. If the degree of saturation is less than 70 %, ano¢hied of saturatioms needed.
In case the saturation degree is over 80 %, the sample would not be representata® and
discardedAfter vacuumsaturating the samples, thegreplaced in wam water at 60( (see
Figure3-15-) for 24 hours. After this warm conditioning pritr testing, the samplegere
placed in water &5 ( for two hours. Finallythe IDT strength of the samples wasasured.
The minimumacceptable tensile strengghset a0 psi formixtures containinginmodified
asphalt binders and 80 psi foixtures containingnodified asphalt binders.

(b)
Figure 3-15. TSR sample conditioning. a) Dry set at 25 (, b) Wet set at 60 (

Figure3-16presents the tensile strength of the samylisats on the left axis in form of the bars
(dry in orange and wet in dark blue colors). Also, the tensile strength ratio (3 SFR)wn on the
right axisas indicated by the greelata pointsClearly,most ofthe mixtureossessestrength
valuesin both dry and wet conditions excess 080 psi,indicaing that thelDT strength
minimums were easily methe only mix which could not meet the minimum strerajtB0 psi
(setfor modified mixturesivas1828. Referring to the Hamburg testing results, the rut depth of
this mix was also highalthough its SIP was found moeet the requirement. The TSR calculated
for this mix is 77.3 which is below the minimum TSR of 85% required in the Tollway
specification Thereforethe 1828 mix showed moisture damgg&entialin boththe Hamburg
and TSR tests. Fortunatethe IL-4.75 and shoulder binderixes, whichyielded TSR values
less than 85%@reused in the sublayers of the pavement structureentherefore insaled

from the fullintensity of stripping antteezethawdistresdriving mechanisms present on the
surface

The TSRvalues for the 1835 and 1845 mixturefich were marked as stripping mixtures by
the lowa methodveremore than 96 %wvith their strengttvalues greater tha®0 psi in both wet
and dry conditions. The rut depth of these mixturgkétHamburg test was very low, bttie
slope rati@ werehigh, andthe mixes were detected as stripping by lowa methberefore,
these two performance tests do not completely match in terms of detecting phagstiipis
finding supports the recommendation of waiving the lowa SIP calculation and requtifeme
SMA mixtures with low total rut depths at 20,000 wheel passes. Based on these findngs, i
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also recommended that the Hamburg wheel track tesiehygrimary test for moisture damage
assessment. If the Hamburg test indicates stripping potential, the desigrgptrtaarun the
AASHTO T-283 procedure. If the TSR meets the required value, thenikbere can be rated
as passg, and considered as netripping.
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@ Dry 112 93 125 93 154 115 151 100 180 190 110 126 134.9156.7
m—\\/et 128 93 122 90 136 108 125 77 146 167 107 115112.0131.9

COV (Dry)% 2.2 43 13 56 133 40 34 56 23 45 102 3.7 34 37
COV (Wet)% 7.1 18 3.3 50 11 27 39 55 72 32 55 44 12 81
=o—TSR 114.199.4 97.4 96.1 88.7 94.0 82.3 77.3 80.8 87.6 97.5 91.1 83.0 84.2

Figure 3-16. Wet and dry strengths and TSR values

3.7.Boiling Water Test Results

In order to investigate the discrepancy between the Hamburg and TSR teststegt thihe
Texasboiling water test, waconductegher ASTMD3625-12. In this test, two, 25§lam

samplesof loose mixture were collected. After warming the samplesB&R X W * RQH VDPS(
is placedin boiling water  and the other sampig kept in water at room temperature for

ten mnutes. Then, the samples asgefully drainedcand visually compared with one other. If the
bituminous coating of the aggregates conditioned in the boiling water was removedreedbse

to changen color, the mixture igdentified ashaving stripping potential. In addition, residual
material depositedn the wall and bottoraf the water containezan also help tondicate the
separation of binder from aggregates and thus the potential for stripping in theeslatuat
Figure3-17 presents the pictures from nine conditioned loose mixtures in both boilingawater
room temperature water and the binder residual on the wall and the bottom of the bdéing wa
container. Agrigure3-17-b andFigure3-17-d show, there is not a significadifference

observed between the boiling water conditioned and room temperature water conditioned 1835
and 1845 samples. In addition, the residual remaining on the boiling water contagtestively
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negligible. As expected, the 1828 mix, which showed stripping potential though SIP and TSR
parameter, had higher concentration of residual after being conditioned in boitergavel 0
minutes Figure3-17-g9). Howeverdue to the very fine partidgresentit was difficult to detect
any difference between the two differently conditioned samples from this mhixh& naked
eye.Based on these results and those of the previous sections, the boiling water test does not
seem to be worth pursuing at the present time as a simple alternative to the gHaniifiR
stripping testsHowever, from a research perspective, the test provided a useful outside
perspective when comparing Hamburg and TSR results.

a)1844 mix

'b)1835 mix

' €)1824 mix
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"~ h)1803 mix

Figure 3-17. Boiling water test samples and container residue for different mixtures

3.8. Performance Test Repeatability

In theprevious section, the capability of various performance testassutiated parameters to
mitigate different distresses such as cracking, rutting, and moistuegddms beepresented
Error bars werg@rovided on figures tgraphically illustrate the variability of the tests with
respect to their mean valués this section, the coefficient of variation (COXglues are
summarized and compared to assess the relagpeatability of tk tests. Except forFIT test
where four replicatgpecimensvere tested for each miall other testsnvolvedthreetest
replicatesThe COV parameter allows scaling of the standard deviation with respect to the mean
value of the result obtained. The COV is computed as the standard deviation of theeregsicat
results divided by the mean of the test results. Thus, the COV can be interprbtedtasdard
deviation of the test results expressed as a percentage of the mean. For ins@&06de(a/3
computation would estimate that 68% of test results would fall withiBO% of the true mean
value. The dispersion can come from a number of sources, including variabiigyrimaterial
sampled, variability in procuring or producing the sample (gyratory compactiong@nd core
procurement and handling/shipping/storage), variabilitgplitting samples, variability in
fabricating the sample, human variability introduced during testing and possiblaiarddysis,
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and finally, variability introdued by the testing device. By comparing similar materials
evaluated with different testing approaches, one can obtain a general seeselatitre
proportion of the COV that is attributable to the test device versus the inheatabtlig of the
samples being tested. Lower COVs are generally associated with facto@sstinegrained
materials, homogeneous materials, samples and ligament areas larger thaprisentative
volume element (RVE) dimensions, factory-produced materialsstoain tests, modulus tests,
and other highly controlled variables (temperature, loading rate, aging,lepetimen
geometry). Higher COVs are generally associated with capieske materials, heterogeneous
materials, smaller samples tested below the RVE s&ld,groduced materials, chaotic
processes such as fracture or plastic shear flow in heterogeneous materiadsrgnor
difficult to control variables. Clearly, our industry has its hands full when congidiée
realities of our material, our construction environment, and the desire sonyde test
geometrieand to test small samples with lewumber of replications when possible.

Table3-3 andTable3-4 show thaveragedCOVsand standard deviations (STDs) of the
performance tests (or parameters) for different mix categories. It can biaatete maximum
COV of the DC(T) test for both-12and- « WHPSHUDWXUH LV OHVV WWKDQ
procedure foomitting the furthest FI value from the averageéhaffour replicateqas
recommended by IDOT)the COV oftheFI parameter using the three remaining FI values was
significantly reducedin the range of the DC(T) tesffhe COV of CT parameter is comparable
to theFI (four replicateresuls). ThelDT strengths in the TSR test (botlet and dry conditions)
yielded the lowest COVsThe Hamburg rut depth COV never exceeded 15 % for the tested m
categories. By far, the SIP parameter theedhighestariability when consideringvo mix
categories SMA surface(131.7%) and shoulder binder (38.6%). In the future, the low
repeatability of the SIP parameter the SMA mixtures will be mitigated by applyitige
prescreening methadtroduced in Chapter The average COVs for the performance tests are
summarized irFigure3-18.1t is worthnotingthatall of the performance testgere conducted at
the Mizzou Asphalt Pavement and Innovation Laboratory (MAPIL). It would be hetpful
investigate the repeatability of performance test results betwdependenlabsin the future.

Tables 3-5present more details regarding the variability associated with paramietzireed

from the IFIT and IDEAL cracking tests. As shown, the average COV of tteifeaenergy

(FE) calculated in IDEALCT test is 4.6 %, which is much lower than that of thél4Est. This
is likely due to the larger sample size used, and thus, larger fracture processeoslatsie to
the inherent material RVE. Moreover, the post peak slope calculated through the (DEtest

is generally less than half as compared &®HRIT post peak slope. This is a factor explaining
why the slope calculated by the IDEALT method is less variable and therefore more reliable
that that found in the IFIT. It was found that the COV of the final indices did not sanyeh
(20.9 vs. 22.7 %) in the case of the plant-produced mixtures.
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Table 3-3. Test COV averages for different mix categories
DC(T) DC(T) FI(4 FI(@3

Strength Strength Hamburg S|P

Mix. Type at-12« at-18 <« Reps) Reps) cT (Wet) (Dry) __(Rutting)
SMAF. S. 8.9 15.1 23.8 127 26.9 4.3 3.3 11.9 14.1
SMA S. 10.1 7.8 203 166 115 1.9 8.6 6.6 131.7
IL-4.75 7.3 14.5 252 109 151 5.5 3.8 14.1 15.0
Shoulder S.  15.8 16.2 214 104 232 4.4 6.1 13.9 12.5
Binder Cse.  14.3 6.9 21.3 15.1 22.0 4.7 3.5 13.2 38.6

Table 3-4. Standard Deviation (STD) averages for different mix categories
DC(T) DC(T) FI(4 FI(@3

Strength Strength Hamburg S|P

Mix. Type at-12 « at-18 ReEsz ReEsz cT gWetz gDrxz gRuttingz
SMAF. S. 71 102 2.2 1.0 39 4.9 3.3 0.3 3871
SMA S. 64 39 15 1.2 18 2.2 12.5 0.2 3132
IL-4.75 33 56 2.3 0.8 13 6.5 50 0.9 1770
Shoulder S. 71 62 2.0 0.9 20 54 8.1 0.8 1744
Binder Cse. 59 23 1.0 0,5 15 6.1 5.2 0.3 4711
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Figure 3-18. Average COV (%) of the tests
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Table 3-5. COVs of different parameters obtained from IDEAL CT and I-FIT tests

IDEAL -CT test I-FIT test
Mix. ID FE Slope L7 CT FE Slope Fl
1844 9.4 11.6 5.2 14.3 16.4 13.7 21.9
1835 4.5 16.8 13.2 37.3 23.1 22.0 14.8
1824 6.1 16.2 8.3 20.8 9.2 5.1 12.3
1845 6.8 13.5 13.4 35.2 18.9 23.0 46.1
1836 2.8 7.9 4.0 8.0 14.2 39.9 27.3
1840 6.4 5.2 6.2 15.0 10.0 24.1 13.3
1829 2.5 6.3 8.7 14.6 8.3 19.1 28.5
828 0.9 54 6.6 12.6 7.2 19.0 26.3
1823 1.9 9.2 7.3 18.1 41.1 50.9 20.7
1818 5.0 20.1 10.1 51.8 7.9 14.9 9.6
1834 4.1 10.7 2.6 9.0 51 24.1 27.4
1826 4.4 4.9 4.3 8.8 4.6 23.8 27.2
1807 4.5 16.2 6.9 32.5 8.8 22.6 23.1
1803 5.4 13.9 6.9 14.7 9.5 19.8 19.4
AVG 4.6 11.3 7.4 20.9 13.2 23.0 22.7

3.9. Performancespace Diagram

Figure3-19presents a usefulx plotting form known as theeérformance space diagramor,

more specifically in this case, the Hambid@(T) plot (Buttlar et al., 2016; Jahangiri et al.,
2019). This plot allows the simultaneous evaluation of rutting and cracking behavior. Some
useful trends that can often be observed when viewing data in this form are:

X The best overall performing mixtures will appear in the upjggrt-corner of the diagram
(low rutting depth, high fracture energy). These can be considered as high ‘total energy’
mixtures; i.e., rut and crack (or damage) resistant. These are high toughxtasssmi
and the best candidates for surfacing materials especially in demanding clindafi@s an
high traffic volumes.

X Mix variables that increase net total energy in the mix and thus ‘move’ mixtuifes in
direction of the upper-right corner of the plot include:

o Higher quality binder (low temperature susceptibility, higher UsEémhperature
Interval, or UTI), degree of polymer modification;
o Higher quality aggregate (stronger, more angular, better bond with asphédlt),
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The presence of crack interceptors or rut mitigators, such as fibers, rubber
particles, and even RAS (but only if properly used).

x Other salient features of the plot include:
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Hamburg Rut Depth at Required Passes (mm)

Binders with different grades but similar UTI tend to move a mixture along a
‘binder tradeoff axis’, or roughly speaking, diagonal lines moving in the upwards-
left or downwards-right directions, for stiffening and softening, resgedgti

Pure stiffening elements, such as RAP, tend to move points upwards and to the
left;

Pure softening elements, such as rejuvenators, tend to move points downwards
and to the right;

Binders with higher UTI, where the grade bump is on the high temperature grade,
tend to move points mainly upwards, but also slightly to the right due to the
benefits of polymer in intercepting cracks, and;

Binders with higher UTI, where the grade bump is on the low temperature grade,
tend to move points mainly to the right, but also slightly upwards, again, due to
the benefits of polymer in intercepting cracks.

Data points that appear in the undesirable mitielewer-left portion of the plot

are sometimes those that contain RAP and insufficient binder bumping, and
possibly poor bond, where the RAP tended to cause lower DC(T) values, and the
nature of the RAR4rgin material combination led to a moisttsesceptible mix

with high Hamburg rut depth value.
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Figure 3-19. Hamburg-DC(T) performance-space diagram for 2018 mixtures
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A number of interesting findings can be extracted from the results Tollway 28fi8es,
including:
X The SMA friction surface mixtures (solid squares) are located on the upipiecarger
of the performancspace meaning that these mixtures have the highest fracture energy
and very low rutting potential.
o Given the fact that there is still room betwela tecorded rut depth and the 6
mm threshold, these mixtures could benefit from a softer binder system and/or
rejuvenator to further improve the DC(T) fracture energy.

X The two SMA surface mixtures (solid triangles), including 1836 and 1840, are placed on
the lefthandside of the SMA friction surface mixtures.
o0 The horizontal alignment observed for SMA surface and SMA friction surface
mixtures underlines the importance of aggregate quality in DC(T) fractergye
o0 The rutting and cracking performance loé 1836 mix could be more balanced by
employing strategies to soften the mix.

x ThelL-4.75mixtures (asterisks) studied in this project exhibgeshtly varyingoehavior
based on HamburB<C(T) plot.

o 1823 mix showed an excellent resistance to ruttingpafih its DC(T) fracture
energy was the lowest among the studied mixtures.

o The GTR used in 1829 mix along with the fine aggregate structure resulted in a
rut-resistant mix that also possessed reasonable cracking resistance.

0 Unlike the 1829 mix, the 1828 mix (the other rubber modified mix in this
category) did not perform very well in the Hamburg test. Similar cracking
resistance was measured. Lack of room for the swelling of therdcgssed
rubber modification in the fine aggregate structure could have possibly led to the
poor performance of this mix in the Hamburg test.

X The three shoulder mixtures (solid circles) performed similar to the othex geated
categories. Since the shoulder surface mixtures experience the same egviabnm
conditions as the SMAs do, their DC(T) fracture energy should also be expected to be
relatively high. That being said:

o The 1834 mix recorded a higher DC(T) fracture energy than the other two mixes
in this category. However, its rut depth in Hamburg test was high. However, the
poor Hamburg performance may not be problematic in practice due to the low
load intensity typically experienced on the shoulder.

o0 The 1818 mix had a similar amount of recycled materia®9(%) as compared to
mix 1834. However, the base binder used in mix is one PG grade stiffer. In the
future, to improve the fracture energy of the 1834 mix, a softer binder system
should be considered.

o0 The 1826 mix has the highest amount of recyclirng %) and accordingly used
the softest binder system (PG 46-3#}his category. This mix design strategy
seemed to pay off, as the mix is characterized as one of the better overall
performers based on the performaspeace diagram.

0 None of the shoulder mixtures tested in this project were modified with rubber or
SBS.Incorporation of GTR, as a recycled material, might improve the
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sustainability and also performance (especially cracking resistanitesef
mixtures.
X The two shoulder binder mixtures including 1807 and 1803 (solid diamonds) performed
very similarly in terms of theirelativelylow and high temperature test results.
0 As aresult of high levels of recycled materials used (more than 43 % ABR), thes
mixtures are very stiff and showed negligible rutting in the Hamburg.
o Similar to the shoulder surface mixturesfter binders and GTR modification
should be considered in future designs.

3.10. Longterm Aging

DC(T) testing has generally been performed on sieont-aged laboratory mixeslowever, the
rheological properties of the binder continuehang during the service life of the pavement
resulting in higher cracking potential dueinareasedtiffening. The DC(T) was inherently
calibrated to account for these differences during its development in the N&oabed Fund
Study on Low Temperature Cracking (Pooled Fund Study #776). However, the aalibrati
contained many sections from Minnesota, along with other participating stedsty(northern).
This calibration had not been performed for the lllinois Tollway specification far this study.
Thus, a targeted laboratory and field study was performed towards this end.

AASHTO R 30, which is the most commonly used method to simulate long term aging of the
DVSKDOW PL[WXUHV VXJJHVWYV NHHSLQJ WKHRRRPSDFWHG VD
given the highly variable climatic conditions across the US, this description dikeky not
closelysimulate the environmental conditions in Chicago area. In addition, oven aging of the
compacted samples could result in non-uniform aging, distortion, amgehin airvoids of the
testing samplekecent studies have suggested that loose mix oven aging an®y athe

most promising longerm aging method to simulate field agiiog asphalt mixtures, at leastr
researclpurposeskor exampleNCHRP Report 781 generated aging duratiwgpsfor mixtures
agedin a forceddraftoven at 95 °GseeFigure3-20) for the U.S Three field ageéargets4

years, 8 years, and 16 years) were selected for the purpos&chignéield agingeffects at
threedepths (6 mm, 20 mm, and 50 mm) with oven aged results at 95 °C. The recommended
aging protocol was developed by means of a sefiegboratory experiments on field corasd
asphalt binderalong with a system to select the aging index properties (AIPs) that were
integrated with pavement aging models.

3.10.1. Methodology for Tollway DC(T) Calibration to Account for Long-Term Aging

The limited literature available suggedtusing a 15%mcreasan DC(T) fracture energy
thresholds on short-term aged specimens during mix design to account for the evectiual fr
energy loss expected during long-term aging (Braham et al., 2009). Howevegdhisef

energy reduction was recommended for one specific type of hot mix asphalt @&HdAl)d not
cover the various mix types usky theTollway. To validate the recommended value and also to
establish the aging characteristics for all of the Tollway mix tygasjersity of Missouri (UM)
researchers attempted to apply the NCHIgng protocol on the loose mixtures to simulate
eight years of aging on Tollway pavements placed in the Chicagolandraagaition to DC(T)
fracture energy, the sensitivity of FI parameter to aging was also studied.
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Table3-6 shows the duration of oven aging needed to simulate different field aging times. Fo

this project, the surface mixtures were aged for 6 days in a faeced® |W R Y HQ BEdbre

3-21) to account for eight years of in-situ aging. It should be noted that the plant-produce
mixtures were sampled in mRD18 and were kept in the storageility until late 2019.

However, any steric (thixotropic) hardenioagcurredwouldlikely be reversed by sample heating

and stirring.
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Figure 3-20. Required oven aging durations at 95°C to match level of field aging 6 mm
below pavement surface for 8 years of field aging (Kim et al., 2018)

Table 3-6. lllinois oven aging duration based per NCHRP-871 “(6 mm below the

surface) (Elwardanya et al., 2018):

Field Aging Time Oven Aging Time at 95 (
4 years 3 days
8 years 6 days
16 years 12 days
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3.10.2. Testing &sults

X Surprisingly, mix 1835 which is an SMA friction surface mix modified by dry-p®ces
GTR did not experience a drop in DC(T) fracture. This mix also hashtladlestdrop in
Fl score (63% drop) among the tested mixtures. Possibly the combina@drRof
(containing carbon black, an antioxidant) along with a high amount aigeerecycled
materials(fABR=41.2%)in this mix led to the relatively stable aging behavior.

X Mix 1836, which is an SB8wodified SMA surface mixwas measured to havel 8%
decrease in fracture energy. However, the Fl score underwent a decreaseupb86%
this aging The DC(T) fracture energy ‘bump’ inherentlynosidered in theurrent
Tollway spedfication is thought to be around 15%, whishvery close taging effect
measuredn this mix.

X Mix 1818, which is an unmodified shoulder surface raxperiencd 17% drop in DC(T)
fracture energy after aging. This mix had the highest drop in FI score (968a)dtth
mentioning that the peak load if-IT exceeded 10 kN for this mix and a stimgek (very
brittle) behavior was observed for this mix such that the slope of Defldction curve
could not be properly calculated.

52



1200

& i ¢
G 0
2 1000 |6d 00 %
X A . g )
2 goo [$% S© £
w e nom %) Do _ S <
© Q ° g©
§ , 600 )
S
L 400
E
O 200 e
@) 1835 1836 1818
m Gf (STA) 772 596 427
uGf (LTA) 799 485 353
ABR by RAP 25.0 16.2 20.4
ABR by RAS 16.1 16.3 0.0
Total ABR 41.2 32.5 20.4
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Figure 3-23. Comparing the FI of short-term aged (STA) with long-term aged (LTA)
samples

Someof the tested ageshmplege.g. the 1835 mix) showed normal lodidplacement curves
(Figure3-24a) while there were mixturestich as 1818 thaadstraightline (due to a fast
moving crack that outpaced the data acquisition rate used in the testagaéck shapeload
displacement plotdqgure3-24b) with peak loads excess 0l0 kN. This behavior led to a
very lowFI value, less tharl.0, and in some cases, nearly z@ittese spemens exhibited very
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brittle behavior in the FIT test with snap-back type softening curves and very few data points
following the peak load, indicating a very brittle failure. Analysis of dawseh very steep
post-softening curves is not adequately described in the test specificatioegainesanal/st
judgementThese mixe®ften possess the highest variability between test repliddiese
observations underscore the difficulty in using thdT-test with respect to mix specification
calibration on longerm aged materials.

1835 AF laxraw - Status: FAIL - FI: 3.26 1818 AF laxraw - Status: FAIL - Fl: 0.27
Energy 3320.6)/m2 - Strength: 999.4kPa Energy 2474.7)/m2 - Strength: 1832.2kPa
8 — Ri_iw Data 14
= Min Slope -10.18 kN/mm @ 1.73mm
7 Min Zone
12
6
10
5
= Z s
5 a ﬁ = Raw Data
= Min Slope -90.73 kN/mm @ 0.99mm
.g -g 6 Min Zone
o3 o
- -
2 4
1 2
o Testquip LLC (c) 2017 o Testquip LLC (c) 2017
o 1 2 3 4 0.0 02 04 06 08 1.0 1.2 14 16
Displacement (mm) Displacement (mm)
(a) (b)

Figure 3-24. Load-displacement response for aged mixtures under I-FIT testing: a)1835
b)1818
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Chapter 4

SITE VISIT AND CORIN G PLAN

4.1. Overview

Development of &ruly performancebased specification requiresmprehensive laboratory
testingcombined withextensivefield performance data. Besides overall conditaetails
regarding theype extent and severitgf individual distresses should be considered when trying
to control rutting, cracking and moistutamageThis can be achieved through site visits (visual
inspection) automated data collection vehicles or preferably ddh types of data wengsed
hereinto assist in updating the Tollway’s asphalt mix design performance testdlaiesh

The plant-produced asphalt mixtures studied in this project were used to pave diffetienss
in the Tollway road system during the summer of 2018. The sampled mixtures eete us
fabricate testing samples and evaluate the efficiehtlye performance testsato assesthe
expected performande thesemixtures. Various performance tests were carried out, and the
results were presented in the previous chapter. In order to observe the seritig@ihe
mixtures insitu, the MU team had a twaay site visi from May 30" to May 3%, 2019. After
finalizing a location of the targeted sections and the milepost ranges in a meetitigeWitRP
subcommittee, and the condition of the sections was visually observed. Although the visited
sections did not age codsrably, they experienced a recdmegakingwinter and severe cooling
events at the beginning of 2019 that provided an opportunigveal anypoor performing
mixtures in terms of low temperature cracking.

In addition to the 2018 overlaid sections, other good and bad performing sections wede locate
and observed as follows. Most of these selected sections were already istydéyious

projects, and their laboratory performance data either on field cores bpmdoced mixtures
were available. Thedt of the projects from which the sections were selected as follows.

x lllinois Tollway 1-88 Ground Tire Rubber Test Sections: Laboratory Mix Designs and
Performance TestingReport Published in 2017

X Laboratory livestigationof lllinois Tollway Stone Matrix Asphalt Mixtures with Varied
Levels of Asphalt Binder ReplacemeReport Published in 2016

x Characterization of Hot Mix Asphalt Containing P@insumer Recycled Asphalt
Shingles and Fractionated Reclaimed AspRalementReport Published in 2010

4.2.2018 Overlaid Sections

X Route 355The1844mix onmainline andhe 1834mix on shoulder
0 Mile post range: 12-22
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o Observation on mainlindrequer fat spotsgenerally a result of theroduction
issue not an overmsphakd mix Some eflective crackgseeFigure4-1)

o Observations on shoulddnfrequent reflective crackin@pen longitudinal joint
between outer lane and shoulder- Occasional bumps

X (b)

Figure 4-1. Pictures from 1-355: mix 1844, mile post: 17 and 18 on mainline

X Route |-355:The1826mix on shoulder
o Mile post range: 22-30
o0 ObservationNo noticeable distress

X Route 188: The1840 and 1829 mixes anainling the 1807mix on Shoulder
o Mile post range: 123-103
o Observations: Very low number of transverssv(temperaturecracks(see
Figure4-2)- Some periodic hairline cracks on the shoulder

Figure 4-2. Picture from [-88: mix 1840 on mainline and mix 1807 on shoulder

X Route +88: The1835 and 1828 mixes anainline(WB), the 1845 mix on shoulder
0 Mile post range: 103-93
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o ObservationsVery low number of transvergow temperaturegracks(see
Figure4-3)

Figure 4-3. Picture from 1-88 at mile post 101 (WB)

X Route $88: The 1836 and 1823 mix omainline(WB)
o0 Mile post range: 91-76
0 ObservationsTransverseracks ~ 100 ft spacin@eeFigure4-4)

R

Figure 4-4. Picture from 1-88 at mile post 77 (WB)

4.3.Ground-Tire Rubber Test Sections (Report Published in 2017)

The lllinois Tollway constructed test sections for three Ground Tire R{&3dR) asphalt
modifier technologies on the Reagan Memorial Tollwa§g) in April 2016. Apart from

57



estimatingthe performance characteristics of the new GTR technologies, the study also
examined the effect of softer virgin binder and an increased amount of retkEspiealt on mix
performance properties. Accordingly, the GTR technologies were incadaordad SMAmMixes
with 33% asphalt binder replacement (ABR) using a ‘standard’ base or virgim (R@E&8-28)
and a softer base binder (PG 46-34). A third design was also used, where the softedease bi
was combined with an increased asphalt binder replacement (ABR) percentage3® @ith

47% ABR), obtained by increasing the content of recycled asphalt shingl&3.(RA

X Route 188: The1636mix (Elastiko PG46-34 High ABR) on assingane(EB)
o Mile post: 61.0
o Observations:Some thermal cracks were obser/€dres were taken from the
mainline.Some crack stopped once they reached the rubber modified mix on the
inside langseeFigure4-5-a)

¥ J EE 55

Figure 4-5. Pictures from 1-88 at mile post 61 (EB shoulder and mainline)
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X Route +88: The 1631mix (Evoflex PG 46-34 High ABJRon outside should€EB)
o0 Mile post 65.9
0 Observations: SMA shouldekany cracks in asphalFigure4-6).

