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EXECUTIVE SUMMARY

Background

The performance of multilayered asphalt concrete (AC) pavements and the relevance of proper
bonding at the AC layer interface are inseparably linked. A sufficient bond between AC layers
allows the stress and strain to be distributed adequately throubbqéawement structure.

However, a weak bond can lead to pavement distress, including fatigue cracking, slippage,
delamination, and eventually, the formation of potholes. The source of such failure often is not
recognized as an insufficient bond betweer@dayers. The bonding of AC layers typically can

be improved by the use of tack coats between the layers. The additional cost incurred by the
application of tack coats for a new or reconstruction pavement project is 0.1% to 0.2% of the total
cost. For nlling and overlay projects, the inclusion of tack coats adds 1% to 2% to the project
cost. The rehabilitation of a debonded surface by replacing the top lift can be as much as 20% to
100% of the total project cost. Therefdies type, quantity, and qualibf the tack coat materials
andtack coat construction practices must be considered carefully in order to prevent premature
pavement failure and mitigate subsequent q@$tVA 2016)

Objectives

The primary objective of this proposed research is to develop a set of test procedure and
acceptanceriterion that can be used in a tack coat quality control (QC) pragramtigate
debonding in asphalt pavements. This study covers the effects of tack coat application rate, AC
surface conditions (milled and unmilled), confining pressure, strairaratéemperaturen

interface shear strength (ISS) of doulalgered ACspecimens

Materials and Methodology

The AC loose mixture used in this study is a warm mix designated as RS9.5C with 20% reclaimed
asphalt pavement (RAP). The five types of tack coats insihis study are CR3 (Source 1),

CRS2 (Source 2), CR&h, NTCRS1hM, and Ultrafuse. The experimental design was to measure
thebinder bond strength (BB®J each of these five tack coaisd the ISS ofloublelayered AC
specimensTheBBS andSSwere measured usingneumatic adhesion tension testing instrument
(PATTI) andModified Asphalt Shear Tester (MASTespectivelyFigure F1 presents a

schematic illustration of the MAST and PATTI test setufise MAST test specimens were

fabricated with different tack coataterialssandwiched between doubgered AC. The MAST

tests were carried out at various confining pressures, temperatures, anepstain rates

using specimens fabricated with different tack coats, application rates, and surface conditions, as
shown inTable 1. Three application rates, 0.0452 12/(.01 gal/yd), 0.136 L/n% (0.03 gallyd),
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and 0.226 L/rh(0.05 gallyd), were selected to investigate the effects of the tack coat application
rate on the ISSThe PATTI tests were carried out at 13 different tempegatfor each tack coat;
these temperature data were used to construct BBS mastercurves.
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Figure F1. Schematic illustrations for (a) MAST test setup and (b) PATTI test setup.

Table 1. Testing Conditions for MAST Tests

Factors Conditions
Tack coat type CRS2 CRS2 CRS1h | NTCRS1hM | Ultrafuse
(Source 1) | (Source 2)
Test temperature 5°C, 19°C, 35°C, 53°C
Application rate 0.0452 L/n% (0.01 gal/yd), 0.136L/m? (0.03 gallyd),
0.226 L/nt (0.05 gallyd)
Loading rate 50.8 mm/min (2 in./min), 5.08 mm/min (0.2 in./min),
0.508 mm/min (0.02 in./min)
Confinement 69 kPa (10 psi), 276 kPa (40 psi), 483 kPa (70 psi)
Surface Ungrooved Surface (U) \ GroovedSurface (G)

The response of a pavement section also was studied by running numerical simulations using a

threedi mensi onal finite el ement software package
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simulated pavement represent those thick pavement stcture used in North Carolina, as shown
in Figure 2. The previous NCDOT project HW201304 (Kim et al.2015)found thata thick
pavement structure more vulnerable to debonding at the AC layer interface than a thinner
structure due to the greater shear stress that is induced in a thick paydsoeanalysis of the
maximum shear ratio (MSR) indicates that a high temperature, low speed, and etgosare
critical conditions that are conducive for debonding at the AC layer intdKaoeet al. 2015Cho
2016) Therefore, the thick pavement investigated in this study was loaded using a dual tire with an
axle load of 80 kN running at various vehicular speédsed km/h (1 mph), 4.82 km/h (3 mph),
8.04 km/h (5 mph), 16 km/h (10 mph), 32.2 km/h (20 mph), and 72.4 km/h (45 mph). These
conditions assume a vehicle in the braking state with a frictional coefficient of 0.55 at the speed
under consideration. The pament temperature is set at &0
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Figure F2. Thick pavement section.

Research Approach

Figure I3 presents a flow chart of the research approach used in this project. The end result is the
minimum BBS value that is required for acceptance of a tack coat. Four phases are needed to
achieve his goal, as described in the following subsections.
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Figure F3. Flow chart for research approach.

Phase 1: Development of Predictive Equations for the Interface Shear Strength (ISS) and Binder
Bond Strength (BBS) Based orbbaatory Tests

In Phase 1, the BBS (Step 1) and ISS (Step 2) of the different tack coat interlayers were measured.
The MAST tests were carried out at various confining pressures, temperatures, and (monotonic)
strain rates using specimens with differenkteoats sandwiched between dotlblgered AC.

Chapter Joresents a critical evaluation of the MAST test results. Analysis of all the outcomes led

to the establishment of a relationship that is based on confining i@@sslreduced strain rate

which is a function of temperature and strain rat¢he ISS, as shown in Equati).

viii



ti=@% Yy .3 .s¢ % @

where

[ = ISS kPa,

g = reduced shear strain rate, and,
S. = normal confining stress, kPa.

The parametera, by, ¢, di, ande for the four tack coats were found and are reportd@bie6-1.

Similarly, BBS tests were conducted at 13 different temperatures. The results were used
successfully to verify the validity of the timilemperature superposition(8) principle for the

BBS. Consequently, a relationship between the BBS and reduced stress rate was derived, as shown
in Equation(2).

Ng

S\ =% & @
where
Sy = reduced stress rate,
S, = BBS, and
ag, .8 = material parameters.

Phase 2NumericalSimulations of Pavement Response

Pavement response analysis of a thick pavement structure typically used in North Carolina was
carried out wusing the f ivarsion&1The nermetsiréss, gheao gr a m,
stress, and shear strain observati@interface during the analysis were extracted and reported.
Chapter Zrovidesdetails regarding the numerical simulation results.

Phase 3: Identification of Interface Debonding Potential Based oklthémum Shear Ratio
(MSR)

The debonding potential of an interface depends on its ability to resist the maximum shear stress at
the interface that is induced by vehicular loads. Thus, the debonding potential is defined by a factor
known as the maximum sheatio (MSR). The shear ratio is the ratio of the shear stress to the

shear strength along the interface. The maximum value of the shear ratio, i.e., the MSR, along the
interface is the indicator fahe potential oflebondingHigher MSR values indicataeater chance

of debonding at the layer interfadethe MSR exceeds one, then the interface fails in shear, and
debonding occurs.



