ABSTRACT

HEO, JAEMIN ( JAMIE®G.)Laboratory Investigation of the Interface Shear Strength of Asphalt
Overlays with Tack Coat MaterialdJnder the direction of DX. Richard Kim).

The bondbetween layerat the asphalt concrete (AC) layer interfesene of the most important
characteristicso considewhendiscussing th@erformance of multilayered AC pavements
Only properly bondedC layerpavementvill allow stress and strain to be distributed
adequéely throughout the pavement structared improvehe longtermperformancef the
pavementOtherwise yariouspavement distreggpes including fatigue cracking, slippage,
delamination, and eventually the formation of pothotesappeardue to arinsufficient bond.
Despite the importance of the bond between adjacent AC layeaslegoateharacterization
methodor modelfor interlayer bonding or associated test methar@surrently available to
ensure propdoondng performanceThe bonding property of AC layers is closely related to the
use of tack coanateriat and conditios atthe interfaceTherefore, the type, quantity, and
guality of the tack coat materials and tack coat construcbaditions angractices must be

consicered carefully in order to prevet¢bondindailure and mitigatelistress.

In this study anexperimentaframeworkand analytical approach were implemented to enhance
the understanding of the interfacial shieandng property of layered AC and to esliah a
methodfor evaluating debonding potentiahterface sheatrength(ISS)testswereconducted

on doublelayered AC specimeria two differentmodes monotonic anayclic, usingthe

Modified Asphalt Shear Test@AST) to investigate the significance of various material
properties and environmental factorsien via theMAST testresuls,anISS prediction model
equation was developedth the timetemperature superposition principléhis model equation
providesthelSS underany given conditionsThe performancdest result indicate that ISS is
strongly governed bg combination of temperatiandstrain rateknown as the reduced strain
ratg and confining pressure, wherdhe effects of tack coat type, application rate, and existing
surface conditiogareinsignificant The statistical analysigsultsquantitativdy support this

conclusion.

Interface shear fatiguéSF) testsalsowereconductedo evaluatehe effects btack coat type
and application ratbecause thig/pe of test ircyclic mode is more sensitive thahear tests

conducted iimonotonic mode. The interface shear fatigue t@ste performed itwo different



modes actuator displacemenbntrol and stress control. The test resinitlicate that the effects

of tack coat type and application ranbe measureth cyclic shear bond performance st

In order to describthestress and strain statef AC pavemenét critical conditions
computational analysisas carried out using FlexPAE. The shear stressidermoving
vehicle loading wasomputedo evaluate the debonding potentighus,the shear bond
performanceesultscould becalculatedusingthe output strain databtainedrom FlexPAVEE
viathe ISS prediction model equatidn order to comparthe strength and stregshe maximum
shear rate (MSR) concept was utilizedtesshear debonding critem. The critical condition for

each tack coat and various factthas could bedentified.

The bitumen bond strength (BBS) tdsat employshe Pneumatic Adhesion Tensile Testing
Instrument(PATTI) was utilized as a tack coat material acceptanceAdBBS prediction model

equation was developedy Sudarsanan et §2020) which allowed the determination tife

requiredBBS at the critical conditiorA relationship between ISS and BB&nwas established

to predict the IS&tMSR conditionusing theBBS values asnputs.Becausehe BBS prediction

model is a function othereduced stress rate, the output stressalastinedf om F| ex PAVEE
at the critical conditionvereusedas a input value for the BBS prediction equatidfinally, the
debonding potential criteriotmat useshe BBS as the input was establishgdridgingthe

connection between the BBS and MSR
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1 INTRODUCTION

1.1 Background and Research Needs

Asphaltconcrete (ACpavements knownalsoas flexible pavemerandtypically is composed

of several layers with different properti@hethicknesof each layeandpropermaterialsmust
beselectedor effectivepavement desigiisphalt pavements have multiple layfstwo main
reasonskFirst, if a pavement layer is too thick, it cannot be compactéuedesigned thickness
properly. Only aproperly compacted layer camhibitits designed propertiesuch as stiffness,
modulus, resistance, frictipand smoothness. Second, each layer has its own purpose and price
range due tats material composition. For instandbge surface layemustprovide adequate

friction and snoothness for serviceability and is the most expensive tayanstruct due to its

high content of asphalt bitumehhemain purpose of thibase layer and intermediate layeto
transfer traffic loads to the layers belamd they areomposed mostly aklatively cheaper

materials such as coarse aggregate.

Althoughthe different pavemertayersprovidespecificstructuralbenefitsandbudgetary
rationale layeringcan lead to thdebonding othe pavement structurié the bond between
adjacent layerss poor Lack ofasufficientinterface bond magrematurely causseveral
distresgypesand performance degradation because the debonded strnuziorgerehave as
a monolithic structurd-igurel.l presenta comparison ofhe pavement stress distribution for

threedifferentpavement layecaseof fully bonded partially bondedand no bonding.

A) Fully-Bonded
Asphalt Binding

C) No-Bonding
Aggregate Interlocking

B) Partially-Bonded
(Low Temperature) (for Real Pavement) (High Temperature)

Figure 1.1 Pavement bonding stress distributionKim et al. 2011)



Thestresdypes thaboth bonded and debonded pavement structures experience can be measured
and comparedl’he noment of inertial() is a key factothat is usedo determinghebending

stress () when the applied and calculated bending moniditifat isgenerated by traffiloads
andtheperpendicular distance frotheneutral axisy) are the sameas shown irEquation(1.1).
Figurel.2 is aschematidllustrationof a pavement elementith two layers.The noment of

inertia () is calculatedisingthe lefthand side otheinequality sign in Equatiofil.2) when the
pavement haafully bonded interface whereas the rigtand side otheinequality sign in

Equation(1.2) is used to obtaithe moment of inertial] when the pavemeid debonded. As

shown in Equatiorfl.2), thefully bonded pavement structure reaongermoment of inertial,

meaningthatit experiences lessf abending moment().
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Figure 1.2 Moment of inertia in asphalt concretepavement element.
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where
, = bending stress (NAn
0 = applied and calculated bending momevn(),
w= perpendicular distance from neutral axis (m),
"= moment of inertia (),
= element width (m),
"O= total thickness of two adjacent layers (m), and

"QRQ = thickness of each layer (m).



In short the interlayer bond condition between pavement layers significantly affects the overall
performance of pavement structure. So, the performancthepavement structure depends not
only on the properties of each layer but also on the bond propertresenethe layersthe

pavement structures able taransfer and dissipatarious types o$tresssuch as vertical,
horizontal and normal stresg¢hat occuiby traffic loadng as well asaddresnvironmental

condition fluctuationsvhen it hasa strongnterlayer bond between the layers.

In contrast, in the case apoor interface bondhe servicdife of thewhole pavement structure
can beshortenedand theperformance degradwhenthe pavement no longer acts as a
monolithic structure. RomanoschidMetcalf(2001)foundthatareductionin pavement life as
low as 40%canoccur under poor interlayer bond condisoA North Carolina forensic
investigation projecalso foundhat poor interlayer bondinoften is thecauseof pavement
failure (Park 2013, Tayebali et al. 200d§omanoschi and Metcal2001)likewiseconcluded
that poor bonding between layers negatiafectspavement pdormance especially in areas
where high shear stress ocsukn inadequatdondcantrigger several types of premature
distresssuch as slippage cracking, delaminatiemd fatigue crackingHakim 2002, Mohammad
et al. 2009, Uzan et al. 1978)

The cebonding phenomenon occurs at the interface of two asphalt layers when the shear or
tensile stresthat isinduced by traffic loads exceeds the shear or tensile strength of the bonding
property. In ordeto prevent debonding, not onk/theunderstandingf thestress and strength
distribution relationship at the interfageportant,but alscthe behavior othe tack coathat is
appliedbetweerthelayers.The goper selectionf theappropriatdack @atmaterialand its
application rates essentiahnd must béased orthe stress and strengtionditions for the
particularpavemenstructure Karshena$2015)suggestedhatthe selectn of tack coas should

be throughempirical study and based on manufaatsireecommendations.

To establish a reliable testing tool for bonding analysis, a good understanttegfactorshat
affect the bonding propertiesnecessaryNumerousreviousstudieshave beeronducted

under various conditions, but some topiesaincontroversial.



1.2 Objectives

The primary objective of this research is to improve the understanding of the interfacial shear
behavior of doubldayeredAC specimens by mearof an analytical and experimental
framework. Accomplishment of this objectiwgll provide ways to evaluate the debonding

potential of asphalt layers.
The following tasksvereconducted to accomplish this objective:

1. Evaluate the effects of tack coatteial type and application rate, surface conditions,

temperature, and confining pressure on interface shear st{¢ag§h

2. Evaluate the shear fatigue test as a means to assess the etttsadt material type

and application rate on the debondingepdial.

3. Develop relationships between #8&S and binder bond strength (BBS) measured by the
PneumaticAdhesionTensileTestinglnstrumen{PATTI) in order to utilize the BBS test

as a tack coat material acceptance test.

1.3 Dissertation Organization

Chapter 1 is an introductory chapter that provides background information about the research
needs, highlights the importance of proper bonding aA@é&ayer interface, anstateshemain
objective of this researadnd the tasks required to accomplish the objec@®wapter 2 presents a
comprehensive literature reviawwhichthe factors that affect interface bond strerayth
presentecnd previous resech efforts that have investigated these factorsuilaned Several
different test methods that are used to measure interface bond staisogite discussed briefly.
Chapter 3 describes the experimental program and testing methodology used ésetrisi.
Information about thetudymaterials also is presented and the various approachegetteat
takento provide information about milled surfaces in the figld describedChapter 4 presents
thepavement response analysis tivas conducted texaminethe comprehensive distribution of
the stress intensity at the layer interface under actual loading conditions. In order to determine
the critical conditios, results from the stress distribution analysis conducted using FlexPAVE
under various condins are evaluated. Chapter 5 provides discussion of the resnittests

conductedunder various conditions and the effects of each influential factor. Chapter 6 presents

4



theanalysis frameworkhatwasemployed to determinaterface debonding potential using the
developedorediction model antb evaluatd¢ack coat quality by establishing relations@mong
thevariousexperimental resulthapter jprovides asummay of the findings and conclusions

from this research anécommendtions forfuture work.



2 LITERATURE REVIEW

2.1 North Carolina Department of Transportation (NCDOT) HWY -201304 project

A North Carolina State University (NCSWsearch team completed the North Carolina

Department of Transportation (NCDOT) HW201304 pr o j eThe Surfate Layer®8ahd 6
Stresses and Stren@tfrhis project work is reported in the dissertation by (2@6) During

this project, the NCSU research tedavelopedrarious methodsncluding numericamodeling

and evaluated various factors that relate to the determination of the shear bond strength between

pavement layers throudgaboratory tesng.