Figure 4-6. Picture from 1-88 at mile post 65.9-High ABR rubber modified asphalt (RMA)
mix (EB shoulder and mainline)

4.4. SMA Study (Published in 2016)

In order to maxnizethe environmental and economic benefits of RAP, RAS, and GTR,
innovative pavement agencies and mix designers tend to utilize these recycled pnoducts
various combinations to reduce virgin asphalt and aggregatientda the maximum extent
possible, leading to significant cost savings and enhanced susityinkibgeneral, SMA surface
mixtures containing high percentages of asphalt binder replacement (ABRR#RP/RAS

would be more susceptible to thermal anctkloracking as compared to virgin asphalt mixtures,
unless specific measures are taken to counterbalance the recycled materials ftath/eigo
binder base grade and/or through the use of a rejuvertggagnodifier. Such countermeasures
have been taken in the design of Tollway higiffic, stone matrix asphalt mixtures; however,
the design of theses mixtures pre-dated the existence of modern low tenepmiature

cracking tests. In addition, the lllinois Tollway made an early move to erldesign voids

target in an effort to enhance mixture durability when recycled matereissad. The primary
objectives of this study were to evaluate the low temperature characterigtiespatted
performance of cores obtained from seven Tollway projects constructed h&d@eto 2012
using stoneanastic asphalt (SMA) mixtures with varying ABR levels and virgin materials

X Route 1-294Mix G (PG 70-28 SBS), overlaid in 2012
0 Mile post range: 25-27
o Observations: Some potholdReflective crackinggomewereskewed- Fat
spots- Rough ridéseeFigure4-7)
0 Heavy traffic load (seEigure4-8)
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Figure 4-7. Picture from 1-294, mix G, mile post range: 25-27

Figure 4-8. Heavy Truck Traffic on 1-294, near accident site

X Route 190: Mix A (on WB) and mix B (on EB)
o0 Mile post range2-15
o Observations: Mostly longitudinal and joint cracks

(a) (b)

Figure 4-9. Pictures from 1-90 route: a) Mix A (Gravel), WB, MP:3 %, b) Mix B (Diabase),
EB, MP: 7 Y4
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4. 5RAS Test Section on 1965houlder (Publishedin 2012)

In the summer of 2009, a field demonstration project was conducted by the lllinois Tollway on the
Jane Addams Memorial Tollway-90). Eight mix designs containing zero or five percent RAS and
varying percentages of FRAP were developed and placed in the pavement shoutderokit
transportation agencies studying the options of adding RAS or using higher amounts of RAP through
fractionation, the Tollway became interested in adopting these tesnig their construction
specifications. The objective of this new research was to determine how refileipgrcent of the

FRAP in these new mixes with five percent post-consumer RAS would affect the @eréerof

asphalt pavementBigure4-10 provides sample images from the shoulderfigdre4-11 presents

the properties of the mixtures used on the shoulder with the mile markers and desaonipamhf

section superimposed on the plan view.

(a) (b)

Figure 4-10. Pictures from 1-90, WB shoulder, a) MP:4 %4, b) MP: 5 1/2
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End

Lower density of block cracks

study

__________________ 4.50

The color changed. 3 ft interval
transverse cracks and block.

""""""""" 5.25

The severity of the cracks gets
worse compared to MP 4-5.25.
Many block, transverse, and
long. cracks (seEigure4-10).

Thermal and Block Cracks
More severe cracks

__________________ 6.25

Equally spaced transverse
cracksNarrower

6.6

Reflective cracks moneotable
than the other cracks

____________ 7.0

Long and wide transverse
cracks Block cracks are existing
but not as much as transverse

7.5

Figure 4-11. Plan view and notes on the 2011 study section
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4.6. Other Sections

X Route 190: SMA mix, overlaid in 2018GTR modified
0 Mile post rangel6.5-17.9EB, andI-90 west to 1-39 ramp
o Observations: High density block cracking on the SMA mix (observable when
walking, less noticeable when driving), ride is still reasonably good

(a) (b)
Figure 4-12. Pictures of a) 1-90 west to 1-39 ramp and b) 1-90 MP 17.0

Based on these observations, a list of good and poor performing sections was prepaadudse
4-1). In this list, sections from mainlis§ SMAs) and shoulders (dense graded) with different
levels of age ranging from three to eleven years of service life were selelotaihi@ field
coresand testing the laboratory performance of these sections were the nextahaskeout in
this study. This tablalsoshows the location and number of cores obtained from each section
along with a short description of the distresses observed on each section.

4.7.Cored Sections and Mixture Properties

Previousy, the selected sections for the field coneestigation were introducedlhese sections
were selected to cover the wide range of the mixture types that Tollwéypudmth mainline

and shoulders. Also, considering the good- and poor performing sections could help with the
specification calibration. It is also worth mentioning that these sections @ovide range of
service life and most of the sections have experienced at least eight yearangedid events.
Wang Engineering collected 51 full-depth cores and 81 partial-depth coresoasvadations
along k88, F90 and 1294 shown inTable4-1 in July and August 2019 (sEgure4-13). The
cores were obtained using a coring machine equipped withiadh@iameter core barrel.
Figure4-14 andrigure4-15show the field cores in the storage Wanfacility and the

transferring of these cores to MAPIL using a truck, respectively.
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Table 4-1. List of the selected sections for coring and their distress description
Mile Total No. of No. of

Route Lane Dir. Post  No. of Mid-  Surface Description
Range Cores Depth* layer**
188 '”TS;‘?]Z;TE B OO 1 3 9 On rubblized JCP
. Control-SBS located
1-88 |I’]I_S;(:]e (L?]Tg- EB %1031% 12 3 9 between the rubber
9 ) sections
. Gravel Aged SMA
1-90 '\.I/_IZ:]n“Qr?;S WB 1; (())(()) i 12 3 9 construction jointscrack
9 ' sealants
1-90 Mainline EB 1;88 12 3 9 Diabase Aged SMA
i I-90 Ramps 17.80- High density block
-90 EB 16.50 12 3 9 cracking
30.50- Quartzite mix Reflective
[-294 Mainline NB 36. 50 12 3 9 cracking Rough ride-
) Placed on jointed concret
45.00- . .
1-88 Shoulder EB 55 10 12 3 9 Visually good performing

Poor performing-

1-88 Shoulder EB 55.10- 12 3 9 transverse cracks, low
60.00
severe block cracks.
7 50- Poor performing-
1-90 Shoulder WB 7‘ 00 6 3 3 transverse and block
) cracks
6.60 Poor Performingsevere
1-90 Shoulder WB 6'25 6 3 3 transverse and block
) cracks
6.25- Poor performing-3 ft.
1-90 Shoulder WB ) 6 3 3 interval transverse cracks
5.25 .
and block cracking
5 95. Poor performingmore
1-90 Shoulder WB ' 6 3 3 transverse cracks than
4.50
block
1-90 Shoulder EB 9.50- 6 3 3 Good performin
10.50 P 9
9.50- Poor performing-
-90 Shoulder WB 10.50 6 3 3 transverse cracks

*Mid- depth core: 6” deeg*Surface layer core: 3" deep
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Figure 4-13. Example of the field core pictures and details from Wang Engineering
Report

65



Figure 4-14. Field cores located in storage facility

Figure 4-15. Transferring the field cores from storage facility to MAPIL
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The details about thos®redsections including the location of the core samples, mixture
properties on first two lifts of the cores, and also the overlaying yearewdidzusseah this
section Table4-2 shows the properties of the coregp lift. These cores were obtained from
[-88, F90, and 1294. The first six mixtures are SMAs including both SMA friction surface and
SMA surface. The nexdix mixtures areshoulder sections located on [-88 and 1-90. The
description of each column is provided below.

“Location” column, which will be used as the label of the sections later, includes the
route and also a number that represents the mile post range and is unique $eceaich

- “Direction” columnspecifies the traffic direction on the cored section. For instance, EB
stands for East Bound.

- “MP Range” represents the mile post range on the corresponding section.

- “Mix ID” is the label of the mxture mentioned on the Job Mix Formula sheet.

- "Year” shows the overly time (year) of the section.

- “Base Binder” is the binder system including the PG grade and the modification.
- “Mix Type” can be SMA surface, SMA friction surface, or N70 dense gradgd

- “NMAS” and “ABR’s are the nominal maximum aggregate size and asphalt binder
replacement by RAP or RAS, respectively.

As mentioned intheprevious chapter, the performance-based specification covers various types
of mixtures located withidlifferentlevels of the pavement structure. Therefore, in addition to the
top lifts, it was attempted to study the bottornsliff the field cores and evaluate their
performance. The test results for tiwtom lifts will be used to calibrate the spec for the
corresponding mixture types. The detailsbafttom lifts of the field cores were collected from

JMF and presented ifable4-3. Thebottom lifts studied in this project are from seven sections.
The first three mixtures are the SMAs used orbibigom lift, and the next four sections are N50
dense graded shoulder binders. The headings used in this table are similar to tise@dires
Table4-2.
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Table 4-2. Mixture properties for the cored sections (Top Lift)

MP Base ABR ABR Total
No. Location Direction Range Mix. ID Year Binder Mix. Type NMAS by by ABR
9 RAP  RAS
1 188-47 EB 45- 90WMA1649 2016 SBS SMA Surface 12.5 11.6 198 314
55.1 70-28 ' ) ) )
60.1- SBS .
2 188-60.5 EB 61.3 90WMA1528 2015 70-28 SMA FrictionS. 125 14.8 20.7 35.5
2.0- 76-22+
3 190-6.6 WB 15.0 90BIT0941 2009 GTR SMA Surface 12.5 13.9 0 13.9
2.0- 70-28+ .
4 190-6.0 EB 15.0 90BIT0851 2008 GTR SMA FrictionS. 12.5 16.3 0 16.3
16.5- 76-28+ .
5 190-17.8 EB 179 90BIT0859 2008 GTR SMA FrictionS. 19.0 16.0 0 16.0
30.5- SBS .
6 1294-34 NB a5 90BIT1218 2012 _ "o  SMAFrictionS. 19.0 155 16.2 31.7
7 188-52 EB ‘;%(:’L' 90WMA1531 2015 58-28  N70D Surface 9.5 191  19.6 38.6
8 188-57 EB 56% ](')_ 90WMA1450 2014 58-28 N70D Surface 95 22.8 17.8 40.7
9 190-7.25 WB 7.0-7.5 90BITRS05 2009 58-22 N70D Surface 9.5 16.7 20.1 36.8
10 190-5.12 WB ggé 90BIT0823 2009 58-22 N70D Surface 95 24.4 0.0 24 .4
11 190-10E EB ]9_095_ 90BIT0842 2008 58-22 N70D Surface 95 24.0 0 24.0
12 190-10W WB ]9_095_ 90BIT0819 2008 58-22 N70D Surface 95 16.2 0 16.2
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Table 4-3. Mixture properties for the cored sections (Bottom lift)

ABR ABR

No. Location Direction R'\a/llrf)e Mix. No  Year Mix. Type B?nadS:r NMAS by by L()Btgl
J RAP RAS
SMA 76-22+

1 190-6.6 WB 2.0-15.0 90BIT0941 2009 12.5 13.9 0 13.9

Surface/Binder GTR

76-22+

2 190-6.0 EB 2.0-15.0 90BIT0831 2008 SMA Binder GTR 12.5 15.3 0 15.3
3  1294-34 NB 30.5-36.5 90BIT1216 2012 SMA Binder 780?288 12.5 171  19.2 36.3
4  190-7.25 WB 7.0-7.5 90BITRS04 2009 NS5O Binder 58-22 19.0 217 224 440

5 190-6.06 WB 6.0-6.12 90BITRS02 2009 N50 Binder 58-22 19.0 329 242 571

6 190-5.12 WB 5.0-5.25 90BITRS03 2009 N50 Binder 58-22 19.0 421 23.7 65.8

7 190-4.75 WB 4.5-5.0 90BITRSO01 2009 NS5O Binder 58-22 19.0 31.2 23.7 54.9
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4.8. Summary of Field Observations

In this twoday site visitthe MU team observeaumerous sections both aminlinesegments

and shoulders. These sections were mainly paved using the asphalt mixturesehaewiously
tested through different projects. The most cammlistress observed on the surface of the roads
was transverse cracking which calls for extra attention to selecting trapapfe cracking test

and then setting the thresholds for the test output. A summary of the field obsengations
categorized based on the projects as follows.

Sections in Performance-Based Specification Project (2018 mixtures)

- Mixtures usedn the 2018 study on thmainlinedid not have considerabiensverse
cracking. That being said, some reflective cracks were observed aftecondcold
winter of 2018-2019.

- Mix 1845 which was used on the shoulder (Lehigh rubber mix) has begun to show
thermal cracking after the 2822019harsh winter

Sections in Rubber Study
- All the mainlinesections constructdd 2016 were performing very well (only a few,

isolated thermal cracks were observed).

- The control sections (SBS) in-between the rubber sections (and west of thenitedxhi
more thermal cracks as compared to the GTR mainline sections.

- The dense-graded mix shoulders had frequent cracking.

- The SMA mix used on the shoulder (Evoflex RMA) showed extensive transverse
cracking.

Sections in SMA Study
- The2012 294 section now hasanyvisible distresses, and is starting to ride rough.
should be mentioned that this mix has been placed on jointed concrete pavement.

- Heavy % trucksvereobserved

Sections in RAS Study (Shoulders)
- The shoulders wit RAP and RAS had many crackisermal and block.
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Chapter 5

FIELD CORE TESTING RESULTS

5.1. DC(T) Testing Results

DC(T) samples were fabricated using the top lift of the collected field cbnesthickness of the
top lift was at least 50 mm (2 inches) & the sections, which made it possibleththe

DC(T) samples intd&0 mm slicesThree replicates were testint eachsectionand the average
of DC(T) fracture energies waslculated Figure5-1 shows the fracture energies testeelat

« 7KH HUUR Un toiDedcVt sédtidth £overs the range of the obtained from testing the
replicates. Alsomixturetypeandyear of overlay arendicatedfor each section. e table
attached to the figure provides the amount of recycled materials used in &aaie nmcludng
the ABR by RAPand RAS and total ABR. The details of the mixture ingredients such as the
NMAS, binder system, and modificatiane provided inTable4-2. The tested mixtures are
divided into two categories, namely, SMAs and dense graded mixtures, using a graylidashe
As expected, the DC(T) fracture energies of the SMAs are higher thdartbe graded
mixtures. Also notedwere
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47 605 66 6.0 178 34 ; 52 57 7.25 512 10E 10W

mGfat- e« 436 830 567 925 800 451 401 409 370 346 387 356
ABR by RAP 11.6 148 139 16.3 16.0 155 191 228 16.7 244 240 16.2
ABR by RAS 19.8 20.7 O 0 0 16.2 196 17.8 201 0.0 0 0
Total ABR 314 355 139 16.3 16.0 31.7 38.6 40.7 36.8 244 240 16.2
Year 2016 2015 2009 2008 2008 2012 2015 2014 2009 2009 2008 2008
COV(%) 10.7 164 15 64 19 149 197 64 305 112 65 81

Figure 5-1. DC(T) testing results at -12 ( for the top lift of the field cores
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x 188-47 and 188-60.5 both used SBS 70-28 binder systems. However, benefiting from
higher quality aggregates, .5 yielcded a significantly higher fracture energy (436 v.
830 J/n%) although this section has aged one year lothgar 18847.

X The combination of higher aggregate quality and alsofter binder system
(PG 70-28GTR) usedn the90-6 mix (SMA friction surfaceYesulted in higher DC(T)
fracture energy asompared to 190-6.6.

x Referringto the distressummary fol90-6.0 and 190-6.6@istedin Table4-1, the section
with lower fracture energy (190-6.6) started to show transverseiogaekile 190-6 with
higher fracture energy did not.

x Although the 190-17.8 section experienced block cracking on its surface, the mixture
performed well inthe DC(T) test with a fracture energy vahfe800 J/m. We believe
this is due to the nature of aggregate in this mix, perhaps combined with mix volametric

x Thel294-34 mix was placed on jointed concrete pavemenhasaxperienced
significantreflective crackng. The fracture energy of this mix was low (4512)/m

x The fracture energy of all the shoulder mixtures including poor and good performing
sectiors was around 400 JfniThis indicates that longterm aged fracture energy level
of 400 J/m maybe borderline with respect emsuringadequate resistance to
environmentallybased cracking in the Chicagoland area

Figure5-2 shows the DC(T) fracture energies for two lifts of the studied sectionsiagn®o
significant differencavasobserved in fracture energy for two different lifts of the same section.
Although the mix used in th@ottom lift may not beas crack resistant as the first lift, the
environmental and traffic loading conditions that the first lift experiencemareseverehan
thebottom lift. Given the fact that the studied mixtures have aged for many years in-situ, the
higher crackesistance could be balanced with harsher environmental conditions (i.e. cooling
cycles their severity) such that the difference between fracture energiesossioerable.
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Figure 5-2. Comparing fracture energies for top and bottom lifts of the field cores
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5.2.1-FIT Testing Results

I-FIT testing was performed on the sliced top lift of the field cores. Foucatps were prepared
and tested and the average of the FI parameter for twelve sections areedriegegtire5-3.
Similar to the previous figure, the error bars shiberange of the Fis calculated for the four
replicates. Although the Fis for the SMAs are gelhehagher than those of dense graded
mixtures (as expected), the {90E section, as a shoulder mix had the highest Fl among the
tested sections90-5.12 was another section that has an FI of 4.7 which is comparable to the FI
of the SMAs. Among the six SMA mixture88-60.5, which is a fougearold SMA friction
surface mix with an SBS 70-28 recoded the highest FIh&sFIT test is very sensitive to
aging (based on the aging results in Chapter 3), it is expected that th&islsactiorwill drop
significantly as it reaches the age of the other sectidnes1906.6 mix, which performed well in
DC(T) test and was ranked as the thebtSMA, yielded the poorest performance iRITF test
among the SMA, with an FI of 3.7.

Comparing 1967.25 and 190-5.12xhich have the same binder system but different
combinationf recycled materialsllustrates how thé&l is sensitive to RAS binder. As a result,
the FI of 190-5.12 is significantly higher than that of 190-7.25, although 190-5.12 is ane ye
olderthan 1907.25.
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Figure 5-3. I-FIT testing results for the top lift of the field cores

Figure5-4 compares the Fls for two different lifts of the field cores collected finoe@ sections.
As shown in the figure, all of these three sections are SMAs. Unlike the D@¢I)rie energy,
thereis a significant difference between the FI of different lifts. As mentidrefdre, {FIT tests
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is very sensitive to aging and thettom lift of field cores had lessgingthanthe top lit. This

was especially reflected in 1906 where the same mix was used in both lifts but the FI of the
bottom liftwas170 % higher than the top lift. For the other two sections, 190-6.0 and 1294-34,
although the top lift is SMA friction surface mixwhich benefis from very high quality
aggregates, the FI of thettom lift, which are SMA binders, are higher than the top lifts.

20.0
18.0
16.0
14.0
12.0
10.0
8.0
6.0
4.0
2.0
0.0

SMA Binder
SMA Binder

SMA Friction 9.
SMA Friction S.

I

SMA Surface/Binder

SMA Surface

190-6.6 190-6.0 1294-34

m Top Lift 3.7 9.3 4.7

O Bottom Lift 10.0 12.7 8.0
Const. Year 2009 2008 2012

Figure 5-4. Comparing the Fls for top and bottom lifts of the field cores

5.3.IDEAL -CT Testing Results

The IDEAL-CT test was the third crackjrtest which was carried out on the field cores. The
averages of the CT index using three replicates for different sections aetpdesFigure5-5.

It should be nted thatthe recently published IDEAGT specificatiofASTM D8228-19) calls

for 62 mm as the thickness of the testing samples. However, the thickness o thadiftot

enough to meet that requirement and 50 mm slices were t8gtathr to FFIT testresults, the
188-60.5 and 190-10E have the highest CT score among the SMAs and dense graded mixtures,
respectively. That being said, the SMA friction surface mixtures did notrétmetheSMA

surface mixturesThe IDEAL displayed a considerably lower C@Y compared tbFIT.

Similar to DC(T) test results, the shoulder mixtures performed very similarlysitetii where

the CT score rangrom 64 to 139.

As shown in Figure 5-6, the CT scores of the bottom lifts for two sections (160-6.6 and 190-6.0)
are higher than their corresponding top lift. However, the 1294-34 section recordedrailighe

index for its top lift
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Figure 5-5. IDEAL-CT testing results for the top lift of the field cores
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Figure 5-6. Comparing the IDEAL-CTs for top and bottom lifts of the field cores
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5.4. Repeatability of the Cracking Tests

Table5-1 preseng the COV and standard deviation (STD) of different cracking tests for
different mixture typesested in this studyAs mentioned beforeh¢ repeatability of a
performance tegthouldbea keyconsiderationn selectingan appropriate test for spfcation
development. As shown in the tablee DC(T) test has the lowest COV for all tests across each
mix categoy. Notethat the {FIT and IDEAL-CT tests were not performed on the shoulde
binder lift mixes so thatnoughmaterialscould be retained to enalitamburg teshg.

Table 5-1. Variability of the cracking performance test results for field cores

FI (3 Reps,
Cracking Test;; DC(T) at-12 FI (4 Reps) Using Trimmed CT
Mean)

Mix. Type Cov STD Ccov STD cov STD | CoVv STD
SMAF.S 9.9 70 48.7 2.9 36.5 1.8 7.9 17
SMA S. 6.1 27 17.8 1.0 12.6 0.7 10.9 18
SMA B. 14.2 73 25.3 2.6 11.0 1.6 27.8 57
Shoulder S. 13.7 52 38.5 14 26.5 0.6 20 11

Shoulder B. 16.2 62 NA NA NA NA NA NA

5.5.Hamburg Testing Results

Based on the Hamburg test specificatima testing fixtures62 mm thicknessamples are
neededIn order to fit the samples into the Hamburg fixtures, concrete slicesfal@icated ah
thickness of about 12 mm apthced in the fixtures as vertical shifseeFigure5-7). Figure5-8
presents the rut depthseasured in the Hamburg test asphalt coreJ herut depth of the first

six mixtures (SMAsWere recoded at 20,000 passes while for shoulder mixtures, 15,000 wheel
passesvere used. As already seen in the planmmduced mixtures in Chapter 3, rutting is not a
concern for SMAs. Thenly SMA mixwith a ut depth higher than 6 mm was 190-6.6 which had
the lowest amount of recycled materials (ABR=13.9%imilarly, the[90-5.12 section, which

had the lowest ABR among the three tested shoulder mixtureanitBR of 24.4%, recorded

the highest rut depth 8 mm). It is also worth mentioning that the testing samples obtained from
the field cores for the rest of the shoulder mixtures, includingy198; 19610E, and 190-10W,
were used for the cracking tests, as cracking was the main distress looulders.The
relatively low rut levels on field cores are probably due to the age-hardertimg mixes, but
also indicate theroperperformance characteristics in Tollway mixtures, suatesistance to
stripping or aggregate degradation.
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Figure 5-7. Hamburg samples with 12mm PCC shims placed below asphalt specimens
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Figure 5-8. Hamburg testing results for the top lift of the field cores

Figure5-9 compares the rut depths from testing of surface vs. top binder course lifts in the
Hamburg on cores. For the SMA binders and shoulder binders the required nuiMaerboirg

passes i20,000 and 10,000, respectivehhelbottom lift of the 190-6.6 section, which used the
VDPH PL[ DV WKH WRS OLIW GLG QRW SHIWisR&BeardyyO LQ WKH

this mix experienced poor scoring in the Hamburg. However, due to its position in the pavement
(shoulder, binder), rutting is not expected to be a concern.

The results obtained from field cores were instrumental in validating andatialgpDC(T) and
Hamburg thresholds in the Tollway asphatfprmancespecification, as described in Chapter 7.
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Figure 5-9. Comparing the rut depths for top and bottom lifts of the field cores
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Chapter 6

FIELD PERFORMANCE DATA AND ANALYSIS

6.1.Overview

Pavementserve asan important and critical part of a nation’s infrastructure, and it is essential to
preservats functioningto maintainnational development and prosperity. Pavements, like all
other infrastructure assets, deteriorate over time andéljuge routine maintenance activities

to be conducted by transportation agencies in order to avoid any loss of servicedisliiystT

step towards planning a pavement maintenance activity is to be aware of tmepasendition,

and that is achievetirough systematic Pavement Condition Surveys (PCSSs).

PCSs refer to activities that quantify the pavement serviceability and its @lhy@nditionand

are mainly comprised of three aspedata collection, condition rating, and quality management.
The daa collection, which is mostly serautomated or automated, provides a measure of the
distresses prevalent in an existing pavement section. The data might alde otbler details

about the pavement construction, such as length and width of the section, location of ugnderlyin
structures, and details of last conducted preservation or maintenance.actigigondition

rating is usually indexer scalebased to quantify the condition of a pavement section. Various
systems for condition rating exist, and adoption of a particular system dependdairieava
resources and familiarity with the said rating system. Finally, based eh wavement section
falls below the set condition rating thresholds, adequate maintenance treatmapisliad to

retain a cedin minimum serviceability. Condition rating data collected over time could provide
an overall performance of any particular section and could provide an objective basis for
selecting future maintenance techniques, affecting the-sratlongterm budgeplanning of a
transportation agency.

In this chapter, the field performance data collected by Applied Reseasohidtes (ARA) are
presented based on further processing and analysis by the researchhesardata consist of
condition rating survey (CRS) results including the severity of the observed gspratient
distresses, International Roughness Index (IRI), and rut depth colleate¢thanainline
sections. Since all of the studied mainline sections are located in Ndttimeis, it is assurad
that they experienced the same environmental conditions and thdergverature cracking
performance can be comparedeTdsphalt mixtures used on the studied mainlines have been
tested in the lab, and the results were presented in Chapter 5. Tétevelgéthe field
performance data analysis is to establish a link between the field performanceoaaibigb
testing results. The link will ultimately be used to determine the thresholds ardtesdite
performance specification.

6.2. Condition Rating Survey (CRS)

As mentioned before, a historical record of pavement condition rating allowstfe proper
planning of maintenance activities to be undertaken, b) the adequate allocation of funds t
maintain a minimum amount of serviceability in the exgpipavement network, and c) the
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ability to predict future requirements for maintenance leading to adoption wdmele
preservation techniques. The Condition Rating System (CRS), used in this sardindex
between 1 and 9, representing a failed and a new pavement condition respectively.

6.2.1. CRS Trend# Service Life

Figure6-1shows the CRS measurements for six different mainline sections that veaayalr
introduced in Chapter 4 amyaluated for performance as describe@hapter 5Different

zones ranging from “Excellent” to “Poor/Failed” were superimposed ongheefto more

clearly identify the condition of the sections based in CRS valuesCRIgeof each section is
plotted in different years. Where the data was not available, a dashed lingedtde axtrapolate
the CRS values, especially at the early years of the séctiemnice life. As seen in Table2,

the 18847 section is the newest section (overlaid in 2016) and has the highest CRS swpre. Al
noted were:

X The lowest CRS is recorded for the 1294-34 section which is placed on a jointed concrete
pavement and undergoes heavy traffic loads as discussed in Chapter 4 figfereto
4-8). In addition, 129434 is the only section with an existing CRS value below 6.5, and
the section entered the “good” condition based on CRS score.

X The B0-6.6 and 190-6.0 sections sheimilar trend and CRS values at differenarge
and both hold CRS values in “Excellent” condition after more than 10 years of service
life.

x Although the DC(T) fracture energy of 190-6.6 (567 3/mas much lower than that of
190-6.0 (925 J/rf), it was high enough to maintain the CRS values sinul$9@-6.0.

x 190-17.8 showed block cracks on the surface as showigure4-12. Accordingly, the
CRSdecreased at a highte especially in 2018 and P®such that the CRS went below
the “Very Good” condition anahto the “Good” zone.