The maximum shear stress at the interface can be derived from numerical simulations. The shear
strength of a specific tacloat at the interface in the field is predicted using EquétipThe

normal pressure (confining pressure) and reduced strain rate used in E(f)aierobtained from
theFlexPAVEsimulation (Step 3). Thus, the MSR for the different tack coats can be determined
for the critical field condition (Step 5). All festack coats used in this stuslyowedhe MSRvalue
smaller than one

The reduced shear stress iatemployed to predict the BBS using Equat{@n(Step 4 while the
reduced shear strain rasaused to predict the IS8 Equation(1). Rigorous numerical simulations
performed under numerous field conditionstiethe establishment of a universal relationship
between the ISS and BBS that is independent of the tack coaCtypeter Gorovidesdetails. The
bridging factors for establishing the universal relationship betweeISS and BBS are the shear
strain rate and shear stress rate that were measured for each numerical simulation condition.

Phase 4: Evaluation of Minimum BBS Requirement for Tack Coat Acceptance

The establishment of the universal relationship between ISS and BBS led to the development of a
predictive model for the MSR as a function of BBS and depth of the interface (Step 6). The
predictive model is shown in Equati¢3).

MSR=3.0516, ., +60)"° €.04(3 ¢ €)
where
MSR = maximum shearatio,
S.qit. = BBSat50C in kPa; the test stress rate must be 690 kPa/sec (100 psi/sec), and
d = depth of interface from the asphalt surface, in inches.

Typically, the PATTI test protocol recommends a tensile stress rate that is within 75 psi/sec to 150
psi/sec (518 kPa/sec to 1034 kPa/sec). The stresietateninedht the interface depth of 3 inches
(7.62 cm) from the pavement surface via numerical lsitiom carried out at 5C for an 86kN

duattire vehicle at a speed of 1 mfh61l km/hour)induces 664 kPa/seln order to match the

stress rate of the PATTI test with that determined from the numerical simulation, the PATTI test
procedure proposed ihis study recommends the stress rate confined between 90 psi/sec to 115
psi/sec (620 kPa/sec to 792 kPa/sec) and the test temperatur€ dfdther, the MSR predicted

at the interface depth of 3 inch@s62 cm)can be extrapolated by establishing thgation in

MSR with interface depth. Assuming that all the tack coats considered in this study are acceptable,
an MSR that is less than 0.7 is considered a reasonable acceptance criterion for any tack coat for
the selected warm mix surface layBEine MSRthreshold value of 0.7 resultstime BBSthreshold

value of 75 kPat 50 C. Howeverjf the layer above the tack coat isgrengraded friction
course(lOGFC) the cutoff is maintained at 750 kP&hapter Grovides details.
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Major Conclusions

Despite the importance of applying a tack coat to enhance the bond strength at the asphalt interface
and improve the lonterm performance of the pavement structure, no standaté<p@ethod is

currently available to ensutiee propequality of tack coats. The current research approach and

test results are used herein to proposstprocedurand criteriorfor acceptance dhck coats

which can be used for a tack coat QC progrHEnis programincorporates a laboratory test

procedure to determine the BBS of tack coats and the minimum BBS that is required for the
acceptance of tack coat materials to ensure debonding resistance. In addition, a guideline for best
practices and usage of tack caatdeveloped based on experience reported by different agencies

in the United States and the test outcomes from the previous NCDOT projecBY2904 and

the current project RP01803 on tack coats.

The following conclusions can be drawn based on ther@rental work and computational
analyses conducted in this research.

Experimental work

1 The use of theTS principle toestablisithe ISS and BB®astercurvewas verified in this
study. The4T shift factors determined froaxial compressiodynamic modlus tests of
the AC mixture were used successfully to develop ISS mastercurvesT Bhdfttfactors
determined from dynamic shear rheometer tests of tack coat emulsions were used
successfully to develop BBS mastercurves.

1 The predictive model equationrftsS developed by Cho (2016) was fitted to obtain
coefficients for thdive different tack coat materials used in this stuidyis predictive
model can be used to predict the shear strength at a specific pavement depth of interest,
which can be in turn copared against the shear stress at that depth predicted from
FlexPAVE™.,

1 The ISSdecreasewith an increase in the test temperatureaddcrease istrain rate.

This finding applies to all the tested MAST specimens, independent of the tack coat type.

1 Three different confining pressures were applied to determine the effects of confinement on
ISS. The results clearly indicate that the ISS is proportional to the applied confinement
pressure. The mobilization of aggregate interlocking resulted in increademhal
resistance to the applied shear stress. Therefore, shear strength increases with an increase in
confining pressure

f MAST specimens were fabricated with three tack coat application rates (0.0%,¢a0gd
gallycf, and 0.05 gal/yi) for thefive different tack coats. The MAST test results did not
indicate any effect of tack coat application rate on the ISS. Statistical analysis of the effect
of the application rate on the ISS also supports this finding. However, the ISS testks a qu
monotonic shear test that acts as a QC test and, hence, the real effects and performance of
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the application rate cannot be completely captured with this test. A cyclic shear fatigue test
is considered more reliable in terms of understanding the effiegpplication rate because

the loading mode is similar to that found in field conditions.

Tack coat type does not have a significant effect on ISS. Statistical analysis of all the
outcomes under the different testing conditions supports this findinge\o, the strain at
failure and the strain at plateau stress for thetramking emulsions (NTCR$hM and
Ultrafuse) were significantly greater than for the unmodified tack coats-BCREBS1h),
especially at temperatures higher tharnC35 his findingclearly indicates that focusing

only on shear strength may lead to discrepancies withdefdrmanceThe energy that is
dissipated during an ISS test could be a better indicator of debonding potential than shear
strength. However, in this stude dssipated energy up to failuceuld not be used to
compare different tack coat materibtscausd was difficult to definghe failure strain in

the ISS test results for the ntmacking tack coats, especially at high temperates

these conditionshe shear stress reached an asymptotic behavior and the failure strain at
the peak stress was difficult to determine and has a significant effect on the energy
calculation.

Therefore, it is unreasonable to conclude that the performance-tfacking or madified
emulsions is equivalent to that of unmodified emulsions based on shear strength. Cyclic
shear fatigue testeay be a betteanethod to capture the performance differences of various
tack coat typethat the monotonic shear strength.test

Milled andunmilled are the two surface conditions considered in this study. The grooved
surface of the laboratory specimens was created using a mechanical rotary milling machine
that mimics the fieldanilled surface and matches the fi@hlled mean profile depth

(MPD). The results show that the shear strength of the ungrooved surface is comparable to
that of the grooved surface specimétiswever, this finding may be related to the fact that
the shear tests were carried out with the groove path aligned with thexgliattion.

The smooth surface of the grooves that are aligned with the shearing direction facilitated
easy slippage rather than resisting the shear displacévtaebver, a grooved surface

often weakens the strength of the pavement more than an uaedeafacelue to the

damage caused by milling

In order to investigate whether nottheinsignificant effect of the grooved surface on the

ISS was due to thgrooves and shearingrientation being in the sand@ection additional

tests wereonducted with groovest 30 and 90 anglesfrom the shearing direction

Statistical analysis of the ISS results suggésb significant effect ofhe directional angle

of thegrooves on the ISS. This unexpected finding may be due to the daimatyeas

induced on the bottom layer surface during the milling operatibretheror notthis

finding would hold true in the fieldinderactual milling operatiosiremains unclear.