For example, inhe NCDOT project, the NCSU research team developedvtbdified
Advanced Shear Tester (MASTO testinterfaceshear performanaender differentonfinement
conditiors. Theteam investigatetSS under various conditionsuch as temperature, loading
rate, confinement, and tack cagbe, andhendeveloped @rediction equationshown in
Equation(2.1). Table2.1 presents the corresponding model coefficients used in Eqatign
Figure2.1 indicates that ISS isfanction of reduced strain rate and confinem&he research
team usedr | e x P A(drigifally referred to as the Layered VisEtastic pavement analysis
for Critical Distresses, or LVEC[program) to evaluatihe critical conditios for debonding,
which arehigh temperature, low speed, and a heavy add bn a thin pavement structure. The
pavement analysis results also led todbeclusionthatthe critical depthis locatedl.5 in.from
thepavemensurface The critical condition was evaluateding the maximum shear ratio
(MSR) method(discussed inetail in Chapters). Figure2.2 shows an exani of the shear ratio
profiles.

ti=(@3 Yy .. s¢ A (2.1)

where
T =interface shear strengthPa),
[ = reduced strain rate (92/5s),
» = nhormal confining pressure (kPa), and

¢ Fo Qi € 'Q = model coefficients fointerface shear strength



Table 2.1 Coefficients of Interface Shear Strength Prediction Equation for Five Asphalt

Layer I nterface Conditions (Gho20B6ef er ence
Interface Shear Strength Model Coefficients
Tack Coats
a bi C i e R2
CRS2 2.6116 0.0685 6140.4 0.1564 0.18 0.99
CRS1h 1.8174 0.0564 6075.3 0.1566 0.16 0.99
NTCRS1hM 1.9341 0.0496 6956.0 0.1520 0.20 0.99
No tack coat 1.2058 0.0329 5229.5 0.1612 0.15 0.99
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Figure 2.1 Shear strength mastercurves developed at various confining stress levels: (a)
CRS-2 emulsion, (b) CRS1h emulsion, () NTCRS1hM (trackless) emulsion, and (d) no

tack coat(Cho 2016)
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Figure 2.2 Example of shearratio profile under the tire at the layer interface: intermediate
pavement, 24kip axle load, 5 mph, 20°C, braking condition(Cho 2016)

2.2 Factors that Affect Interface Bond Strength

The interface bond strength is affected by numerous faittatsan be categorizeabs follows
(Ragni 2020)

1 Material properties (tack coat and AC mixture projpeyt

1 Construction variales (application rate, existing surface condiiaruring time, air
void content compaction, dust, and humidjity

1 Loading/environmental inputs (traffic lo@dy/confining pressure, climate
temperature, and aging)

To evaluatethe interface bond strengiha pavement structureach of these factors as wezdl
their interactions should laken intoaccount However,quantifying interface bond strengib
difficult due to the complexity of the interactiomsiong the variougactors. Thus, many
researcherbaveusael different performance evaluation methatle tothe absence of a
definitive standard for testing, which causes problerinen comparingest results from different
studies Previous researchelsave presented marlyvergent resultsegardingthe effects of each
performancerelatedfactor(Raab and Partl 200990me ofthe most important factothataffect
interlayer bond strength, such as tack coat matypal application rategxisting surface

conditiors, temperature, and confining pressue described iBection2.2.1through2.2.5



2.2.1 Tack Coat Materials

A tack coat providsthebond between the existing surface and new overlapaizement

(Asphalt Institute 2007)Three types of asphalt materijals., asphalt emulsion, paving grade
binders and cutback asphatire commonly used as tack co@ihammad et al. 2012An

especially slowsetting emulsion type of tack is used momthmonly,while cutbackasphalts

the leastised typgChaignon and Roffe 2002, Cross and Shrestha 2005, Paul and Scherocman
1998) Asphalt emulsions consist of asphalt and wateethivith emulsifying agent® form a

liquid at ambient temperatu(@ames Q06). Asphalt emulsions offeworkability to facilitatethe
applicationprocess wheregsving grade binders ne&albe heatetb achieve appropriate

viscosity for applicatiorfCaltrans 2009)

Mohammad et a[2009, 2012found thatatracklessype oftack coat performs bettar ISS
tests than othdypes(SS1h, SS1, CRS1, and PG54-22) for existinghot mix asphaltiMA)
layers througlthelaboratory testing of cylindrical core sampleshgshe Louisiana Interlayer
Shear Strengtiester (LISST) and indicated that higher ISS values are obtained for tack coats
with higher viscosity. Wang et gR017)concluded that trackless tack coats outperform
conventional cationic emulsions, conventional anionic emulsanrpaving gradeinders. Hu
et al.(2017)foundthattack coat material propertigsarticularlyviscosity, indicate that tensile
strength leads to an increase in ISS at high temperatures. A study by Amelian a2@Xim
showedthat arapid-setting emulsion, CR8P, atahigh application rate (0.16 gal&)derforms
better tharall the other tackoats studied, including CFE, which is a modified fastetting
CSS1. The following year, Amelian and Ki(2018)implementedwo different loading tests,
monotonic and cyclic, to evaluate the differenamondfive tack coatsCSS1h, CRS2P, CFS
1, PG 6422, and trackless. CF$, a modified CS4, performedhe best in both loading tests.
At a high temperaturesingfine-graded mixtures, West et §009 found thatPG 6422
obtainedgreaterbond strength thaCRS2 and CSSL. Modified emulsion tackoat material
showedgreaterinterlayer shearasistance than conventional tack s@t20°C (68°Fpased on

shear bond strength test resyltssented by Canestrari et @005)

Thus, gveral researchers claim treghigh-quality tack coatvith high viscosity is related tihe
development ohigh interface shear bond strength. Sevettadiies have showthrough different

performance evaluation mettwithat specific typgof tack coatssuch as trackless, modified



and performance gradPG)binder, are superiomaterials However, although the material types
are similar, thgerformance results from researcher to researchgidegendg on the test

methodused

FHWA-OK-18-02 Project(Ghabchi et al. 2018)

The LISST also was used in the FHWIX-18-02 project to measuredlshear bond strength of

tack coat materials. The objective of this FHWA research project was to evaluate the effects of
tack coat type, application rate, surface type, and temperature. The study utilized five tack coats,
three application rates, four sack conditions, and three temperat(f@sabchi et al. 2018)

Figure2.3 presents the effects of tack coat type and application rate simultaneously for tack coats
used in an unaged HMA layer. The trackless tack coats (NTHAP and MHAQI$ae shown to

exhibit better ISS performance than the other emulsion tack coat types. Even the emulsion types
of tack coats have lower ISS values than the no tack coat condition. In terms of application rate,
the trackless tack coat shows higher ISS valusswthe application rate is increased, but the
performance of the other coat types worsens when the application rate is indreased.4

shows the effects of different surface conditions on the various tack coat materials. The trackless
tack coats have relatively high ISS values for all the surface conditions, and the difference in ISS
values is insignificant. The emulsion tack coats hespecially low ISS values when the surface

is PCC, and the difference in ISS values between the PCC and other surface conditions is
significant. The ISS test results for the milled HMA cores extracted from the field foeall

emulsion tack coat types askghtly better than for the other surface conditions.

. 160.0
£1400
@ 120.0 = o NTHAP
2 _
= No Tack Coat 5 . & » NTQS-1HH
@ 100.0 e e, S CRC.1H
T 800 1 T 2 -
2 ) X L | TTTTT st CRS-18
® 600 T I, B sS-1
% 40.0 CRS-1
T 200
= 00

0 0.031 0062 0093 0124  0.155

Residual Application Rate (gal/yd?)

Figure 2.3 Effects of residual application rate oninterlayer shear stress unaged HMA
layer (Ghabchi et al. 2018)
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Figure 2.4 Interlayer shear strength values for different surface types and optimum

residual application rates of tack coatgGhabchi et al. 2018)

Researchirom Oregon(Coleri et al. 2020)

The ODOT research teaconducteca r esear ch project, 61l mpl ement
Technologies and Procedures to Improve kdngr m Pavement Perfor mancebo
quality control mechanism artdol to monitor longterm tack coat performance. The team also
investigated and evaluated the effects of existing tack coat types used in Oregon, the effect of
pavement surfacgpe, and the effect of application rate. For the laboratory testdalairaed

milled surfaces were produced by a grinder, and the grooves on the bottom layer were straight.

The target MTD was within the range of 0.07 in. to 0.09 in. (1.78 mm to 2.29 mm).

Figure2.5 shows that the engineered tack coats, i.e., the modified and trackless tack coats from
Company 1 (CO1) and Company 3 (CO3), have greater ISS than the other tack coat (CO2).
However, no significant difference among ttacks is evident based on statistical analysis that
indicates g-value of 0.6 Figure2.6 presents the effects of surface conditiibre quantificatio

of the surface conditions is in terms of MTD. The bar graphs indicate no significant correlation
between ISS and MTD. Two different ratés05 gal/yd and 0.09 gal/yt] were chosero

determine the effects of application rate. Better performance wad fouthe higher ratthat
wasused for unmilled overlay surfaces. However, in some milled surface cases, the higher
application rate led to worse ISS test results, as shoWwigime2.7. This outcome suggests that

additional research is needed to evaluate optimum application rates for difieiendats.
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The ISS test results for the fadind fieldfabricated samples shownHkigure2.8 are not

dissimilar. The field conditions can be observed through the lab ISS tests of specimens produced
by a roller compactoMohammad et al2012)notedthat the ISS of Superpaggratory

compacted specimens can be two to ten times greater than that of field core samples. Even the
ISS test results shown Figure2.8 were not carected for MTD but, for this MTD, the effect of

surface is not considered to affect the relationship between the lab and field samples because the

correlation between the MTD and ISS test results is insignificant, as shdugune2.6.
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Figure 2.8 Interlayer shear strength versus application rate for field and lab samples
(Coleri et al. 2020)
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2.2.2 Application Rate

To ensureadequatdond strength between pavement layers, the amount of tack coat applied is a
significant factor. Thus, an awarenesshefhuge diffeence between the amount of tack coat

that is dispensefiiom thedistributing truck to the existingavemensurface and the amount of

tack coathat isleft on the surface after curing and setting is importa@tauséhe quantity of

the initial diluted aphalt emulsion is not the same as the residual amountpf&®menois

the reasoithat the sec a | tesiddial application raéeshould be used to specify the amount of

tack coathatremains orthepavemento avoidany confusion(Al-Qadi et al. 2008)

Hachiya ad Sato(1997)and AkQadi et al(2008)foundthatthe application rate of 0.18 LAn
(0.04 gallyd) is the optimum ratand Sholar et a(2004)and Leng et al2008a)claimed that
0.23 L/n? (0.05 gallyd) is the optimum rate via their respective resedvithammad et al.
(2002)tried to determine aaptimum residual application ratsingtwo PG asphalt binders (PG
64-22 and PG 722M) and four emulsified asphalts (CR8, CSS1,SS1, and SSLh) atfive
application rate0.0 (0.0), 0.09 (0.02), 0.23 (0.05), 0.45 (0dk)dl0.90 (0.2) L/m (gallyd?), at
two test temperatures, 25°C (77dhd 55°Q(131°F). The results indicaté that CRS2P is the
best tack coat anttie optimum reeis 0.09 L/n? (0.02 gallyd). In the Mohammad et a(2002)
study, atower temperaturei particular theshear bond strength decreased when the
application ratesvereincreasd, butthe effect of higher application ratessnot shown for
shear bond strength at high temperatue$heNational Cooperative Highway Research
Program NCHRP) Project 940 (2012), thebestISS performancevas found to be&vith the0.155
gallyc? application ratdor all tack coat materialdMohammed et a[2009)foundthatthe
optimum residual rates 0.23 L/n? (0.053gallyd) for CRS1, SS1h, tracklessand PG 642

tack coatasingthe Louisiana Tack Coat Quality Tester (LTCQItemperatures ranging from
30°C to 80°C (86°Fo 176°F)in the field. Chen and Huar(@010)discoveredhat

approximatly 0.027 gallydis theoptimal residual application rate for CRmulsion Hasiba
(2012)foundresidualoptimumrates for SS1vh emulsiorto be0.04 gal/yd and0.06gallyc for

unmilledandmilled HMA surface conditions, respectively.