X Despite the fact that 1880.5 section is in its early stages of life, the CRS deterioration
rate was high such that this section is approaching the “Very Good” CRS zone.
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--- Dashed lines show extrapolated CRS to the year of last overlay
Figure 6-1. Comparing the CRS values as a function of year

6.2.2. Distress Type an8everity

The presented CRS values were determined based on the type, extent, and seliéeitgraf
distresses. The CRS system has a pavement distress guide which can be @sadterizé the
distress identification and coding. This guide contains distresses for bothtea@mateasphalt
pavements. Some of the important distresses which were frequently observedtodidide s
sections are presenté Table6-1. As noticed, these specific distresses are all cracking type
distresses which highlight the importance of this mode of deterioration in &y system.

As shown, “centerline deterioration”, “longitudinal/center of lane crackifiggnsvese
cracking/joint reflection cracking”, and “block cracking” are denoted as “S”, “Q”, &d “M”,
respectively. Each distress has different severity levels that can be @tknsing the digit after
the distress code. For instance, S4 is used todkare “centerline deterioration” that is
“frequent”. It should be noted that the “S” distress is mainly due to the comstrac is
referred to as cold joint. Although this study does not attempt to mitigate this ionpckving
the construction metids for paving patterns are expected to address it. Centerline cracks (Q) are
developed mostly due to traffic load and could form block cracks after joining tisvérae
cracks. Finally, the transverse and reflective cracks (O) can be formeal chaditg cycles and
propagation of the cracks from underneath layers, respectively.
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Table 6-1. Examples of CRS distress characterization and coding

Distress Type Severity Levels
Centerline S1-Tight cracking with little or no spalling.
Deterioration S2— Cracking with low to medium spalling.

S3- Infrequent: Cracks are open with medium to severe spalling.
S4—Frequent: Cracks are open with medium to severe spalling
Longitudinal/Ce Q1-Beginning Stage: Cracks are tight (width is less than or equal to

nter of Lane with little or no spalling.

Cracking Q2-Infrequent: Cracks are between %" and ¥2” and may have minor
spalling.
Q3-Frequent: Cracks are between ¥4” and 2" and may have minor
spalling.

Q4 - Infrequent: One or more of the following conditions exist:
Cracks are greater than %2" in width
Cracks have severe spalling
Major maintenance activity has been performed erctack

Transverse O1-Beginning Stage: Hairline cracks at any frequency.
Cracking /Joint  O2- Infrequent: Cracks are open and less than or equal to %" in widt
Reflection may have low to moderate levels of associated distress.
Cracks O3 - Frequent: Cracks are open and less than or equal to 4" in width

may have low to moderate levels of associated distress.
04 - Infrequent: Cracks are greater than ¥4” in width and may have
moderate to severe levels of associated distress.

Block Cracking M1 — Low level: Hairline cracks with none or only a few
interconnecting cracks. Cracks are not spalled.
M2 — Medium level: Further development of interconnecting cracks
into a pattern. Cracks may be lightly spalled.
M3 — High level- Infrequent: Cracks have progressed so that the
pieces are well defined and/or spalled at the edges.

6.2.3. Analysis of the Distress Data

The studied sections have different length and the CRS system provides thefozldgece

data forsubsectionstypically) with alength of one mileFor each of these subsections, the field
performance data such as CRS, IRI, and rut depth are provided. In addition to the
aforementioned performance indices and parameters, each subsection deteenivesried
distresses and their severifigure6-2 shows an example (section 188-60.5) which is divided
into two one-mile subsections (60.0 to 61.0 and 61.0 to 62.0). This figure also shows lblee num
of lanes and the type of pavement. These data are organized and presented basedroAshe ye
seen in this figure, the first subsection had three distresses including O2, Q1, and S2 in 2019.
However, the severity of “Odistress was 1 (O1) on the second subsection in 2019, which
indicates that the transverse/reflective cracks had relatively lower sevithity the second
subsection. A weighted average (based on the length of the subsection) is imglémente
calculatetheaverage severity of distresses. In this example, the average severityste€sds
calculated as 1.5 in 2019 as the two subsections of 188-60.5 had equal length (1 mile). This
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section was overlaid in 2015 and did not show any distresses from 2016 td Réde7were

some subsectior(gspecially long ones such as18@ and 1294-34paved with concrete
pavement as concrete subsections are commonly used next to bridges. Thoserssibszre
excluded from the average severity calculatidme averagd severity of the important distresses
was calculated for all of the studied sections in their service lives andevdisbussed latelt

should be mentioned that the only section which showed block cracking (“M” type distress)
according to the ARA data thel90-17.8 section. This section started to develop the “M1” crack
in 2019. As no other sections developed block crackivgaverage severifgr “M” is not
presented.

New SAVg.'t
Station (mi No of Pvmt Distresses Sy
Lanes [ Type | 1] 2 | 3 [4]5]| [S[R[O]
EWEB | 60.00 | 61.00 2 HMAC | O2 1| S2
2019 Q 211115
EWEB | 61.00 | 62.00 2 HMAC | O1| Q1| S2
EWEB | 60.00 | 61.00 2 HMAC | Q1 | S2
2018 211105
EWEB | 61.00 | 62.00 2 HMAC S2 Q1|01
2017 EWEB | 60.00 | 61.00 2 HMAC
EWEB | 61.00 | 62.00 2 HMAC 0jo0j 0
EWEB | 60.000| 61.000 2 HMAC
2016 0|0 O
EWEB | 61.000| 62.000 2 HMAC

Figure 6-2. Example of analyzed field performance data for 188-60.5

The average severity of the centerline deterioration distress (S) is caldolagach section and
presented ifrigure6-3. As shown in the figure, the severity of all the sections reached at least
one after three years of service life. The-&8B5 and 12944 showed the highest rate of the
distress development and reached the average of 2fautiie year of their service life. The
calculated average severity of this distress for different sections ssifjtgsthe centerline
deterioration stops growing after five years of service life. Howemamtenance strategies
should be applied in order to prevent the development of joint deterioration as surtaceanat
penetrate through the cold joint and affect the structural capacity of thgemsbla

4

EYearl mYear2 mYear3 mYear4 mYear5 mYear6 mYear 7

(o0 all iy

188-47 188-60.5 190-6.6 190-6 190-17.8  1294-34

Severity of S
w

(Centerline Det.)
N

=

Figure 6-3. Average severity of centerline deterioration distress (S) as a function of
service life
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As shown in Figure 6-4Section 18847 did not havaignificant longitudinal/centdane crackg
after three years of life. On the other hand, the severity of this distees®ed®1 on section
188-60.5 after four years in service. Similar to the CRS and “S” distress, the 190e6180a6.0
performed alike in terms of “Q” distress and did not grow considerable lonwallménter lane
cracks. 19017.8 was the worst performing section in “Q” distress based on @RSThis is

aligned with the block cracks observed on this section. The 1294-34 section develope®%ome “
cracks after seven years of service life. Given the high traffic loadhibatection carries, it was
expected to observe “Q” cracks on this s@tti

N

EYear1l mYear2 mYear3 mYear4 mYear5 mYear6 mYear 7

| ‘ ul

188-47 188-60.5 190-6.6 190-6 190-17.8  1294-34

w

Severity of Q
(Long./Center lane Cracking)
N

=

o

Figure 6-4. Average severity of longitudinal/center lane cracking distress (Q) as a
function of service life

Figure6-5shows the average severity“@f” distress in the studied sections. As expected, the
1294-34 section developed the highest severity of “O” distress. As mentioned,libasphalt
layer is placed on jointed concrete and the cracks observed on the ¢seégure4-7) are
reflected from the concrete joints. Similar to the previous performance iradidegistresses,
190-6.6 and 190-6.0 are performing comparafliis similarity will be used later to set the
criteria on the DC(T) fracture energy of the mainline mixtugestion 190-17.8 was performing
very well in terms of “Q” distress but suddenly started to grow the transvade @t year six.

It appears thahe 18860.5 section has high potential for the transverse cracking and does not
benefit from a crack resistant mix. That being said, this mix performedweatiin all of the
cracking tests and wase of the two best performarstheDC(T), I-FIT, and DEAL-CT tests

It should be mentioned that this section was the shortest among the studied dessdharg

two miles) and there might be difficulties associated with a comprehenswey slure to this
short length. Another possible reason for thisréisancy between laboratory and field
performances is the quality of construction. Accordingable4-1, this short section is paved
using SBS modified asphalt mixture and is located between the rubber modifieectasts and
might have been placed on rubblizehcretgpavement.
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Figure 6-5. Average severity of transverse/reflective cracking distress (O) vs. service life

As discussed in one of the TRP meetings, transverse and blockgraght be improperly
characterized in current CRS databa&es instance, a longitudinal cragkght form first,
followed by a transverse crack, with the tming shortlythereafter(seeFigure6-6). As time
progresses, a clear block crack patferm. However, once the longitudinal and transverse crack
are codified in early performance assessments, this typically biasesrating assessments
This would lead to an over-estimation of longitudinal and transverse cracktestiarad an
underestimatef block cracking.The implication of this miscategorizationdgven by the fact
thatthe deduction factor for block cracking is lower than that for transverse cracKiggefore,
one would err on the conservative side by considehiege cracks as separate transverse and
longitudinal cracks from a condition rating standpoint, and in fact, we found this to bereonom
practice. In the future, research could be focused on delineating block crackmngtfrer
cracking forms in order to arrive at even more precise performance tesbttiresh
recommendations.

Figure 6-6. Longitudinal cracks that join the transverse cracks - 190-6.6 section
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6.3. International Roughness Index(IRI)

Pavementoughnesss generally defined as an expression of irregularities ipavement
surfacethat adversely affect tivede qualityof a vehicle (and thus the user). Roughness
important pavement characteristic because it affects not onlyumléy but also vehiel delay
costs, fuel consumption, and maintenance costs. Roughness is also referred to as “ssiioothne
although both terms refer to the same pavement qualities. IRI is a standlanéasure of the
reaction of a vehicle to roadway profile and roadway roagkasexpressed in “inches per

mile”. Generally, higher IRI values represent rougher roads and vice \Rrsaused to define

a characteristic of the longitudinal profile of a traveled wirek and constitutes a standardized
roughness measurement. The commonly recommended units are meters perrkifofketgor
millimeters per meter (mm/mirigure6-7 shows the IRI values for the six studied sections by
year. As shown in the figure, the IRI trends are very similar to those of CR@teckgeg=igure

6-1.
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—=—|88-47
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——[90-6 v
80 ——190-17.8
= —1294-34 — 1
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0
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Figure 6-7. Comparison of IRI values vs. year in service

The 129434 section recorded the highest roughnegsch accumulated at highrate. It is noted
thatthe block cracks observed on 190-17.8 did not affect the ride quality and the IRI did not
increase considerably even in recent years as compared to CRS values-3.bealt) 190-6.6
sections performed well and had smooth ride quality. The other tworsedi8847 and 188-
60.5, did not have considerable aging and are at early stages of service life.

6.4. Rut Depth

The permanent deformation measured on the surface of the studied sectionsiisgpnese
Figure6-8. It is noted thathe measured rut depteemetimes exhibit decreasén rut depth in

specific years. Theamexpected rebousdare likely data anomalies, especially since they are
suchlow values. That notwithstanding, and somewhat coincideth#yfinal rut deptemeasured

in 2019aresimilar to the rut depgimeasured in the lab usitigge Hamburg test. Referring to
Figure5-8, the 190-6.6 mix had the highest rut depth (6.6 mm) at 20,000 passes under Hamburg
wheels which is in accordance with the field performance. Also, 188-60.5 was thelgest f
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performer in terms of rutting and accordingly recorded the lowest rut depth if8.6:m
Hamburg test. These correlations and comparable field and laboratory rut theptibat the
Hamburg test was able to mitigate the rutting distress, and the requirementg sdtdfad this

WHVW for\wainliresections appear to be quite conservative.
12.5
—a—[88-47
10 188-60.5
——190-6.6
= ——190-17.8
*g 5 —4=1294-34
)
2 25
O —
2008 2010 2012 2014 2016 2018 2020

Year

Figure 6-8. Comparison of rut depth values vs. year in service

87



Chapter 7

SPECIFICATION DEVELO PMENT

7.1. Overview

This chapter presents tdata and methods used to validate and calibrate the lllinois Tollway
asphalt mixture design specificatiddased orobservations from the site visit (Chapter 4) along
with the field performance da{€hapter §, various forms otrackingoccur more frequently on
Tollway pavements as compared to ruttifgat notwithstanding, a systematic process was
developed and deployed to validate, and to calibrate the Tolveaphalt mix @rformance test
thresholds as they relate to cracking, rutting and moisture damage. Addingcamdaidating
mix type categories was also addressed in an effort to match the recomnpauiiichsion with
currentand future mix design practices. The concept of using the Hamburg as the primary
screening method to evaluate stare damage is also discussed.

7.2. Performance TestUse in Asphalt Mix Design Specifications

As presented earlier in this report, it is recommended that the Tollway retairsiisgeasphalt
mix design performance tests in its asphalt dagignspecification, namely the DC(T) fracture
energy and Hambungheel trackingess. Before reviewing/adjusting specification limits, a
brief review of the testing parameters used in the existing specificaticthain link to
performance is presented.

7.2.1. DC(T) as the Cracking Test

The lllinois Tollway has considerable experient@singtheDC(T) testas part ofmix design
andmaterialcharacterization. In this section, ttiata leading to the recommendation to retain
theDC(T) testin the Tollway’s mix degn specificatiorare reviewedThe ability to closely
correlate a performance test criteri@n multiple criteria)o field performancshould bea key
consideration irselecting a performance tdst a given distress categomyigure7-1 showsan
existingcorrelation between transverse cracking and fracturge(eslloquially referred to as
“thebubble plot”), using dateollected fromfield sectiongn various northerstatesn the US
such as Minnesota, Missouri, and lllinois. As shotliere is a clear trend betweB&(T)

fracture energy and transverse crackifige data in thiglot has a rectangular hyperbola shape;
mixtures with facture energy above certain threshold havetmmedium transverse cracking
while mixtures with low fracture energsalues tend to have thermal cracking levels that ‘bubble
upwards’ with age. As fracture energy of the asphalt mixture drops, the obsanscrse
crackingin the fieldincreasegandthe data dispersion, which is a factor in design reliahility)
with a sharp upward trend in the curve in the range of 408 Jlime steep upward tick in the
curve is likely related to the delineation betwesore brittle and more ductile binder systems.
This is binder, aggregate, mix design, recycling and age dependent. Mixtuteshidnae as
brittle when tested in the DC(T) at 30 warmer than the PG low temperature plan grade
(whether or not this happens may depend on the age of the mixture) are found to have low
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fracture energy valuedVlixtures with fracture energies in excess of 600 3fra clearlyfound
to have very low transverse crackimgthis data set, and probably will not develop significant
thermal cracking even in later stages of their service life (higher reliathdign).

Figure 7-1. Transverse cracking vs. DC(T) fracture energy (Buttlar et al., 2018)

As discussed in sections 3.8 @nd, the repeatability of the test isadherkey factorthatshould

be considerethena performance test is being selectéslshown inTable3-3 andTable5-1,
theDC(T) testproducedow COV's for both plant-produced and fielwbred sampleslower than
either thelDEAL-CT or I-FIT testsLower COVvaluesallow laboratories and transportation
authorities tanake more confident decisions, especially when borderline results are obtained.

Another key consideration jrerformance teselection itsaability to characterize and scqi@ to
rank) asphalimixes based odear performance expectatsrin other words, an expensive mix
(such as SMAsgontaining high quality aggregates and modified binder system along with
premium volumetricge.g. high VMA) had led to nearly two decades of outstanding rut and
cracking resistance in the field for the Illinois Tollwdyerefore SMAs areexpected ta@ttain
bettercrackingscores than dense-graded mixes, those containing unmodified bindersj>asl
with lower aggregate qualitpr volumetric requirements (bindghoulder mixes)in addition to
meeting this expectatidmetter than the-FIT or IDEAL teststhe DC(T) was found to logically
capture the effestof different mix ingredients. For example, although a similar binder system
was used in botthe 1824 and 183énixes mix 1824 was categorized as an SMA friction surface
mix due to its higher aggregate quality. This difference has been refled{T) fracture
energy, where mi£824 had almost 200 J#rhigher fracture energy than 1836 mix at -«

On the other hand, theAFT and IDEAL tests sometimes scored degssled mixtures higher
than SMA mixes. Finally, the DC(T) is more stable and predictable with tespsample air
void levels and mixture aging level, rendering it easier to calibrate badedtory on field

cores.
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7.2.2. DC(T) SpecCalibration Process

Following the recommendation to retain the DC(T) as the cracking test in theay ofix

design specification, Figure 7p2esents the approach developed by the research team to
calibrate thespecification for various mix typet the first box, the threshofdr DC(T) fracture
energymust bechosen for differeinmix typesbased on fielgherformancebservations and
testing resultebtained orfield coresFor example, by comparing poor performing and good
performing sections and their correspondd(g(T) fracture energy resultsaseline thresholds
can be establishe@hese can also be compared to the bubble plot which includes data from
other studies (Figure 7-1) to ensure that recommendations are in range with batimehed
trends. However, it is acknowledged that the Tollway thresholds should be setstdveandst
stringent extremef national thresholdsecause: (1) at DC(T) test temperaturel@®C is
desired by local practitioners, hinis ismore than 10C warmer than the PG low temperature
for Chicagoland for a 98% reliability levVand thereforesomewhat unconservative (suggesting
that fracture energy thresholds should be adjusted upwards to account for the @strmer t
temperature useddnd; (2) a very high reliability should be used ollway pavement material
specificationsconsidering theery high traffic levelshigh speeds, and in consideration of the
high user delay costs associated with construction and mainteaetnddes on the Tollway.

The core samplagsted and used to define the DC(T) threshalke been longerm aged in the
field. However, in order to circumvent tirapracticalitiesassociated withongtermagingof
mixtures in the lalprior during mix designthe effect of the agingnustbe calibrated into the
specification limits for tests carried out on shiemnm aged specimenk the next box shown in
Figure 72, standard deviatiorsssociated witlDC(T) testing will be used to account for test
variability as a means to instill a high degree of reliability intottliesholds SMA friction
surface should havénhe hidhestreliability levels,asthey areused on the surface of the mainline
pavement in high traffic load sections and/or on the curves to provide skid resistanetar&€her
SMA friction surfacetype mixeshave been assigned thighest level of reliabilityas discussed
later. The reliability approach developed is also intendexbte@r the uncertainties associated
with field performance data collecti@md evaluation, and variabilities associated with test
scores Finally, comments and recommendations fexpertsserving on the projedRP were
used, as shown in the last box (consessels), to capture practical limitations which, for
instance, can help avoid high bid prices for certain mix types based on bmstatilocally
available materials with rpsct to reaching certain DC(T) thresholds for certain mix types.
Consensus adjustment can also create more uniform and logical spreads betsbetdtr
assigned to various mix types in the specification.

90



Set borddme threshold for DC(T)
fracture energy based &ield
Performance Data
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Account for Aging
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Account for Test Variability and Field Inspection
Uncertainty as a Function of Testing Standard Deviatigns,
Based on the Desired Reliability Level

3

Final Adjustment/Consensus

Figure 7-2. Steps in DC(T) spec development

7.2.3. Hamburg Est inMix DesignSpecification

The Hamburg wheel tracking test has been used by many agencies acroSs thehluate
both rutting and stripping potential of the asphalt mixturée. test has the capability to be
performed at different temperatsi@s the water tank temperature is adjustable. Ofttentest is
SHUIRUPHGnD ¥ to 26,000 wheel passes used, basedhdraffic level. Limits such
as12.5 mm rut depth or lower are established, based on traffic &ie&n the fact that the
traffic load on the Tollway road facilities is relatively high (witABT valuesup to 66,00Qvith
10% commercial vehiclesperhaps morthan 20,000 wheel passes should be used. Instead, for
practical reasons, threimber of wheel passes is kept to 20,0BMAsand the maximum
allowable rut depth is decreased to 6.0 tormcrease mix reliabilitysince this level is easily
met with high quality aggregates, especially in higher ABR mixes). Following pipioachthe
Tollway has not experienderutting issues omainlinepavement in the era of Hamburg user F
the binder mixtures (both shoulders and mainlines) and shoulder surface migtueesyheel
pass levels and higher rut levels are allowed in the specific&tsono evidence of stripping has
been observed, it is suggestednaintain SIP requirementdowever,it is recommended that
the mix be declared as naitripping for mixes with Hamburg rut depths lower thanmi, to
avoid erroneous slope ratio and SIP values that sometimes occur in very stff mixe

7.3. Effect of Depth on Pavement Response

TheTollway performance specification covers not only surface mixtures, but also bondee
mixtures that are used in batiainlineand shoulder layers. Therefore, the loading and
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environmental conditions for bindeoursdayers need to be considered and factortmtire test
criteria. In this section, the effect of dejitin low temperature (cracking) and high temperature
(rutting) performanceand its implications on adjustment of PRS threshaitide discussed.

7.3.1. Low Temperature

Asphalt pavementsxperienceghe most extremeold temperatures dhe pavement surface
during coldwinter nights; temperatures in binder courses never reach these extreme levels
Figure7-3 presents @avementemperature analysfer very cold 48-hour duration on a section
located in Fraer, Minnesota whichvasinvestigated during the SHRP project in 1993. As
shown,the differerce in temperature at the top and a point 2 in. deep in the pavement is almost
4 « at the lowest temperature pedke difference in temperatuextremesandaccordingly,

the lowertemperature gradiesnfcooling rate) in binder courses leads to lower tensitess in
thesedeeper layers of the pavement. Basetlypital viscoelastic propertiest low temperatures
and usinga convolution integrationthetensilestress induced at different deptias been
calculated as shown Figure7-4. This analysis reveals thttere is approximate0 %
difference between the stress levels at the surface and 2 in. deep in the pavencian fecin
500 to 300 psi) during critical conditionBhis significant difference in materiedsponse
provides motivation to develop less stringent performance test requirements for bunder ¢
mixes to alloweconomicalesigns. To the end, an analysis of lllinois temperature data, and
simple methods to apply the results to the adjustment of specification valuedewel@ped.

Figure 7-3. Effect of depth on the layer temperature as a function of depth (SHRP A357
Report, 1993- Location: Frazier, Minnesota)
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Figure 7-4. Stress relaxation due to depth (SHRP A357 Report, 1993- Location: Frazier,
MN)

Using LTPP bind software, the pavement temperature data for the Chreagt different
pavement depthand reliabilitylevelswere extracted gsresented ifrigure7-5. The station used
for the pavement low temperature analysis is very close to the sections that werenci@&d

route Station Name: Rochelle, IDL7354, MP=760n 188). This provides the chance to
investigate the temperature conditions of the sections whose field performenecstudied.
Considering 98 % reliability, the temperature of the pavemestdetermined as « ZKLOH
it was calculated to be&24.3 « at a level o060 mm of depth in the pavement. Followihg
temperature analysis shownkigure7-3, therewas a 3« difference between the temperature
determined at the surfacedaat depth of 50 mm~(2 in.). Scaling based the assumption of linear
viscoelastic behavipa 30% drop in thermahduced stress expected Although a more

rigorous viscoelastianalysisof specific creep data obtained on Tollway pavements would yield
higher accuracy, this estimate was instead used for brevity and consitierimegt to calibrate
the model to account for other uncertainties that exist in practical mix design.

Cleary,data from theLTPPBind softwaresuggest that a lower testing temperasireuldbe
usedfor DC(T) tesing in the Chicagoland area. The DC(T) test temperature ofe
corresponds ta low pavement temperature-of ¢, as normally the DC(Tiest is performedt
e« ZDUPHU WKDQ WKH SDYHPHQW WHPSHUDWXSBHUDWYXHE R
the 98 % reliabilitylevel (- e WKH '& shouMy hipéidrmed at e +RZHYHU
as theTollway has been previously conducting the DC(T) test ate-12W KLV WHPSHUDWXUH
been retainedind the temperature difference will be accounted for as part chlibegion of
the performance specification.
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Figure 7-5. LTPP bind software outputs for pavement temperature in winter as a
function of depth and reliability in Northern lllinois

7.3.2. High Temperature

The LTPPBind software was used to extract the pavement temperaturdwtatgsummertime

in the Chicago area weatherstation entitled_ake \Milla (ID: I1L4837),which has a similar

latitude as the 19®.6 and 190-6.0 sections, was selected. As shown in Figure 7-6, the

temperature difference between the surface and 50 mm idetpih pavemenwas determined to

be 6.7°C (52.5- 3. This is clearly moreignificantcompared to the low temperature

differences computed $FOW KR XJK WKH +DPEXUJ WHVW LV QRUPDOO\ SH
environmental conditionareless stringent for the sublayers in terms of pavement high

temperature. ThereforaJess stringent criteria (or lowaeumber ofpasses¥hould be considered

for thebinder coursenixtures.
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=o—Reliability=50%
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Figure 7-6. LTPP bind software outputs for pavement temperature in summer as a
function of depth and reliability in Northern lllinois
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To investigate the effect of temperature onrtitéing performance of the asphalt mixtures,

Hamburg tets at temperatue R W KH U W\dpeQerformed on the plant-produced mixtures.

Figure7-7 shows the rut depth as a function of wheel passes at 50 andAough the

pavement temperature is not expecWwdR U H D Fak discussed above and showRigure

7-6, this testing temperature was selected suchath@her rut depth could be measured. Also,

WKH e GLITIHUHQFH EHWZHHQ WK Hhe rage RMAWKHHV WLEQJ WHPSHU
temperature difference determined using the LTPP bind temperaturé hiatéfference

between the observed rut depths at these two temperatures will be used to lientiynber of

passes that could be reduced from the requirements fomither coursenixtures.In essence, a
wheelpassto-tempersure superposition principleas been established

To this end, a rut depth of 2.5 mm was selected as the reference point. This rut deptbsems c
EHFDXVH LQ PRVW FDVHV DW  WKH UwIMatta@rihgs\WeveljlsHF R U G H C
after the densification phasEhe difference inthe number of passes to reach this level of rut
GHSWK DW DQG e« ZDV WKHQ GHWH WRGBeMAR DFFRXQW ||
conditions in the subsequent layéfable7-1 summarizes the number of wheel passes to reach

PP IRU GLITHUHQW PL[WXUHV DW DQG e 7TKADNMYHUDJH |
then calculated as@B0 passes. After rounding, 5,000 is proposed to be used to reduce the
number of required wheel passeslto4.75 mixtures to account for the lower temperature
present at thadepthin the pavement.

@ O
25 - s — — — - — ————— e ——
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Figure 7-7. Comparing Hamburg testing results at two different temperatures, a) 1829,
b) 1818, c) 1803, d) 1807
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Table 7-1. Number of passes to reach 2.5 mm rut depth

Mix 58°C 50°C Diff. in No. of Passs

1829 2900 6200 3300
1823 1100 4500 3400
1818 2400 11000 8600
1803 4500 10600 6100
1807 1800 3800 2000

AVG 4680

As already shown in ChapterBgure3-11, the only mixture which could not meet the existing

Hamburg requirements was the 1828 mix. This mix ik.a.75 type mixture, which is used

below the road surface (at least 2 in. underneath the top of the pavement). Predieusly,

Tollway called for maximum rut depth of 9 mm under 15,000 passes. As the traffic load in the

binder course is not as higisthe surface due to thieduction in verticastresswith depth, the

required number of wheel passes was reduced from 20,000 to 15,00@r onsidering the

effect of depth on pavement temperature, another 5,000 pass reduttienumber of required

wheel passeis recommened. Figure7-8 shows the recorded rut depth by this mix at two
GLITHUHQW WHPSHUDWXUHY LQFOXGLQJ DQG rrom$V VKRZQ
ZHOO DW * D Q GexibfirgH itk dslinld/4tKLE,000 passes. Howenery

considering dower recommended required number of wheel g&ss10,000, the rut depth

would decrease to 7.5 mm, whichaghin the allowable rut depth. Assumirgat this mix will

EH XVHG PP LQ EHORZ WKH VXUIDFH WKH SDYHPHQW W
using the LTPP bind data presentedrigure7-6. In this case, the rut depth measured at 40

(shown inFigure7-8) assures that the mianum rut depth even at 20,000 passes will be less than

4 mm, which is quit@egligible.