A prediction equation for BBS, which is a function of the reduced tensile stresw/ast
developed in this studjt was found that the BBS mastercurve construction typically
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requires 13 different conditioning temperatures per tack coat, which consumes an enormous
amount of time and effor& new twapoint method is proposed to predice BBS

mastercurve; that is, two tests conducted at two different temperatures. The propesed two
point method reduces the mastercurve construction time to within eight hours of testing,
with a degree of accuracy that is comparable to the predictive thatlelses thdata from

13 temperatures

The ranking of the mastercurves that were constructed using the dynamic shear modulus
values of each tack coat type follows the same ranking pattern as the predicted BBS
mastercurves, thereloyaking the dynamic shemodulus a potential predictor of BBS

To identify the effects of the application rate on BBS, three residual application rates of
0.045 L/nt (0.01 gallyd), 0.14 L/n% (0.03 gal/yd), and 0.23 L/rh(0.05 gal/yd) were used

at a single temperature, i.e4 € for NTCRS1hM and 22C for CRS2 and CRSLh. Even

though no definite trend emerged among the different tack coat application rates for the
different tack coats, the optimum residual application rate for the tested emulsions was
below 0.14 L/m (0.03 gdlyd?). Agencies, including the NCDOT, should specify the tack

coat application rate as the residual application rate instead of the emulsion application rate
in order to gain more consistent BBS test outcomes, thereby avoiding the vesidtien

within different emulsions that can affect the performance of the pavement system.

Numerical simulations

l

In this researchgshear ratidis defined as the ratio between the shear stress at the interface
under vehicular loading and tHeS. The maimum shear ratio (MSR) is determined by
comparingheshear ratios at various locations in a pavement structure that are determined
using the shear stress calculated from FlexPR\dhd the shear strength calculated from

the ISS predictive model. A high®tSR impliesgreater potential for interface debonding

that is due to repeateghicularbraking. A0 MSRthat isgreater than oniedicates that
debonding failure would occur duettee singlebraking of a dual tirat80 kN.All the tack

coats considered this study generated sufficient shear strength to resist the shear stress in
the field based on numerical simulations. Hence, the potential for interface delhasidmng
these tack coats minimal.

The MSR typically is observed along the center ofdhgitudinal axis of the tire at 10 cm

to 14 cm in front of the tire. The MSR location depends on the depth of the interface and
the tack coat type.

The worst field conditions expected in North Carolina for the interface to resist debonding
during itsservice life are as follows: a thick pavement with a dual tire of 80 kN under the
braking condition at a speed of 1 mh61 km/hour)t 50 C.

Minimum required binder bond strength (BBS)
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1 Rigorous numerical simulations for different field conditions hetpedevelop a universal
relationship between ISS and BBS followed by the MSR versusr&B&onshipThe
MSR-BBS relationship ipresented aa function ofinterfacedepth and is used to
determine th&BS threshold values for different interfasepths.

1 A methodologythat can be used as part of the tack coat QC progrproposed to ensure
the appropriate bonding of tack coat emulsions and provide acceptable field performance.
This methodology uses the PATTI testieasuréhe BBS of the tack @t material tested
at 50C. The required stress rate during the test must be maintained at between 90 psi/sec
and 115 psi/sec (620 kPa/sec and 792 kPa/sec).

1 Assuming that all the tack coats considered in this study qualify for acceptance, an MSR
that is kbss than 0.7 can be considered a reasonable awmspiterion.Based on the
MSR-BBS relationship, the BBS value® C that correspond® the MSR value of 0.7
was found to be 75 kPa. Therefore, if the BBS of a tack coat @ti$@bove 75 kPa, then
the tack coat can be accepted for purchase. Howekientack coatsare to be used f@n
opengraded friction coursehe cutoff must be maintained at 750 kPa.
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Chapter 1. Introduction
1.1 Background

The desirable design thicknesssafface layers itheflexible pavement is constructed through
multiple-layers. The layered construction eases the overall procedure, improves the quality control
and is economical than using a single pavement IRyier. to paving, the top surface of the

existing layer is cleaned to mattee surfacelust and moistur&ee. Further, a thin layer of tack

coat is applied tprovideasufficient bond betweetine newsurface andheexistinglayer. Tack

coat is usually in the form @nemulsion or hot binder. For optimal performance, the tack coat
should be thin and uniform and s h tayeloverlagibr e ak 6
paved. The process bfeaking the emulsion is characterized by the separation of liquid asphalt

and water into two separate phageter the water evaporates, the residual asphalt forms a bond

with the underlying surface. For the pavement to be structurally and functisoalig, a proper

bond between the structural layers is essential. Lack of interface bonding may lead to several
premature distresses because the debonded layers no longer act as a monolithic pavement section.
Debondingdelaminatioroccurs at the interfacd two asphalt layers when the shear or tensile

stress exceeds the shear or tensile strength of the tack coat. Thérefoesention of debonding
requires a good understanding of the stress that acts on the bonded irkgytaieé-1 shows the
debonding failure mechanism observed in the fiéigure1-2 exemplifies the delamination of a

surface layer with cracking in the underlying layer.

. . I,
Direction of movement
O CIETL

Figurel-1. Field mechanism of bond failures



Figurel-2 Delamination and exposure of underlying lay&ource:
http://www.defence.gov.au/demag/7technical guidance/aircrafement manual/part a/a4.Dtm

1.2 Research Needs and Significance

Theforensic investigation of the pavement failures in North Carolina apparently shows the
occurrence of premature debonding/delamination distresses€ltkdond among the adjacent
concrete layers is tr@ntributing factofor such failuregPark 2013, and Tayebali et al. 2004)
is debatable that cracking or debonding occurred ficstever, it is clear thiahe debonding
aggravatsthe rate of pavement failure.

Although therearemany numerical analysis tools available to model the asphalt concrete
materials, similar attention is not given in modeling and understanding the interface behavior. The
current pgement design method lacks a systematic and mechanistic approach in designing the
pavemeninterfaces. Thus, the tack coat selection procedure is based on empirical methods and
manufactur er s o(Karskeenas 200b5¢ ndat i ons

Two significant factors that ensure adequate bond strength between the pavement layers are a
proper tack coat application rate and good tack coat quality. Although control of the tack coat
application rate can be achieved through warimethods, the minimum tack coat rate that is
needed to ensure adequate bond strength for a given situation is currently unknown. The rate
required is dependent on material type, interface conditions, structural design, and the service
conditions of the @vement in question.

In order to have proper control over the tack coat quatityits applicationan evaluation of the

effects of various factors on tirgerface shear strength (IS&)tack coated applied asphaltic

layers need to be studiddodified asphalt shear tester (MAST), a direct shear test device with
normal confinement, is found to successfully mimic the field condition and help to predict the field
ISS(Cho 2016)Besidesmore research is required to refine and validate a tack coat quality
control methodology for various tack coats and conditions in the Geldsequently, a quick and


http://www.defence.gov.au/demg/7technical_guidance/aircraft_pavement_manual/part_a/a4.htm

in-situ test methodnd selection criterineed to be proposeithat could provide # quality control
measurement of tack coalmt is set based on rigoramsmerical and experimental relatioAs
comprehensive literature review is reportediopendix A and the major research gaps were

noted.In summary, a tack coat quality control (QC) program is needed that accounts ftedtse ef

of the overlay mixture to be used, the type of the tack coat material and its application rate, and the
milling conditions on the debonding potential of asphalt overlay over asphalt pavements.

1.3 Research Objectivesaind Scope

The primary objective of th proposed research isdevelop aset of test procedure and
acceptanceriterionthat can be used in a tack coat quality control (QC) prod&$nand Binder

Bond Strength (BBS) were measured from doldyered AC specimens wiftve differenttack

coa materials at the interface and tack coat materials, respecBeslgral factors that affect ISS,
including material type, application rate, surface conditions, temperature, normal pressure, were
considered in the ISS testing. Specifically, the applinatate, which is the only factor that
engineers careadily control to mitigate debonding in asphalt pavements, was evaluated in detail.
Moreover, a particular investigation for surface conditions was conducted because surface
condition as a factor for ISS is a controversial issue for engineers and contractors.