Application rates cadiffer depending on thexisting surface conditior(see Sectio.2.3 in
orderto achieve proper bond strength. Commonly, lower application rates are suggested for new

or subsequent layers and higher application rates are required for milled or danpdgdtd as
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pavementsResearch by Sholar et 2004)and West et a[2005)advancedheir

recommendation that some particutanditions,such as milled surfaceor coarse mixtures

should be treated with special care with regard to physical damages. Tashm@066al.

showed that theeduction in bond strength for a milled surface without a tack coat is not
significant, whereas it is significant under amilled surface conditions. Kruntcheva et al.
(2006)stated that a perfect milled surface condition without contamination may not need a tack
coat at all. Cross et dR005)and Amelian and King2018)concluded thathe application of a

tack coabetween twgavementayersexhibitsno particulartrend orhasonly a slighteffect on
pavemenperformanceSeveral researchers discovered that the bond strength deevhasehe
application rates increasedBuchanan and Woods 2004, Chen and Huang 2010, Tashman et al.
2006) butotherresearchers claim that bond strenigttmproved withthe useof tack coat
materials(Chen and Huang 2010, Mohammad et al. 2012, Tran et al..2Zdd&®ralesearchers
came to the commoagreement that debonding and slippage cbelgeneratd wheneither not
enough oexcess tack iapplied,resgectively (Cross and Shrestha 2005, Mohammad et al. 2012,
Tayebali et al. 2004)T'he application rates for tack coatsist bedecidedaccordingto the

existing surface conditions to avoid interlayer debonding pavement féL#@adi et al. 2012,
Asphalt Institute 1991)n particulay higher application rates are usually required for milled or
aged surfac€Mohammad et al. 2012 ovey et al(2018)found that an excessive application of
tack coat material causes slippage, especially whenstttimg emulsions are chosen as the tack
coats. Howeverdebonding, particularly in the wheel paths, can occur due ittadequate

amount of tack coaiver thedesign life of the pavement structiffieashman et al. 2006)

Typically, state agencies or departments of transportation (DOTS) sulggegiplicableange of
application ratesThe application rates ramgrom 0.05 galyd? to 0.15 gal/ydfor diluted
emulsiors or between 0.02 gal/ydand 0.05 gal/y#ifor residual application rateas
recommended by th&sphalt HandbookMS-4) (2007) Cross et al(2005)conductedsurveysof
13 DOTs that indicated thatpplication rates range from 0.14 [?/to 0.68 L/n% (0.03 gall/ydto
0.15 gallyd). Determiningthe optimum amount of tack caata difficult taskas tre
recommendedate varieamongresearcherfor different tack coat type&or example, &
application rate between 0.95l/yc? and 0.20 gal/ytlis recommendetly the Oregon DOT
(ODOT) (Coleri et al. 2020in their constructiorspecificationsbutthe gplication ratevaries

dependingnthetype ofsurface and tack coat materiaked Table2.2 presents several

15



Table 2.2 Recommended Application Rates Used by Variou&gencies(Fonte 2018)

different criteia for application rates in the United Stafdsphalt hstitute 2007, Caltrans 2009,
FHWA 2016, Flexible Pavements of Ohio 2012, Mohammad et al. 2012, NCDOT. 2012)

Surface Type, L/m? (gallyd?)
Source New Existing/Old Milled Portland
Asphalt Asphalt Asphalt Concrete
Mixture Mixture Mixture Cement
NCHRP Report 712
(Residual) 0.16 (0.035)| 0.25(0.055) | 0.25 (0.055) 0.20 (0.045)
Asphalt Institute 0.090.20 0.180.32 0.180.36 0.140.23
(Residual) (0.020.045) (0.040.07) (0.040.08) (0.030.05)
: 0.090.23 0.180.32 0.180.36 0.140.23
FHWA (Residual) | 5'50005) | (0.040.07) | (0.040.08) | (0.030.05)
NCDOT 0.140.23 0.230.32 0.230.32 0.320.41
(0.030.05) (0.050.07) (0.050.07) (0.07-0.09)
Caltrans (g'gg*) 0.32* (0.07%) | 0.32%(0.07*) | 0.50 (0.11%)
Flexible Pavements g 0.140.18 0.230.27 0.230.27 0.180.23
Ohio (Residual) (0.030.04) (0.050.06) (0.05-0.06) (0.04-0.05)

*minimum requirement

NCHRP Report 71ZMohammad et al. 2012)
NCHRP Report 712 is the result of NCHRP Projedt 9 ,
Pl a c e(Mehanmnid et al. 2012Jhe NCHRP Y0 project research team developed the

00ptimization of
LISST to help determine optimal testing methods for application rate, device type, and tack coat
maerials.Figure2.9 presents a plot of the ISS test results for thdddoicated samplebat

were usedo investigate the effects of application ra®mly the trackless tack coatshown to
exhibitbetter ISS performance when the application rate is increased, and §IR®/s the

opposite trend. The other tack coats have optimum rates at 0.06£.gal/yd
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Figure 2.9 Effects of residual application rate oninterface shear strength (ISS¥or lab-

compacted samplegMohammad et al. 2012)

Figure2.10 presents differing ISS trends for theJand fieldprepared specimens. The NCHRP
research team noted that the different compaction methods and lack of uniformity of the

application ratein the field led to the discrepancy between the lab and fielddS3esults.

______________________________ 1 —e— Laboratory-Prepared

—mm— Field-Prepared

Interface Shear Strength (psi)

0.1 0.15 0.2
Residual Application Rate (gal/yd?)

Figure 2.10 Effects of sample preparation methods ointerface shear strength
(Mohammad et al. 2012)

Figure2.11 presents the effects of texture by comparing the ISS values of different mixtures, i.e.,
opengraded friction course (OGFC), sand, and stone matpiadis(SMA) mixtures. The

research team expected that the ISS of the sand mixture would decrease when the application

rate was increased because the tack coat acts as a lubricant on the smooth surface. For the OGFC
mix, when the air voids are filled witla¢k coat material, the ISS becomes greater. The SMA

mixture results indicate that the SMA mix has an optimum application rate for ISS performance.
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Figure 2.11 Mean interface shear bond strength values foopen-graded friction course
(OGFC), sand, andstone matrix asphalt SMA) mixtures (Mohammad et al. 2012)

2.2.3 Existing SurfaceConditions

The existing surface conditisftogether withthe application rateften affect the performance

of thebond strengtlof the pavemenbuttheyalso hae asignificantinherentimplication that
candeterminghe development dhebond betweeihayers.The texture of the underlying layer

can bedescribedasroughness, which is caused by cold milling prior to the placement of an
overlay. Generaly, aroughersurfacetexturehelps to achieve betteond strength. ARadi et al.
(2008) Leng et al(2008a) Mohammad et a[2012) andTran et al(2012)showedthat the

bond is stronger omilled surfaceshan onnew surfaceandSholar et al(2004)showed that

coarse mixturekead tobetterbond performance than fine mixtur@hat is, theproperties of the
asphalt mixture can affect the interlockirféeet on a milled surface. ISS tests conducted by

Song et al(2015)showed that pavement performance is improved when only the effeet of th
surfaceconditionremains after the effect of the tack coat application rate is no longer evident at
high temperatureg\l-Qadi et al(2012)also found a reduction in bond shear strength when the
nominal maximum agggate size (NMAS) is less than 9.5 mm (3/8 i@9leri et al.(2020) the
FHWA (2016) andMohammad et al2010)showed that a high degree of texture, such as a
milled surface interlocking with new pavement layeprovidesgoodinterlayer bonding
performance. Higher ISS values have been observed for milled surfaces that have more contact
friction with the new laye(Al-Qadi et al. 2012)
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Wisconsin DOT Researc[Bahia et al. 2019)

The Wi sDOT research team conducted a project e
Tracking PBahi&ea al 2G9beséresearchers conducted ISS tests using a LISST

to assess the bond strength of tack coats with asphalt mixtures, specificath#ae bonding
performanceTable2.3 shows the levels of the factors usedtfalaboratory testing and

describes the test conditions for each. The mean texture depth (MTD) was used to quantify the
surfece conditions in mm andas measured using the modified sand patch test (ASBBb

(2019). Surfacet e xt ur e was c at e g digure2.B¢resards imaes af &ctial or O |
mixture specimens for these texture categories.

Table 2.3 Test Factors and Levels for Laboratory SheaiTest Study(Bahia et al. 2019)

Factor Level Description of Levels
Emulsion Type 4 CSS-1, CSS-1hL, CQS-1h, Trackless (NTQS-1hh)
Residual Application 2 0.02 gal/yd*
Rate (gal/yd?) 0.05 gal/yd?
Existing Surface 5 Low — Dense graded, fine mix (Mean Texture Depth, (MTD** = 0.17 mm)
Texture* High — Stone Mastic Asphalt (SMA) type mix (MTD = 0.96 mm)
25°C
Test T 2
est Temperature 46°C
Confining Pressure 1 7 psi
Replicate Samples 3 Three specimens tested per factor combination.

*As quantified using modified Sand Patch Method
** Average Pavement Macrotexture Depth

Figure 2.12 High texture (left) and low texture (right) mixture specimens(Bahia et al.
2019)
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Figure2.13illustrates the effects dfurfacetextureand application rate in terms of 1S8d
emulsion typeThe ISS test results of the {&dbricated specimens show that shear strength is a
function of the surfaetexturei.e., stone matrix asphalt (SMA) versus fine aggregaie tack

coat material. First, the effect of texture is pronounced such that high texture leads to better ISS.
Second, although no clear trend or effect of tack coat material type is teWiteNTQS1hh @
tracklesgack coa} exhibiedthe best performance. Also, the application rate was found not to
affect the shear strength performance significantly; however, the lower rate (0.02)gsl/yd
shown inFigure2.13 (a) to carespond to slightly higher ISS values than the higher rate (0.05
gallyc?) shown inFigure2.13 (b), except for the CQ3h tack coat. Moreover, most of ttested
tack coats correspond to ISS performance that is worse than that of no tack coat, except for
NTQS-1hh. The WisDOT research team noted that determinmgptimal tack coat application
rate and type based on laboratory ISS test results was challenging.
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Figure 2.13 Effects of surface texture and application rate for various tack coat materials:
(a) 0.02 gallyd and (b) 0.05 gal/yd (Bahia et al. 219).