1828-50 —8—1828-40
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Figure 7-8. Computing a shift in number of passes for 1828 mix
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7.4.DC(T) Spec Development

In this section, the flowchart introducedkigure7-2is applied to develop theaselineDC(T)
thresholds for different mixture types, whishused in the final consensus/adjustment step.
Different borderlinesvere selected for DC(T) fracture enetipsed on field observations and
stress analysjsuch thatlesigningoelow those limits would very likely result in crack prone
mixtures.Reliability was hen built in by building on these thresholds. The first upwards
adjustment was to take therderline DC(T) fracture enerdgvels and raiséhen to account for
the aging that the field samples have experienced. Two levels ofadjugimentg15 and 10%)
have been considered for surface and binder mixtures, respectively. Aftergarasirg that
the DC(T) fracture energies obtained from testing the replicates foll@an@ahdistribution,
standard deviations according to different reliability levelsdftiering mixture typeswvere
developed.We now review these calculations for each mix type investigated.

7.4.1. SMA Fiction SurfaceMixtures

Figure7-9 presents the framework of DC(T) sjfezation development for SMA friction surface
mixtures. Considering the SMA mixtures used in sections such as 1294, 190-6.6, and 186-6.0, t
fracture energy recorded 190-6.6 (560 J/rf) was selected abe borderline for th&MA

friction surface mixtureategory The 1906.0 section had an SMA fracture surface mix with
fracture energy of 830 JMmseeFigure5-1) and performed very well igitu. On the other hand,
the1294-34 SMA friction surface m possessed fracture energy of 451 Jfmand experienced
significant field crackingAlthoughthel90-6.6 section used an SMA surface mix, this section is
nearthe 1906.6 section antherefore hagimilar environmental and loading conditions. It is also
worth mentioning that based on the field performance information, especiallyraCking data,
this setion just reached theD1” severitylevel meaning that the transverse cracking severity is
changing from hairline craagkg to infrequent open cracks (s€able6-1). The 560 J/f

borderline set for this mixture type is obtained after testing the sectionsedlatl@ast eight

years oldBased oravailable literature (Braham et al., 2009) and also prelimiageyesting
results on laboratory aged sampleshis studya 15% increase was applied to account for aging
on the tested field cores and switching the reference aging level for thg DC{ffe shortterm
aging levelused in desigrincreasing by aadditional 15 % resulted in DC(Talcture energy of
644 J/m.

Like all performance tests, tHaC(T) testhas an inherent, nareroCOV. SMA friction surface
type mixtures have been tested in both plant produced ddddiee sampléypes The standard
deviations for botlsample types weneported in Chapter 3 and Chapter 4. As a highly
simplified and conservative statistical approach, adtliegyvo averagedtandard deviations
(plant and field core sample) the previously calculated 644 3/rasults in DC(T) fracture
energythresholdof 784 J/mi. After rounding this value to the nearest 252)@DC(T) fracture
energythreshold of 775 J/Ais completed and recommended for the DC(T) iipation for this
mix type It should be mentioned that the two standard deviddiel selected for this mix type
corresponds ta minimum 95 % reliabilityfhigher due to rounding), which is believed to be an
appropriatey high level for SMA friction surfaces This mix is of high criticality, aSMA
surfacefriction mixtures are used on sewxts with high traffic load (high criticality projects)
and/or curves to provide skid resistance. Therefore, this high reliabilitynelps ensure a high
degree otracking resistance the mixture especiallyin terms ofcontrollinglow temperature
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cracking.This very high fracture energy level will also slow the rate of reflectigeking.
Finally, after discussion, consensus was reached to use a threshold of 7ftf this mix type,
which was supported ke fact thatlmost all ofthe plant SMAfriction surfacemixtures
produced in 2018 met this threshold.

Setting the border line for 560 J/im at-12 (
DC(T) fracture energy based
on Field Performance Data [~~""""""""~ » By comparing the Trans/Reflective (O)

distress on 1294, 190-6.6, and 190-6

J

Account for Aging 560*1.15=
15% increase(Braham | -----————-coooooo__ » 644J/m2
et al. 2009)
Account for Test Variability and Field 644+2%( 213 =
Inspection Uncertainty 6
———————— > 2
Add 2*Standard Deviation for ~95% 784~ 775JIm
reliability
CONSENSUS | -occmmmmmcocooe > 7753/m’

Figure 7-9. Flowchart to Calibrate DC(T) spec for SMA friction surface mixtures

7.4.2. SMA Surface Type Mixtures

The DC(T) speication for SMA surfacemixtures is very similar to the ormevelopedor SMA
friction surfacs. The only difference in the DC(T) threshold setting is the reliabiligctad for
this type of the mix. For the SMA surface mixtures,tintes theaveraged standard deviations
was selectedvhich corresponds @ minimum 87 % reliabilityn DC(T) fradure energy results
based on testing variability. After rounding the calculated threshold to thesn2ard/m, a
fracture energyhreshold of 725 J/frwas proposed to TRP. However, according to the TRP
experience regarding the aggregafesnormally used in this mixture type, a consensus to
round down to 700 J/rfor mix economywas reachedThis also provides more spread between
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the SMA friction surface and SMAurfacemixes, which will encourage tailored, unique mix
desgn for the two different cagmries.

Setting the border line for 560 J/m at-12 (
DC(T) fracture energy based
onField Performance Data [~~""""""""~" » By comparing the Trans/Reflective (O)

distress on 1294, 190-6.6, and 190-6

U U

Account for Aging 560*1.15=
15% increase(Braham | —-------o_____________ > 6443/m’
et al. 2009)
Account for Test Variability and Field 644+1.5*%') =
Inspection Uncertainty
———————— > 2
Add 1.5*Standard Deviation for 87 % 713~ 725Jim
reliability
CONSeNnsUS  focccccmcmoe > 7003/m’

Figure 7-10. Flowchart to Calibrate DC(T) spec for SMA surface mixtures

7.4.3. SMA Binder Type Mixtures

According to the stress analysis discussed in edrhegr scaling in fracture energy suggests
that70 % of the fracture energy required for the surface mixture should be used tclestabli
baselingfor the SMA binders (560*70/100=392n7). In order to considehe effect of aging, a
10 % increase in DC(T) fracture energy was assuiftad.acknowledges thate aging
experienced ipavement sublayersill be lower than that of the surface layer. As the SMA
bindermix wasonly tested in the form dfeld coresareliability of 95 %was achieved by
taking two standard deviatiohsised on the field core test resditiisthis high criticality

mainline layerThisled to a DC(T) fracture enerdlreshold of 60@/n? after roundingDuring
consensus discussions, it was acknowledgedribway hasalreadybeen using 6503/n?

limit for this layer, which encourages higher quality ingredients. Alsage thismix is normally
used on jointed concrete pavement, additional fracture energy is thought to help slow down the
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rate of reflective crackingrherefore, a consensus waached tha50J/n? should be retained
for the SMA binder type mixture. In the future, this can be revisited, if full-deptiattssections
gain popularity for major Tollway rehabilitation efforts swadrubblization projects. ¢ss
expensive mainline bindeourses could be used in these instances where reflective cracking
not of concern. In this case, the GDATY fracture energy threshold could be used.

Setting the border line for 560*70/100=392 J/mat -12 (
DC(T) fracture energy based _____________ > _
onlInduced Stress Thermal (For SMA Binders)

Stress Ratio

J {4

Account for Aging 392*1.1=

10% increase f--------------------------- > 4313m
Account for Test Variability and Field 431+2*(73 =
Inspection Uncertainty )
———————————————— > 577~600J/m

Add 2*standard deviations for 95 %
reliability
CONSENSUS | =-=========mmmmmmmm e > 6503/m-

Figure 7-11. Flowchart to Calibrate DC(T) spec for SMA binder mixtures

7.4.4. SMA Shoulder and Dense Shoulder Type Mixtures

The DC(T) speification for two types of shoulder mixtures, including unmodified SMA and
dense graded is shownHigure7-12. As already shown figure7-1 ("bubble pldt), a DC(T)
border line of 40Q/n? was sets a limit between highly cracked and low cracked sections in
previous studies. Looking at the DC(T) fracture test results shown in ChapeeFigise5-1),

it can be noted that both good and poor performing sections yielded fracaugy levels

around 40Q)/n?. Also, Figure7-13indicates that there is a considerable difference between the
performance of the shoulder mixtures when the D@¢ture energy iabove 50Q/n?. Given

all these pieces of evidence, the DTorderline for shoulder mixtures was set to 0% as a
starting point in the flow charBoth mixture types (unmodified SMA and dense graded) are

101



expectedo experience the same aging level as SMA surface mixtures. The only difference
between unmodiéd SMA and dense graded shoulders is the criticality of the project such that a
higher reliability(87 % or 1.5*SD as opposed to 68 % for dense gradesd for the

unmodified SMAas this mixture typenight be exposed to higheaffic during construction.

After discus®n with the TRP, thresholds of 500?and 450)/n?were selected for unmodified
SMA and dense graded shoulderfacemixtures, respectively.

400 J/m at-12 (

Comparing all theshouldersand bubble plot

Aging Effect ‘

400%1.15=
460J/m’
Unmodified SMA / \
Dense
460+1.5%(71+52) = et 460+1%(71+52)2=
2
552~550./m Repeatability 521~525J/m.
and
‘ Reliability ‘
500J/m’ Consensus 4503/m’

Figure 7-12. Flowchart to Calibrate DC(T) spec for shoulder surface mixtures including
“Unmodified SMA”, and “Dense” shoulder surface mixtures
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Figure 7-13. Comparing shoulders with different ages and fracture energies
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7.4.5. Shoulder Binder Mixtures

The finalcategory for DC(T) spdiication development is the shoulder binder. This pavement
layercanbe constructed in different lifts (thicknesses). In this section, twerdiit lifts are

studied. The first shoulder binder lift is placed below the shouldeacigndvill have a cover

of about 2 inches (50 mm) on top; whereas the second binder lift is constructed prior to the top
lift binder lift and benefits from a thicker cover (more than 4 inches or 100 mmgfoherthe
required DC(T) fracture energy can be relaxed fobtiteom lift of shoulder binder. Considering
two different categories (lifts) for the shoulder binder mixture type esutrin more economical
asphalt mixtures while the environmental and loading conditions have been cahsidere

Figure7-14shows the procedure to calibréitecture energy for thievo different lifts of the
shoulder binder mixtures. As shown, a higher reliability is applied for theifiraslcompared to
thebottom lift. After this step 450 and 400/n¥ were arrived aas thresholdfor thetop and
lower should binder courd#ts, respectivelyAfter consultation with the TRP, it was decided
that these two thresholds should be consolidated into a single category, usingdbe aakre
of the two categories, namedg5J/n?).

Setting the border line|| 400+70/100=280 J/mat 12 ( || 400*70/100=280 J/imat 12 (
for DC(T) fracture

energy based on For F' Shoulder Binder Lift For 29 Shoulder Binder lift
Induced Stress Therma

1 ! !

Account for 280*1.1= 280*1.1=
Aging

308J/m’ 308J/m’
10% increase

! ! !

Account for TesWariability 308+2*2=>29 = 308+1.5+C>19 =
and Field Inspection 6 6
Uncertainty 429~450)/m" 399~400J/m’

Add Standard Deviation(s)

4 L L

Consensus 4503/m’ 4003/m’

\/

2
By consensus, reduce to a single categod25J/m

Figure 7-14. Flowchart to calibrate DC(T) thresholds for shoulder binder mixtures
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7.5. Performance-Based Specificatiorievels for DC(T) Fracture Energy

Recommended DC(T) thresholds for different mixture categories are preseiitgule7-2.
Experimental resultsield performance data, statistical ars$yand a final consensus step were
used tovalidate orto adjusthethresholds. ie SMA friction surface mixturthresholds
recommendedb beraised to 773/n¥, as shown in Table 7-2. Given the higher aggregate
quality used in this mixturandthe resultsfrom testingof SMAs produced in 2018t is expected
that asphalt producevdll be able to meet this thresholdth well-designed mixes and high
quality materialsin the case of shoulder mixésis believed thathe elevatedC(T)
requirementsvill lead to lower thermal and block cracking occurrer@emparing the dense
graded shouldesurfacemixtures produced in 2018 with the recommended thresholdJ(4%)

the 1818 mixture would need to be redesigned to meet the new criterion in 2020ixTihéed a
PG 64-22 binder along with more than 20 % ABR. A softer binder system (e.g. PG 58-28) could
help thismixture pass the newly recommended threshold without sacrificing recycled content.

In addition to the mixture types studied herein, the Tollway has two additional medontider
course mixes in their latest specification: MainlBiader (Niesigm50) andMainline Binder
(Ndesigi=50). Although not common on the Tollway, these mixes can be used as economical
lower layers in fuldepth asphalt pavement structures. In setting thresholds for these mixes, i
was first acknowledged that shoulder binder course mixéapgiresa minimum of425 J/n% for
durability against environmental cracking. This value was applied to the MaBihder
(Ndesigri=50) mixture, which is near the middle of the pavement structure and has the lowest
requirements inerms of cracking resistance. This provide®pportunity to utilize mixtures
with higher ABR. On the other handhe Ngesig=50 mixture will beat-or-near the bottom ohe
full-depth pavement structure andl thereforecarrymorebendingrelated tension It was
decided by consensus to require a slightly higher fracture energy value ofd%6r this layer.
Some agencies refer to lifts placgidthe bottom of fulldepth pavement structwas richkbottom
base mixturesand likewisause specification criterigtd promoteextra cracking resistance

Table 7-2. DC(T) thresholds at -12 « for different mix categories

Mix. Type Category Existing Recommended

Friction Surface 750 J/m 775 JIm

< Surface 700 J/m 700 J/nd
=

n Binder 650 J/m 650 J/m

Unmodified 500 J/nd 500J/n¥

3 IL 4.75 450 J/nd 450 J/ndt

3 Mainline Binder (N desigi>50) N/A 4253/t

o Mainline Binder (N desigi=50) N/A 450 J/nd
[72)

S Shoulder Surface(Ngesign 70) N/A 450 J/nk

o Shoulder Binders N/A 425J/nt
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7.6. Performance-Based SpecificationThresholdsfor Hamburg Rut Depth

The recommended thresholds foe Hamburg test to mitigate rutting are presentedahle7-3.
As mentioned before, themereno rutting prone section identified ¢time Tollway systemThis
indicatesthat Tollway has beescreening the mixturaa an effective mannen terms of high
temperature performance. Therefayely minorchanges have been pased in the Hamburg
requirements. In addition, a procedure was developed to use the Hamburg test asatlye pri
screening tool for mixture stripping, with the classic TSR test used asrads&reening step
only when failing results are obtained (as exptd in section 7.7). This procedure is
recommended as a way to avoid the timetasting expensassociated with the TSR test in
cases where the Hamburg test returns astiopping determination.

An SMA binder category has been added to the previous thresholds. The existing thresholds f
this mix categotywere not changeand the same number of passes (20,000) and similar
maximum rut depth threshold compared with the SMA friciorfaceand SMA surface
mixtures will be used For unmodified SMAs, which are used on shouldirs existing

maximum rut depth of 9 mms suggested to belaxed taa threshold value of 12.5 mm. This
recommendation was made in order to provide additional roomikture designergo increase

the cracking resistance as the shoulders were maihligigrg thermaland blockcrackng,

rather tharrutting. Thisthreshold is also recommended for the IL4.75 mixtu@e3 fim limit

also recommended to be increased to 12.5 mm).

Table 7-3. Hamburg rut depth thresholds at 50 « for different mix categories

Mix. Existing Recommended
Type Category No.of | Max.Rut | No. of Max. Rut
Passes Depth Passes Depth
Friction Surface 20,000 6.0 mm 20,000 6.0 mm
< Surface 20,000 6.0 mm 20,000 6.0 mm
(% Binder 20,000 6.0 mm 20,000 6.0 mm
Unmodified 15,000 | 9.0 mm 15,000 12.5 mnt
3 IL 4.75 15,000 9.0 mm 15,000 12.5 mm
8 Mainline Binder (N desigi>50) | 15,000 { 12.5mm | 15,000 12.5 mm
3 Mainline Binder (Ndesigr=50) | 10,000 | 12.5 mm 10,000 12.5mm
% Shoulder Surface (Nesign@¥0); 15,000 | 12.5 mm 10,000 12.5 mm
o Shoulder Binders 10,000 | 125mm | 7,500  12.5mm

1By consensus, the TRP decided to retain a maximum rut depth of Qubtihmore field data
is available. This is a new mix category for Tralway.
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As mentioned in the previous section, in addition to the mixture types studied herein, the

Tollway has two additional mainline binder course mixes in their latest specificistaonline

Binder (Niesigi>50) andMainline Binder (Niesigi=50). In the Hamburg specification, the effect of
pavement depth on reducing temperature has been considered and the required number of passes
recommended for the mainline binder course (Ndesign=50) and shoulder binder mirne

decreased by 5,000 and 2,530@mpared to the existing limit# is worth mentioning that the
requiremenets for mainline binder mix (Ndesign>50) lnrd.75 mixtures, the recommended rut

depth threshold and required number of passes did not change. Based on consultation with the
TRP, t was agreed that an intermediate requirement ofh5maximum rut depth would be
appropriate.

7.7. Performance-Based SpecificatioriThresholdsfor SIP and Use of TSR Test

Table7-4 presents the recommend8tP thresholds (minimum number of wheel passes at SIP)
to control moisture damag8imilar to other Hamburg specificatiqriee SIP thresholds are
either 5,000 or 2,500 cycles less than the required number of passes reconforemdacn

mix type The field investigationslid not indicate angtripping prone sectiongmplying that
major changes to component material composition or to mix volumetrics is unmgdestze
Tollway. Therefore, the existing thresholds for SIP parans&recommended to oaly
modestly changed.

First, recall that the lowa methdéar SIP computation involves a pre-screening step. In other
words, the first opportunity tepecifya mixas non-strippings in cases where the computed
stripping slope-over-creep slope is below the 2.0 threshold. Ipriagcreening stepf the
criterionis met, here is no need to compute the SIP. There is also no nelkddothat value
againsthe 3P threshold._In addition, multiple observations led to the recommendation of a
second pre-screening step (to be applied only to SMA mixes), to specify a mix stsijnoing
(and likewise, eliminating the need to compute SIP and check versus the SIP threEheld)
data leading to this observation can be summarized as follows:

X Referring to the SIP results presented in Chapter 3, the slope ratio recotsigidAby
mixtures includingsectionsl835 and 1845, was above 2.0, while the rut depth
accumulated at the end of 20,000 passes was remarkably low (less than 4.0 mm),
showing no evidence of moisture susceptibility.

x In addition, the TSR and boiling water test resfultther evidenced adequate resistance
to moisture damage ithose SMA mixtures.

x Further inveBgation revealed that the very laweep slopéclose to zerojvere the cause
of strippingovercreep slope ratios greater than 2.0. The greater than 2.0 slope ratio
triggered the SIP computation, and fla curves appeared to produce arbitrary SIP
numbers. Thised to a fasepositive strippingletectiors in the 1835 and 1845 mixes.

x In order to avoid false-positive determinations in highlyragistant SMA mixesa

second prescreen step is recommendaden the rut depth at 20,000 passes is less than
or equal to 4nm, the mix is specified as natripping. A subsequent SIP calculation is
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not required. This can also lead to a drop in average COV of SIP preseRigdren
3-18.

While the use of the Hamburg test as the primary screening tool will certaielyisevand
testing expensm the mix design stage, it is ackn@abed that over-screening of stripping
resistant mixes may occur. Thus, until more field data is available, the clagsiegiSnay be
utilized by mix designers as a secondary stripping determindiore specifically, f theasphalt
mixture under evaluation does not passtii@Hamburg prescreening steps or tisiP
requirement, th@ SR tesican besubsequentlperformed. For mixes meeting or surpassing the
85 %retained tensile strengdnd 80 pstensile strength criterie the TSR the mix can be
specified as nostripping.

Table 7-4. SIP thresholds at 50 « for different mix categories (applied when the slope
ratio is «2.0)

Mix. Type Category Existing Recommended

% Surface 15,000 15,000

c% Binder 15,000 15,000
Unmodified 15,000 10,000

5 IL 4.75 10,000 10,000

}3 Mainline Binder (N desigr~50) 10,000 10,000

o Mainline Binder (N desigi=50) 5,000 7,500

§ Shoulder Surfacg (Nesign Q¥ 0) 10,000 7,500
Shoulder Binders 5,000 5,000

* If the measured rut depth for SMA mixasthe required number of passes (determined based
on Table 7-3) is lower than 4.0 mm, the mix sballspecified as nestripping without the need
to compute the SIP.
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Chapter 8

SUMMARY AND CONCLUSI ONS

Pavements are a criticalement in our nation'mfrastructure, providing personal mobility,
economic development and enhancing national security. Asphalt pavements coneti¢utieam
90% of the surfaced roads in the United Stadephalt mix design ntbods have steadily
evolved over time, but still generally involve the combined use of a detailed volumetgic des
stage, followed by mechanical testing of the mixture to ensure adeqtiatg, rcracking, and
moisture resistancdhe Strategic Highway Reearch Program (SHRP) culminated in the
introduction of theSyperior Peforming AsphaltPavenents (SUPERPAVEystem, with
nationally recognized binder grades and mixture design princhiegever, SUPERPAVE
failed to deliver simpleyet-effective mixture mechanical tests, commonly referred to as
performance tests.

Also driving the need to employ performance tests as part of mixture desigresitesto use
high amounts of recycled content from various soynvlgch are not adequately characterized
in Superpave binder, aggregate and mixture volumetric tests and specificatioRBl\WWhAehas
promoted the concept &erformace-Engineered Mix Design (PEMD), wherein Performance
Related Specifications (PRS) play an important role in the mixture desiga. phas

Various agencies hawegun to research, and to introdpesformanceelatedmixture
specifications fotheir respective road networks. However, a comprehensive evaluation of
mixture performance test thresholds, rooted in loegnfield performancesvaluations, has not
been undertaken by mads a result, the lllinois Tollway commissioned a comprehensive study
involving theintegraton of laboratoryperformanceesting withextensive field performance data
for mixtures placed over the paktcadeand n some cases beforesulting in the validation

and calibration of @erformanceelatedasphalt mix desigeystem Because the Tollway’s
asphalt mix design specification was already producing favorable outcomeslreagly
performancebased and creaty high performance/economical mixes with high
recycling/sustainability features, it was decided to focus on the mixtu@ parice tests and
possiblythe relaxation ofolumetric requirementddowever, changes in volumetric
requirements were ruled othirough consensus with the TRP during the project, and thus the
study was further focused on the selecti@iidation and calibration of mixture cracking,
rutting, and moisture sensitivity tests in the design specification.

The approaches followed in this stuthekeyfindings, and major recommendaticar@now
summarized

x Crackingcontrol Various candidates fa mixturecracking performance test wedfest
selectedor evaluatiorbased on the results thie literaturereview. Among these candidates,
theDC(T), IDEAL-CT, I-FIT, and IDT tests were evaluated by testaigpreparedand field
materials The key findings of this extensive experimental campaign were:

x The indirect tensil€IDT) strength test exhibitedthe bestepeatability (lowest
COV); howeverijt did a poor job oflistinguishing betweermixtures.This is consistent
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with findings in the mie2000’s(see Appendix A)which motivated the development of
fracturebased mixture tests and/or tests with htifeno reliance on peak loadreging
capacity(a.k.a., the classic strengbfrmaterials approach)

Thelllinois flexibility index test (FFIT) exhibited mixedesults with respect to iability
to rank theevaluated mixtures based on performance expectatamse notable
unexpected results were obtained. For instance, sections 1836 and 182%&)(ddede-
mixes)yielded FI valuesignificantlyhigher than those recorded BMAs. Similar

SMA designs have shown to be reliable surface mixes for the Tollwagh\ubhve held
up to heavy traffic for over a decade without exhibiting matereligted cracking
failures Furthermore, the HT testhad the highest COV among the cracking tests
investigatedThe COV can be lowered by employiagechnique developed itinois;
however the statistical rigor of eliminating a single outligviewedas questionable.

In addition,I-FIT FI resultswere found to be highly sensititeair void content and
aging level A small change in air voids such as %o could resulin a 25% or greater
fluctuation in the reported FI value. Counterintuitivehgreasedir voids leads to
increased| scoreqi.e.,the mix ischaracterize@s being more créaesistant). This is
oppositeto performance trendsbserved in the field, and runs counter to trends observed
in thelong-established, benchmarkptflexural beam fatigue test.

For longterm aged samples in the Jamnd for field coresa snagback behaviors
sometime®bserved during the popeak regime ofFIT testing In the observed cases,
the peak load exceeded the 10 kN limit of the device and th@paktbehavior was so
brittle that it was not possible to collect enough data points and conduct the load-
deflection curve fittingcalculation. This posed problems for e$isdting FI limits based
on field coring investigations, rendering the test difficult if not impossiblalibrate to
existing field sectionsespeciallywhen combined with the identified air void atedt
repeatability issues.

Three replicates were ustat evaluation of théDEAL-CT test on plant-produced lab
compacted and fietdored sctions Compaedto thel-FIT, the postpeak slope
calculation used itheIDEAL-CT method was found toe more repeatabd@mong the
replicates. This resulted in a considerably lower G@\Mhe IDEAL-CT testas
compared tahel-FIT.

A strong correlation was observed betwd2BAL-CT and FI valuedJnexpectedly,
both tests ranked some of the dense-graded mixtures as superior to SMA mixtures.
The DC(T) test was found torrka mixtures in close accordance with expected, relative
field performance trends. Some of the fracture energy values measuiteslrieingated,
plant-produced mixtures were slightly below the specification thresholds usad duri
their design. This was aitbuted to the effects of sample storage and age effects during
reheating, especially in light of the mix of recycled materials and rejuvenated in
some of the mixtures investigated.

The DC(T) test was found to have excellent repeatability for labrepas, and good
repeatabity for field-cored specimensimited testing on the samples with differext
void content did not show significant impact on the DC(T) fracture energy. These
findings agree with previously reported results.
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x Due to its high epeatabilityexcellent correlation with field resultsnd ability to change
testing temperature based on environmental conditions of the project lotziDi&G(T)
wasrecommended to bretained in the Tollway’s asphalt mixture design specification
addition,the DC(T)provides mix designers much maeewayto incorporate higher
levels ofrecycled materials as compared EIT and IDEAL These highly sustainable
and economical mixes have been used with success on the lllinois Tollway, but do not
always receive passing scores in either the IFIT or IDEAL tests. Thess motude
those that contain various combinations of RAP, RAS and GTR. The stiffening effects
these recycled components apparently leads to a significant number ofefgigee
determinations in the IFIT and IDEAL tests and specifications.

X A systematic procedure was used to set DC(T) limits, which were then conipared
existing DC(T) thresholds, followed by a consensus approval/adjustment step. This
procedure involved settirtgaseline fracture energy thresholds for minimum acceptable
cracking resistance based on field results, then adding to this baseline ieaibres
fashion according to: differences in fracture energy between short- antefomgging
levels, and the sum of test variability expected in both the lab design stage and field
calibration stage.

X A consensus process was also utilized to allow final rounding of DC(T) threshodds bas
on practical considerations, such as knowledge of the ability of locallyableaihaterials
to meet specification thresholds for various mix tygestainabilitygoals, and
economical considerations.

x It was also recommendeditdroduceDC(T) specificationgor newer Tollwaymix types
that did not have requirements. This included shoulder mixes, whepartrey drivers
of deterioration are nolvad associated (aging, temperature cycling, moisture, freeze
thaw cycles)The introduction of these new performance requirements are expected to
have several positive outcomes for shouldexes, including: (1) lessening the
occurrence of thermal and block cracking observed on some Tollway shoulders; (2)
providing a degree of confidence in shoulder rut resistance in instances nafferest
routed onto shoulders during construction and other lane closure operations, and; (3)
allowing increased levels of recycled matettabe considered, and allowing new
recyclingtypes to be examined, while controllingxture performance with performance
testing

X Rutting Control -Similar tootheragerties, thdllinois Tollway hashad apositiveexperience
in usingthe Hamburg tesb conservatively control permanent deformatibine ability of
the Hamburg to effectively control stripping in lieu of the TSR test was also ofshte the
Tollway.