Numerical analysis of various pavement structures and vehicular loading conditions were
performed to calculate the critical stresses that govern the debonding and compared against the
predicted ISS of different tack coat in the field to evaluate the delgppdiential of each tack
coat.Eventually, all the information from the ISS and BBS tast$ numerical simulationsas

usedto develop universal relationships between ISS and BBS and between the maximum shear
ratio (MSR) versus BBSThese relationshipesve the basis for the acceptance criterion for BBS

in a tack coat quality control (QC) program.

1.4 Research Approach

The research approach for the current project is outlinEgjure1-3. This approach eventually
aids in finding the minimum required BBS values for acceptance of a tack coat. There are four
phases for achieving this goal.
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Figurel-3. Flow chartfor research approach

Phase 1: Development of Predictive Equations for the Interface Shear Strength (ISS) and Binder
Bond Strength (BB®ased on Laboratoryests.

Phase 1 measures t%S of doublelayered AC specimenith different tack coamaterials at the
interfaceusinga Modified Asphalt Shear Tester (MAST). The tests were carried out at various
confining pressuie temperaturg and strain rates (monotoni€hapter critically evaluates the
outcome of théSStest results. Analyng all the outcomes establishes a relation in measuring the
ISS based on confining pressure and reduced strain rate, as shown in Eduation

=8y ®) 3 .5¢ 3 (4

where
[ = ISS kPa,



reduced shear strain rate, and

e

S. normal confining stress, kPa.

The parametera, b, a, d, and efor all the five tack coats were found amgborted inTable6-1.

Similarly, The BBS test was conducted at 13 different temperatures. Further, the results were
successfully used to verify the validity of the tifiemperature superposition principle on the

BBS. Consequently relationship between BBS and reduced stress rate was derived, as shown in
the Equatior(5).

—_ * AN
5178 &° (5)
where
S, = BBS,
S, = reduced stress ratesd
ag, .8 = materialparameters.

Phase 2: Numerical Simulation of Pavement Response

The pavement response analysis is carried out on a typically found thin pavement structure in

North Carolina using a finite element program known as FlexAAVEhe normal stresses, shear

strans and shear stresses observed at the interface during the analysis were extracted and reported.
The details of the numerical simulation results a€liapter 2

Phase 3: Identifying the Interface Debondingd®ial based on Maximum Shear Ratio (MSR)

The debonding potential of an interface depends on thec k ¢ 0 a abilitynta tewstthea | 6 s
maximum shear stresses at the interface induced due to vehicular loads. Thereby, the debonding
potential is definethy a factor known as thmaximumshearratio (MSR). Shear Ratio is the ratio

of shear stress over shear strength along with the interface. The maximum value of the shear ratio
along the interface is considered aséM&R and indicator for debonding. If the maximum shear

ratio along the interface exceedwothen the interface fails in shear and debonding occurs.

The maximum shear stresses at the interface are derived fréexP&AVE simulatiors, whereas
the shear strength of a specific tack coat along the interface in the field is predictetqusiton
(4). The normal pressure (confining pressure) and reduced strain rate used in Eduate®n
obtained from the numerical simulat®hereby, the MSR value for different tack coats was
found out for the critical field conditienThe MSR analysis shows thditfave tack coats
considered for the current stupgissed the MSR criterion.

Meanwhile, the reduced shear stress rate during simulation aids in predicting the expected BBS
using the Equatio(R) (Step 4) whié the reduced shear strain rate at the same simulation condition



predicts the ISS using Equati¢l). These rigorous numerical simulations at numerous field
condition aid in establishing a universal relationship between the ISS and BBS irrespective of the
tack coat typeThe detailof this developmenrdre provided irChapter 6 The bridging factors for
constructing theniversal relationship between the ISS and BiB&he shear strain rate and shear
stress rateetermined fronthe numerical simulation.

Phase 4: Evaluating the Minimum BB8quirement foiTack Coat Acceptance

The universal relatighipbetween ISS and BBS lesith develop a predictive model for MSR as a
function of BBS and depth of the interface. Typically, PATTI test procedure recommends carrying
out the test at a tensile stress rate within 75 to 150 psi/sec (518 to 1034 kPa/sse) Hst

procedure proposed in this study recommends the stress rateyiaetgveen 90 to 115 psi/sec

(620 to 792 kPa/sec). The stress rate measured at an interface depth of 3 inches (7.62 cm) from the
pavement surface using numerical simulation carnigc&b50C for an 80 kN duaiite vehicle at a
speed of 1 mph induces 664 kPa/sec. The field stress rate of 664 kPa/sec falls within the typical
stress rate range observed during the BBS tests. Henceforth, the test protocol relstonoaery

out the BBSest at 50C. Further, the MSR predicted at 3 if@6.2 mm)depth interface is
extrapolated by establishing the variation of MSR with the interface depth. Assuming all the tack
coats considered for the current study is acceptable for selection, the M8Resa than 0.7 is
considered as a reasonable acceptance anferi any tack coats for the selected warm mix

surface layer. If the BBS value measured a€58 above 75 kPa then the tack coat can be
accepted for purchase. Howemer operigraded fiction coursehe cutoff is kept at 750 kP& he
details are provided i@hapter 6

1.5 Report Organization

Chapter 1is an introductory chapter that provides background informatiout alve research

needs, highlights the importance of proper bonding at the asphalt concrete layer interface, and lists
the objectives of this researcbhapter2 provides the details of materials and their properties used

for the current researchapter3 shows different test methodbge experimental progragrandthe

testing methodology used for this research. Informationtaihe materialssed for the current

study is als@resentedit also aids in understanding the various approaches that are used to

provide information about milled surfaces in the fi€ltiapter 4presentshe numerical simulation
conditions considered for the current analysis, the material madédihe parametersChapters
providesadiscussion of the test resuttsISS and BB3inder various conditions and the effeatts

each influential factoiChapter explains the stepy-step procedure followed to develop thek

coat selection criterigm detail It also presents a pavement response analysis that describes the
comprehensive distribution of the stress intensity at the layer interface under actual loading
conditions. In order to determine the critical conditions, results from the stress distrédmaipsis
conducted using Fl exPAVEE un Grepter praposeshaibest c on d i t
practices and usage oltk coats in North Carolintaased on extensive review of various



specifications, researchports, articles and the current research experi@mepter &oncludes

the findings of the current research and ge@mmendationfor thefuture work Thedetails of the
supportivetest resultgor the respective chaptargluding literature review are provided in various
appendices.



Chapter 2. Materials and Properties
2.1 Asphalt Mixture

The AC material used ithe currenproject for the fabrication of MAST specimens were obtained
as loose mix from the Fred 8mCompany Knightdale plant in US 64 at Wake Stone Quarry. The

procured AC loose mix was designated as RS9.5Bwhéree | et t er ORO6 i ndicate
reclaimed asphalt pavemd®AP), 6 S06 stands for the surface miX
995 reflects the nominal maxi mum aggred3ate si z

30 million ESAL) The current mixs categorized byhemanufacturer as warm mix material and
Evotherm3Gis used as an additive agdBésides, it contains 35% of fractionated RAP. The total
binder content of the mix is 5.5%igure2-1 presents the aggregagradation of RS9.5B. The
theoretical specific gravity and the bulk specific gravity of the loose mix RS9.5B were measured as
per AASHTO T 20920 (AASHTO 2020ajand AASHTO T 33117 (AASHTO 2017a)

respectively It is found thaGmmfor the mix is 2.43 g/cfh
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- Combined Gradation O Control Points —6—Restricted Zone

Figure2-1. Aggregate gradation of RS9.5B mixture.