Tabe 2.4 presents analysis of variance (ANOVA) results for the ISS test fadwlie 2.4 (a)
and (b)bothshow that surface texture is the most significant factor and (b) shows that the
emulsion type (tack coat material type) is insignificant when the trackless tack coat is excluded.
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Table 2.4 ANOVA Results for Interface Shear StrengthMain Factors: (a) Trackless Tack
Coat Included and (b) Trackless Tack Coat ExcludedBahia et al. 2019)

Main Factor F Ratio p-value R’py
Surface Texture 103.5 <0.0001 0.79
Emulsion Type 59.3 <0.0001

Application Rate 7.6 0.0085
Replicate 6.8 0.0123
(a)
Main Factor F Ratio p-value R?apy
Surface Texture 114.11 <0.0001 0.78
Replicate 6.28 0.0177
Application Rate 4.05 0.0530
Emulsion Type 0.59 0.4468
(b)

In order to validate the relationship between the lab and field ISS test iegshkswWisDOT

project field cores were taken from variosites Table2.5 describes the fabrication method for

the bottom and top layers of each sample type. Both new materials and the same tack coat and
mixture materials were collected from the field to use for the laborédbrycated specimens in
order to remove materiaffects; Figure2.14 presents the test results. The lab ISS values are
significantly higher than the field ISS values for the new surface pavementS S values for

the milled lab specimens are significantly lowanthe ISS values of the other new (19 mm and
25 mm) lab specimens, but this phenomenon is not seen with the milled field specimens. The
WisDOT research team explained that possible reasons for this outcome include uncertainties
surrounding the field conddns, such as inconsistency in the application rate and dust problems.
Moreover, the report claims that the reason for no significant difference between the lab and field
resultsis damaged surfacetractedrom milled pavements; however, if damaged stefa

from milled pavementarethe reason, then the milled field ISS values should be affected as
well. In short, many factors are in play in this comparison, and therefore, pingdirgspecific

reason(s) for theeobservationsnd outcomes is difficult
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Table 2.5 Description of Fabrication of Each SamplgBahia et al. 2019)

Sample Type Bottom Layer (Field) Top Layer
Milled Lab . Lab-Compacted
Milled Field Milled Surface Fielo-Compacted

19 mm New Lab 19 mm NMAS New Lab-Compacted

19 mm New Field Surface Field-Compacted

25 mm New Lab 25 mm NMAS New Lab-Compacted

25 mm New Field Surface Field-Compacted
140 1
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Figure 2.14 Comparison of lab andfield interface shear strength [SS) test results for field
validation study (Bahia et al. 2019)

The WisDOT research teaatsocarried out a series of statisticaksts that resulted prvalues
that could be used to determine the significasfaeach factor, i.e., application rate, emulsion
type, and the difference between tab bnd field results, as shownTiable2.6. The red
numbers indicate that the comparisons at those conditions are significant at the 95% confidence
level. For better understandingigure2.15 shows three bar grapfs these resultdwith regard
to the effect of the application ratBable2.6 shows only two significant cases adfigure2.15
(b) presents insignificant differences and no clear trendpMatues allow three comparisoas
the effects of emulsion type and indicate statistical differences. Nine cases out of 1h@ases s
that the SSLh emulsion has higher ISS values thanrIpSThe reason the @B emulsion
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performs worse than the S% emulsion is assumed to be the liquid type of additive H1RQS
Table2.6 andFigure2.15 do not show any trend or significaneéh regard tahe effect of
application rate. The opldifference between the new (19 mm and 25 mm) and the milled
surfaces of the lafabricated specimens is shownHigure2.15 (c), but even this differece

does not provide clear evidence to validate the relationship between the lab and field ISS values.

Table 2.6 P-values from T-tests of Groupings ofinterface Shear StrengthData for Field
Validation Study (Bahia et al. 2019)

Application Rate Emulsion Type* Lab to Field
Grouping Field Lab Field Lab §8-1h QS-1h .
55-1h | QS-1h | 55-1h | QS-1h | Low l High | Low | High | Low | High | Low | High
Milled 0.390 0.460 | 0,299 | 0.004 0,901 0.299 | 0.004 | 0302 | 0.609 | 0.171 | 0,022
19 mm 0.278 0.511 0.531 | 0.214 0.639 0.134 0.000 | 0.000 | 0.002 | 0.000 |
25 mm 0.360 0.003 0.445 0.058 ([ 0.000 I 0.003 0.127 0.000 | 0.048 | 0.000 | 0.007
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Figure 2.15 Reproduced graphs to evaluate the effects of each factor: (a) tack type, (b)

application rate, and (c) surface condition.

Research from LouisiandDas et al. 2017)
The Louisiana research project, BohdStrengthh s of T

and Shot er m Pavement Performancedé, also evaluate
material type, and residual application rate for ISS performance. This research project

investigated 14 test sections in three different field ptejecLouisiana, Missouri, and Florida

and utilized the LISST as a test device and MTEhaparameter to measure the surface
propertiesTable2.7 indicates the surfacconditions for each project in terms of MTD and

Figure2.16 shows the effects of surface condition in terms of ISS values. High MTD values

correlate ® good ISS performance, except for the PCC surface condition where the average ISS

value is the lowest among all the surface conditions.
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Table 2.7 Surface Mean Texture Depths in Field Project¢Das et al. 2017)

Surface Mean

Project Surface Type Texture Depth (mm)
Missouri Milled HMA 2.2
Existing HMA 0.8
New HMA 1.0
PCC 1.1
Louisiana Milled HMA 2.9
Florida Existing HMA 0.9
__100
B Py ® Missouri
= + Louisiana
g 80 ¢ A Florida
< l . --&--- Average
B 60| .
8 ol e\ g:"_":;-:._, l Minimum ISS threshold (7)
& 8 : i
g 20 -
g SS-1, PG 46-28 iy
= o
0 ]

Milled HMA New HMA  Existing HMA PCC

Figure 2.16 Effects of pavement surface type omterface shear strengthfor all projects
(Das et al. 2017)

Figure2.17 shows the effects of tack coat type on ISS. The-tranking materiais shown to

exhibit greater ISS than the other materials regardless of surface condition, except for the
existing HMA condition in FloridaFigure2.18 presents the effects of application rate and, in
this Louisiana research project, the higher application rate (0.04 Jaltydesponds to greater

ISS, but this conclusion may be questionable because the number of data points is only four.
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Figure 2.17 Effects of tack coat material type onnterface shear strengthfor all pr ojects
(Das et al. 2017)
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Figure 2.18 Effects of residual applicationrate on interface shear strength for existing

HMA pavement surface in Florida project (Das et al. 2017)

Research from lllinois(Leng et al. 2008b)

The 1l linois resear ch pr ojMxdéAdgphaltand farioesrPértiacde B o n

Cement Concrete Surfacesd6, investigated the
application rates, and tack coat typegure2.19 shows that the SN.5 surface mixture

correlates with greater ISS than the-1d.0 mix, 0.05 gal/y&iis considered the optimum

application rate, and finally, SEhP exhibits greater ISS than RO. Figure2.20 describes three
different PCC surface conditions and the anticipated tining direction according to traffic
direction.Figure2.21 presents the effects of the PCC surface texture. The direction of the tining

in this PCC surface has no effect on the ISS. Even the smooth surface exhibits better

performance than all the tined surfaces at the 0.05cjapplication rate.
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Figure 2.19 Effects of HMA, tack coat, and tack coat application rate onnterface shear
strength (Leng et al. 2008b)
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Figure 2.20 Portland concrete cemensurface texture(Leng et al. 2008b)
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Figure 2.21 Effects of Portland concrete cemensurface texture(Leng et al. 2008b)

Research from Tennessé€8ong et al. 2015)

Research conducted in Tennessee, enti4led OFa
graded Friction CourseandUnad | yi ng Layer 6, also investigate:
and temperature and described the relationship between these two factors in terms of various

surface conditions. The surface texture was assessed using the sand patch method with texture
dephs of 0.2 mm, 0.5 mm, and 1.1 nfan D, TLD, and SMA, respectivel\rigure2.22 shows

that greater texture depth leads to greater shear strength excegpte r -terhperatre

condition. The effects of application rate and surface texture become less significant at the low
temperature (0 ). The research team noted tha
effects of application rate and swéatexture on shear strength are less significant than at higher

temperatures.

28



11004

10004

900
—&— (0 /m

800 ——0.15 Vm
—a—0.3 /m

—8—0 Um’

—o—0.15 /m
—A—0.3 Um’
—¥—0.5 Vm

Shear strength (kPa)
Shear strength (kPa)
Shear strength (kPa)

»—0.5 U/m’

T T T T T T
x ! ! ! =) D LD SMA n D SMA
D TLD SMA

Y 2 Underlying layer Underlying layer
Underlying layer

(a) 0°C (b) 25°C (¢) 50°C

Figure 2.22 Effects of underlying layer on shear strength at different temperaturegSong et
al. 2015)

2.2.4 Temperature

Theperformancef the bondbetween two adjacent layassgovernedmostly by thetack coat
performanceand emperaturaffects the tackoat performancerhus, temperature ane of the
most significanperformancdactorsthataffects thetack coat bond streng{Song et al. 205).
Becausasphalt is a thermorheologically simple matetatk coat materialsetween the
pavement interlayetsehave differenthyat different temperatures. Tack coat material selection
musttakeinto account climate conditi@becausehe pavementemperature affestthe

p a v e mstrass @ngtrength propertieColeri et al. 202Q)

Research conducted in NCHRP Proje@td2012)showed that, as the temperatuises, the

tensile strength of the tack coat improves, but after the peak, the strength decreases. However,
several researchers found that bonding performance worsens when the temperature increases
(Chen and Huang 2010, Cho 2016, Karshenas 2015, Kim et al. 2011, Leng et al. 2008a,
Romanoschi and Metcalf 2001, Sholar et al.£200'est et al. 2005A more ecert study

conductedn Missouriby Blomberg and Denklg2018)foundareductionin bond strengtlivhen
usinglaboratoryfabricatedspecimens and field cores subjected to freezing weather cosdition
Due totheincreased stiffness of the tack coat rasidt low temperatuse increasedSSwas
observed iraninvestigation bySong et al(2015) however, théSS decreasewhenthe tack
coatbecame less viscoleyond the softening point of the residual asphalt at higher
temperature Thus, the effect dhesurface conditio varies(similarto the effect othe

application ratgat different temperatures.
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The ISS alsas affected by surface characterisstich as interlock and fricticeindincreasesn
ISShave beerfound at lower temperatus@as the tack coat performaniogproves(Chen and
Huang 2010)Kim et al.(2011)investigatedhe effect of temperature by runniagear tests
usingtwo separate devicesd foundhatthe ranking of the test resuitarieddependhg on the
test temperature and frequgn€hey found aapiddecreasén shear strength aftené peak
shear strengthtalow temperaturgbut aslow changen the strength aheintermediate
temperature itests ofinterlayer samples. Hseresuls indicate thathetack coat material is

more sensitive at loar temperature than at higher tempéuses(Amelian and Kim 2017)

Research from ChingHu et al. 2017)

The Chinese research project, O6Effect of Tack
Shewa Properties of Asphalt Layers Bonded with
effects of application rate and temperature and their relatiorfsbire2.23 (b) shows that the

PG3 tack coat materi al has greater | SS when th
temperature ondi ti on, but t hi s,showemFdhure 2s2GnThe HVe vi den't
tack coat showsimilar trends at the twodifferent temperatures.
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Figure 2.23 Interface shear strength by different materials and application rates at
different temperatures: (2) 25 and ( fHuet&8.017)

2.2.5 Normal Confining Pressure

A positive linear correlatiohas beembservedn various studies when an increase in normal

pressure (also known as confining stress) increases the shear bond strength. Less dilation and
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more stondo-stone contact are seen across the intemaitea positive linear correlation. In
other word, normalpressure enhances frictional resistamdgich somehow prevents debonding
(Cho 2016)

Bond strength is more sensitive to normal pressure at high tempstaamet low and
intermediatdemperatures based on tests to measure the effect of theotdcht three

temperatures (10°C, 25°C, and 60°C) and three normal pressure levels (0 psi, 10 psi, and 20 psi)
conducted by West et §2005) Test results from NCHRP Projecd® (2012)indicate that an
increase in confining pressure inducestothe ef
sliding at the interfacwith adecreasén the residual application rgt@hereas the effect of
aggregate roughness and resistance to slidingduced when the residual application rate

increased.