X Hamburgspecificationthresholds for the various mix types used by Tollwaye evaluated
as a function the depth pfacement of those layerslative tothe surface of the pament A
summary of key research evaluations applied in support of validatejusting Hamburg
thresholds include:

0 Based orasermeasuredut depthdoy ARAN-style pavement conditional assessment
vehicles,Hamburg testing at 5Q at 20,000 passes appeared to be approfoiatiee
control of rutting inTollway SMA-type mixtures
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Considerablefforts weremade to evaluate the conservative values curresty for
binder course and shoulder mixtureslederminef limits could be relaxed, thereby
creating more leeway for mix designers to address cracking resistance, enhanced
recyding andmixture economy.

To this end, computeg@mperaturgrofiles and plots leading to temperatbeel pass
equivalents were used &orive atmore highly tailored specification thresholds.

x Stripping Control - Degradation of the bond between aggregate and bindepresence of

water leads to stripping distress (or moisture damage). In this projectyéestsarried out

on loose and compacted asphalt materials to evaluate resistance to moistge dama
tensile strength ratio (TSR) test and stripping inflection point (SIP) paracattelated
usingHamburg test results weobtainedfor compacted samples while the boiling water test
was performed on loose asphalt mixtures.

(0]

The SIP parameter was caldel usinghe lowa method by means of fitting #&h&degree
polynomial curve on rut depth vs. number of passes. This frequently used method of SIP
calculation takes into account the stripptogereep slope ratiaalong with the number of
passes at which the creep and stripping lines intersect.

The lowa method triggers the SIP consideration only if the slope ratio is equal to or
greater than two. Despite the fact that SIP can detect the stripping potentiattimes

with a considerable amount of rut depth at the end of 20,000 wheel passes, its slope ratio
might be misleading for mixtures with very low accumulatediagths, leading to false-
positive stripping determinations based on comparisons to actual field performance.
Two SMA mixes (section$835 and 1845) possessed low rut depths vétly low creep
slopes, which created an undesirable artifact whiigh stripingto-creep slope rat®

were computedGiven the fact that the total rut depth on those mixtures at the end of the
20,000 passes at 50 was lower thad mm, it is very unlikely that they will exhibit
significant rutting and shoving due to stripping effects during serviceTlifes, it is
recommended that tHewa stripping evaluation be waivedrfmixtures exhibiting less
thanor-equal to4.0mm of rutting in the Hamburg teat 20,00(passes. In these cases,

the mixture should be reported as retripping.

The 1835 and 1845 mixtures did not show stripping potential based on the TSR test
results. This provided further verification tlihe SIP was unable to correctly screen

these mixtures in terms of moisture damalyeaddition, these mixes performed
satisfactorilyin the boiling water test.

Based on the results of this study, it is recommended to use the Hamburg stripping
determinabn in lieu of the TSR test (AASHTO-Z83) as the primariestingmethodfor
moisture damage control. This could lead to time and testing costs savings. Haseve
a conservative rollout of this method, for the near future it is recommendeddiegB R

test be retained as a secondary screening tool for stripping. An issuatasswh the

SIP parameter is its extremely high variability. The SIP parameter hatjtesthCOV
among the conducted tests and various parameters investigated.

Thus, if a nixture is identified as having the potential for stripping in the Hamburg
procedures outlined above, it is recommended that the TSR test be allowed to be used by
designers as the final determination of stripping potential.
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Both TSR and SIP parameters indicated that the 1828 mix has stripping potential. This
might be attributed to the very fine aggregate structure (NMAS=4.75 mm) whichaha
havenot providedsufficientroom for swelled rubber particl@s this mix modified with
dry-process GTR. The SIPlua for this mixwas found to be borderline when compared
to the current specificatiof®,861 < 10,000). The asphalt binder residue observed in
boiling water test containg@rovided furtherevidence thastripping potential may exist in
this mix.

Becausehere were insufficient poor performing sections encountered at the Tollway
with respect to moisture damage, only minor adjustments to ex$tihthresholdsiere
recommended, along with the introduction of new thresholds for new Tollway mix types.

The tesed plant producethb compacted samples were plagethe field in2018 therefore,
insufficienttime had elapsedt the completion of the study in 20@0enable calibration of the
Tollway asphalt mixture PRS based on field perfance from thesgections alonesspecially in

terms of cracking resistance. Therefore, the resdaarhcollaborated with the project TRP to
identify a number of good and poor performing sections placed during 2008 to 2015, which were
visually survewdin May of 2019.These includedboth mainline and shoulder sections. In some
cases, previous mix design gmefformance tesesults were available, alomgth reports,

scientific papers, and up-date ARAN performance daté@his provided amexcellent

opportunity to link the laboratonyerformance testing results with actual field performance. The
following observations were made after this investigation:

x Sixteendifferent sectionsncluding six mainline andix shoulder mixtures were tested in the
lab using most of the calidate cracking and rutting tests evaluated in this study.

(0]

o

(0]

The COV of the DC(T) test was found to be the lowest among different mix dasegor
although considerably higher in some cases and more variable overall as comgered to t
2018 testing results on plant-produced, ¢abpacted specimens.

Although general trendsere observed between the cracking taatsfield cracking

trends several predictionsiade bythe IFIT and IDEAL-CT indexes greatly
underestimatetield results

Based on the field observations, a DC(T) fracture energy of 4G0ndsdetermined to

be the threstid, longtierm aged fracture energy recommenfiedshouldersurface

mixtures.

As an acrosshe-board anomaly,espite the fact thahe90-17.8 section had exhibited
extensive surface block crang in the field this mix performed was scored as a good
performerin all three cracking test$his may be attributed to the fact that the particular
aggregate used in this section was very hard, and had not beenestby any of the

tests in the past. The TRP did not recommend making adjustments to cracking thresholds
based on this result, due to the relative obscurity and lack of future supply of this
aggregate.

x Performance indices and parameters such as IRI, @RSut depth along with images
collected fromannualARAN pavementevaluations were used to compare the performance
of different sections and wrrelate thento lab and fieldobservations.
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0 The 129434 section is one of the older sections, is subjactéigh levels otlow-
movingtruck traffic, andwas paved oexistingjointed concrete pavement. A high
amountof reflectivecracking and a high IRI has been measured on this section, leading
to the lowesbverall serviceabilityf the sections investiged as rated b§RS. On the
other hand, the two relatively new sections (188-47 andb@®8) recorded the highest
CRS.

o The IRI index had a good correlation with the CRS vatapsrted The only notable
difference was the ability of CRS to detect theetfiof the hairline block cracks time
190-17.8 sectionwhile thelRI did not, since pavement ride does not appear to have been
compromised.

o0 Somewhat arbitrarily he measured fieldut depthmagnitudes on SMAsurfaced
mainline sections were in reasonabtgeement with rut deptimseasured in thelamburg
test. This observatioalsosupports theecommendation to retain thee WHVWLQJ
temperature and 20,000 wheel pigs®l for SMAs as traditionally used in the Tollway’s
asphalt mix dagn specification

X In addition tooverall serviceability as characterized by CR8etailed analysisf thetype,
extent and severity ofurfacedistresses as conducted on the data set providgdRA. An
average severity concepts introduced, and the following observations were thaae:

o Centerline, longitudinal (orcentedane’), and transverse cracking were thest frequent
types of cracks recorded on the studietlway sections.

0 Because rutting is simply not observed on Tollway asphalt pavements, the frequéncy a
severity of the crdang forms observed suggest that specification changes should be
prioritized to address cracking.

o Centerline and longitudinal crackse generallyelieved to be construction and traffic
loading related, respectivelyhereforethetransverse cracking dataith extra weight
placed orfull-depth asphalt sections where reflective cracking does not exist, were used
to calibrate the DC(T) spétation, along with block cracking observat®gathered
during field visits.

o Finally, a framework for the performance sifieation evaluaibn and calibrationwvas
developed and deployed. This framework took into account the link between lab and field
performance results arolilds in the effect of aging on desired specification thresholds.
In addition, test repeatability artthe uncertainty associated with distress detection and
measurement weliacorporatedising a statistically based reliability approagrsubset
of the TRP was convened to discuss the rounding and adjustment of specification
thresholds based on practical considerations such as material availabilibga@nd
economics

o ltis believed that meetindpe newly proposed test thresholdd wirike an even better
balance in mixture performance and mixture econtonthe Tollway and will have
particular benefits for thisngevity and economics of shoulder mixes. In additibe,
specification continues to keep the dopenfor future innwations. These include the
introduction of newsustainablenixturedesign approaches and materials as they become
available.
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List of Abbreviations

AASHTO American Association of State Highway and Transportation Officials

AC Asphalt Concrete

ALDOT Alabama Department of Transportation
AHTD Arkansas State Highway and Transportation Department
AMPT Asphalt Mixture Performance Tester
APA Asphalt Pavement Analyzer

ARA Applied Research Associates

ASTM American Societyor Testing Materials
BBF Bending Beam Fatigue

BBR Bending Beam Rheometer

BDWSC Bridge Deck Wateproofing Surface Course
BF HexuralBeamFatigue

BRBC Bottom Rich Base Course

BRIC Bottom Rich Intermediate Course

BSI British Standardistitution

C Pseudo Secant Modulus

CMOD Crack Mouth Opening Displacement
CRM Crumb Rubber Modifier

CTEC Coefficientof Thermal Expansion and Contraction
CTOD CrackTip Opening Displacement

CTSD CrackTip Sliding Displacement

DBN model Di-BenedetteNeifar model

DC(T) Disc-Shaped Compact Tensioest

DM Dynamic Modulus

DOT Department of Transportation

EVAC East Valley Asphalt Committee

FDOT Florida Department of Transportation
FPBF FourPoint Beam Fatigue

FI Flexibility Index

GDOT Georgia Depdment of Transportation
GDT Georgia Development Test

GTR Ground Tire Rubber

FHWA Federal Highway Administration

HCT Hollow Cylinder Tensile Tester

HiPO High Performance Thin Overlay

HMA Hot Mix Asphalt

HPTO High Performance Thin Overlays
HWTT Hamburg Wheel Tracking Test
IDEAL-CT Indirect Tensile Asphalt Cracking Test
IDOT lllinois Department of Transportation
IDT or ITT  Indirect Tensile Test

ITP lllinois Test Procedure

LDOTD Louisiana Department of Transportation
LTRC LouisianaTransportation Research Center
LWT Loaded Wheel Tester
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MEPDG MechanistieEmpirical Pavement Design Guide

MDOT Michigan Department of Transportation or Maryland Department of
Transportation

MnDOT Minnesota Department of Transportation

MoDOT Missouri Department of Transportation

MOT Ministry of Transportation

NAPA National Asphalt Pavement Association

NCAT National Center for Asphalt Technology

NCDOT North Carolina Department of Transportation

NCHRP National Cooperative Highway Research Program

NEPPP Northeast Pavement Preservation Partnership

NMAS Nominal Maximum Aggregate Size

OoDOT Oregon Department of Transportation or Ohio Department of Transportation

oT Texas Overlay Test

PAN Polyacrylonitrile

PBS Performance Based Specification

PCC PortlandCement Concrete

PMS Pavement Management System

PRS PerformanceRelated Specification

PPA Poly-Phosphoric Acid

QA Quality Assurance

QC Quality Control

QRSS Quality-Related Specification Software

RAP Recycled Asphalt Pavement

RAR Reacted andctivated Rubber

RAS Recycled Asphalt Shingles

RDEC Ratioof Dissipated Energy Change

RLPD Repeated Load Permanent Deformation

RSST Repeated Simple Shear Test

S Damage Parameter

SBS Styrene Butadiene Styrene (polymer)

SCB SemiCircular Bending €st

SE(B) Single Edge Notched Beanest

SGC Superpave Gyratory Compactor

SHRP2 Strategic Highway Research Program 2

SMA Stone Matrix Asphalt

SPT Simple Performance Test

TCAP Thermal Cracking Analysis Package

TRB Transportation Research Board

TSP2 Transportation System Preservation Technical Services Program

TSR Tensile Strength Ratio

TSRST Thermal Stress Restrained Specimen Test

TXDOT Texas Department of Transportation

uDOT Utah Department of Transportation

uluC University of lllinois Urban&hampaign

VDOT Virginia Department of Transportation
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VECD Viscoelastic Continuum Damage
WisDOT Wisconsin Department of Transportation

WLT Wheel Load Tracking
WSDOT Washington Department of Transportation
WMA Warm Mix Asphalt



A review of the existindjterature related to asphalt performance specifications was undertaken.
The literature review included the following topics: asphalt performantiegeagency

practices regarding Performance Based Specifications (PBS), and stlatied to PBS
develgpment and test methods and protocols related to PBS. The results of the literagwe revi
are described in the following sections.

A.1. Asphalt Performance Testing

A.1.1. Overview of Asphalt Performance Testing

Asphalt roads make up for more than 90%hefUSA’s pavement infrastructui®APA, 2009).
Such wide usage warrants a sturdy and robust design of the asphalt mix to estkengl and
wear less. Before the Superpave mixture design protocol was in platef ariacedures
followed for designing mixes to address particular distresses wera@hgor example
Hubbard-Field or Marshall Test used to predict permanent deformation (Fujie Zhou, Hu, &
Scullion, 2006). Superpave introduced volumetric mix design, which, albeit being a step
forward, had considerable gapsaiccurately predicting the field performance of the asphalt
mixtures. This shortcoming motivated researchers to adopt laboratory mixtirg tesler
simulated loading mimicking the field conditions. These ‘performance tesigroaide key
insights to tle mixture field performance in terms of fatigue cracking, thermal craakitimg,
moisture resistance, and other key distresses. Table 1 presents few suatbryabax
performance tests.

Table A-1. Assessment of Available Performance Tests for Use in Routine Mixture
Design (Federal Highway Administration (FHWA), 2013)

The following sections summarize the current mixture performance tests dracgueding to
the parameter they measure or the distress they characterize.

A.1.2.Mixture Testgo Mitigate Thermal Cracking
Overview of Tests for Thermal Cracking
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Thermal cracking, or lovvemperature cracking, is one of the primary distresses of asphalt
pavements in cold climates. As tteenperature drops, thermal stresses develop due to the
differential contractiorof the binder and aggregate in the asphalt mastic. When the thermal
stresses exceed the tensile strength of the asphalt mixture, the pavemensadgsaelsp The
popular tests for characterizing thermal stresses in asphalt mixtures @&hBped Compac
Tension test (DC(T)), Indirect Tensile creep and strength test (E2miCircular Bending test
(SCB), and Thermal Stress Restrained Specimen Test (TSRST).

Overview of IDT Test

The IDT test iperformedo ascertain the tensile strength and the creep properties of the asphalt
mixture specimen, which are critical factors of thermal cracking charait®riBhe test is done

in accordanceavith the AASHTO T322 standard (AASHTO, 2010)jhe specimen is loaded
diametrically, inducing horizontal tensile stress in the-podion of the specimen. The creep

test is done at @, -10°C, and -20°C, and the tensile strength test is done atCld he

relaxation modulus data, obtained by converting the creep compliance data, is usethte es

the thermal stresses and calculate the critical cracking tempgi@tuistensen & Bonaquist,

2004; Mandal, 2016).

Applications of IDT Test

Roque et al. modified the Superpave IDT test to obtain fracture parameters of din aspha
specimen by drilling an 8mm hole in the middle of a 150 mm diameter specimen to easkire ¢
initiation and propagation under loading (Roque, Zhang, & Sankar, .1R@9kt al. calculated
fracture energy of eight asphalt mixtures using the strains at the oéttierIDT specimen and
calculating the corr@®nding displacements. The authors used a 50 mm gauge at the center of a
100 mm diameter IDT specimen subjected to a constant rate of ram movement of 50 atm/min
20°C. The authors found a very good correlation of the fracture energy to the fatickiagra
observed in the tracks where the mixtures were(laith & Wen, 2002). Richardson et al. used
theIDT test to determine the creep compliance and tensile strength of HMA mixteckasis
wearing course in Missouri, using them as inputs in the thermal cracking nodddEEPDG
(PavementME). The authors tested six different laborgicegared wearing courses with
varying air voids and RAP content. Increase in air voids led to increasgdcomrapliance and
decreased tensiktrength, and addition of RAP to the mixtures led to decreased creep
compliance and increased tensile strerfRilkhardson & Lusher, 2008). Although the
repeatability of the IDT test is reported to be very high, there aremtidlecns regarding ¢éh
correlation of the IDT strength to the field performance and the capalfititysgparameter to
characterize cracking resistance of the mixtures (Walubita et al., 201 herfruote,
Jahanbakhsh et al.,(2019) observed that the IDT strength paramédenatocapture the effect

of additives. This test was not also found to be sensitive to the testing tempetagayge(et al.,
2012). To address these issues, other parameters such as toughness, slope, aedéragture
were recommended to be used instead of the IDT strength (West et al., 2017; Kbanolws
Kaloush, 2011; Yin et al., 2018)



Overview of TSRST Test

TSRST (AASHTO TP 10JAASHTO, 1993)is a simple tst wherein a rectangular asphalt
mixture specimen is allowed to cool but is restrained on shorter edges, leadingaprdewt of
thermal stresses within the specimen and ultimately cracking when thallstresses exceed

the tensile strength of the g@en. It was developed at Oregon State University as a part of
SHRP(Aschenbrener, 1995After fabricding the specimens, they are glued to the plates and
conditioned in a cooling chamber at& for an hour to impose thermal equilibrium in the
specimen. LVDTs are used to measure the deformation of the sample whilefibeatene of

the chamber is reduced. A clodedp loading frame is used to restrain the shorted edges of the
specimen at the original length, inducing thermal stresses. The end rehidttest is a thermal
stresstemperature plot.

Applications of TSRST

Tapsoba et al. used TSRST to study mixes with different RAP (up to 25%) and RAS (amtent
to 10%). The authors found that below 15% RAP content and 5% RAS content, the mixes
performed very similar to the virgin HMA mixture. Beyond that, the low temperatnacking
resistance of the phalt mixture specimen deteriorated. Further, they tried to simulate the
TSRST test using the EBBenedetteNeifar model (DBN model) and found a good correlation
(Tapsoba, Baaj, Sauzéat, Di Benedetto, & Ech, 2Q¥8)et al. used TSRST to see the effects of
bio-based and refined waste oil modifiers on low temperature cracking charestefistsphalt
mixtures. The tests showed a much cooler fracture temperature on modification lii,oil
Bahia, & YiQiu, 2015) Mohammacket al. used TSRST to characterize and compare the thermal
stresses of the sulfumodified WMA mixture to conventional HMA mixtures. The authors found
no statistical difference in the average fracture temperatures of the m{Matesmmed,

Cooper, & Elseifi, 2010). Jung and Vinson ranked the tewperature cracking resistance of 14
asphalt mixtures, calculated using TSRST, with variation in air voids %, aggtggasaging

etc. The authors found a good agreement of the T35S@&d fracture temperature ranking with
the ranking by SHRP on basis of asphalt binder properties. The authors further found that the
fracture temperature was most sensitive to the asphalt type aaginiéevels, whereas the
fracture strength was more sensitive to the air voids and aggregate type (Vursps&, 1993).

Correlation between BBR and TSRST

Falchettoet al. tried to develop a correlation between the Bending Beam Rheometer (BBR) cr
and strength results with the critical temperature for asphalt mixture obtaiT&RST. The
authors conducted TSRST, BBR creep and strength tests on eight aspha#swixtto varying
RAP contents and applied simple size effect theory to extrapolate the BBBtstto compare it

to the TSRST results. The results indicated that BBR strength resulisnatide used with the
thermal stress curves of BBR creep testsetemnine the critical temperature of the asphalt
mixtures without considering the size effect. Even after taking the sexet @ffo account, the
strength values from TSRST and BBR were comparable but the difference iititla¢ cr
temperature values calihot be ignored (Falchetto, Moon, & Wistuba, 2017).
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Overview of DC(T) Test

TheDisk-Shaped Compact Tension (DC(T)) (ASTM D7313-(88$TM, 2013)test is used to
measure the lokemperature cracking potential of the asphalt mixtures. Wagoner et alupame
with a suitable configuration (shown iigureA-1) for this test using ASTM B99(ASTM,
2012ps a starting poirdnd then modified it for asphalt materi@fg. G. Buttlar, Hill, Wang, &
Mogawer, 2016). A big advantagetbe DC(T) test lies in its ability to test cylindrical cores
obtained from field or copacted in Superpave Gyratory CompactéCpand its large fracture
surface areéM. P. Wagoner, Buttlar, & Paulino, 2005@he DC(T) test temperature is
generally 10C higher than the PG low temperature gradinefinder used in the asphalt
mixture. The specimen is pulled through the drilled holes, forcing the crack to pepagat
perpendicular direction. The notch is made togetermine the crack path. The test is conducted
at a constant Crack Mouth OpeniDgplacement (CMOD) rate of Imm/min (0.017 mm/s). It is
stopped when the post-peak loading reaches 0.1kN. A typical load-CMOD curve is shown in
FigureA-2. The area under the curve, normalized by the initial fracture area of thenepeid
reported as the fracture energy of the asphalt mixture specimen. Thedtaetlawd of testing

is outlined in ASTM D7313-13 standard (ASTM, 2013).

Sensitivity Studies for DC(T) Tests

Wagoner et al. conducted brief sensitivity studies on specimen thickness, Inoeximaum
aggregate size (NMAS), and CMOD rate for DC(T) tests. The authors fourttigHedcture
energy increased with thickness and, more importantly, the variation tneas not affected

by the specimen thickness. Further, the studies reported higher variatiomts figsspecimen
with 19.0 mm NMAS than for 9.5 mm or 12.0 mm NMAS, with a reasoning that the 19.0 mm
NMAS resulted in a lower ‘representative volumethe specimeiiM. Wagoner, Bulttlar,

Paulino, & Blankenship, 2005Vagoner et al, in a separate study, also reported a decrease in
fracture energy with an increase in loading (MeP. Wagoner et al., 2005b).

Use of DC(T) to Study Effects of RAP and RAS

Behnia et al. used DC(T) to evaluate the effect of addition of RAP in asphaltresixin thermal
cracking. The authors found that addition of RAP beyond 10% significantly decrbased t
fracture energy of the specim@ehnia, Dave, Ahmed, Buttlar, & Reis, 2011). Arnold et al.
showed that addition of RAS to asphalt mixture specimen led to an increase in the geakl loa
a decrease in the overall fracture enerfdenold et al., 2014)Dave et al. used DC(T) for low
temperaturdracture characterization of nine mixes with varying RAP consanhg and air

void content. The results showed that DC(T) test was successfully abjgucedhe effects of
temperature, varying content of RAP, binder modifiers,agidg(Dave, Behnia, Ahmed,
Buttlar, & Reis, 2013).

Other DC(T) Applications

DC(T) results by Buttlar et al. from a project at UIUC in collaboration with lllif@kway and
STATE testing laboratory, show that addition of GTR to asphiliune specimes led to
significantly higher fracture energi@d/. G. Buttlar & Wang, 2016). Behnia et al. used the
DC(T) test to evaluate the effect of cooling cycles on the asphalt specimerfsadthre results
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obtained from DC(T) test were reported to be sensitive to the micro-damagesdifigumooling
cycles and alsoorrelated well withthe assessment of low-temperature behavior by non-
destructive testing nilkods namely theacoustic emission te@Behnia, Buttlar, & Reis, 2014).

Figure A-1. a) Prepared DC(T) specimen (W. G. Buttlar et al., 2016) b) DC(T) Test set-
up

Figure A-2. Typical Load-CMOD curve (W. G. Buttlar & Wang, 2016)

Overview of SCB Test

The SemiCircular Bendiig (SCB) test utilizes a simple thrpeint bending mechanism to
determine the cracking resistance of the asphalt mixture specimen. Thesestsesacircular
specimen and load is applied at the center of specimen periphery, as slkoguraA-3. (Al-
Qadi et al., 2015)The test can be conducted in low temperatures as well as intermediate
temperatures. The low temperature cracking r@scst test standard is outlined in AASHTO
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TP105-13(AASHTO, 2013)and utilizes the same method as the DC(T) test taleddéol
fracture energy. The intermediate temperature SCB test was developed by Wu 2005, i
using 28C as the test temperature for the SCB test. The authors used the concepabd-critic
integral, which was found to be sensitive to the changes in binder types and nominalimaxi
aggregate size (NMAS), both affecting the fracture resistance of theresi(Ozer, AFQadi, et
al., 2016; Wu, Mohammad, Wang, & Mull, 2005).

Use of SCB to Study Asphalt Mixture Characteristics

Li et al. used the SCB test to characterize thetlEwperature performance characteristics of 90
specimens from six asphalt mixtures with varying mixture components and fat¢terguthors
also investigated the effect of loading rates, temperature, and initial nogth ie the specimen
on the fracture energy and peak loads obtained from the SCB test. The authtes @epor
decrease in the fracture energy with colder temperatumgshe reverse effect on the peak loads.
Further, the increase in the loading rates led to a decrease in the fractgresesfehe

specimen, with significant effect of test temperature on the results. Thesamtyestigatd three
different notch legthsin the specimen and reported an increase in the fracture energy with a
decrease in notch length at warmer temperatures but no significantoéffetth length for

colder temperaturgX. J. Li & Marasteanu, 2010).

Overview and Applications of IL-SCB Method

In 2016, Ozer et al. introduced the SCB method for cracking resistance characterization.
Based on previous experiences, the researchersdutlieat it was difficult to correctly

discriminate the asphalt mixtures based only on fracture energies. Takchess observed that

the post-peak slope of the lodplacement curve from SCB test was sensitive to the changes in
the asphalt mixture spieecen and used this to develop the Flexibility Index (F)simple index
parameter that is proportional to the crack resistance of the mixture. Ozarssicathél -SCB
method to evaluate and discriminate the mixes with increasing high asphaitrbpideement
(30%-60%) through addition of RAP/RAS. The authors further validated the indexreiatiog

it successfully to the FHWA's accelerated pavement test section@Adla@adi et al., 2015;

Ozer, AFQadi, et al., 2016; Ozer, Hasan, et al., 2016).
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Figure A-3. SCB specimen and test setup (Ozer, Al-Qadi, et al., 2016)

Overview of SE(B) Tes

Wagoner et al. developed the Single Edge Notched Beam (SE(B)) test in 200&stare the
fracture energy of asphalt specirseft is a simply supported three-point loading beam
configuration with a notch to preetermine the crack path. The beam comfijon was chosen
due to ease of manufacturing and its K (stress intensity factor)-domigldntrider pure mode-
loading. Additionally, the authors reasoned that the ligament length of the speoutdbe
changed, as required, to encompass the fegiacess zone. Further, the SE(B) geometry also
allowed researchers to test asphalt specimens under-mixée conditions by simply offsetting
the mechanical notch from the centerline of the b@dnP. Wagoner, Buttlar, & Paulino,
2005a).

Use of SE(B) and SCB Tests to Compare SMA and HMA mixtures

Artamendi et al. compared SE(B) and SCB testlte$or a Stone Matrix Asphalt (SMA) and a
dense HMA mixture, computing K and the fracture energy of the specimen. The sddy us
beams with a span of 244 mm and a span to length ratio of 0.8. ForINbadkng, the authors
reported a good agreement betwehe Kvalues, while the fracture energies computed from
SCB specimens were twice the values obtained from SE(B) tests. The authargsedtgated

the mixedmode loading and reported a higher fracture energy for SMA mixtures thamte de
HMA mixtures, indicating an increased resistance to fracture due to introduction of shear
component of loading (Artamendi & Khalid, 2006).