2.1.1 Dynamic Modulus (E*|) Test

The linear viscoelastic properties of asphalt concrete mixtures can be determined by dynamic
modulus[E*]) t est s t hat me adrainrrgatioashis ymaéeccommeiou® s str ess
sinusoidal loading. The parameters obtained are the complex madllas and timéemperature

(t-T) shift factors. Shift factorag) aids in representing the effect of time and temperature by a

unigue parameter referred to as reduced time/frequéneith Equation(6). Figure2-2 presents

the dynamic modulus test results for three replicates each of the RS9.5B mixtures at different
temperature/frequency combinatiammducted as per AASHTTP 13219 (AASHTO 2019)



The test specimens were 3fn in diameter and 110 mm high cylindrical specimen cored and cut
from a gyratory sample of 180 mm height. The air void of each specimen obtained from gyratory
sample was 6%.

An Asphalt Mixture Performance Tester (AMPT) Pro was used as the testing deddtbe tests

were performed at three temperatures, 4°C, 20°C, and 40°C, and six frequencies, 25, 10, 5, 1, 0.5
and 0.1 HzA mastercurve was developed by shifting the data pofreach replicatborizontally

at an arbitrarily selected reference tempem in this case,@C. Table2-1 presents the T shift

factor function coefficients for the mixtuabtained while fitting a sigmoidal function (Equation

(7)). TheProny series coefficients are obtained by fitting the storage modulus with the function
shown in Equatioif9) using thecollocation methodPark et al. 1996, Schapery 1962)

fe=1 % (6)
log|E’|=d 441 @)
1+ bt (i)
- 2
log(a;)=aT" BT 8 (8)
m -t
E()=E 4 Ee” ©
i=1
where
ai, &, a3 = regression coefficients,
ar = timetemperaturahift factor
f = loading frequency, Hz
fr = reduced frequency, Kz
|E*| = dynamic modulus, MPa
a = minimum value ofE*|,
adta = maximum value ofE*|,
b, g = materialconstantslescribing the shape of the sigmoidal function
E(t) = the relaxation modulus, MPa
Eo = the equilibrium modulus, MRa
E = the relaxation strength, MPa
ri = the relaxation times,
m = the number of Maxwell elements, and
t = time,s

An Excel solver developed at NCSU, named as FlexWhRutomates the above steps, and
provide theProny series representation of relaxation modulus. The opgpameters obtained are
used as material model property input for the numerical modeling software, Fle¥PAVE
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Figure2-2. Dynamic modulus mastercurve for RS9.5B.

Table2-1 Shift Factor Coefficients dRS9.5BMixture Used in the Study

Shift Factor Coefficient Value
a 9.63E04
a -0.167
as 3.084

2.2 Tack Coat

Three emulsion tyme CRS2 (2 sources)CRS1h and NTCRSLhM, and one hdtinder,

Ultrafuse, were selected as tack coat material for the current project. In order to avoid the storage
instability, only two out of four tack coat materials (CR&nd CRSLh) were obtaineahitially .

The experimental plan was designed in such athatythe duration from material acquisition to
sample testing through fabrication was kept minirAalthe sample fabrication for Interlayer shear
strength (ISS) andinderbond strength (BBS) tesising the two tack cosprogresseshe
remainingthreetack coat material $RS2 (Source 2)NTCRS1hM, and Ultrafuse were acquired.

2.2.1 Residue Recovery of Asphalt Emulsions

The residual application rate for each tack coat was estimated based on the results from residue
recovery tests. ASTM D693¥6 (ASTM 2016a)guidelines were followed in this study to recover
the residue. The method stipulateeating 50 +0.1 grams of asphalt emulsion in afoeted oven

at 163°C + 3.0°C for two hours. Each emulsion was placed inside an overnmidiameter

open beakers made from glass or metal along with a glass rod used for stirring. After two hours,

10



each beaker was removed from the oven and its contents were stirred thoroughly using the glass
rod. The samples were returned to the oven for another one hour and then allowed to cool to room
temperature. Finally, the percentage of residue was calculate€ifgiying the samples using
Equation(10).

Residue, % = X, - W, (10
where
Wa = weight of beaker, rod, and residue (g) and
Ws = tare weight of beaker and rod (g).

2.2.2  Curing Time for Asphalt Emulsions

Breaking and setting are the two stagethefemulsion curing process. During breaking, the
dispersed state of the emulsion is altered to its base asphalt binder form; i.e., this phase
differentiates the liquid asphalt and water as two different entities. The setting stage allows this
separated war to evaporate, thereby curing the emulsion. An evaporation test typically is carried
out to determine the curing time that is required for the water to escape by monitoring the water
loss with time. In this research, each type of emulsion was plaeedenvironmental chamber at
25°C for the evaporation tests. The test temperature was determined based on the normal ambient
temperature in the North Carolina State University (NCSU) laboratory. Three replicates for each
emulsion were prepared and subjedtethe same test conditions. The tack coat application rate of
0.181 L/nt (0.04 gallyd) was used to distribute the tack coat material uniformly in ani0

diameter container at 25°C. The curing time was determined to be when the percentage of water
lossreached asymptotic trends, that is, the point at which no more water loss ocueredring

time of dl emulsionswereapproximately 30 minutes.

2.2.3 Density of Emulsified Asphalt

The density of the emulsified asphalt was determined in order to conveoluh®e unit per unit

area of the tack coat application rate (or the tack coat residual application rate) to the weight unit
per unit area. These tests were perfornoed@ing to ASTM D693716 (ASTM 2016a) The

density values obtained from these tests and residue recovery outcomes were used to calculate the
weight of the tack coat (g) needed to fabricate laboratory saripleie2-2 presents the material
properties of the study emulsions.
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Table2-2. Material Properties of Tack Coats Used in the Current Study

Type of Tack Coat
Property Unit CRS-2 CRS2 CRS-1h NTCRS- UItrafuse
(Source 1)| (Source 2) 1hM (Hot Binder)
nesdual Asphall o | seo1 | 6617 | 5375 | 4815 100
ontent

Density kg/L 1.010 1.010 1.016 1.018 1.014

. PG 6422 Polymer
Base Binder PG 5822 | PG 5822 | PG 6422 Modified Mogified
Curing Time Min 30 NA
Residual L/m? 0.14 0.14 0.14 0.14 0.14
Application Rate | gallyd 0.30 0.30 0.30 0.30 0.30
Tack Coat L/m? 0.20 0.19 0.20 0.21 0.14
Application Rate | gallycf |  0.43 0.40 0.44 0.46 0.30

2.2.4  Dynamic Shear Rheometef|G*|) Test

The DSRmeasures the dynamic shear modul@Gg|) and determines theTlt shift factors of

asphalt binders. The DSR model used in the current study is an Anton Paar MCR 302. The MCR
302 is a usefriendly device that is capable of reaching wide temperature raagksy as160°C

to as high as 1000°C in minutes, for any type or combination of rheological tests. These
mechanical tests were performed as frequency sweep tests at C32C, 50 C, and 64C.