2.3 Bonding Performance Evaluation Methods

Pavement interface debondisgmmonly occurs in either shear mode or tension mode under
traffic loading somostbond performance evaluation methods use shear, tensile, and/or torsion
modes asshownFigure2.24. In order to simulate field conditi@by actual traffic loaohg, test
devices and/or modes can be dividet two main categoriesmonotonic/static mode fahe

braking condition and cyclic/dynamic mode for continu@usving)traffic conditions.

Fy I F

T 4

y
o

(a) Direct shear test. (b) Pull-off test. (c) Torsional shear test.

Im
=
»
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Figure 2.24 Main types of laboratory testsused to evaluatdack coat interfaces: (a) direct
shear, (b) pultoff, and (c) torsional shear(Al-Qadi et al. 2008)
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2.3.1 Laboratory Shear Test Methods

Florida DOT Shear Test

In order to evaluate the interface bond strength between two layers of asphalt pavement in shear
mode, the Florid®OT (FDOT) suggested specification procedure withoubrmal confining

pressure, FM %599 (FDOT 2012). First, the field core sample is conditioned at 25°C for two

hours and then placexh shear plateslhe test is conducted at a constant rate of 50 mm/min until

failure (Tashmaret al. 2006) Figure2.25 presents the FDOT shear testgpt

Figure 2.25Florida DOT shear test setup (Tashman et al. 2006)

Direct Shear Apparatus Developed at the lllinois Center for Transportation

The lllinois Center for Transportation developsedirect shear test apparatssiown inFigure
2.26, to apply shear force and normal fornghevertical and horizontal directions at the same
time. Its U-shaped loading arm helps remove the effect of émeling momenthat iscreated by
the eccentricity of the shear load. This device can be utilizegclic mode and monotonic
mode to measure the sheanddimg performancaccording to theumber of cycles to failure and

thepeak load before failureespetively.
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Figure 2.26 Direct shear test apparatus developed at lllinois Center for Transportation
(Leng et al. 2008a)
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Louisiana Interlayer Shear Strength Tester (LISST)

In order to characteria&S, Louisiana state universityeveloped a direct shear tesfidevice
known as the LISST, shown Figure2.27. Bae et al(2010)conducted IS$erformance tests at
different temperaturessing theLISST to idently the effects of temperature. Tiheesults
showed that th&5S decreases as the temperatsn@creasd andthat theshear strength
improveswhen the application rais increasd. These test results showed that the application
rate 0f0.706 L/n% (0.156 gall/yd) leads tathe best shear strength.

Honzontal Sensor

Vertical Sensors

Normal Load Actuator

& ReactionFrame

Figure 2.27 Louisiana I nterlayer Shear Strength Tester (LISST) (Mohammad et al. 2012)
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Direct Shear Device

The direct shear devishown inFigure2.28 can beused to evaluate the effects of several
surface properties in order to determine the behavior of tack (s and Hang 2010)The
deviceappliesa vertical normal load and a horizontal shear lwhdth allowsthe behavior at the
interfaceto be analyzed. Aata acquisition system records btiteshear force and displacement

measurements.

Climatic chamb
imatic chamber Vertical Shear box

load
Controller Tack coat

E Upper Iayer'

-
w

Figure 2.28 Diagram of direct shear devicgChen and Huang 2010)

Tack Coat Shear Test Device

The tack coat shear test devad®wn inFigure2.29 wasdeveloped by ARQadi et al(2008)to
evaluate the tack coat bonding performaoiceoth AC layers andAC-Portland concrete cement
(PCQ layersin shear loadelated test The device gauges the changes in shear load, dilation,
and shear displacement. Moreover, both monotonic and cyclic loading sardbsapplied for
different purposedor examplecyclic loads at different desired frequencies can simulate field

conditions.

Figure 2.29 Tack coat shear test device (AQadi et al. 2008).
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2.3.2 Fatigue Test Methods

Shear Fatigue Test

In order to simulate the repetitive loading of moving vehicles, Romanoschi and M26£il)
proposed a laboratory test configuration to perform shear fatigue tests on AC with interfaces.
Figure2.30 presents a schematic illustration of their testugetThetest usesmecimens with
diameters of 100 mnThe device allows for the longitudinal axis of the test specimen to be at a
25.5° angle to the vertical axis to apply shear and normaldenceiltaneouslyTo simulatea

speed 060 km/h and various weighof vehicle,the test uses tHeequency of 5 Hz and four
different normal stredevels(0.05MPa 0.75MPa 1.00MPa, and 1.25 MPa).

Actuator __ Steel plate
Steel ball plate - o '

Figure 2.30 Schematicillustration of shear fatigue tessetup (Romanoschi and Metcalf
2001)

All the displacementsausedy thenormal and shear loads are measured until théstest
stoped,whichis whenthe permanent shear displacement reaches 6 mm or can be determined by
extrapolaing thecorresponding permanent shear displacement of 6Tthenconcept of

parameter NDivasderived by Romanoschi and Metca2001)to represent tanumber of load

cycles that leads to an increase in the permanent shear displacement ofvhiohnn urn

indicates the interface bond fatigue performance. The test reatidsdevenwhenthe same

normal stress but higher ND1 was recorétedspecimes with atack coatompared to

specimensvithoutatack coat.
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Double Shear Tester (DST)

A NCSU asphaltesearch teameveloped th®oubleShearTester (DST) to study tH&Sand
fatigue mechanisms of symmetrical tlagered specimex(Safavizadeh and Kim 2017)he
advantage of the DSi§ that the two interfaces experience relatively pure shear sites®ffect
of the bending momerthat iscreated by the eccentricity of the shear loadld befound in
single interlayer test The DST tried to solve this probldmtgenerating crack propagation at
two interfaces wapracticaly impossibe. Figure2.31 (a) presents achematidllustrationof a
DST specimen antheloading mechanism arfeigure2.31 (b) shows the DSTnstalled ina
Materials Test System$IT'S) loading fame.

6.0”

AR

(a) (b)
Figure 2.31 (a) Schematidllustration of Double Shear Testetestspecimen and loading
mechanism and (b)Double Shear Testeinstalled in MTS loading frame (Safavizaddr and
Kim 2017).

Virginia Shear Fatigue Test

Donovan et al(2000)at Virginia Techconducted @search to optimize the application rate of
tack coats for geocomposite membranes and gvbrldge decksTheir Virginia shear fatigue

test apparatyshown inFigure2.32, measureshe number of shear load cycles tisatequired to
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cause failure at the interfaosingspecimas (diameter of 93.7 mnthatconsist of PCC and

HMA. A cyclic shear load of 0.1 s hatine wave with a deflection of 0.4 mm is applied,

followed by a relaxation period of 0.9 s to simulate the movement of vehicles on the pavement.
Donovan et al(2000)recommenddapplication rates of 1.40 kg#t2.58 Ib./yd), 1.50 kg/m

(2.77 Ib.lyd), and 1.75 kg/mh(3.23 Ib./yd) for casesn whichthe geocomposite is in contact

with an HMA base, an HMA wearingpurseand PCC, respectively.

Figure 2.32 Virginia shear fatigue test setup (Donovan et al 2000)

2.3.3 Tensile Strength Evaluation Methods

Devices such as ATackehe LTCQT, andthe University of Texas at El Paso (UTEP) Ruffl
Device UPOD) are used to measubending properties tensile mode. Treedevices workoy
having aplatein dired contactwith the field surface where the tack caapplied and then, the
peak tensile strength is measlieand analyzed when the plate is separated from the surface by
torque or tensile power. This procedaeen be problematiwvhen the surface snuneven milled
surface but asa method to verify the tack coat application quality in the figlds beneficid,

simple and productive.

ATacker
Buchanan and Wood2004)developedATacker, shown inFigure2.33, to evaluate tack coat
performancen both tensile mode and torgglear mode. They found thitae mean tensile

strength increasavhen the application raie decreasg andthat along set time ehances tensile

37



strength as welBuchanan and Wood2004)also found thaCRS2 is the bestack coat

materialwhereasSS 1 exhibits the lowest strengtitandthatthe test results are not affected
consistently by temperatur€he main disadvantage AfTackeris thatloadapplicatiors onan
uneven surface are difficult and tiraensuming nonethelessts simplicity and portabilityare

beneficialfor testing invarious distressmodes(Karshenas 2015)

7 Components

Force Gauge
Torque Gauge

Test Plate

Weights

Rotation Stop Lever
Contact Plate
Torque Shaft
Leveling Bolts
Drive Lever

Drive Screw

SOPNONDWN

(=]

Figure 2.33 ATacker test device (Buchanan and Woods 2004).

Louisiana Tack Coat Quality Tester (LTCQT)

Mohammad et al2012)developedheLTCQT by modifying ATackef{Buchanan and Woods
2004)to evaluate the quality of the bond strength of tacksitadiCHRP Project 210. This
device shown inFigure2.34, allowsloading applicatioathat useslectronic sensors,
modificationsto the sensitivity of the load cell, and adjustmentthe sensitivity of the actuator.
Mohammad et a[2012)also compared LTCQflesultswith LISST resultsand demonstrated

that the LT@T can rapidlyconfirm tack coat quality during construction.
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Contact Plate: 14.5cm Diameter

Figure 2.34 SecondgenerationLouisiana Tack Coat Quality Tester(Mohammad et al.
2012)

University of Texas at El Paso Pubff Device(UPOD)

Researchers &tTEP developed a putiff testing deviceknown as UPODto measur¢he
tensile strength of tack ca&tshown irFigure2.35. A 40-lb load is applied tohte plate for 10
minutes and the torqukat is needetb separatéhe plate from the tack coat appli¢nl the
pavement surface is measured and then convertecetm#it(Deysarkar 2004)Additional field
tests byTashman et a{2006)showedthat adrawbackof the UPOD ighat it has inadequate

contact on milled surfase

Figure 2.35 University of Texas at El Paso Pulbff Device(Tashman et al. 2006)
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2.4 Critical Summary

A critical literature review was conducted to fo@pecificallyon a few importantactors

namely, the effects dhetack coat mterial type, application rate, and surface conditions on ISS.
The reason that these three particular factors were targeted for further investigation is the
uncertaintysurroundingheir effects on ISS. Many of the researchers of the reviewed studies

reacled different or conflicting conclusions in this regard.