Use of SE(B) Test to Investigate Effects of Mixed Mode Loading

Braham et al. used the SE(B) test to investigate the effects of mixed mode Ibadiag
pavement experiencesmder wheel loads and thermal stresses. The authors inducedIMode-
loading by offsetting the notch from centerline. The study tested three taspttares with
varying notch offsets and also measuttegl crack mouth opening displacement (CMOD), crack
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tip opening displacement (CTOD), and crack tip sliding displacement (CTSDg tbiedfy
capture the Mod¢ and Modell characteristics. The authors were successfully able to
differentiate between the opening and the sliding fracture work during the Idadusing
different displacements (CMOD, CTOD, CTSD) to calculate fracture aodkthe results were
as expected. Further, an increase in fracture work with an increase in the redtivaff
reported, indicating that it takes more effort to propagate a crack in mixed modgort{ié..
Braham, Buttlar, & Ni, 2010).

Pooled Fund Study of Various Thermal Cracking Tests

Marasteanu et al. conducted various thermal cracking tests in a national pooletuidy

funded by FHWA, phase-l in 2007 and phase-Il in 2012 (Marasteanu et al.,(R20@$teanu,
Buttlar, Bahia, & Williams, 2012)The report tested asphalt mixtures that included mixtures
modified with Recycled Asphalt Pavement (RAP), Poly-Phosphoric Acid (PPA), aymgrsl
(SBS amd Evalvoy), at differenaginglevels using tests such as IDT, SCB, and DC(T). The IDT
strength results showed a poor correlation between the laboratory and the figtteagedihe
DC(T) and SCB fracture energies fell within similar ranges, with DC@Qdttire values being
slightly higher than the SCB fracture values. The report went on to compare thassustiated
with DC(T) and SCB tests and more such factors before picking DC(@st¢isé preferred
method on the basis of an existing ASTM standiardt. The Phase-Il of the report suggested
development of a simplified method to measure creep compliance of the asphaksnising

the fracture tests, namely DC(T) and SCB tests, due to relatively higloctd3T equipment.

The DC(T}IDT test wagproposed to include an extensometer at 10 mm distance from the notch,
placed perpendicular to it (Marasteanu et al., 2007, 2012).

DC(T)-IDT Test

Kebede (2012) worked on the DC(T)-IDT idea in his thesis and proposed conducting deeep tes
at required temperatures and using the same specimens to conduct DC(T) fatsiafter

letting the specimens relax for about 24 hours after every test. The author dethsdisence the
creep tests were undertaken in the linear viscoelasticity range, the fracture énleegysphalt
specimen should not be affected. Any lingering temperature effects would bedavpilééting

the sample relax overnight. Numerical simulations of the test, included iepbe by

Marastean et al. and in Kebede’s thesis, showed promising results (Kebede, 2012; Marasteanu
et al., 2007, 2012).

DC(T) Creep Test

A modified version of DC(T)DT, now calledthe DC(T) Creep test was used in testing GTR
modified laboratory specimens and field cores for their compliance by BetttérThe DC(T)
creep tests measured creep compliance of the-@d&kfied asphalt mixtures af®, -12C, and
-24°C. The raw data wad in a VoigtKelvin model and the master curves were plotted with -
24°C as the referenecemperature. The master curves obtained were smooth and the varying
trends with variation in mixture parameters were as exp€dte. Buttlar & Rath, 2017).
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Application of DC(T) and SCB to Study Factors Related to Fracture Energy

Li et al. used DC(T) and SCiB study the effect of factors expected to affect the fracture energy
of asphalt mixtures at low temperatures. The factors investigated were typelebinder

modifier, aggregate type, air voids, asphalt content, and test temperature clire aergs
obtained from the two tests agreed with each other as the factors were varietixtihes

except in the case of air voids. The SCB test showed significant variationhaitgecin air

voids whereas the DC(T) results were not affected significhmtly, A possible reason

suggested was the different loading rates, and specimen geometry used ipeitie/eetestgX.

Li, Braham, Marasteanu, Buttlar, & Williams, 2011).

A.1.3.Mixture Teststo Mitigate Fatigue Cracking
Overview of Fatigue Cracking

Fatigue cracking is predominantly associated with repeated traffis.|®d&e cracks occur in a
meshshape pattern and propagate throughout the surface resulting in rough ridityg quali
intrusion of water, and other inconveniences. Researchers have tried to quanti&/ deditking
by incorporating various factors affedithe distresses in empirical equations. In the
mechanistieempirical approach, the response parameters (stresses, strains) &ed inghese
empirical equations and pavement fatigue life is predicted. These ME equedethsonstant
calibrations whib can be done through laboratory-conducted mix performance tests.
PavementME software uses a sigmodal function as the “transfer” functiprefiicting the
fatigue life of the pavemerfWang, Mahboub, & Hancher, 2005).

Use of ITT to Evaluate Fatigue Characteristics of HMA Mixes

Several studies have proposed various laboratory methods of fatigue testingof@hnulzan

and Carpenter used Indirect Tensile Test (ITT) to evaluate the fatigue chstiastef asphalt
mixes. The authors used the phenomenological fatigue model or the Stress vs. nugytdbes of ¢
approach (SN curve) on 480 asphalt specimens under controlled stress and controlled strains.
The varying factors in the asphalt specimens were air voids (4% and 7%), bpel€rQy

sources), aggregate types, and gradatibe.duthors concluded that the fatigue life of mixtures
was highly influenced mode of loading, test temperature, and binder content, wibiledée
grade, air voids, and aggregate gradation had no significant effect on the fatajuetpes of

the asphalmixtures(Ghuzlan & Carpenter, 2002).

Use of ITT to Study CRM and Fiber Reinforcements

Mashaan et al. studied the effect of adding Crumb Rubber Modifier (CRM) to Stdre Ma
Asphalt (SMA) on its fatigue life using ITT. The authors added 6-12% of CRM lyhivef

bitumen in the SMAs and found out that the rubber particles prevented the growth and
propagation of vertical fatigue cracks though the asphalt specimen. Cortgedherfatigue life

of the SMASs increase with an increase in the amount of rubber content (Mashaan et al., 2014)
Weise et al. used cyclic ITT to evaluate the fatigue characteristics of HMA andn&Miied

with various fiber reinforcements (cellulose and PolyacrylonitRI&N)). The authors reported a
significant increase in fatigue life of the asphalt specimens with fiber reemfent{Weise &
Zeissler, 2016).
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General Applications of BF Test

Huang et al. and Saadeh et al. used flexural Hasigue (BF) test (AASHTO 1321)

(AASHTO, 2017a) FigureA-4), which is a four point loading test wherein small beams
(380x50x63 mm) are subjected to repeated loads, to characterize aspha# spettimen in

terms of fatigue life. Saadeh et al. used 50% reduction ialistiffness as the failure criterion

on two mixtures with different binder grades, different moisture conditioning and on three
replicates. The authors determined that the moisture conditioning of the speeiaseone of

the critical factors affectindne fatigue characteristics of the mixture, but the binder type had no
significant effect§Saadeh & Eljairi, 2011).

Figure A-4. Bending Beam-Fatigue Test (Saadeh & Eljairi, 2011)

PushPull Fatigue Test

The push-pull fatigue test, developed by Richard Kim and his coworkers at NCSUjategac
the fatigue damage in an asphalt mixture specimen using a simple uniaxial testcastagic
Continuum Damage (VECD) principléal-Qadi et al., 2015)A cylindrical asphalt mixture
specimen is subjected to repeated cyclic tension and compression loading aitgil A amage
characteristic curve, defined by damage parameter (S) and the pseudorsetdns (C) is
made from the test and is used to analyze the fatigue characteristics of the sp#&anesamn,
2013; Mbarki, Kutay, Gibson, & Abbas, 2012; Underwood, Baek, & Kim, 2012).
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Ovaview of OT

The Texas Overlay Test (OT) was developed by Robert Lytttreih970s to evaluate the
asphalt mixture’s resistance to reflective cracKiM@, 2014). Zhou et al. developed and verified
the OT test to study fatigue cracking in asphalt mixtures in 28@dreA-5). The test applies a
cyclic triangular waveform with a constant maximum displacement of 0.64 in. simulaging
opening and closing action of joints. The test is run until failure occurs at a loatengf 1

cycle per 10 sec at the maximum displacement. This test records therrafrafcles to failure
and the data obtained is used to determine the crack initiation and propagation potdmial of t
mixture. It is conducted in accordance to the Tex-248-F standard (DeVol, 2015; F Zhou &
Scullion, 2005; Fujie Zhou, Hu, & Scullion, 2007; Fujie Zhou & Scullion, 2008¢ OT test

has some advantageer the BF test like easier sample fabrication and ability to conduct test in
AMPT device. The Asphalt Mixture Performance Tester (AMPT, formerlly) SB a versatile
device which can also employ the principle involved in cyclic gudhtest to deternme the
fatigue characteristics of asphalt mixtu(Esderal Highway Administration (FHWA), 2013,
2016).

Figure A-5. Concept of Overlay Test (Fujie Zhou, Scullion, & Hu, 2007)

Overview of IDEAL-CT

In a research study by Zhou et al. (2017),ititrect tensile asphatiracking tes{IDEAL-CT)
which is similar to the indirect tensile (IDT) test was develdpegie Zhou, Im, Sun, & Scullion,
2017) The IDEAL-CT is normally run at room temperature and a loading rate of 50 mm/min.
FigureA-6 shows the IDEALCT setup with typical results. The IDEACT was compared to the
Texas OT and lllinois SCB tests using ovér laboratory and field plant mixes. All three tests
ranked all of these mixes in the same order with respect to crack resistance. ERie QD
showed a strong correlation with the field distresses of fatigue, reéieaind thermal cracking.
According b the authors, the IDEALT is straightforward to perform, requires minimal training,
and is fast as the test completes within one minute. The IBERWas found to be rugged with
respect to specimen thickness, loading rate, test temperature, and air voids.
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Figure A-6. IDEAL-CT Test Setup and Typical Results (Fujie Zhou et al., 2017)

Study of Ratio of DissipatecEnergyChangeand Fatigue Characteristics

Shu et al. used criteria proposed by Carpenter et al. of plotting ratio of dissipatgy ehange
(RDEC) and number of cycles on a plot and using the constant plateau value of thes eurve a
parameter to evaluate the fatigue life characteristics of-RA&ified mixturesA higher plateau
value would mean a higher percentage of input energy was being turned into dameagngndi
a lower fatigue lifgShu, Huang, & Vukosavljevic, 2008).

Use of Surface Energy to Assess Fatigue Properties

Cong et al. (2017) usdde surface energy concept of asphalt mixture to characterize the fatigue
behaviors They used a uniaxial stragontrolled cyclic tensile test to determine the dissipated
pseudostrain energy and determined the final number of cycles to failure éoewlifasphalt
mixtures. They also examined the effect of temperature on the fatig(€diig, Peng, Gy

Wang, 2016).

Fatigue Studies of WMA Mixtures

Xiao et al. used BF test to study the fatigue characteristicgbberized Warm Mix Asphalt
(WMA) mixtures. Eight mixtures with variation in WMA additivesging and aggregates were
tested. The conclimns suggested that addition of rubber in the WMA mixes led to increase in
the fatigue life of the mixtures. Further, aggregate source (type) wapafactor affecting the
fatigue life(Xiao, Wenbin Zhao, & Amirkhanian, 20Q%akhri et al. compared the fatigue life
of HMA and WMA mixes by computing fatigue characteristics of the mixtures with-fpaumt
flexural beam test. The authors found that the fatigue life of WMA mixes whsrtigan the
HMA mixes at lower strain levels. However, at higher strain levels the é&lingges were
comparable. They also studied the effect of polymer modification on fatigue M&VA mixes
and found that the fatigue lives of polymer modified WMA mixeseless than tbse of non-
modified WMA mixes(Fakhri, Ghanizadeh, & Omrani, 2013).
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Fatigue Studies of RAP, RAS, and GTR

Huang et al. looked at the iigie characteristics of HMA mixtures with varying RAP content in
them using the similar 50% initial stiffness reduction criteria. The autborsl a general
increase in the fatigue life of the mixtures with an increase in RAP content wedh ZXbinder,
but a decrease in the crack resistance of the mixtures based on the ITT andSQButey,

Shu, and Vukosavljevic 2011A. similar study by Shu et al. found an increase in the fatigue life
of mixtures with RAP content based on the 50% initial stiffness failureioritéfowever, the
decrease in the dissipated creep strain energy with addition of RAP ledethichess to

propose the use of the plateau value failure criterion in the BF test to evalltadtified

HMA mixtures.

Ozer et al. conducted pugldl as well as OT test and found that incréade@AS content in the
asphalt mixtures dheuse of stiffer binder in the mixtures decreased the fatigu@iter, Al

Qadi, Kanaan, & Lippert, 2013). West et al. found in their research that if the amd& P o
limited to 30% then the fatigue life of the RARodified mixtures is almost the same as the
virgin mixtures(Randy West, Michael, Turochy, & Maghsoodloo, 20Pgralta et al. added

GTR in asphalt mixtures and conducted the beam fatigue test. The results revezdgel or
better performance than the norodified mixtureqPeralta, Williams, Silva, Vera, & Machado,
2013). Sousa et al. introduced a new rubber product called “Reacted and Activated Rubber”
(RAR) in 2013, and reported better fatigue characteristics of RARfemdixtures than the
virgin mixes(Ishai, Amit, Kesler, & Peled, 2015; Sousa, Vorobiev, Rowe, & Ishai, 2012).

Test Track Study to Assess Field Performance

Ma et al. and West et al. studied different sectionsNTAT test track to compare the field
performance with the laboratory test results for asphalt mixtures. Botesarch groups used

OT and beam fatigue test as the laboratory methods. West et al. compared tegfapegtties

of test sections with vairyg amounts of RAP, with some sections further modified using Sasobit
and SBS. West et al. found a better correlation of OT with the field performaecetid

standard displacement of 0.635mm was used in the laboratory tests. Ma et ahkigdt ra

different sections with the aim of building transfer functions to fit the laboratoryesdts and

to determine the number of cycles to failure at a temperaturected strain measured in the

field. Using the transfer functions, they re-ranked the mixtures and found that OT htat a be
correlation to the field performance (Ma, 2014; R. C. West, Tran, Taylor, & Willis, 2016)

A.1.4.Mixture Testdo Mitigate Rutting
Overview of Ruting

Although Superpave mixture design protocols have led to a general reduction in the
manifestation of rutting on pavements (TRB Superpave Committee,,200%vefincreasing

traffic and advent of newer matesah asphalt mixture still cator the inclusion of a
performancebased test specification. Rutting, or permanent deformation, is an accumulation of
unrecoverable strains on the pavement structure due to repeated traffic loads.

WLT Tests
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Wheel load tracking (WLT) tests are the most common performance testsafsunmg rutting
potential of HMA mixes. The WLT methods simulate traffic bggag over standardized
wheels simulating redife traffic loads on HMA specimen at a given temperature. Woenost
common WLT test devices are Hamburg Wheel Tracking Test (HWHI@)ieA-7) and the
Asphalt Pavement AnalyzéAPA) (formerly known as Georgimaded wheel tester). The
HWTT is performed in accordance to AASHTO T324 standard. A loaded steel weasjivg
approximagly 71.7 kg tracks over the samples placed in a water batfiGt Bie vertical
deformation of the specimen is noted against the number of wheel passes. Tretdpped
when either the specimen deforms by 20mm or the number of passesse2@&ed.

Figure A-7. Hamburg Wheel Tracking Device a) Test running b) After test (W. G. Buttlar
& Rath, 2017)

APA Test

The APA uses aimilar principle withan aluminum wheel and can also simulate the effect of tire
pressure, unlike HWTT. It is performed in accordanitl the AASHTO TP63 standard
(AASHTO, 2007). Both the methods can also be used to determine the moisture seofitiat
HMA mixtures since the wheel loads are simulated umdger. There are several other test
methods to measure permanent deformation suttteaStatic Creep triaxial test and repeated
load triaxial test that use flow time and flow number respectively rasngders to ascertain

rutting characteristics of a mixture. Rutting is also related to the dynamic maduhesmixture
(Rushing, Little, & Garg, 2014).

Studies tacCompare Rutting Tests

Rushing et al. performed a laboratory study to vet four performance teststehairsg rutting
potential of asphalt mixtures to be used for airport asphalt mixture design. Thpeftarmance
tests wergheasphalt pavement analyzer, triaxial creep, triaxial repeated load, and dynamic
modulus test. The test results were compared to the proposed threshold values fst,eawh te
the threshold values wefertherjustified using fullscale field testing. The threshold values
were justified using data from the previous studies as well as the cuu@yasid can be found
in the paper. The field trials included two sections, both incorporatedheittame HMA
mixture, but subjected to different loading and temperature to simulate severe andenodera
loading conditions. Furthermore, the test matrix included polymer modified aspkaltes to
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see the effect of polymer modification on rutting resistance of the aspRaites. The polymer
modification clearly showed improvement in rutting resistance as measutiee four
performance tests. The authors recommended the use of APA for evaluatuityrige
resistance of asphalt mixtures to be used in airport paverdeatto its ability to test specimens
produced by the Superpave Gyratory Compactor (Rushing et al., 2014).

Walubita et al. compared the results and feasibility of a few common metholigaafterizing
rutting - Hamburg Wheel Track test (HWTT), the dynamic modulus (DM), and the uniaxial
repeated load permanent deformation test (RLPD). The study included a vhlaétgratory
mixtures as well as field cores with different binder gradeseagde structure, air voids, and
traffic levels (for field cores). All three tests showed good correlatidghe field results and with
one another. However, the HWTT results showed the least variation and wadgeéhegre
method by the authors to acquire rutting data on asphalt mixtures (Walubita et al., 2012).

Research Studies to Evalte Impacts of HMA Mixture Modifications on Rutting

Researchers have found that modification of HMA mixtures with differentrralster

techniques affects the rutting resistance and the moisture susceptititieyrafxture. Addition

of RAP/RAS in HMA mxtures generally imparts a higher rutting resistance as compared to the
non-modified mixture§Hong, Chen, & Mikhail, 2011; Ozer et al., 2013; Vahidi, Mogawer, &
Booshehrian, 2014; Randy West et al., 20MgjiasSantiago et al. studied the rutting potential
of WMA and HMA mixtures used in airport pavements and found them to have similar
performance (Mejiasantiago, Doyle, & Rushing, 2014). Rodenzo et al. also compared WMA
and HMA mixtures to be used on roadways anahdosimilar results using FN test criteria
(repeated load triaxial test) included in AASHTO TRI®(Rodezno, West, & Taylor, 2015).
Haghshenas et al. found that addition of rejuvenators toRWgh-mixtures led to their softening
and consequently an increase in the rut depth recorded in HWTT for similar numbeesf cy
(Haghshenas & Kim, 2016).

Gillen et al. reported fahelllinois Tollway that addition of GTR led to decrease in rutting
potential of dense-graded, OGFC, and SMA asphalt mixtures (Gillen, 2007). Widi${\g&T

to compare GTR and SBS modification of HMA mixtures and reported a lower ruttingiglotent
for GTR-modified mixturegWillis, 2013a). Chui et al. used HWTT to study the rutting potential
and moisture sensitivity of GTR-modified SMA mixtures and found a decrease in both the
rutting potential and moisture sensitivithhen compared to nomodified SMA mixtures with
same aggregate structyfehiu & Lu, 2007).

Triaxial Strength Test

In a study by Christensen et al. (2000), the use of triaxial strength tastangimple
performance test for rutting was investigated using ten mixtures fromyPeama and New
York (Christensen, Bonaquist, & Jack, 2000). In addition, an abbreviated test protogdahesin
indirect tension (IDT) test was also evaluated. The results found that the atelorevaocol
performed better and more precisely than the standard triaxial procedutBTT$teength
correlated well with the rut resistance, thus showing that the IDT test hastémial to be
beneficial for performance testing.
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IDT Test

Christensen et al. (2004) evaluated the indirect tension (IDT) test aegierature as a test for
rut resistance (Christensen, Bonaquist, Anderson, & Gokhale, 2004). The results showed that
IDT strength performed well at measuring cohesion and was strongfated with the

observed rut resistance in both the laboratory and actual pavements. Preliminary
recommendations for evaluating rut resistance based on IDT resultpreveided. Overall, the
study demonstrated that the higgmperature IDT strength test could be a simple;efbsttive,
and accurate test for determining the rut resistance of Superpave mixtunesuse of the test,
attention must be paid to choosithg temperatures and loading rates. The IDT strength test in
this study was performed at a loading rate of 3.75 mm/min and at a temperatugee23 de
Celsius below the critical pavement temperature for permanent deformatditioAal research
for otherloading rates and temperatures was suggested by the authors.

A research study by Christensen and Bonaquist (2007) presented a simplifiedend fas
procedure for using the IDT strength test at high temperature to assegsésestance of HMA
mixtures(Christensen & Bonaquist, 2007). The previous research (Christensen et al., 2000)
(Christensen, Bonaquist, Anderson, & Gokhale, 2@¥4juated the IDT test at a loading rate of
3.75 mm/min and at a temperature 20 degrees Celsius below the critical pavemeratieenpe
for permanent deformation. In this study, the researchers applied a simpéstiyrehy testing

at a loading rate of 50 mm/min and at a temperature of 10 degrees Celsius beldavedhe cr
pavement temperature. Based on the results, the researchers recommendedhatitbedth
test be performed at a loading rate of 50 mm/min andeahperature of 9 degrees Celsius
below the critical pavement temperature. The revised protocol simplifiesatedpire by
allowing the test to be conducted with a standard Marshall press and potemtiatyn
temperature with conditioning due to quickl@ire of the test specimens. Several case studies
were presented. The guidelines for interpreting the test results wengodsted. The revised
guidelines presented the required IDT strength based on the level of traffic.

A.1.5.Mixture Testgo Characterize Complex Modulus
Overview of Complex Modulus

The Mechanistieempirical Pavement Design Guide (MEPDG) predicts the damage

accumulation on the pavement based on various key inputs, one of which is complex modulus.
Briefly, complex modulus defines the relationship between ssteas of viscoelastic materials.
Complex modulus is calculated in accordawtth AASHTO TP62-03 (AASHTO, 2003). The
procedure usesnasphalt concrete specimen of 150 mm height and 100 mm diameter. The test is
performed at temperature’C, 4.4°C, 21.1°C, 37.8°C, and 58.4C, and at frequencies of 0.1

Hz, 0.5 Hz, 1 Hz, 5 Hz, 10 Hz, and 25 Hz. This is a stress-controlled test atcihg are

limited within 50 to 150 microstrains. This parameter has been used by variarsheseto
discriminate among asphalt mixtures based on their composittbeginglevels.

Evaluations of Complex Modulus and RAP/RAS

Studies by Sondag et al., Swamy et al., Shahadan et al., and Ozer et al. showedtmapkex
modulus increases at any particular reference temperature throughout alldresjf@nasphalt
mixtures with increment in percentage of RAP/RAS-Qadi et al., 2015; Norouzi, Kim, Kim,
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& Yang, 2017; Shahadan, Hamzah, Shukri Yahya, & Jamshidi, 2013; Sondag, Bruce A.
Chadbourn, & Drescher, 2002; Swamy, Mitchell, Hall, & Daniel, 2011). Additionally, some of
the studies reported a decrease in phase angle with increase in RAP/RAShmpdicdififer or

aged mixture. Vavrik et al. found a decrease in the complex modulus value with addition of RAS
in Stone Matrix Asphalt mixture (SMA)/avrik et al., 2010).

Cooper et al. studied the laboratory performandesefmixtures containing RAP and/or RAS

with ard withoutrejuvenator(recycling agents (RA¥)n addition to the control mixtur@he

authors found a good correlation between the prediction of rutting by complex modulus and by
loaded wheel track testing. Further, the low temperature cracking pqtergadured by SCB

test, showed agreement with the E* results. (S. B. Cooper, Mohammad, & Elseifi, 2016).

Mangiafico et al evaluated the effect of recycling agents (rejuvenatorsploaltamixture
performancdy means of two-point bending tests on trapezoidal samphesasphalt samples
containing diferent binder types and RAP content were tested & 150 Hz. Arequiremenbf
14,000 MPa fotE*| was set for mixtureagccording to EN 13108-1:2006 (BSI, 2008%
expected, nxtures withrecycling agents were found to haslightly lover complex modulus
compared taorresponding regular mixtures. Contrary to what was observed for mixtures
without agent mixtures produced with recycling agent did not show a remarkable and
progressive stiffness increase with increasing RARtent. Therefore, the addition of the
recycling agentvas observed to generally lowtbe |E*| (Mangiafico et al., 2016).

Complex Modulus and GTBr Nanopatrticles

A report on a GTR asphalt pavement demonstration project by ARA for lllinois Tollway
reported an increase in the complex modulus of a dense HMA mix with addition of GTR in it
(Gillen, 2007). Willis (2013) compared the complex modulus for GTR- and polymer-modified
(SBS) HMA mixes, and reported that the GTR mixes had a higher complex modulus vale whi
was more noticeable in hottend intermediate temperature ran@@/illis, 2013b) Yao et al.

used the complex modulus to see the effects of addition of nanoparticles in asptuaé.he
auhors found an increase in complex modulus with addition of nanopatrticles (Yao & You,
2016).

Dynamic Modulus Testing of CRM Modified SMA Mixtures

Usingthe asphalt mixturegsformancdest(AMPT), Xie and Shen performed dynamic modulus
test in loadcontrolled and axil compression mode to evaluate linear viscoelastic behavior of
CRM modified SMA mixtures. Dynamic modulus test results €iG5howed thatlry process
SMA results in lower dynamic modulus than rubberid®tiAs and SBS SMAThis means that
dry process SMAnight be less resistatd deformation than the wet process, the terminal, and
SBS SMA mixesThis finding was in agreement with Hamburg wheel tracking test (Xie &,She
2016).

Sensitivity Studies of Dynamic Modulus

Huanget al. studied the terepature, frequency and additive effect on dynamic modulus and
phase angle of asphalt mixtures. The two point bend test on trapezoidal specimenstisabwe
dynamic modulus decreases as temperature increases or frequency decreasesaséhdagh
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increases as temperature increasdsequency decreaseslso, while applying different loading
levels, it was found that dynamic modubtlecreases arghase anglencreasess the applied

load goes up from 30 to 180G HY. Huang, Wang, Liu, & Li, 2016). Gedafa et al., studied the
correlation betweemgingand complex modulus and further compared it to some prediction
models available for complex modulus (Gedafa, M.Hossain, Romanoschi, & Gisi, 2013). The
results indicated that highagingled to a higher complex modulus of the HMA mixture.

Development of Indirect Tension Dynamic Modulus and Torsion Bar Shear Modulus

Outlining the functions of dynamic modulus in flexible pavemerisget al. addressed the
challenges associated with testing field cores undexxial compression loading. They
introduced the indirect tension dynamic modulus (IDT |E*|) and torsion bar shear modulus
(torsion bajG*|) to replace the traditional dynamic modulus geometry. Results of testing 10
different field sectionghe IDT |E*|and torsion baG*| tests werdound to beable togenerate
consistent master curves which @amrelate to ach other. Alsathese two alternative tests could
identify differences between surfaceurse lifts andiairly quantify differences in field
performancgYang, Braham, Underwood, Hanz, & Reinke, 2016).

Development of HCT

In a research study by Buttlar et @004), a hollow cylinder tensile tester (HCT) was developed
as a way of determining various asphalt pavement properties including creglocs) tensile
strength, and dynamic modulus (W. Buttlar, Khateeb, & Sherman, 2004). The HCT shoated gre
accuracy in determining creep compliance and dynamic complex modulus whenexbmiha

the IDT. However, the HCT currently cannot be used for permanent deformatiamgfrutti

A.1.6. Mixture Aging for Performance Testing

Asphalt mixtures age by the virtue of interaction between binder and oxygen, leadimay tieia

and more brittle binder. During the production process of asphalt mixture, the bihdatad at

high temperatures be®being mixed with the heated aggregates and that leads to aging of the
mixture, which continues till it cools down. It is important to simulate this ‘sieon’ aging in

the laboratory specimens, lest we could encounter variation in the mixture @®pégiant-
compacted and labompacted mixtures. Further, asphalt pavements age throughout their service
life, albeit at a lower rate than in production and construction. This kind of aging atiotod®
simulated in the lab to ascertain the changeélsarasphalt mixture properties over time.