The loading frequency ranged from 0.1 Hz to 30 Hz atl&arsstrain amplitude. The frequency
sweep tests were designed to enable the construction of mastercurves of the dynamic shear
modulus values and to obta#T tshift factors for the binder and emulsion residue used in this
study. The asphalt residue used DSR testing was recovered according to AASHTO-RG8
(AASHTO 2020b)Method B.

Analysis of DSR test outcomes is a simple process due to thestaigished standards and
practice of the device. If the results of any two tests of the same emulsion type exceed the
recommended 6.4% difference specified in AASHTO F32%AASHTO 2020c) then neither
results should be useahd the emulsion must be retested. In this study, the results from the DSR
tests were averaged per each emulsion and input into a mastercurve template builder using an
Excel spreadsheet. This Excel spreadsheet uses the dynamic shear modulus, frequency, and
temperature from the DSR tests to calculate the shift factors for each emulsion by fitting the data
points to theChristensonAndersoii Marasteanu (CAM) modéChristensen and Anderson 1992)
at a reference temperatuas, given in Equatio(iLl). The general form of theTt shift factor

equation is shown in Equati¢h?), where|G*|q is the glassy dynamic shear modulus and is equal
to 1 GPa for asphalt bindesre, m,andv are the CAM model fitting parameters for {iG&|
mastercurve. Equatiqii2) describes the reduced frequency,wherear is the shift factor at
temperaturd and¥ is the actual testingngularfrequency.
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G'l(m) =G| & &= 0 (11
e ¢ g
Wy=a, 31 12
where
|G*| = dynamic shear modulyus
|G*|lg = glassydynamic shear modulus when frequency tends to infinite
e = constant, locatioparameter where loss modulus equals to storage moamnds
me, 7 = constant, dimensionleskape parameter

Table2-3 presents the shift factor coefficients for each emulsion in this study that were measured
at the reference temperature of QOFigure2-3 shows thanaster curve for dyamic shear
modulus for various tack coats

Table2-3. Shift Factor Coefficients of Different Tack Coats Used inGherent Study

Shift Factor | CRS-2 CRS2 NTCRS-
Coefficients | (Source 1) | (Source 2) CRS1h 1hM Ultrafuse
ai 7.82E04 1.40E12 7.68E04 7.12E04 2.94E04
a -0.146 -0.134 -0.150 -0.160 -0.116
a3 2.618 2.675 2.701 2.913 2.198
1.E+11
1.E+09
1.E+07
<
S 1E+05 |
o ——CRS-2 (Source 1)
1.E+03 ——CRS-1h
=A—NTCRS-1hM
1.E+01 Ultrafuse
——CRS-2 (Source 2)
1.E-01 L L L L

1.00E-07 1.00E-04 1.00E-01 1.00E+02 1.00E+05 1.00E+08
Reduced Frequency (Hz)

Figure2-3. Dynamic shear modulus mastercugt@ various tack coats.
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Chapter 3. Test Methadology
3.1 Interlayer Shear Strength (ISS) Test

Five different tack coat materials were tested for ISS under variou®ieitions Modified

Asphalt Shear Tester (MAST) is employed to measure the ISS of various tack coat int&lifaces.
theMAST specimens were loaded in monotonic mode in shear to investigate the effects of
temperature, loading rate, confining pressure,iegin rate, and surface conditions on the ISS of

the materials. Table 5.2 presents the factors and parameters that were used to create the various ISS
test conditions.

Table3-1. Interlayer Shear Strength §teConditions

Factors Number of Levels

Tack Coat 2 (CRS2, CRS1h, NTCRS1hM, Ultrafuse and
CRS2 (Source 2))

Temperature 4 (5°C, 19°C, 35C, 53C)

3(0.02, 0.2, 2 in./min)

3 (69, 276, 483 kPa)
3(0.01, 0.03, 0.05 gal/yd
2 (Unmilled, Milled)

2 (Gyratory, Slab)

Loading Rate

Confining Pressure (Normal Stress)
Application Rate (Residual)
Surface Condition

Compaction Method

3.1.1

Several steps are involved in the fabricatiodaiblelayeredVIAST specimensA detailed study
on air voids was carried out on MAST specimens to find the optimal mass of AC to achieve 6% air
voids forthetop and bottom layer3.able3-2 shows the results of the air void study.

Laboratory Fabrication of MAST Specimens

Table3-2 Air Void ContentData for MASTSpecimens

Design Air Layer Dimension (mm)
Void (%) 150 (D) 50.8 (H)* | 150 (D) 50.8 (H)* | 101.6 (D) 38.1 (H)
75 Bottom 6.8 6.4 6.1
' Top - 7.4 6.4
8.0 Bottom 7.3 6.8 6.7
' Top - 7.7 6.8

The initial step of specimen fabrication isakethe MAST sample The necessary quantity of
AC for the respective layers (top/bottomasbatched and heated to the compaction temperature
[145 C (293 F)]. The gyratory compaction molds were heatetbi® C (311F). Theprimary

stage is to create a ofayered cylindrical amplethat is 150 mm (6 in.) in diameter and 50.8 mm
(2 in.) in heightTypically, a cooling period of 24 hours is allowed before the applicafianack
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coat. Furthera tack coats applied uniformly to achieve a consistent thicknesserdp of the
bottom layerA foam brush is used to spread the emulsified asphalt abelettom layer while a
metal canister with a perforated cap was used to pour the hot @apgdkcation raes are reported
in Table3-1). The hot binder was spread at the interface using a spatula and a Hiothgutack
coat used is an emulsified asphtien the tack coad allowed to cureA curing period of 30 min
to 1 hour is ideal before proceeding to the top layer compattioing the curing period, the
water evaporates, leaving tresidual asphalt on the surfatfea hot asphiais used astack coat
then no curing period is requiresfiter curing,the bottom layer with the tack coat layer on the top
is placed into the gyratory mold again. Bane compaction process that fa®wed for the
bottom layer is repeated on top of the bottom layer in order to produce the\plasrer that also
has a thickness of 50.8 mm (2 ihus, the final MAST sample of 150 mm (6 in.) diameter and
101.2 mm (4 in.) heighs producedThe presencefair void gradient along the samgleriphery

in contact with the hot mold is well know@hehab et al. 2000Henceforth{o maintain a
consistent air void distributiatiroughout the specimertbgesamples wereored and cut to a
height of 76.2 mm (3 in.) and a diameter of 101.6 mm (4 in.) before teSiguye3-1 andFigure
3-2 show thesamplepreparation stepg€ho 2016)and the final MAST specimenespectively

15



Figure3-1. Specimen preparation steps: ¢@mpaction of bottom layer, (b) tack coat
application, (c) curing process, (d) placement of the bottom layer in the mold, (e) compaction of
top and bottom layers, and (f) completed gyratmwynpacted specimens (Cho 2016).
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Figure3-2 MAST specimens.

3.1.2 Modified Advanced Shear Tester (MAST)

The MAST was designed to investigate the shear properties of uniform asphalt mixtures as well as
interlayer interfacesA thorough study about the pros and cons of the egistierface direct shear
testing devices around the globe was carried out by the previous researchers at NCSU. Further to
which a rigorously designed shear testing device was developed, tagged as modified asphalt shear
tester (MAST), that addresise prollems inherento many of the current devices used for shear
testing.Figure3-3 presents illustrations of the MAST, which is a direct shear apparatus that is
capable of testing-hch and 4inch square specimens as well @éaeh diameter cylindrical

specimens for direahear. This device can perform not only a simple shear bond strength test but
can also test for shear fatigue resistance under diffiersting andenvironmental conditions (i.e.,

load or displacementontrolled mode at various temperatures).