Effect of tack coat type

The effect of tack coat material typa 1SSis generallyinsignificant however trackless and
modified tack coat materials show better performance than emulsion typeamsaft&NOVA
results also indicate thtiie effect ofthetack coat is insignificant when the trackless coat is
excluded from the analys{Bahia et al. 2019Moreover, the emulsion typeftack coatshave
lower ISS values than the no tack condition in some &tesbchi et al. 2018Yhe
performance of themulsion type of tack coats is similar toracking between twadjacent
asphalt layerdhecause¢hese emulsion materialsave relatively lower modusand stiffness
valuesthan the other types of tacks and ewéthe AC binder ofthe mixture itself. Tack coat
selection that ibased on performance measurersentequiredn some case®therwisgthe

bonding performancmay be compromised

Effect of application rate

The application rateemains aontroversial factohutits effect is not critical for ISS
performance. Th€ ratios andp-values obtainedrom ANOVA also indicate the insignificance
of theeffect ofapplicationrateon ISStestresults(Bahia et al. 2019)T'he optimum application
ratevariesby factors such as material type, surfaodbr texture and temperature. The
trackless and modified tackxhibitbetter performance at higher application satbereashe
other emulsion typef tackcoat have optimunapplicationrates that reflecthe best ISS
because athe superioperformance of the trackless and modified tagis themselved-or
surface with low texturesuch asvhen asand mixturas used, the IS®orsers whenthe
application rate increases becausddihge amount ofackcoat acts as a lubricaror surfaces
with high texturesuch asvhen anOGFC mixis usedthe ISS becomes greatercausehe air
voids are filled with tackin conclusionthe effect of application rate and surface texture become

less significantadlo w t e mp er at ubecauséhanmotulisans stifinesvaluesof the
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tackcoathave increask whichis a dominant factor for ISS.hecorrelatiors and effecs of the

variousfactorsremain difficult to clarify

Effect of surface condition

The surfae condition affecttheISS moresignificantlythanthe othertwo factors i.e.,tack coat
material type and application rate. Rough surfaces or high textures mostly support better ISS
performance, but the significance or trend of the effect of the swfaegture cavary

according tespecificconditions or other factorSpecimens from the field withdh surface

texture show worse 1S8nd the damageausedyy the milling processs a possible reasdor

this outcomeMoreover a high texture surface needshigherapplication rate to have positive
effecton the ISS. For instancahigh texture surfaceaused by the use of &GFC mixleads to

a pavement wittbetter ISSbecausehe air voids are filled with tack coat materisllany factors

are in playand therefore, clear reasdies outcomesr conclusiongre difficult to pinpoint
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3 EXPERIMENTAL PROGRAM
3.1 Materials

3.1.1 Asphalt Mixture

In this study of tack coat materials for overlays, HMA loose mixirshear performance tests

was obtained from the Fred Smith Compargnightdale planbn US 64 at Wake Stone Quarry

in Wake CountyNC. Figure3.1 presents the aggregate gradatiothefRS9.5Bmix andTable

3.1 presents the job miformulaandprovides details about the materials. This RS9.5Bwaig

usedto fabricate thespecimens for this research. TihesignationRS9.5B,describeshe

mi xteheaedéacteristics: 6RO indicates that it is
that it is a surface mixture, 9.5 reflectsNISIAS, and 6éBO6 represents the

Specifically, this material is warm mix material and Evotherms3@ed asheadditive agent.

100.00

80.00 r

60.00 r

40.00

Percent Passing

20.00 r

0.00

075.15 3 6 118 2.36 4.75 95 125
Sieve Size, mm, Raised to 0.45 Power

=3 Combined Gradation O Control Points —e—Restricted Zone

Figure 3.1 Aggregate gradation of RS9.5B mixture
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Table 3.1 Job Mix Formula

Material RS 9.5B
AsphaltType Warm Mix Evotherm 3G
Job Total Binder 5.5%
Mix 25%, Coarse Aggregate #78M
Formula Aggregate 40%, Screenings, Washed
35%, Fractionated RAP 9.50 mm
Anti-Strip Evotherm 3GM1
25 mm (1in.) 100
19 mm (3/4in.) 100
12.5 mm (1/2n.) 100
9.5 mm (3/8in.) 97
_ No. 4 (4.75 mm) 75
f/irgiits'?n”g No. 8 (2.36 mm) 58
No. 16 (1.18 mm) 44
No. 30 (0.6 mm) 31
No. 50 (0.3 mm) 20
No. 100 (0.15 mm) 11
No. 200 (0.075 mm) 5.7
Gmb 2.331
Gmm 2.428
%VMA @ Ndes 15.8
%VFA @ Nues 74.8

Note:RAP is reclaimed asphalt paveme@ti is the bulk specific gravity of the miGmmis the
maximum specific gravity; VMA is voids in mineral aggregate; VFA is voids filled with asphalt;
Nuesis thedesign number of gyratory compactions.

Dynamic modulus|E*|) tests of the RS9.5B warm mix matenetreconducted to acquire its
viscoelastic propertiese.,dynamic modulus values and tirtemperature {T) shift factors
(AASHTO TP 13219 2019)AC in the linear viscoelastic range is known to be
thermorheologically simple materisb thatreducedtime/frequency can be used as a parameter
thatcombinestime ard temperature. In this researthetest specimens dalimensions of 38

mmin diameter and 110 mm in height. Four test specimens were extracted from a gyratory
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compacted sampldatwas 150 mm in diameter and 180 mm in height. The target air void
contentfor the test specimens was 6.0%, and the air void contents of the four test specimens
fabricated were 5.5%, 5.8%, 6.2%, and 6.3%, which satisfies the acceptable range between 5.5%
and 6.5 percent. An Asphalt Mixture Performance Tester (AMPT) Pro was siieg] testing
device(AASHTO 2019a) The tests were performed at three temperatures, 4°C, 20°C, and 40°C,
and six frequencies, 23z, 10Hz, 5Hz, 1Hz, 0.5Hz, and 0.1 Hz. Equatio(8.1) shows how the
reducel time/frequencyfr, or rate represents the effect of time and temperating theshift

factor @r), which can be expressed with its coefficieaéshown in Equatio§3.2). Equation

(3.3) indicates dynamic modulus valudsatcorrespondo reduced frequency as a fitted

sigmoidal function. Equatio(8.4) shows how the Prony series coefficients are obtained by

fitting the storage modulussingthe collocation methofPark et al. 1996, Schapery 1962)

fo=1 %, (3.1)
log(a-)=aT* T 4 (32
|Qg|E*|=0’ #

1+ W (3.3)
E=E 4 Eé/’i (3.4)
i=1

where

R = reduced frequency (Hz),

= loading frequency (Hz),
® = shiftfactor,
@ i I = model coefficients,
‘Y=conditioning temperature ( ),

|E*| = dynamic modulugMPa),
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d = minimum value ofE?*|,

d+a = maximum value ofg*|,

b, g= constans, material parameteithatdescrile the shape of the sigmoidal functjon
E(t) = relaxation modulugMPa), and

Eo = equilibrium modulugMPa).

Figure3.2 (a) and (b) present the phase angle and dynamic modulus mastercurves from three
replicates of the RS9.5B mix, respectively. THeshift factors, which represent the amount of
horizontal shit in log scale to develop the mastercurves, are showigimre3.3. Table3.2

preserd the shift factor coefficients.
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Figure 3.2 Mastercurves of three replicates of RS9.5B: (a) phase angle and (b) dynamic

modulus.
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Figure 3.3 Time-temperature shift factor curve.

Table 3.2 Shift Factor Coefficients of Mixture Material Used in Study

22';':;‘;‘; RS9.5B Mixture
a 9.63E04
2 :0.167
2 3.084

3.1.2 Tack Coat Materials

In this study, five different tack coat materjgdBRS2 (Source 1) CRS1h, NTCRS1hM,
Ultrafuse and CRS2 (Source 2)were used for the ISS tests. The residual application rate for
each tack coat was evaluateging theresidue recovery test (ASTM D6935 (2016) and the
percenages otheresidue were obiaed by Equatior§3.5). Table3.3
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Table3.3 presents the material properties of the study tack coats.
YQi MWOQw
where

Wa = weight of beaker, rod, and residue (g) and

Ws = tare weight of beaker and rod (g).

(3.5)
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Table 3.3 Material Properties of Tack Coats Used in Study

Type of Tack Coat

Property | Unit _ | Ultrafuse
(SC(:)ErSc-eZ 1) (S%Er%éz 2y| CRS1h NTlﬁl\RAS (Hot
Binder)
Residual
Asphalt % 56.91 66.17 53.75 48.15 100
Content
Density kg/L 1.010 1.010 1.016 1.018 1.014

PG 6422 Polymer

Base Binder PG 5822 | PG5822 | PG 6422 Modified Modified
Residual L/m? 0.14 0.14 0.14 0.14 0.14
Application
Rate gallyc? 0.30 0.30 0.30 0.30 0.30
Tack Coat | | /m? 0.20 0.19 0.20 0.21 0.14
Application
Rate gallyc? 0.43 0.40 0.44 0.46 0.30

The dynamic shear moduluss{|) is the fundamental property of asphalt binder that is measured
via dynamic sheatheometer (DSR) tests (AASHTTB15-19 (2019b). Equation(3.6) describes
how thedynamic shear modulus@*|) mastercurves were constructed based on the Chrisienson
Andersofi Marasteanu (CAM) modgChristensen and Anderson 19@2d Equatior{3.7)

shows the reduced frequency and shift factor the same wali@sn inEquation(3.2).

Sudarsanast al. (2020) performed the dynamic shear rheometer testing on the tack coat
materials selected for this study and developedityynamic shear modulus mastercusieswvn

in Figure3.4. The figureshows that Ultrafuse consistently has a higher modulus value than the
other tack coats and that CRYSource 2) has a lower modulus value at a high reduced
frequencyAlso, CRS2 (Source 1) and CR$h have muclhower moduli values than the
remaining tack coats at low reduced frequencies (i.e., at high temperalatdeB.4 presents

the shift factor coefficients for each tack coat based of thereferencegemperaturehat are

reported in Sudarsanan et al. (2020)

me

& 2y 50
a bl ou (36)
g ¢k =

o=l
§

9
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Wi =a;

where
|G*| = dynamic shear moduly®a),

3n

|G*|g = glassy dynamic shear modulwhen frequency tends to infinite,

W = angular loadingrequency (Hz),

Wr = reduced loading frequency (Hz),

(3.7)

W, = constant, locatioparameter where loss modulus equals storage modulus, and

Me, /7= constans, dimensionless, shape parameter.
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Figure 3.4 Dynamic shear modulus mastercurves fostudy tack coats(Sudarsanan et al.

2020)
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Figure 3.5 Shift factors of study tack coats(Sudarsanan et al. 2020)

Table 3.4 Shift Factor Coefficients for Study Tack Coats(Sudarsanan et al. 2020)

Costicients | (Source 1) | (soweez) | RSN | Mipy~ | Umatuse
a 7.82E04 1.40E12 7.68E04 7.12E04 2.94E04
=Y -0.146 -0.134 -0.150 -0.160 -0.116
a 2.618 2.675 2.701 2.913 2.198

3.2 Experimental Method

Five different tack coat materials warsedfor thelSStestsunder various test conditions. All

the ISS test specimens were loaded in mono&imeamode to investigate the effects of
temperature, loading rate, confining pressure, application ratsuafate conditions on the ISS
of the materialsTable3.5 presents the factors and parameters that were used to create the
various ISS test conditionB1 order to evaluate the effect of the tack coat material type and the
application rate in depth, interface shear fatif6€) testsalso were conductedable3.6

presents the proposed experimental test design foSthanalysis.
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Table 3.5 Interface Shear Srength Test Conditions

Factors Number of Levels
R e e e
Temperature 4 (5°C, 19°C, 35°C, and53°C)
Loading Rate 3 (0508 5.08, and50.8mnvVmin)
Confining Pressur@Normal Stress) 3 (69, 276, 483 kPa)

Application Rate (Residual) 3 (0045, 014, and0.23L/m?)
Surface Condition 2 (Unmilled, Milled)
Compaction Method 2 (Gyratory, Slab)

Table 3.6 Interlayer Shear Fatigue Test Conditions

Factors Number of Levels
Tack Coat 3 (CRS1h, NTCRS1hM and Ultrafuske
Test Mode 2 (strain and stress control majle
Temperature 1 (18°C)
LoadingFrequency 1 (10 Hz)
Confining Pressure (Normal Stres, 1 (173kP9
Application Rate (Residual) 2(0.045 and0.23L/m?)