AASHTO R30 standard, adopted from the SHRP report by Bell et al. in 1994, delineates the
procedures for mixture aging at different levels. Bell et al. tried out ditfaggng methods such

as forceddraft oven aging, pressure oxidation, extended mixing, and triaxial cell aging f
different durations. The authors recommended short-term aging to be achieved-agiogethe
loose mixture for 4 hours at 136 (275°F). Further, forcediraft oven aging at 8%C (185°F)

for 5 days (120 hours), applied to the compacted specimens that have undergaeershort-
aging was recommended for loteym aging AASHTO R30, 2006; Bell, Abwahab, Cristi, &
Sosnovske, 1994). Apart from the AASHTO adopted method, numerous researchers have come
up with different aging techniques and many studies have complied those short- atedrfong-
aging methods for asphalt mixtures and binders (Airey, 2003; S. F. Brown & Scholz, 2000;
Elwardany, Yousefi Rad, Castorena, & Kim, 2017; Jemere, 2010; Reed, 2010; Yin, Arambula-
Mercado, Epps Martin, Newcomb, & Tran, 2017).
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Short-Term Mixture Aging

Yin et al. evaluated the short-term aging protocols for HMA and WM&ures by comparing

the dynamic modulus and the HWTT rutting results of a wide range of asphaltesixthe
authors concluded that oven-aging at 333or two hours in case of HMA mixtures and at 116
°C for two hours in case of WMA mixtures was an ideay to simulate shotterm aging in the
asphalt mixtures. The authors also reported that binder source and production temipadedure
significant effect on the performance metrics of the stewrh aged asphalt mixtures (Yin,

Martin, Arambula, & Newcomb, 2016). R. Bonaquist recommended use of 2 hours of oven aging
at the compaction temperature for WMA as well as HMA mixtures in NCHRi®rRE91.

Further, the author recommended a two-step aging process for WMA mixtures tebdddest
rutting using the flow number test. The tstep process included conditioning at compaction
temperature for two hours and then at higkenvice pavement temperatuoe & duration of less
than 16 hours. Such changes were based on the findings that the current protocol béaging t
WNMA specimens for 4 hours at 135 (275°F) resulted in over-stiffening of binder,
misrepresenting the ‘asonstructed’ condition of asphahixture(R. F. Bonaquist, 2011)iang

et al. evaluated the shdadrm aging effects on rubber modified asphalt mixture and reported an
increase in the resilient modulus of the mixtures sitbrtterm aginglLiang & Lee, 1996)
Poulikakos et al. conducted Attenuateatal Reflectance Fourier Transform Infrared (ATR
FTIR) spectroscopy on short- and lotegm aged asphalt mixtures modified with RAP. Further,
the authors conducted performance tests, such as IDT strength test, and flow aaniber t
characterizing ruttig. On comparing the modified and non-modified aged asphalt mixtures, the
authors reported the absence of ‘bee’ microstructure in the aged bitumen asdoimpagin
binder. Further, the authors concluded that RAGtified mixtures was at par with them

modified asphalt mixtures in terms of performa(feeulikakos et al., 2014).

Long- TermMixture Aging

The AASHTO R30 protocol for long-term aging led to distortion of specimens due tgeshian

the air voids and softening of asphalt mixture. As a remedy, NCHRP 9-23 recommendeal us
metal wire mesh to wrap the specimens while aging. However, the wire mégmabmitigate

the distortion problem completely. Further, the aging method was found to induce \atical
radial oxidation gradient in the compacted specimens which was undesirableofiketed the
NCHRP Project 0%4 which aimed at developing a new protocol for lbexgn aging of

compacted asphalt specimens that would be appropriate for fabrication of padertest
specimengHouston, Mirza, Zapata, & Raghavendra, 2086in et al. and Elwardany et al.
proposed applying pressure during the aging process of the specimen to redumathe ox
gradients and the use of smaller specimens to reduce sample distortion. Haveeaathors
reported that application of pressure damaged the asphalt specimens, but agarg small
specimens solved the variable oxidation and the distortion problem. The authors alse@dttempt
to determine if longerm aging can be applied to loose mixtures without compromising the
compactability andeported that no adjustment in compaction effort was required for the limited
mixture cases tested in the study. Ldagn aging loose mixture and compacting it to desired
specimen geometry was reported as the most promising method. The authors inskriEsicd
maps depicting the duration of oven aging required €6 simulate different years of field
aging at different depths. Table 2 shows the duration required for IllinoiatelfKim et al.,

2015; Yousefi Rad, Elwardany, Castorena, & Kim, 20Braham et al. investigated the
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accuracy of the AASHTO R30 aging protocol to simulate field aging of asgfedtmens. The
authors conducted IDT creep and tensile strength tests on compacted aspinadtnspged at 85

°C for 5 days (AASHTO R3@rotocol) and on specimens aged at A3%or 24 hours. The

findings suggested that aging at P85for 24 hours gave a better match of the mixture

properties with the fieldhged specimens. DC(T) fracture energy calculated for specimens aged at
135°C for different time intervals revealed that the 24 hour period was the optimal time for
laboratory aging. However, from the results of BBR (Bending Beam Rhegraed DENT

(Double Edged Notch Tension) tests on extracted binder, the authors concluded that@e 135
24 hours aging might be too conservative for asphalt mixtures (A. F. Brahamr,BLiitize,
Marasteanu, & Turos, 2009Rad et al. compared the effects of ldagn aging asphalt ixtures

at 95°C and 135C. Three types of mixtures were tested in this study with same aggregates but
different binders. Aging was also done at’@0and 83°C for a better comparison. The authors
found that aging at 13% led to decrease in the dynamiodulus and fatigue resistance of the
mixtures while altering the oxidation reaction mechanism of the mixture when cahtpare

aging at 98C (Yousefi Rad et al., 2017).

Table A-2. Days of oven aging at 95 °C required for lllinois climate (Kim et al., 2015)

Days of Oven Aging at 9%C
Field Aging
Depth 4 yrs 8 yrs 16 yrs
6 mm 3days | 6days | 12 days
20 mm 1days | 3days |5 days
50 mm 1ldays | 2days |4 days

Oxidative aging gradient in asphalt mixtures

Aging of asphalt mixture on field depends on various factors such as solaorgdati
temperature, pavement thickness, and so on. Laboredonpacted specimen is just a
representation of the laid asphalt mixture, but a lot of ‘field factors’ inflathe actual mixture
properties of the pavement, e.g. mixture temperature during compaction, lift 8sckadation

in rolling compaction, and so on. This leads to variable rate of oxidation with depth. Fingher, t
pavement surface ages much rapidiyttiee lower layers due to its exposure to the atmosphere
(FigureA-8) (Hajj, Alavi, Morian, Kazemi, & Sebaaly, 2014; Quintero, 2007; Zapata &
Houston, 2008). Many studies have looked on the effect that the aging gradient has on the
mixture properties. Coons et &dsted field cores aged fromlB years and found that the
viscocity of asphalt did not change with age beyond 1 %2 inches from the pavement surface
(Coons & Wright, 1968). Mirza et al. studied 40 field projects across the US and @zhthad
aging effects are insignificant beyond 38 mm from pavement suiVéicea & Witczak, 1995).

Li et al. extracted binders from field cores part of MNROAD facilitgliierent depths. The
authors reported variation in the binder properties at different depth indicatingmliféging
levels(X. Li, Zofka, Marasteanu, & Clyne, 20Q6¥in et al. tested field cores from four different
projects with varying age and found that the variation in the binder properties andiffep¢hs
increased with time and cumulatitemperature (sum of all high temperature above freezing)
(Yin, Epps Martin, Arambula-Mercado, & Newcomb, 2017). Numerous other studiesalsav
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shown similar findinggFarrar, Harnsberger, Thomas, & Wiser, 2006; X. Li et al., 2006; Luo,
Gu, & Lytton, 2015; Mirza & Witczak, 1995).

Figure A-8. Schematic representation of pavement aging gradient with respect to depth
(Behnia et al., 2014)

A.1.7. Tools BasedhaMlixture Performance Tests
Pertaining to the scopéd this study, it is important to briefly mention a few tools developed and
designed based on the results from the mixture performance tools.

i -TC

lIli -TC, developed by Dave et al. at the University of Illinois Urbana ChampalgrC{lJ
primarily uses DCT) fracture energy, IDT tensile strength, and IDT creep compligsudts to
first predict the number of critical events that would cause thermal cracles pavkment and
then goes on to perform a viscoelastic FE analysis for predicting the amdoetnoél cracking
(m/500m). This model addresses the shortcomings of the TCModel, a colngsrerthermal
cracking model developed in 1992 under a SHRP projectdluses a-D analysis engine
instead of 1-D analysis of TCModel and further, it uses cohesive zone fracture nsoekzd iof
Paris law (DaveButtlar, et al. 2013; Marasteanu et al. 200re recently, Buttlar et al. used
lIli -TC tool with a compliance input from DC(T) creep tests of Gii&lified asphalt mixtures.
The results from the tool related well with the expected values from tharesxturther
research and a wider sample set should be investigated in this regard (W. & &BR¢th,
2017).

TCAP
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The Thermal Cracking Analysis Package (TCAP) is a newly developed modelatdilyiof
Nevada, Reno in 2015 by Alavi et al. The model takes into account many more variables of
asphalt mixturs, likeaging temperature dependent coefficient of thermal expansion and
contraction (CTEC), than its predecessors. At this point, the model only prediotgttber of
critical events for a particular simulation of asphalt pavement at a location (Akgyi&H
Sebaaly, 2015).

Performance&space Diagram

Buttlar et al. developed the Performai®@ace diagram, a graphical interactive tool suitable to
capture the highand lowtemperature mixire performance test results in a single vidigiure
A-9a. shows the performance-Space diagram introduced by Buttlar et al. As ¢@B(T)
fracture energy restsl are plotted in the -éxis scale versus the Hamburg Wheel Tracking Test
results in a reverse-#xis scaldW. G. Buttlar et al., 2016 Al-Qadi et al. came up with a
similar interaction plot by using the results of Flexibility Index, plotirdr-axis, and Hamburg
Wheel Tracking Test, plotted on a«is.FigureA-9b. shows the interaction plot between FI and
rut depth(Al-Qadi et &, 2015)

Figure A-9. a) Performance-Space diagram with limits superimposed (W. G. Buttlar et
al., 2016) b) Interaction plot for a balanced mix design (Al-Qadi et al., 2015)

A.2. Agency Practices Regarding Performance Based Specifications (PBS)

Many state DOTSs currently use or are planning to implement some type ahierée Based
Specifications (PBS). The following sections describe current state Pgafiges regarding
PBS.

A.2.1. NCHRP Synthesis on Asphalt Performance Specifications

A NCHRP Synthesis on current practices regarding the use of perfornpeodecations for
asphalt pavements was completed in 20A6Carthy, Cdlans, Quigley, & Scott, 2016). Surveys
were distributed to state DOTs, Canadian MOTSs, and other agencies. Supongessvere
received from ninety percent of DOTs along with Washington, D.C., 11 Canadian MOBs, and
few other agencies. Some of the leeyvey results includ@McCarthy et al., 2016):
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X Reasons for the use of PBS include reduced maintenance, greater distremscegsastd

increased pavement durability.

Although a majority of states currently use or are planning to implement some tRBSof

PBS has only been ingmented as a standard practice in a limited number of agencies.

49% of DOTSs currently utilize PBS, but they are frequently based on volumetperpes.

98% of DOTs use WMA and RAP for asphalt pavements.

Agencies use modified tests when working witkxtmies that include recycled materials.

54% of DOTs agreed that direct measurement of fatigue is an important paverfeniqgere

test, while 51% of DOTs agreed that direct measurement of rutting is important.

X The most commonly used performance tests for perforraaeed designs include the HWTD
Test and APA Test.

X 29% of DOTSs utilize shadow performance mix design testing for data timtieadong with
volumetric properties for qualification, QC, and acceptance. 21% of DOTseuhbth
volumetric properties and performance design specifications for quatifica®C, and
acceptance.

X 29% of state DOTs have used data from performance testing for pay factors onrgaveme
projects.

x 36% of DOTSs indicated that testitighe was a challenge to implementing performance tests,
while 36% responded that cost is a significant consideration when deciding whethetoor not
implement performance testing. Other challenges identified by DOTs enkhalledge gaps
regarding PBS implementation and a lack of training.

X

X X X X

Other key findings from the synthesis include (McCarthy et al., 2016):

X Chicago DOT has implemented a test procedure for DC(T) based on modificat&3 W
D7313.

X A limited number of agencies currently utilize performance tests for mixtueptece.

X The performancéased properties that are researched the most are measurement of stiffness
modulus, thermal cracking and resistance to moisture, and fatigue and durability.

x Volumetric properties are typically used along with performance prop#stigse design and
acceptance of asphalt pavement mixtures.

x A limited number of agencies are in the process of investigating the costs antslmdrisS.
Additional research to help quantify the costs and benefits would be beneficial.

x Current guidanceof agencies and contractors regarding the use of PBS is inadequate. There
is a need for additional guidance regarding the implementation of PBS for asplatiepss.

A.2.2. Overview of State Practices

Table 3 below provides a summary of the states thatmily include or plan to include PBS for
asphalt mixtures. The following sections describe the practices of atategher agencies in
greater detail.
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Table A-3. DOT's that currently include or plan to include performance-based

specifications

Asphalt Mixture Performance Tests

States currently including or planning to include test in mix design

Rutting and moisture sensitivity te
(Hamburg Wheel Tracking Tes
Asphalt Pavement Analyzer, or TSR)

Arkansas, Alabama, Nevada, Oregon, South Carolina, South Dakota, &«
New Jersey, Colorado, Louisiana, lllinois, Wisconsin, North QaaolJtah,
Virginia, Washington

Thermal Cracking testDC(T), SCB,
TSRST, IDT)

New Jersey, New Hampshire, Vermdviinnesota, lowa, lllinois, Wisconsir,
Oregon, Washington, Nebraska, Kansas

Fatigue (OT, pusipull, etc.)

New Jersey, New Hampshire, Vermont, Massachusetts

Complex  Modulus (and  othe

parameters through APMT) **

Alabama, Colorado, Connecticut, Florida,edsgia, lllinois, Kansas
Kentucky, Maine, Maryland, Nebraska, New Hampshire, New Jersey,
York, North Carolina, Oregon, Pennsylvania, Tennessee, Utah, Vir(

West Virginia, Wisconsin, Wyoming

*The table is not exhaustiyand effort has been madeihclude as much data as possible

**The DOTSs listed are a part of National Pooled Fund study for ‘Impléatiem of Asphalt Mixture performance
Tester for Superpave validation’, with FHWA as the lead agéhl@pama Department of Transportation, 2012;
Arkansas DOT,; California Department ofdhsportation, 2012; Dave, Daniel, Jacques, & Decarlo, 2015; Deusen,
2015; EVAC, 2014; FHWA, 2015; Hanson, 2015; IDOT, 2015; McCarthy et al., 2016; MDOT, 20DDMn

2014; Mogawer, Austerman, Kluttz, & Mohammad, 2014; NCDOT, 2016; NGRBE5; ODOT, 20112013;

TxDOT, 2016a; UDOT, 2012, 2015; VDOT, 2013; WisDOT, 2015; WSDOT, 2017)

A.2.3. Individual Agency Practices

California

Caltrans tested the use of PBS on three northern California Interstate highabyitation
projects(Harvey et al., 2014)The specifications included the use of Repeated Simple Shear Test
(RSST) for selecting design binder content, flexural fatigue test, HWildlHaeem mix design
requirements. Several challenges of implementing tHe W&e identified, including
communication of the meaning of specifications to bidders, procuring laborataigeser
writing of PBSs, and schedule constraints for performing the testing.

Florida

The Florida Department of Transportation (FDOT) is curyegNialuating several tests: AMPT

for flow number and dynamic modulus, HWTD and APA for rutting, IDT and OT for anggki

and interlayer bondtrength tesfMcCarthy et al., 2016). Challenges to the use of PBS identified
by FDOT include practical considerations for the testingcmdractor unfamiliarity with

perform ance tests.

Georgia

The Georgia Department of Transportation (GDOT) uses PBS for both accegjecten and
pay adjustment@icCarthy et al., 2016). Pay tables have been developed based on AC content,
in-place air void content, and gradation. Several tests for Superpave mixtures aneclisgidgi
tests for volumetric properties, bulk density, short term aging, maximum danditgffective
gravity, aggregate gravities, moisture susceptibility, rutting susceptibiidypermeabilt
Moisture susceptibility testing is especially important due to possibbpstg of aggregates in
the mixtures. Abson recovery testing with Georgia Development Test (GDT¥ p@eformed

on mixtures with more than 20 percent RAP. GDOT emphasizesguésistance and resistance

A-28

New



to moisture damage. The primary criteria for acceptance of asphalt pavereenglace air
void content and mixture control tolerances, and these attributes are also used tioel#term
pay factors.

Louisiana

The Louisiandepartment of Transportation and Development (LDOTD) accepts asphalt
mixtures based on the following characteristics: density, surface tadei@mt dimensional
tolerancegMcCarthy et al., 2016). LDOTD places emphasis on performance testingisiure
damage and fatigue beaauit has not experienced much rutting on its asphalt pavements.
LDOTD is in the process of creating specifications based on contractas@3dr acceptance.
The LDOTD approach includes shadow testing and mixture qualification based amaerte-
basedmix design properties. One challenge to the implementation of PBS identifidayD
is the cost and complexity of the performance testing.

A study by Mohammad et al. (Mohammad, Kim, & Challa, 2010) developed an implementation
framework for PBS in Louisiana. In this study, samples were taken fromgphelapavig
projects. Tests considered were the Loaded Wheel Tester (LWT), SCB, anct itetisde
dynamic modulus test. A typical test section layout is shovigare A-10. Recommendations
included LWT criteria of 6 mm or less (Level 1 pavements) and 10 mm or less (Level 2
pavements) and SCB Jc values of 0.6 KJlrevel 1 pavements) and 0.5 k3/thevel 2
pavenents). A draft plan for PBS testing and sampling was devised. The stodymeaded a
simplified implementation of adding a PBS to current QC/QA specifications. Thipregsred
to a more complex PBS. Further field and laboratory testing was recomnterfdetier
validate the performance criteria and identify and address possible unknovemgésito the
PBS approach.

Figure A-10. Typical layout for testing in Louisiana study (Mohammad et al., 2010)
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Another previous study (S. Cooper, Mohammad, Kabir, & King, 28%4¢ssed impacts of
modifications to LDOTD specifications aimed at developing a balanced moesrgn using
Hamburg loaded wheel tester (HLWT) and semicircular bend (SCB) teserEmixtures were
sampled from six projects that used the proposed balance mix specifications Bleswied that
the 11 mixtures performed as well as or better than tkeeiras produced from the previous
2006 LrI%OTD specifications. Fifty percent of the mixtures passed the SC@riasting criteria
0.5 kJ/nd).

Michigan

In a study undertaken for the Michigan Department of Transportation (MDOW)ilbgms et

al. (Williams, Hill, Hofmann, Zelenock, & Bausano, 200boratory performance test criteria
and field specifications for HMA acceptance were developed. APA specificatioas wer
established to assess the potential for rutting in mixes, and a model to ptegliet lige based
on the fourpoint beam fatigue (FPBF) apparatus was created. Pay factors for faagkimg
and rutting were also developed.

Minnesota

Low temperature cracking has been determined to be the most common pavement distress in
Minnesota’s asphalt pavements (McCarthy et al., 2016). The Minnesota Department of
Transportation (MnDOT) developed a specification provision that utilized the DEXo

assess the potential fomldemperature cracking in asphalt pavement mixtures. MNDOT
implementation of DC(T) in PBS included regional validation of PBS, pilot implementation
assessment of the sensitivity of fracture energy to thermal cracking, spetifredinement

efforts, andround-robin testing (Dave, 2017). For the regional validation studies, 18 sites and 26
sections were used with different binder grades, aggregates, coosttypgs, and traffic. The

pilot study included DC(T) tests on five projects. Two of the mixtures met thaautbile the
remaining three mixes required adjustmdéMsCarthy et al., 2016). Distress surveys later found
mixed results on these projs@s mill and overlay projects experienced more cracking than new
construction or full depth reconstruction projects. MNDOT specifications inclbts tir

fracture energy based on traffic levels and PG grade (Tal@e&Dave, 2017)MnDOT is

continuing with training and PBS implementation and would like to extend DC(T) ispéoifiis

to include reflective cracking presentasphalt overlays.

Table A-4. Minimum Average Fracture Energy Mixture Design Requirements for
Wearing Course from MnDOT DC(T) Fracture Energy Provisional Performance
Specifications (Dave, 2017)

Traffic Level Fracture Energy
Traffic Level 23/PG XX-34 450 J/Im
Traffic Level 45/PGXX-34 500 J/m
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Table A-5. Allowable Differences between Contractor and Department Test Results
from MnDOT DC(T) Fracture Energy Provisional Performance Specifications (Dave,

2017)

ltem Allowable
Difference
DC(T) - Fracture Energy (J/fn 90

*Test a minimum of six (6PC(T) test specimens
according to ASTM D7313-13 MnDOT Modified
revision dated September 1, 2015 to determine t
average fracture energy of the submitted mix
design (see MNDOT Modified for requirements o
when greater than 6 specimens are to be tested).

Table A-6. Minimum Average Fracture Energy Mixture Production Requirements for
Wearing Course from MnDOT DC(T) Fracture Energy Provisional Performance

Specifications (Dave, 2017)

Traffic Level/PG Grade

Fracture Energy

Traffic Level 23/PG XX-34

400 J/m

Traffic Level 45/PGXX-34

450 J/rh

New Jersey

The New Jersey Department of Transportation (NJ DOT) incorporateshkifglt both mixture
acceptance or rejection and pay adjustments (McCarthy et al., 2016). Reasdd$ MJdDIng
performance testing include heavy traffic (increase in truck freight), wefibtiations, poor
pavement performance, and pavement distress issues such as durability ang (B&gkity
2017). Most of NJ’'s pavement projects are pavement rehabilitation prgecisert, Sheehy,

Blight, Gresave, & Fee, 2014).

NJ DOT has developed performance criteria based on fatigue resistance, messstaiaae, and
stiffness modulus (McCarthy et al., 2016). Several demonstration projects WstngAerlay
Tester, and flexural beam fatigue test equipment have been undertaken. The NJ DOT
performance based process includes verificatiorolfmetrics by NJ DOT regional office,
laboratory testing, construction and testing of a test strip (typicallyhthéder), and sampling
and testing of the material during project construction (Bennert et al.,. Bdddrmance tests
include APA, Overlay Test or Texas Overlay Tester, and Flexural Beagu€&ati

Instead of using the same asphalt mixture for all applications, NJ DOT implemarts se
performancebased mixtures that are designed based on their purpose (Bennert et alN2014).
DOT'’s performancédased mixes include High PerleD QFH 7KLQ 2YHUOD\V +372
Deck WateftSURRILQJ 6 XUIDFH &RXUVH %':6&
Rich Intermediate Course (BRIC), and HMA High RAP (Bennert, n.d.) (Blight, 26{)O
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(FigureA-11) is used for maintenance and is rut resistant and durable (Blight, BEMVI)SC is
a waterproof overlay applied on olderdge decks. BRBC is a base course for flexural needs
while BRIC is designed to resist reflective cracking on composite paveridgs High RAP is
used to allow for higher RAP in HMA.

Figure A-11. NJ DOT High Performance Thin Overlay (HPTO) (Blight, 2017)

NJ DOT'’s performanckased mixes have performed well in the fi@eénnert et al., 2014).
BDWSC was used on an 1-80 bridge with good results as there were no distressgsansl.5
(FigureA-12) (Bennert) BRBC was applied in summer 2010 on an 1-295 rubblization project.
NJ DOT believes that using performance based mixes is a good economic invelanefit

cost comparigns conducted for different mixes showed benefit-cost ratio ranges between 1.0

and 20.3 (Blight, 2017).
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Figure A-12. NJ DOT Bridge Deck Water-proofing Surface Course (BDWSC) on 1-80
Bridge (Bennert)

Future work by NJ DOT related to PBS includes adding mixture performancegasements
for all asphalt mixes, inading pay adjustments, and QC tests in asphalt plant labs (Blight,
2017). NJ DOT also plans to purchase testing equipment and provide additional training to
expand the use of performance tesfiMgCarthy et al., 2016).

Ohio

The Ohio Department of Transportation (ODOT) uses APA testing for ruttieg the design
includes at least 15 percent fine aagategMcCarthy et al., 2016YODOT also utilizes the
Marshall mixture design approach for medium and light mixes, and the HWTD ante3iSRre
also used. The Polisher test was developed by ODOT to test friction. ODO&dsiagosts

and benefits of performance testing atahp to include a fatigue performance test in the future.
Challenges to implementation of PBS identified by ODOT include contractamiliarity with
PBS, lack of funding and staff for testing, and knowledge gaps regarding impdg¢iorent

Texas
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The TexaPepartment of Transportation (TxDOT) is emphasizing a balanced mix design
procedure based on a performance test for cracking (McCarthy et al., 2bé8)exas Overlay
Tester (OT) was developed as a potential test for cracking in a study by ZioireZhou,
Scullion, Walubita, & Wilson, 2014). The study recommended using the best three out of five
replicate samples due to the sensitivity of the OT to asphalt mix composition and ralume
properties. The research found that due to variations in project conditions suchcaslirméte,
and existing conditions, a mix design system based on project-specific conditiorskshoul
devised FigureA-13 shows the concept of the balance mix design that was developed in the
study.

Figure A-13. Balance of Rutting and Cracking Developed in Texas Study (F. Zhou et al.,
2014)

TxDOT commonly uses asphalt oways for highway maintenan¢®lcCarthy et al., 2016).
TxDOT hopes to extend pavement service life and improve pavement performange throu
implementation of PBS. The OT and HWTT are used in (F. Zhou et al., Balkhce mix
design procedure utilized by TxDOT for performance mix design. The HWiifllized for
possible rutting and moisture sensitivity while the OT tests for cracking res¢k Zhou et
al., 2014) TxDOT specifies a rutting test according to T&2-F, IDT according to Tex-226;
when required, and an overlay test according to TexR2d8DOT, 2016b) .

In a previous TXxDOT study by Epps et al. (Epps, Glover, & Barcena, 2Z00BS system for
surface treatments was proposed based on PG equipment and grading system. The developed
system including recommended limits for high and Burface pavement design temperature
based on results of laboratory testing. A field test was proposed to valid&bdredory results.

Another TxDOT study (Elmore, Solaimanian, McGennis, Phromsorn, & Kennedy, 1995)
evaluated asphalt binders for seal coats for conformance with the SHRP2 Supgspave
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since the SHRP2 study did not review seal coats. The study found that asphalts ugad oaie
meet the requirements of the PG system based oralaly testing of samples. The study found
that a PG 528 could be specified but recommended that selection criteria should be formulated
based on traffic, climate, aggregate materials, construction practice handaators.

Utah

The Utah Department @ransportation (UDOT) utilizes a standard Superpave HMA mix for
asphalt pavemen{d/icCarthy et al., 2016)Acceptance and pay adjustments are determined
based on gradation, AC content, longitudinal joint density, apdbice density. UDOT no
longer pays for binder as a sepam@tatract item, thus leading to reduced AC content and
increased cracking. The HWTD and TSR tests are utilized for rutting arstun@odamage
resistance. UDOTises Hamburg tests its mixture design speqtJDOT, 2015).

Virginia

The Virginia Department of Transportation (VDOT) has incorporated Tertsdaddh Ratio
(TSR) into its specification@vicCarthy et al., 2016). The Bond test is used to resolve disputes
with the contractor regarding mixtures with inadequate performance (MyGaral., 2016).
VDOT performs Rut testingcaording to its own standard VTM-110 (VDOT, 2013).

A report by Hughes and Maup{rlughes 11l & Maupin,2000) described plans for implementing
PBS in Virginia. Characteristics to be included in the specifications vegree of compaction,
thickness, smoothness, segregation, strength, and durability. The reporteeséirR8S could be
possible in Virgina by 2005. Anticipated challenges to implementation were the ability to devise
tests that are linked to performance and the need to assesgldeosts that connect the quality
characteristic with pavement performance.