The initial step in the MAST test sep is to glue the specimen, showrigure3-4(a) to steel
shoes using Devcon steel putty. Each steel shoe bagegrto provide a sufficient bond between
the shoe and the specimen, as showkignre3-4(b). Extreme care was taken to clean the shoes
before each gle application to prevent failure at the glued area. A special guiding frame was
employed to ensure proper alignment of the specimen during gluing, thus minimizing any
eccentricity that might occur during the tésgure3-4(c) show the specimen placed in the shoes.
Once the specimen was properly glued into the shoes, it was cured for 24 hours.
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Figure3-4. Gluing procedure of MAST specimen: (a) MAST specimen, (b) glue on steel shoes,
(c) specimen laid ondtf steel shoes, (d) second half of steel shoes on top of specimen, (e) shoe
with specimen fastened inside gluing frame, and (f) completed assembly.
The MAST consists of a loading jig, which is a metal box frame bisected into two sections
separated by a gaof 8 mm. One section of the loading jig is fixed while the other side is movable.
The movable side is free to travel vertically (parallel to the interface) as well as horizontally
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(perpendicular to the interface). This unconstrained movement is prayidie@ar roller tracks.

One of the distinctive features of the MAST is that the initial normal confining stress that is applied
to a specimen can be controlled by tightening a set of bolts while simultaneously monitoring the
load level using an Hine load cell. This application method for normal confining stress was
inspired by Adam Zoffaltal62015)hdé AdeancedSheardlesten. c e

Figure3-5 shows the specimen in the loading shoes being mounted and fastened to the MAST
loading jig through multiple screw®nce the MAST with specimen is ready, the jig is installed to
the MTS machinallow for temperature conditioning. The specimens were conditioned at the
respective test temperature for at least three hours before testing. Alotgséskdback climatic
chamber, fueled with liquid nitrogen as the coolant, was employed to contmoleantain a

constant temperature during conditioning and testing. After which the ISS test is commenced at a
specific displacement amplitude planned as per the experimental design.

Figure3-5 also shows the speckled paper and opening that are used in the digital image correlation
(DIC) setup, andFigure3-5 shows the lighting and camera used in the DIC system to capture
images of the MAST specimen.

Cyclic displacement

=

k-

Confiningﬁ)ressure
= ¥ .
L
R

Opening to capture .
images

MAST shoe

Figure3-5. MAST test setup: (a) schematic diagrgb) loading MAST shoes into loading jig,
and (c) test setup with DIC system.

3.1.3 Digital Image Correlation (DIC) Technique

Even though the principle behind a monotonic asphalt shear test is simple, the MAST is a
sophisticated device. It has numerous comptsithat must be assembled and disassembled during
specimen loading and unloading. The major challenge during MAST testing is to ensure that
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shearing occurs only along with the interface, which is achieved by securely attaching shoes to the
jig through tlmeaded bolts and screw fasteners. Even then, the moment that is induced on the shoe
is so high during the test that it causes a rocking action. The degree of the rocking movement
depends on the temperature at which the analysis is carried out, thusngdietthe cause of the
rocking is a machine compliance issue. Furthermore, many connections and bearings are located
between the actuator and the MAST, which also adds deformation to the actuator linear variable
differential transformer (LVDT) measurents. At a glance, an especimen LVDT should be a

quick solution, but the rocking action makes those measurements inaccurate. Henee, the on
specimen displacement of the shear test is measured using an extegw@itaohDIC system.

A digital image correltion OIC) system can be employed to compute the relative displacements
and strains at the layer interface through the comparison of images of a deformed specimen with
the images of an initial, undeformed reference specimen using advanced mathenfaticpid¢sc

To implement thé®IC analysis of the differences between the initial image and the deformed
images, theindeformed referenagmageis divided into small subsets, and then the corresponding
locations of these subsets in the deformed imagesacked by matching thegrayscale pixel

levels, as showim Figure3-6. By tracking the location of the subsets, the horizontal and vertical
displacements of the center point of each subset in the miaalbedetermined at different stages

in the testingSeo et al. 2002)

X A
Gray scale from 0 to 100 I
Yp"
F42s4asl s
Y 1o | so | 25 %
3[5 40 | 15 3:5
> - -
gr1=0-125-F 9

| Before Deformation | | After Deformation |

Figure3-6. Digital image correlation analysis of differences between initial imageeaiodmed
image (Seo et al.2002).

The DIC system satp includes a-fnegapixel camera along with ai3® mm f: 3.34.5 manual
focus lens to capture imagdavo dualfiber optical gooseneck lights were used to provide
consistent, cool, and sufficient lighgiron the specimen surface. An adjustable tripod stand with
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built-in bubble levels was used to level the camera and place it at an approximate distance of 75 cm
from the specimen and at the same height and lateral position as the specimen. A relatively high
shutter speed of 1.5 ms was used to prevent blurry imagesstdp &f 3.3, which is a relatively

wide lens aperture size, was used to let in the maximum possible light to hit the camera sensor. A
relatively low gain setting close 8.9 db was used farevent unwanted image noise. The DIC

camera was connected to a computer that was installed with two commercially available DIC
software packages developed by Correlated Solutions, IncShap and VieD. Vic-Snap is used

to acquire images during testiagd also aid in controlling the camera shutter speed, position, and
lighting levels. VIG2D is twodimensional DIC analysis software that is used to calibrate the

scale, analyze the captured images, and calculate the displacements and strains through
comprisons of images using advanced mathematical algorithms. Key aspects and details regarding
DIC analysis can be found in Safavizadeh and Ki617)

3.2 Understanding theMilled PavementSurface and Fabrication in Laboratory

3.2.1 Field Core Milled Specimens

Surface condition of pavements, milled and unmilled surfaces, is one of the ¢acisideredn

this research projectherefore, dew field core samples were obtained as part of the project.
Further, the top layer was fabricated following the procedure detaifgstiion3.1.1 Figure3-7
shows the two milled surfaces with different shapes, heigidsyidths of grooves. At first, these
differences were considered to be ignorable, but after the fabrication of the milled surface
specimens, these differences led to different volumes of the samples and thus two different test
specimens.

Figure3-7. Milled surface field cores.

Also, when the same amount of top layer material was applied on two different milled bottom
layers to achieve the same height of the top layers, the density values of these dyersopdre
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completely differentVisual observation of the two specimens shtvat asphalt binder from
specimen no 2 has extruded out of specimen indicating excess compaction, hence, different density
as shown irFigure3-8.

Figure3-8. Two milled surface gyratorgompacted specimens.

Following the fabrication of specimens using milled surface field samgles, the need to obtain

more information about milled surfaces emerdgagen the difficulties that were encountered for
precise specimen fabrication, a thodmensional (3D) laser scanner, depicteBigure3-9, was

utilized to measure specific information about the milled surfaces. Typically, a 3D laser scanner is
used to measure the rut depths of a pavement. Although many efforts hatreebderobtain

information about milled surfaces, until now, the 3D laser scanner method has been considered as
the best way to estimate mill surface measurements. However, this method offers almost no
consistencyand the surfaces of the field core saes@how significant variation.