3.2.1 Modified Advanced Shear Tester (MAST)

In this study, thdAST wasusedto investigate thanterfaceshear properties of adjacent asphalt
layers. The MAST was designed and develapgle NCDOT (HWY 20L3-04) researclproject

to resolve issueassociated witlseverabf thecurrent devicesisedfor shear testing. #adirect
sheartestapparatusthe MASTallows teststo be conductedsing specimens wittlifferent
geometriese.g.,152.4 mm and 101.6 meguareshaped specimens as well as 101.6 mm
diameter cylindrical specimenasshown inFigure3.6. In order to simulate the states of stress
thatoccur in the fielddue totraffic loading, the MAST hathe capabiliy to applyinitial normal
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confining stress for different test moges.,simple monotonic and cyclic fatigue modaeader

various environmental conditiops.g.,in stress or strain control mode at various temperatures.

Figure 3.6 lllustrations of the Modified Advanced Shear Tester (MAST).

3.2.2 Specimen Fabrication

In this study, the final MAST specimegnonsisted of twa\C mixture layers antheselected

tack coat betweethe layers. Each layer for the final specimer llae samsymmetrical
geometry, 101.6 mnm diameter and 38.1 mim height. Thefirst step of theMAST specimen
fabricationprocessvasto produce the bottom lay€t50 mm diameter and 50.8 mm height
usinga Servopac Superpave Gyratory Compactor, manufactured by IPC Global of Australia.
Once the compaction and coolingrecomplete a designed amount of tack ceasapplied
uniformly on the top othebottom layer. After curing, the top layerasapplied by epeating the
same compaction proceasfor the bottom layeusing thesamespecimergeometry Figure3.7
presents the whole procasghe compaction of the top layéfinally, the MAST specimewas

obtained by coring and cuttingsshown inFigure3.8.
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(©) (d)

Figure 3.7 MAST specimen preparation steps: (a) compaction of bottom layer, (b) tack coat

application, (c) placement of bottom layer inspecimenmold, and (d) completed gyratory
compacted specimerfCho 2016)
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Figure 3.8 Coring and cutting processfor MAST specimen.

The optimal mass of A@hat is requiredo achieve 6% air void content for the top and bottom
layersis necessary to achietlee desired gyratorgompacted MAST speciem. Table3.7 shows
the results of the air void study for each layer. Based eretationshig shown in the tabje
7.%% air void contentwas chosen for the design air vaiohtent in ordeto obtain6.0%air void

content.
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Table 3.7 Air Void Content Data for Gyrator y-CompactedMAST Specimens

i : Dimensions (mm)
Design Air
Void (%) | &Y€ | 150(D) 150 (D) | 101.6 (D)
50.8 (H)* 50.8 (H)* 38.1 (H)
25 Bottom 6.8 6.4 6.1
' Top - 7.4 6.4
Bottom 7.3 6.8 6.7
8.0
Top - 7.7 6.8

Different types ofhdditionalMAST specimensisowerefabricated to compare the effect
compaction and air void conteumging the slab compactor model CIRC2S manufactured by
James Cox anflons.Theslabcompaceéd MAST specimen hakesame geometry as the
gyratorycompacted MAST specimen after coringdecutting. However, the slab specimen &as
different air void content, 8%, andrequires alifferent tack coat application process. Similar to
the processised to fabricatthe gyratorycompactedspecimes, the slab specimen fabrication
processs carried out irthreestages. The first stageto createhe bottom layevia compaction,
and the second stagethe applicatiorf the tack coabn the bottomayerusingaspray gun

The third stage isompacting the top layénat isabovethetack cat and bottom layer

Following ths compaction process, six slab MAST specimens were cored from thie #tedb

study. Figure3.9 shows the fabricatioprocesdor theslab-compacted MAST specimen
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Figure 3.9 Slab-compactedMAST specimenfabrication: (a) fabricated bottom layer
interface shear strength test specimen, (b) using hot spray gun apply tack coat, and (c)

core pattern on slab.

Figure3.10 shows how the final cored and cut specimen is glueddtoe$ which are the
framesusedto hold the tesspecimen inside the MAST to restrdimte bending forceFigure3.11
presents th&IAST testsetup. Once the specimen with shoes is installed in the MAST, the
confiningpressure is applied by tightening bolts on theheftd side of the MAST. After
temperature conditioning, the shear performance test is conduegzdbyshear force is applied
by theMaterial Testing SystenMTS) and the displacement is measured aslibgal image
correlation DIC) systencaptures the movement of the speckled pHyprisattached to the side

of the specimersee Section 3.2.3 for details regarding DIC
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Figure 3.10 Gluing procedure of slab-compactedMAST specimen: (a) MAST cored
specimen, (b) glue on steel shoes, (c) specinpdaced on half of steel shoes, (d) second half
of steel shoes on top of specimen, (e) shoe with specimen fastenside gluing frame, and
(f) completed assembyl (Xue 2020)

Speckled paper

Cyclic displacement

=

Confining pressure

=
-

Opening to cabture
images

(a) (b) (c)

Figure 3.11 MAST test setup: (a) schematic diagram, (b) loading MAST shoes into loading
jig, and (c) testsetup with digital image correlation (DIC) system(Ragni et al. 2021)
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3.2.3 Digital Image Correlation (DIC)

TheMAST is a sophisticated devitlkatcanbe employed teonduct multiaxial loading test
with shear stress and normah¢ining stressHowever it hasalarge number of components and
associatednachine compliance isssisuchthat attacing an onspecimen linear variable
differential transformer (LVDT)n its proper positions a difficult task In order to collect
accurae displacement information,AC systems employed The relative displacements and
strains are measured and compuwtiatomparisos between the previous image and current
image. Specifically, specklgzhperwith alarge number of pixel dois attached tathe MAST
close to the actual specimen. DIC analysis is the procégumhichthe speckled imags
dividedinto small subsets, the corresponding locations of the sudrgetecognizedand the
locationsare trackedn order of image creatiom this study, theneasuremestand
computatios were conductedsingDIC software packagaleveloped by Correlated Solutions,
Inc., Vic-Snap and Vie€D, respectivelyFigure3.12 shows howthedisplacement or
deformation information can lmkerivedby tracking the location of the subsats,,the

horizontal and vertical displacements of the center point of each subset in theysixeja

large numbeof imagegSeo et al. 2002)

x N
X, =x,+u(x,y)
e =Y, +v(x,¥)
Gray scale from 0 to 100
}I])‘
'r o <25 A5 & .b':
¥ 1:‘53 so | 25 <);>
;‘, 40 15 !:k,s
> |~ -
CEE R ETH
Xp Xp y
I Before Deformation I I After Deformation l

Figure 3.12 Digital image correlation analysis of differences between initial image and

deformed image(Seo et al. 2002)
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3.3 Milled Surfacesand SpecimenFabrication

3.3.1 Milled Surface on Field Cores

After specimensvere fabricatedisingmilled surface field core sampldhe needo obtainmore
informationaboutmilled surface emergedFigure3.13 showstwo milled surfacesvith different
shapes, heightand widths of grooves. At first, these differences were considered to be
ignorable but afterthefabrication ofthemilled surface specimens ese differenceted to
different volumes of the samples athdistwo differenttest specimens.

Figure 3.13 Milled surface field cores.

Also, whenthesame amount of top layer matemehsapplied on two different milled bottom

layersto achieve theame heightor thetop layersthe densityvaluesof the two top layersvere
completely differentThedifferentdensiy valuesof thetop layers othesespecimens could be
confirmedbased on visual observatiohasphalt bindethathad extrudeaut of Specimen No.

2, asshown inFigure3.14.
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Figure 3.14 Two milled surface gyratory-compacted specimenwith different density

values

Giventhe difficulties that were encountereat precisespecimerfabrication,a three
dimensional 8-D) laser scannedepictedn Figure3.15, was utilized tagleanspecific
informationabout thamilled surface. Typically, a3-D laser scanner is uséal measure theut
deptls of a pavementAlthough many efforts have beanadeto obtaininformation aboumilled
surfacesthe3-D laser scanner methaslistill considered the best way to estimate edifuiface
measurements. However, this method ofénsost no consistency and the surfacethefield

core sampleshowedsignificant variation

Figure 3.15 Three-dimensional laser scanner.

The investigation using tH&D laser scanner was focused on the milled surfaces of field core
samples because the milled surface affects the specimen fabrication process and was expected to

affect the test results also. TBd laser scanner was used to measure the milled surfaces, but
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uncertainties surrounding the sample geometries and inconsistency of the grooves led to
skepticism about using field cores. The main concern came from the observation that the milled
surface was ot perpendicular to the side of the field core. This problem would cause the shear
loading plane, which is perpendicular to the side of the core, not to be even with the interface of
the milled surface and overlalyigure3.16 shows that field core samples that do not have

perpendicular geometries can affect the results of shear tests.

7| o= Top Layer =

= Tack Coat -

4= Field Core -
Samples
(Bottom Layer)

Shear G

ko Shear

Load

Figure 3.16 Effects of perpendicularity of field core samples on shear tests.

The texture or perpendicularity of a milled surface can significantly impact the fabrication of a
MAST specimen and even the shear strength test results. An alternative to field core s@mples
tried by producing an artificial milled surface in the laboratimrynimicthe actual milled surface

of field core samples. This artificial surfacedimaore consistent grooves on the surface and

guaranted perpendicularity between the top and side sedac

3.3.2 Milling Machine

To make the artificial milled surfaces as similar as possible to actual milled sudatsiing
was made foa milling contractoy Delta(Haw river, NC) to obtain information about the

milling processFigure3.17 shows details afhe milling machine, in particular the teeth that
determine the texture of the milled surface. Each tooth rotates to prevesitleder uneven

wear. When the teeth contact the surface for milling, they are at acute angles, not right angles, to
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the pavementwsface. Usually, milled pavements have grooves that are wider than a tooth width,
which has a range of 10 mm to 13 mm (0.4 in. to 0.5 in.). The distance between the centerlines of
two teeth is15.875 mm%/8 in).

L 1 : ) ‘4' 2 e “:._. . ., ) - a\ﬂ
Figure 3.17 Milling machine (Wirtgen): teeth details.

Artificial Milled Surface Prototypes

In order to fabricate an artificial milled surface botttayer sample, the drilling machine shown

in Figure3.18 was chosen because it has a mechanism that makes a groove using a rotation that
is similar to that found iwWirtgen milling machines. The machine shownFigure3.18is able

to make rounded grooves using rottrddrill bits that are similar to the grooves made by a

milling machine Figure3.19 shows photographs specimen prototypes with different groove
widths.
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(a) 1/2 inch (b) 5/8 inch

(c) 3/4 inch (d) 7/8 inch

Figure 3.19 Prototype artificial field cores with different groove widths.

Using field core samples is considered the best way to reftéealfield conditions and real
pavements but it involves many uncertainties and possibly large variations. Labondkedy

samples would reduce the variations in the test results; however, whether the shear strength
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measuredrom such laboratorynilled samples is representative of the shear strength of field

cores remains in question.

3.3.3 Field Milled Surface Investigation

The investigation into milled surfaces utilized the Hillsborough Street pavement construction
project in Raleigh, NC as the milled surface field. The surface grooves were almost the same
width as the distance between the centerline of twth iee¢he milling machine. However, the
actual groove width of approximatedy5 mm (38 in.) was narrower than the tooth width, which
has a range df0O mm to 13 mm (0.4 in. to 0.5 inlmportantly, no asphalt binder material was
evident on top of the wiglthat separated two grooves because the milling machine obviously
and randomly crushed the top of the wdgure3.20 shows the overall conditisrand texture

of the Hillsborough Street milled surfaces.