Wisconsin

The Wisconsin Department of Transportation (WisDOT) created a speotficsgvelopment
team for mixtures with more than 25 percent recycled maték€arthy et al., 2016).
WisDOT utilizes the HWTD for moisture and rutting and DC(T) test for low teatpee
cracking for acceptance of mixtures and gt@ding. The SCB is used for informational
purposesAll the test procedures have been modified by Wis@isDOT, 2015)A test strip
is required. The developed specification was used for two pilot projects (onadndiarlay
project and one reconstruction project) in 2014. Challenges identified during the pNoivsied
the effect of additives on performance and impact of aging of DC(T) and SBfe time
needed for projeganix design.

Practices of Other States
Other states’ practices regarding the use of asphalt PBS are described below:

x Alabama DOT (ALDOT) uses the Asphalt Pavement Analyzer for testingguttisceptibility
of SMA mixes and accepts mixes with ruttingsiéisan 4.5mm. The test is done in accordance
with ALDOT-401 (Alabama Department of Transportation, 2012).

X The Arkansas State Highway and Transportation Department (AHTD) isgeitie Wheel
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Tracking Test according to AHTD 480 with rut depth varying from 8 mm to 5 mm deygendi
on the design gyrations (Arkansas DOT, n.d.).

x IDOT has begun implementing the-8CB specifications in its 11 newly constructed pilot
projects (AASHTO RAGSweet 16 High Value Research projects). IDOT has set a
specification of FI greater than or equal to 8.0 for acceptance. In addition,90@dumen
for HMA Mixture Design Verification and Production modified for pilot projects/qrévised
Jan 2016) adopts four performance tests: IL Modified AASHTO 324 (Hamburg Wheel Test)
IL Modified AASHTO T283 (TSR), lllinois Test Procedure (ITP) 40B6IT (AASHTO TR
124), ASTM D7313 (DC(T)) (ASTM, 2013) (IDOT, 2015).

x The Maryland Department of Transportation (MDOT) is participating in a poalaed f
research study aimed at minimizing Asphalt Mixture Performance Tég#R?T) equipment
costs(McCarthy et al., 2016).

x The North Carolina Department of Transportation (NCDOT) performs ruttirggusstg APA
and TSR testing in accordance with NCDOR83 (NCDOT, 2016).

x Oregon DOT (ODOT) inclues APA testing (rutting) in their mix designs. ODOT’s pavement
design guide also includes IDT as a possible laboratory performancertesisting HMAC
(ODOT, 2011YODOT, 2013)

x Washingon DOT (WSDOT) performs both rutting test (AASHTO T324) (AASHTO, 2017b)
and IDT test (ASTM D6931) (ASTM, 201But they do so with slight variations in the test
methods to suit their requirements. They also determine the stripping potemalT&R
values (AASHTO T283JAASHTO, 2014) (WSDOT, 2017).

x The DC(T)spec is being currently implemented by Minnesota DOT (MnDOT) (Minnesota
DC(T)), WisDOT, lowa DOT, Chicago DOT, and lllinois Tollway (Dave let2015).

x Several DOTs have made commitments for “Implementation of the Asphalt Mixture
Performance Tester for Superpave Validati(MCHRP, 2016)

Edmonton, Alberta

In Edmonton, Alberta, each proposed asphalt mixture goes through performangebtefstia it
is implemented in the construction program (McCarthy et al., 2WE8jous tests such as the
dynamic modulus test, flexural beam fatigue test, APA, and HWTD test atdéanse
qualification, QC, and acceptance. APA testing is required for acceptargghaftgpaving
mixtures. Edmonton uses 70 asphalt and concrete téstnsein the city for field monitoring.
Edmonton meets twice annually with the Alberta Roadbuilders and Heavy Cowstructi
Association (ARHCA). Edmonton is evaluating the costs and benefits of its parfoentesting
and the basis for its pay factors. Pay factors are currently determinedoetbe following
characteristics: in situ density, thickness, and binder content.

A.3. Other PBS Studies

Several research studies related to PBS have been undertaken. Some of tlessestiséid on
specification deglopment while other studies concentrated on test methods and protocols for
performance tests. These studies are described in the following sections.

A.3.1. PBS Development Studies
Several studies leading to the development of PBS have been performed. Exampigs of
developed in these studies include a PRS using Qurditated Specification Software (QRSS),
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a pilot regional specification for higberformance thin overlay (HiPO) mixtures, and AASHTO-
formatted performance specification templates for HMA pavement. The faljos@ctions
describe these studies in greater detail.

Use of QRSS to Develop PRS

In a NCHRP study completed in 2011, a PRS was developed using Relbtipd Spefication
Software (QRSS|Fugro & ASU, 2011). The QRSS could be used as a pay adjustment system to
calculate penalties or bonuses based on the difference in predicted life betweetetigraed

and asbuilt HMA pavement. The QRSS utilizes effective temperature to determine effects of
climate on dynamic modulus and simulation of MEPDG predictions of distressésmddetere
established to correlate the level of pavement distress to the predicted pavereeat the

penalty or bonus was then calculated based on the difference in predicted life.

Specification for HIPO Mixtures

A pilot regional specification for higperformance thin overlay (HiPO) mixtures was developed
through a partnership between the Northeast Pavement Preservation Partn&BRP)N
Pennsylvania Asphalt Pavement Association, academia, and industry (Mogale?@14).
Agencies from New Hampshire, Vermont, Massachusetts, Rhode Island, New Jersggnillar
and Pennsylvania were involved in this study. The pilot specification was posted on the
AASHTO TSP2 website. It includes provision for the use of reclaimed asphalt pavétaéht (
in the mixture and contains thalowing mixture performance requirements: thermal cracking
(TSRST), cracking (OT with and without RAP), fatigue life (AASHTO T 3@IASHTO,
2017a), and rutting (APA). The specification also includes requirements foresprigzaration,
material properties, and mixture design requirements. The specificatiomplasiented on two
demonstration projects in New Hampshire and Vermont. Two years after ctinstrtiee
mixtures on both demonstration projects were performing well. Modifications to the pilot
specification related to RAP testing, mixture design, surface preparattbmiziure
performance testing were suggested.

SHRP2 Study

In a SHRP2 project, AASHT@rmatted performance specification templates were developed
for several applications, including HMA and PCC pavement, concrete bridge dedkgone
traffic control, geotechnical applications, and quality management (8cstal., 2014).
Implementation guidelines were also established in conjunction with the spimifec

Performance specifications for pavement foundations and bridge decks were implemented on
demonstration projects with the Missouri Department of Transportation (MoD@TYiaginia
Department of Transportation (VDOT), respectively. Recommendations to hélerfurt
implementation included the use of additional demonstration projects, providing opportunities
for outreach and training, developing a performance specification expert samoup,

continued development of performance specifications, and the creatomedfbased

specification tool.
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A.3.2. Studies on Test Methods and Protocols Related to PBS

Some studies to investigate test methods and protocols related to PBS have beakemndert
These studies have assessed pavement distresses, test methods anckidMAasponses
related to pavement distresses, purchase specifications for equipmentdonpede tests,
selection and refinement of cracking tests, characteristics to include in amR&e use of
RAP in mix design. These studies are describeddrfollowing paragraphs.

Study of Existing Knowledge of Pavement Distresses

A study by Brown et al. (E. R. Brown, Kandhal, & Zhang, 2084jluated existing knowledge
regarding various pavement distresses including permanent deformatiare fatgking, low-
temperature cracking, moiseususceptibility, and friction properties and provided some
recommendations for performance testing. The results included a list of recoiedntests and
criteria for permanent deformation. General guidance for minimizing the diste¥sses was
provided.

Assessment of Test Methods

NCHRP Project 99, undertaken by Witczak et al. (Witczak, Kaloush, Pelline®dslyouny, &

Von Quintus, 2002), sought to choose test method and HMA mixture responses that were closely
linked to pavemerdistresses. Rutting was determined to be the most important distress followed
by fracture. Fatigue cracking was also considered in this study. Thetpegemmendations

included Simple Performance Test (SPT) method and response parameter consbioati

HMA rutting, HMA fatigue cracking, and HMA lowemperature cracking. Preliminary draft
protocols for the SPTs were prepared and provided. These SPTs were to be validatéeldn the

in the next phase of this study.

Purchase Specification for Equipment

As part of a NCHRP study by Bonaquist et al. (R. Bonaquist, Christensen, & Stump,&2003)
purchase specification for equipment was developed for three simple pant@tests (SPT):
dynamic modulus, flow number, and flow time in this project. Two SPT systems wergqmo

and evaluated. The assessment proceigded mixture testing to investigate material

properties, an evaluation of functionality, and testing to determine if the devatdke
specifications and were calibrated correctly. The results showed that bmisdeere user

friendly and satisfied #hspecification requirements. The flow number test resulted in excessive
variability. One of the two devices was not approved while the other device wasarailyit
approved.

Design of Field Experiments to Validate Laboratory Cracking Tests

The goal of NCHRP Project 897 was to facilitate assessment of cracking potential of HMA
mixtures through the creation of an experimental procedure for field validatiabharatory
cracking test¢F. Zhou et al., 2016). The study process included selection and refinement of
cracking tests and development of the field experiment design includingrichest.

Laboratory tests for cracking of asphalt mixtures weresehpand the protocols for the field
validation of these tests were developed. A workshop was conducted in which 12 crastking te
were discussed, and seven of these tests were chosen: DC(TIL,SSEB-TP105, SCB:TRC,
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OT, BBF, and IDFFlorida. Field exprimental designs including estimated costs and schedules
were created for each of four cracking types: thermal, reflection, bafpoiatigue, and top-
down. A follow-up project was suggested to implement these designs in the field.

Identification of HMA Roperties for Use in a PRS

NCHRP Project 045 sought to identify HMA properties and test methods that could be used
for predicting pavement performance and accepting or rejecting mixitR&s 2004). The
following five characteristics were identified for possible istbn in a PRS: segregation, ride
guality, in-place density, longitudinal construction joint density, anglace permeability. The
study provided recommendations for test methods and limiting values for these psoperti

Development of Guidelines for RARixtures

Another study by West et al. (R. West, Willis, & Marasteanu, 2013) sought to sititeaseed

for guidance to manage Recycled Asphalt Pavement (RAP) before mix dedigmstudy,
guidelines for RAP management were created to improve the quality and utyifofiRIAP

mixes to a level comparable with virgin asphalt mixes. In addition, recommersitditacilitate
better mix degjn standards for mixes with RAP contents between 25 and 55 percent were
developed. The report included suggested revisions to AASHTO R 35 and M 323 to improve
mix design for high RAP mixes and recommendations for additional tests to &&spBs t
designs based on their use.

A.4. Conclusion

The review of existing state practices regarding the use of performarmdecatiens for asphalt
pavements found that a majority of states currently use or are planning to anpkame type
of PBS, but PBS has onlgbn implemented as a standard practice in a limited number of
agenciegMcCarthy et al., 2016). Agencies are using PBS for a variety of reasons, mgcludi
reduced maintenance, greater distress resistance, heavy traffic (incrieask freight), weather
fluctuations, and increased pavement durabiMgCarthy et al., 2016) (Blight, 2017). While the
use of PBS faces some implementation challenges such as testing tipteaioosg needs, and
knowledge gaps regarding PBS, PBS implementation in states such as Nevhdgisaywn
very positive results and economic benefits (McCarthy et al., 2016) (Benakrta§14)

(Blight, 2017).

The main aim of agencies involved in construction of asphalt roads is to improve the field
performance of the asphalt mixtures. The rising use of recycled and novealaateasphalt
mixture have rendered the previous semipirical methods of mixtureegdign partly incapable
of accurately predicting the mixture field performance with high precidMeeting this
challengecalls for a shift towards an approach involving mixture performance tests. The
preceding sections described a host of mixture performance tests for varioustpesar
distresses. Combining those tests with binder-related tests and mixture viclutihetprediction
of field performance of mixtures should provide a more robust and reliable destgia dat the
current asphalt mixtes leading to better roads.
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BINDER EXTRACTION AN D RECOVERY
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The intent of recovered binder testing is to evaluate the properties of thentesinidgr which
accounts for both virgin and recycled components. Traditionally only the virginlalsjptoer
properties are known and assumptions are made regarding the recycled bindexserHie
binder properties of recycled products can vary widely depending upon the originehtmpli
and aging condition. By knowing the resultant binder properties (instead of relying on
assumptions), the overall binder properties can be monitored regardless of how thech of
binder is virgin or recycled. By monitoring/ controlling the resultant binder piepe&encies
can continue to push the limits on increasing recycle contents without detrimaffedting the
binder properties. Binder testing is by no means intended to replace mixting bestrather
supplenent it. Ultimately mix performance is the end result agencies are concerngd with
however, the binder propertiptay a key role imixture performance. Thus,
monitoring/controlling resultant binder properties is key to enswriogst effective mixture &t
still meets the design intent.

This appendix provides binder testing results obtained after extraction and reddviedeo

from plant-produced mixtures sampled during production in 2018, and field cores, investigated
later in the project. These tdts are then correlated to mixture testing results, although it is
acknowledged that the resulting comparisons are not completely ‘dpfapgples.’ For instance,
binder and mixture properties associated with cracking evaluations areerdifigingdvels.

In addition, it was difficult to accurately assess the binder propertiesnsbg from the mixtures
containing ground tire rubber, as a significant portion of rubber was lost during thetiexit

and recovery process. Those shortcomings notwithstanding, the binder results obtained a
correlations with mixture properties provide additional data that can beedkteras these
experimental sections are monitored during serviceTte. binder extraction and recovery tests
were performed by S.T.A.E. Testing, LLC on both plant-produced mixtures (Chapter 3) and on
field cores (Chapter 5).

The detrimental effects of hardening in asphalt pavenazatgell recognized by pavement
engineersThis hardening process, knows asphalt aging, is characterizeted on the
rheological properties of asphalt binders andiottures As a result of agingshange®ccurin
chemical composition duringavementonstruction and service life. Aging stiffeand
embrittles the asphalt binder and leadsltoabilityissues such d@kehigh potential for cracking.
Generally, three aging levels are considered for asphalt binders, includin@m&nk), short
term, and long term. Two laboratory aging procedures are routinely used fop&ugbmder
testing- the rolling thin film oven (RTFO) and pressure aging vessel (PAV) for drantand
longterm aging, respectively.

The Rolling Thin-Film Oven (RTFO) procedure simekghort term amg experienced during
mixing and compaction in the asphalt plant and fi€lte RTFO also provides a quantitative
measure of the volatiles lost during the aging prodésat (unaged) binders ashortterm aged

in the RTFO apparatus. To this end, they are exposed to a high temperatu¢g éirtBconstant
exposure to moving air as a carrousel of bottles is rotated at 15 rounds per minuter(§sn) f
minutes in the RTFO device per AASHTO T 240 and ASTM D 28&ples are then stored

for use in physical properties tests or BV. PerAASHTO R 28 standard, the RTFO aged
binders arglaced in stainless steel pans and then in a heated vessel pressurized to 2.10 MPa
(305 psi) for 20 hours to simulate in-service aging (thought to represent around 7 tosldf yea
field aging).
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To evaluate the actual binder systprasent in plant produced, modern, heterogenemysled
asphalimixtures,the ASTM D8159 and ASTM D5404 procedures can be used to extract and
recover binderfrom mixture samplesSuccessful extraction and recovefpolymer modified
mixtures has been reportedthe literature Difficulties associated with the extractiand
recoveryof crumb rubber modified bindehas alsdeen reported in the literatufi@turi et al.
2014 Ma et al. 2016)For instanceHeitzman(Heitzman, 1992) reported inaccurate binder and
rubber content measuremeatterextraction and recovery

TableB-1 introduces the properties of 2018 plant-produced mixtliteslastfive columnsof
TableB-1 indicatethetesting result®f therecoveredinder from thelantproducedmixtures.

It is assumed that the recovered binder has gone throughatmr&ging Thus, theutting
criterion of G*/sinUof 2.2 kPa minimumwas applied to obtaine the continuous higimperature
grade. Testing at multiple high, low and intermediate temperatures was needtbtsh the
continuous binder grade. For instapaenaxmum creep stiffness of 300 MPa and a minimum
m-value of 0.300 were used to establish the continuous extracted bindeloRGemperature
(PGLT). In addition to the performance grade testing results, the multiple steegpsand
recovery (MSCR) test was performed per ASTM D7415 at different tempesatuith results
presented iTableB-2. As noted earlier, results from binder testing of recayvenaterial from
rubber-modified binders (e.gectionsl835, 1845, and 1840) should be viewed with an
understading that the rubber particles are not all completely present in the recozegle s

Referring toTableB-1, the following observations were made:

x In general, the recovered binder testing results were in excellent agreethehe plan
PG grade. This suggests that the heterogeneousiduigtiing content mixes used by
the Tollway are meeting or exceeding traditional plan binder PG requitgihen in a
highly sustainable fashion).

X The effect of not capturing all of the rubber particles in the recovered lsadgies
from ECR (dryprocess) and GTR (terminblended) mixes containing crumb rubber
were twaofold: (1) as expectedhe PGHT continuous grades were found to be lower than
the plan PG grade; and; (2) th&. values obtained were quite low in some cases, most
likely due to the disturbance of the binder sample.

TableB-2 presents the MSCR testing results obtained at one, or two testing temp€kaitare
available). In general, it was found that the recovered binders from the highdiece@pliway
mixtures did a good job at meeting or exceeding the high temperature MSCR binder
requirements according to the plan PGHT for the mixtures, and expectedéradls.Figure
B-1 shows a reasonably good correlation between the recovered binder prapéites
temperatures and the Hamburg wheel tracking test results.
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Table B-1. Mixture and binder properties

. - Plan ABRby ABRby Total Extracted Extracted __Faling Temp.  pelta
Mix.ID BaseBinder  ~.4e  RAP RAS  ABR PG Cont. PG~ siiff,. m-value 1€
1844 SBS 7028 76-22 10.8 16.0 26.8 88-16 88.2-21.7 -30.4  -21.7 -8.7
46-34 ] 412  70-22  75.3*225 -33.9 -225 -114
1835 +10%ECR 76-22 25.1 16.1
1824 SBS 6434 76-22 20.4 16.7 37.1 82-28 85.6-29.8 -33 -29.8 -3.2
46-34 ] 39.3  70-28  75%*29.1 -332 -29.1  -4.1
1845 10 'e0 Lehigh 76-22 23.9 15.4
1836 SBS 6434 76-22 16.2 16.3 325 82-28 85.7-30.5 -33.7 -30.5 -3.2
58-28 _ 257  70-28  72.2%29 -323  -29 -3.3
1840 +12%GTR 76-22 15.9 9.8
58-28 ] 27.0 70-28 74*29.7 -334 297  -3.7
1829 +124GTR 76-22 17.8 9.3
1828 46-34 76-22 35.3 92 446  70-22  71.4*246 -37.6 -246  -13
+10%ECR ! !
1823 SBS 6434 76-22 24.1 14.2 38.3 82-28 84.6-29  -33 -29 -4
1818 64-22 64-22 20.4 0.0 204 70-22 72.9-23.8 -26.4 -23.8 -2.6
1834 58-28 64-22 20.0 0.0 20.0 64-28 67.5-28.8 -31.7 -28.8 -2.9
1826 46-34 64-22 27.6 18.1 45.7
1807 46-34 64-22 34.4 14.0 48.4 76-16 76.2-16  -31.9 -16 -15.9
1803 58-28 64-22 26.5 16.6 43.1 70-22 71.2-25.6 -294 -25.6 -3.8

*Rubber-modified mixtures. It was not possible to recover all rupasicles in the extraction and recovery process
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Table B-2. MSCR testing results. Results from two testing temperatures are provided, where available.

Mix. ID Base Binder E)grl’s.clt:)eg Te.mp Jnr Jnr,diff Jnr,slope Te.mp Jnr Jnr,dif Jnr,slope
1844 SBS 7028 88.2-21.7} ---
46-34 75.3-22.5| -
1835 +10%ECR
1824 SBS 6434 85.6-29.8| --- 82 1.0 89 15
46-34 75-29.1 | -
1845 1 10.5%Lehigh
1836 SBS 6434  85.7-30.5| 76 0.4 51 4 82 0.8 78 12
58-28 72.2-29 | - 70 2.2 57 25
1840 +12%GTR
1829 58-28 74-29.7 | 76 6.1 65 77 70 2.1 66 27
+12%GTR
1828 46-34 71.4-246| 76 83 44 82 70 30 48 31
+10%ECR
1823 SBS 6434 84.6-29 | 76 0.7 63 9 82 1.9 89 29
1818 64-22 72.9-23.8! 76 7.3 22 43 70 2.9 14 12
1834 5828 675288 76 131 22 77 64 2.4 19 12
1826 46-34
1807 46-34 76.2-16 76 4.3 33 34
1803 5828 71.2-25.6! 76 8.9 17 42 70 3.7 17 17




Figures B-1 to B-3present the performance test results forkiestigated mixtures at different
temperaturealong withextracted binder properties. As seelfrigureB-1, the DC(T) fracture
energy test results do not show a strong correlation with the extracted binder?@ major
takeaway from this finding is that in nearly all cases, a suitdbteled (resultant) binder system
was present in the Tollway mixtures studveltere low temperatures are concerned. The wide
differencesin mixture fracture energgan be explained by the differences in mix types studied,
and the correspondiryeathin mix volumetrics, aggregate types, argheegate gradation
present across the mixes. The data point that stands outtisedi®07.In this case, it appears
that the extracted binder PGLA16.0°C) provided a good indication of lotemperature

cracking susceptibiy, which could not be overcome llye toughnening characteristics
imparted by the aggregate and other non-bituminous components. The overall dataightsighl
the importance of both binder and mixture testing when conducting a comprehensive
investigation of new mix types, such as high binder replacement mixes used irafiigh tr
applications. Binder testing presents a good first-order screening toolf@mnakerecycled

material combinatinos, while mixture testipgvidesconfidence in the expected performance of
thefinal mixture system.
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Figure B-1. Comparison between the DC(T) fracture energy and extracted binder PGLT

FigureB-2 compares the DC(T) fracture energy and tie parameter obtained from testiof

the recoveretinders from thénvestigatednixtures. As shown, similar to the DC(T) and
extracted binder PGLB strongdependency betweehe DC(T) fracture energy arke

extracted binderTc was not observed. Hamburg rut depths at the requiredgsmsved a
strorger relationshipvith the extracted PGHiiesults(FigureB-3). Three general trends were
observed: (1) a group of 4 mixtures (1823, 1824, 1836, 1844 the lowest Hamburg rut

depths (under 2.5 mnmad the highest PGLT results (by,faround 85C and highep) (2) a

group of 7 mixes (1835, 1845, 1840, 1829, 1818, 1807, 1803) had slightly higher rut ¢lépths (
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3 mm) andmore intermediate PGHT agles (between 71 and %), and; (3) two mixes (1834
and 1828) had the highest Hamburg rut depths by fahatddmong the lowest PGHT grades.
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Figure B-2. Comparison between DC(T) fracture energy and extracted binder PGLT
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Figure B-3. Comparison between Hamburg rut depth and extracted binder PGHT
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The second setf binder extraction and recovery tests weeeformed on the éld cores

obtained from the shoulder mixtureshéerlservice lifdor thelast foursections wast least 10
years ThereforePAV aging was not performezh the binder recovered from these secti@rs.
the other hand, the first and second sections (188-52 arsl7|8&ere resurfaced 2015 and
2014 respectively. As the service life of these sectionslesssthary years,in addition to

testing of the directly recovered bindBAV-aged samples were also produced and tested
addition to the continuous PGLT and PGHT, ttec parameter was calculated and reported in
the last column of théableB-1. It is noted that the only section walpositive &Tc parameter

is 190-10E. In this casethe stiffness was the controlling parameteihis samplenot the m-
value.

FigureB-4 compareshe PGLT of the neat binder with tHewam the extracted bindevithout

any further application of the aging procedure in the lab. Although the continuoesofjthe
neat binder was not available, it could be seen that thgemexallya difference between the
PGLT of the neat binder artde extracte@nd recoveref@liinder. The PGLT of theecovered
binder from section 188-52, whigh stiffened by 38.66 ABR, isslightly higher than that of the
neat binder (-26.4 vs. -28.0 . As shown inTableB-3, this material was produced in 2015 and
has a service life of only 4 years prior to extraction and recovery, whistsfait of the 7 year
threshold typically assumed for lomgrm aging. Threfore, comparing the PGLT of the PAV
aged recovered binder (now -28 comparedto-+ WKH HIIHFWV RI DJLQJ IDOO PI
expectations (although the sample may have been slightly over-aged, beyond tley&AY

this point). Similar resulterere found for the 188-57 section.

The PGLT of the extracted binder from the 190-10E section was found to be one gtade sof
than that of the neat binder. The same comparison could be made for the 190-5.12 and 190-10W
sections, although the differenceween the extracted and neat binder PGLT was not as
considerable. In general, the low temperature grades obtained for therescbinders suggest

that the binders did not undergo excessive aging rates in the field. The fact thatf $ben

older sectios were found to have thermal and block cracking in the field may be due to the
higher, neasurface aging levels present in the pavements, which cannot be easily capemed wh
extracting and recovering binder from field cores having surface lagkn#ésses in excess of

37.5 mm (1.5 inches). In addition, unlike the DC(T) mixture test, the binder extraction and
recovery process only provides insight toward the rheological properties of the bihibérjsv

only one component of the mixture (does not consider aggregate or other ri@xalre-
compositional effects).

Figures B-5andB-6 evaluate low temperature recovetadder properties, such as PGLT and
aTc, alongsideDC(T) fracture energyAll three data sets point to tipetential vulnerability of
these older recycled mix designs to thermallaodk crackingA higher degree of thermahd
block cracking resistance in the Chicago area generally requires PGLT vAi2850 or

below, and DC(T) fracture energy values ab606 J/ni. For block cracking resistance, positive
oTc values are preferred@hus, both the binder and mixture low temperature resulig &ére

with the field observations, which showed that these shoulder segéorsallydeveloped
thermal and block cracking distress as service time progressed. The nej¢iv€gmolds
presented in this study should serve to improve the performance of future Tdllwvejta
shoulders.



Table B-3

. Recovered binder properties from field cores for shoulder mixtures

Lab Aging after
Sample . . . Binder Resultant High | Resultant Low AASHTO
Type No. |Location| Year Mix. Type Base Binder| ABR by RAP| ABR by RAS] Recovery by PG PG M320 Grade alc
STATE Testing
None -26.4 76-22 -3.5
1 188-52 | 2015 N70D Surface 58-28 19.1 19.6 81.9
PAV -18.3 76-16 -10.8
None -27.6 76-22 -1.5
2 188-57 | 2014 N70D Surface 58-28 22.8 17.8 80.4
PAV -21.0 76-16 -6.1
None -23.5 82-22 -2.9
o 3 190-7.25( 2009 N70D Surface 58-22 16.7 20.1 83.6
S PAV ; .
o
f_: None -27.6 70-22 -1.5
4 190-5.12| 2009 N70D Surface 58-22 24.4 0 75.6
PAV - -
None -32.4 64-28 11
5 190-10E| 2008 N70D Surface 58-22 24 0 67.2
PAV - -
None -23.9 76-22 -4
6 190-10W| 2008 N70D Surface 58-22 16.2 0 76.4
PAV - -
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Total ABR 38.6 40.7 36.8 24.4 24 16.2

Figure B-4. Comparing PGLT of neat and recovered binders (without further lab aging)

-34.0

X m88-52

*)

*188-57
-28.0 ° ¢ %190-7.25
©190-5.12
% 190-10E

-22.0
A190-10W

Extracted Binder PGLT (

200 250 300 350 400 450
DC(T) Fracture Energy (J/m ?)

Figure B-5. Comparison between DC(T) fracture energy and extracted binder PGLT for
field cores
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Figure B-6. Comparison between DC(T) fracture energy and extracted binder oTc for
field cores
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