() (d)
Figure 3.20 Field milled surfaces on Hillsborough Street, Raleigh, NC
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AdvancedArtificial Milled Surface Prototypes

Based on the Hillsborough Street field investigation, new versiotineaftificial milled surface
bottomlayer samplaeverefabricated The previous sampléshown inFigure3.19) could have

any amount of asphalt binder material on top of the walls between the grooves and appeared as a
new pavemengurface with the grooves full of asphalt binder material. However, the actual field
milled surface on Hillsborough Street did not have much asphalt binder material on the top of the
walls between the grooves. So, additional prototypes with various heifgirisove wallsvere

made Figure3.21 (a), (b), and (cshowthese prototypes with high, medium, and low walls,
respectively.

(@) (b) (©)

Figure 3.21 Artificial milled surfaces: (a) high, (b) medium, and (c) low walls between

grooves.

A visual inspection of the surface conditions of the Hillsborough Street field pavement was
unable to vatlate the intended similarity of the laboratdapricated samples to the actual

milled surface. In order to obtain accurate texture depth measurements, a second investigation
was conducted at a pavement construction site at Maynard Road in Caxyjrig@ect the
pavement 6s mi | |-Bldserprofilef, @ashoen inFgurad.g2. Tais pBofiler

employs the innovative RoLine line laser, produced by LMI Selcidms lasewasused

successfully in developing RoboTex3# laser sensor faneasuringhe surface texture of
concrete pavemenas part of a research efforder the sponsorship thfe FHWA. The RoLine
lasermeasures the distance between the laser sensor and pavement surfaciaé both
longitudinal and transverse directions and produce®artap of the pavememtsurface texture

(Kim and Adams 2011)rhus, by using this-B laser profiler, more accurate lfledata about the
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surface textureould beobtairedand thent was able to beneasurd the mean profile depth
(MPD), a parameter that indicates a pavement

-

Figure 3.22 3-D laser profiler on Maynard Rd., Cary, NC.

Mean Profile Depth Definition
The MPD represents the exposed texture depth of a pavemeesurnfansit New Zealand
(2005)defined the MPD as expressed here by Equa(®8).

_ Peak leve(l si+ Peaklevé nd
2

MPD

-Averageleve (3.8)

Figure3.23 schematically explains the variables used in Equg8d@). In the diagram, the MPD
clearly indicates the roughness (i.e., magudace texture) and exposure depth of the milled

surface.
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Figure 3.23 Schematic diagram of mean profile depth determinatior{Transit New Zealand
2005)

In addition to using a-® laser profiler, the NCSU research team also visually inspected the
surface conditions of the pavement section ayiard Road in Cary, NC. The surface grooves
appeared as dotted lines in some sections. In most cases, the distance (width) between the
grooves was the same as the distance (width) between the centerlines of two teeth in a milling
machine Figure3.24 shows the overall conditions and texture of the milled surfaces at the
Maynard Road siteigure3.24 (a) and (b) are photos taken perpendicular to the pavement
surface, wheredsigure3.24 (c) and (d) are photos taken at an anglgure3.24 (a) and (c)

show the milled surfacwithmostly straight grooves, where&sgure3.24 (b) and (d) show

more dotted patterns in the grooviekreover,Figure3.25 also shows three different surface

profiles of the lakfabricated samples in transverse direction.

67



() (d)

Figure 3.24 Field milled surfaces on Maynard Road, Cary, NC.
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Figure 3.25 Profiles of lab-fabricated milled surfaces (transverse direction): (a) high, (b)

medium, and (c) low walls between grooves.

Profile data for five different field sections at the Maynard Road site in Caryy®&€ obtained

Figure3.26 shows the five different profiles of these fiefdlled surfaces.
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Figure 3.26 Profile depths of actual field milled surfaces (transverse directionjat Maynard
Road site, Cary, NC (a) Field 1, (b) Field 2, (c) Field 3, (c) Field 4, and (d) Field 5.
It wasdifficult to determinehe differences between the laboratéapricated Figure3.25) and

field milled (Figure3.26) surfaces using profile data alone. Therefore, tBel&ser profiler to
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analyze the profiles/as used for a comparistime laboratoryfabricated and field milled
surfaces. The MPD values were used to find the satipé most closely resnbledthefield
conditions.Table3.8 presents the MPD values of the three laboratabyicated samples and

five field milled surfaceskigure3.27 (a) and (b) indicate the MPDs for the laborattalgricated
and field milledsurfacs, respectivelyBased on a comparison of the MPD results presented in
Table 3.8 and FwallaboratorFabritated mitled sampleMasdhé highest
MPD value among the three laboratdapricated samples with a depth of 1.37 mmakg the
field sections, Section F4 &the lowest MPD of 1.54 mm. The other field sectishew1.2 to

1.9 times hyher MPDvalues with a standard deviati¢®D) of 15% to 20 percent. Also, all the
other field surfaceseremore uneven than Section F2.

Table 3.8 Mean Profile Depth (MPD) Values d Three Laboratory-Fabricated Milled
Surfaces and FiveField Milled Surfaces

MPD (mm)

Place Type -
Avg. Max Min SD
Low 1.13 1.37 0.93 0.10
Lab Mid 1.37 1.52 1.23 0.06
High 1.34 1.46 1.19 0.05
F1 1.84 2.84 1.20 0.37
F2 2.87 3.78 2.22 0.35
Field F3 2.18 3.56 1.47 0.43
F4 1.54 2.09 1.15 0.22
F5 2.30 3.13 1.66 0.36
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Figure 3.27 Mean profile depths: (a) laboratory -fabricated milled surfaces and

(b) field milled surfaces.

Figure3.28 presents D renderedmages that show the profile depths of the laboratory

fabricatedMi d 6 wal |l sampl e and field sndlemilledns F2 an
surface of Section F2, shovumFigure3.28 (b), is highly irregular compared to that of Section

F4, shown irFigure3.28( ¢) , as justified by ofStetMPDvalue. F20s s
Also,t hMdi d6 wal |-fabricatedsampld and figld section F4 have similar groove

patterns according to their[3 images. Therefore, among the laboratiatyricatedsamples, the

Mi dé6 wall sample is the most AtheghtheMPBwatuat i ve o
of Mihca 6I1&amplé is lower than the MPD values of the field milled surfabesower

MPD value would result in less shear strengtthesAST test, which provides relatively

conservative shear strength data.
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(b) (c)
Figure 3.28 Three-dimensionalrenderings: (a) lab-fabricated &Mi dwall, (b) Field 2, and
(c) Field 4.
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4 TEST RESULTS AND DISCUSSION
4.1 Interface Shear Bond StrengthTest Results
4.1.1 Digital Image Correlation Strain Rate

Due to machine complianedgfects on-specimen LVDTs measure lower strain values than
crosshead LVDTsand even the strain values from-gmecimen LVDTsvary at different
temperatures becauseabfangs in stiffnessof the material and machinself. Figure4.1 shows
thatthecrosshead strain rate is constaneveas th®IC strain rate is not constarut
nonlinear. Chehab et §2002)alsofoundthat strain ratesbtainedfrom onspecimerLVDTs
are nonlinear and can be fitted by a pure power form function up to the failure point of the

specimen. Osspecimen strain ithe power form is shown in Equatiei@.1), (4.2), and(4.3).

0.5

A Crosshead Strain
04 @DIC Strain

°
w

Strain (y)
o

01 f

Time (s)

Figure 4.1 Shear strain measuredusing crosshead LVDTs and DIC techniquein interface
shear strengthtests at 50.8 mm/min(2 in./min), 19 C ( 6 6, anjd 483 kPa(70 psi)confining

pressure with Ultrafuse.

- @ o (4.1)

. o
-0 — 4.2
w 5 (4.2)
- (4.3)
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where
e= strain,
k & slope of strain vs. time at temperature T,
ar = shift factorattemperature T,
t=time,
x = reduced time at reference temperature, and

k = reduced strain rate at reference temperature.

Figure4.2 shows a process to obtdlre strain rate by fitting. For this process, only the data
before failureareused. In other wosj if the data derate fromthe power law, they are excluded

from the fitting process faheacquisition ofthestrain rate.

1
y = 0.0335x1-4868
0.1 f Rz = 0.9829
z @'
£ e
g o001} Y I od
@ .0
t_) -
o )
0.001 }
0.0001 .
0.1 1 10

Time (s)

Figure 4.2 Pure power form fitting method to evaluate strain rate (k') at 50.8 mm/min,

19 C, and 483 kPa confiningpressure with Ultrafuse.

In this study, the slopef thestrain \ersustime (k )}dcurvewaschosen as the DIC shear strain rate
() based onvork by Chehab et al2002) asmentionedn regard taequation(4.1), (4.2), and
(4.3). Further, the DIC shear strain rate @lso can be used to calculate the redstear strain

rate { ) usingthe shift factorsgr) obtainedfrom dynamic modulus tests of each tack coat

material,asdescribedy Equation(4.4) as well.
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I ) (4.4)

where
[ =reduced DIC shear strain rate and

[ = DIC shear strain rate.

4.2 Validation of Time -Temperature Superposition Principle for Shear Strength

Cho(2016)applied the-T superposition principle to construct an ISS mastercurve based on
MAST and DSR test results. Followingetsamenethodologyused byCho(2016) in this study,
11 different reduced shear strain rates were selected to verify the appyicdliiet-T
superpositiorprinciple to construct a smoot8S mastercurve. The MAST specimens and test
conditions selected for the verification @€RS 2 tack coat, 276 kPa confining pressure, 0.03
gallyc® residual application rate, amshunmilled suface.The Cho(2016)approactwasverified

to ascertain the reproducibility of the appro&mhdifferent uses.

The shift factors of each tack coat material were measured by carrying out temperature
frequency sweep tests usia@pSR. Thet-T shift factor function shown in Equati¢B8.2) was
fitted to the measured data poitdobtainthe model coefficients. The model coefficients for
each tack coat material e 20 C reference temperature are showiable3.4. The

coefficients of the shift factors that were measured for each tack coat thesst@indard
reference temperature of ZDusing the DSR were substituted in the ghift facor formula
shown in Equatioi(3.2) to obtain the shift factors at the respective conditioning temperatures
used in the MAST &s.Then Equation(4.4) was used to calculatee reduced shear strain rate

at the MAST testing temperature.

Figure4.3 shows thattie ISS valueattwo adjacent reduced strain rates, tested at different
temperatures and strain rates, overlap/aliggréatethe|SS mastercurveThe fitted function of
the ISS nastercurve has a power form. THere, the tTS principle was validated by creating a

smooth matercurve for ISS.
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Figure 4.3 Verification of time-temperature superpositionprinciple for interface shear

strength mastercurve.

Table4.1 presents the selected actuator shear strain rates, measured DIC shear strairates

corresponding IS&stresults.

Table 4.1 Selected Actuaor Strain Rates and Corresponding Reducedigital Image

Correlation (DIC) Strain Rates and Interface Shear StrengthValues

Temperature | Loading Rate | DIC Strain Rate Redu_cej DIC Inter face Shear
() (mm/min) (o] seq Stanrat | g ongth kPa)
(o/ se
50.8 4.116E02 1.789E+00 4113.75
5 5.08 3.644E03 1.584E01 2692.72
0.508 3.072E04 1.335E02 1846.98
50.8 7.800E02 1.339E02 2623.51
19 5.08 3.215E03 1.066E01 1722.16
0.508 3.182E04 4.394E03 1219.68
35 50.8 7.232E02 4.350E04 1555.34
5.08 7.914E03 2.715E03 793.61
50.8 7.289E02 2.971E04 706.40
53 5.08 7.325E03 1.239E04 495.96
0.508 7.591E04 1.291E06 441.55
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