Figure3-9. Threedimensional laser scanner.
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The investigation using the 3D laser scanner was focused on the milled surfaces of field core
samples because the milled surfaffects the specimen fabrication process and was expected to
affect the test results also. The 3D laser scanner was used to measure the milled surfaces, but the
uncertainties surrounding the sample geometries and inconsistency of the grooves led ignskeptic
about using field cores. The main concern came from the observation that the milled surface was
not 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 teves with the interface of the milled

surface and overlayigure3-10shows that field core samples that do not have perpendicular
geometries can affethe results of shear tests.

4= Top Layer =)

*  Tack Coat oy

- Field Core -
Samples
(Bottom Layer)

Shear

Load Shear Load

==

4 Shear
Load

Figure3-10. Effects of perpendicularity of field core samples on shear tests.

The texture or perpendicularity of a milled surface can significantly impact the fabrication of
specimen and even the shear strength test results. An alternative to field core samples tries by
producing an artificial milled surface in the laboratory that mimics the actual milled surfaces of
field core samples. This artificial surface has moreisterg grooves on the surface and also
guarantees perpendicularity between the top and side surfaces.

3.2.2 Milling Machine

To make the artificial milled surfaces as similar as possible to actual milled surfaces, the NCSU
research team visited a milling machammpany, Delta, to obtain information about the milling
processFigure3-11 shows details of a milling machine, in particular the teeth that determine the
texture of the milled surface. Each tooth rotates to preversided wear or uneven wear. When

the teeth contact the surface for milling, they are at acute angles, neatnggigd, to the pavement
surface. 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 is
5/8 inch.
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Figure3-11. Milling machine: teeth details.
3.2.3 Atrtificial Milled Surface Prototype Based onField Cores

In order to fabricate an artificial milled surface bottayer sample, the drilling machine shown in
Figure3-12was chosen because it has a mechanism that makes a groove using a rotation that is
similar to that found in the Delta milling machines. The machine showigime3-12is able to

make rounded grooves using rottidrill bits that are similar to the grooves made by a milling
machineFigure3-13 presents specimen prototypes with different groove widths.

Figure3-12. Drilling machine used for artificial milled surfaces.
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(c) 3/4inch (d) 7/8 inch

Figure3-13. Prototype artificial field cores with different groove widths.

Using field core samples is considered the best way to reflect field conditibmsad pavements

but it involves many uncertainties and possibly large variations. Laboraitheg samples would
reduce the variations in the test results; however, whether the shear strength measured from such
laboratorymilled samples is representagiof the shear strength of field cores remains in question.

3.2.4 Field Milled Surface Investigation

The investigation into milled surfaces utilized the Hillsborough Street pavement construction
project in Raleigh, NCas the milled surface field. The surfaceayes were almost the same

width as the distance between the centerline of two teeth in the milling machine. However, the
actual groove width of approximately 3/8 inch was narrower than the tooth width, which has a
range of 0.4 inabsto 0.5 incles Importantly, no asphalt binder material was evident on top of the
walls that separated two grooves because the milling machine obviously and randomly crushed the
top of the wallsFigure3-14 shows the overall conditions and texture of the Hillsborough Street
milled surfaces.
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(© (d)
Figure3-14. Field milledsurfaces on Hillsborough Street, Raleigh, NC.

3.2.5 Atrtificial Milled Surface Prototypes Based onField Survey

Based on the Hillsborough Street field investigation, the NCSU research team fabricated new
versions of an artificial milled surfat®ttomlayer sample. The previous samples could have any
amount of asphalt binder material on top of the walls between the grooves and appeared as a new
pavement surface with the grooves full of asphalt binder material. However, the actuatifiett

suface on Hillsborough Street did not have much asphalt binder material on the top of the walls
between the grooves. So, the NCSU research team made additional prototypes with various heights
of groove wallsFigure3-15 (a), (b), and (c) present these prototypes with high, medium, and low
walls, respectively.
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(@) (b) ()

Figure3-15. 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 validate the intended similarity tife laboratonfabricated 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 Beoad in
using a 3D laser profiler, as shown Figure3-16 This profiler employs the innovative RoLine

line laser, produced by LMI Selcom. This laser hasihesed successfully in developing RoboTex,

a 3D laser sensor for measuring the surface texture of concrete pavement, as part of a research
effort under the sponsorship of the Federal Highway Administration. The RoLine laser measures

the distance betweehd laser sensor and pavement surface in both the longitudinal and transverse
directions and producesdB map of t he pav dkmeand Adans20al) f ace t e
Thus, by using this-B laser profiler, the NCSU research team was able to obtain more accurate

field data about the surface texture and then could measure the mean profile depth (MPD), a
parameter that indicatesapamme nt 6 s surface condition.

Figure3-16. 3-D laser profiler on Maynard Rd., Cary, NC.
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Mean Profile Depth Definition

The MPD represents the exposed texture depth of a pavement shnéas. New Zealan{R005)
defines the MPD as expressed here by Equétig)n

Peak level (1 )-Peak level'f2 )A

MPD = 5 ‘Average leve (13

Figure3-17 schematically explains the variables used in Equétidn. In the diagram, the MPD
clearly indicates the roughness (i.e., mesudace texture) and exposure depth of the milled
surface.

Profile depth | Mean Profile Depth (MPD) |

Peak level (Ist) |
i B —r— Peak level (2nd)
| \ IT— —————————————

(first half of baseline)

v

Baseline

Figure3-17. Schematic diagram of mean profile depth determination.

In addition to using a-® laser profiler, the NCSU research team also visually inspected the

surface conditions of the pavement section at Maynard Road inNXB@aryhe 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.
Figure3-18 shows the overall conditions and texture of the milled surfaces at the Maynard Road
site.Figure3-18(a) and (b) are photos taken perpendicular to the pavement surface, whereas
Figure3-18(c) and (d) are photos taken at an arfgigure3-18 (a) and (c) show the milled

surfa@ with more straight grooves, wheré&agure3-18 (b) and (d) show more dotted patterns in

the grooves.
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Figure3-18. Field-milled surfaces on Maynard Road, Cary, NC.
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Figure3-19. Profiles of lakfabricated milled surfaces (transvedseection): (a) high, (b)
medium, and (c) low walls between grooves.

The NCSU research team was able to obtain profile data for five different field sections at the
Maynard Road site in Cary, NEigure3-20 shows the five different profiles of these fiatdlled
surfaces.
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Figure3-20. Profile depths oéctual fieldmilled surfaces (transverse direction): (a) Fiel¢b)
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The NCSU research team had difficulty in determining the differences between the laboratory
fabricated Figure3-19) and fieldmilled (Figure3-20) surfaces using profile data alone. Therefore,
the team usd the 3D laser profiler to analyze the profiles of laborattalricated and field milled
surfaces. The MPD values were used to find the sample that most closely resembled field
conditions.Table3-3 presents the MPD values of the three laboraftaloyicated samples and five
field milled surfacesFigure3-21 (a) and (b) indicate the MPDs for the laboratory and field milled
surfaces, respectively.

Table3-3. Mean Profile DeptivValues of Three Laboratory Milled Surfaces and Five Field
Milled Surfaces

MPD (mm)
Place | Type  ayg. 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
3.2 3.2
~24 ~24 r
£ £
=16 =16 T
o a
0 0
Low Mid High F1 F2 F3 F4 F5
Wall Type Field Section
(@) (b)

Figure3-21. Mean profile depths: (a) laboratory milled surfaces (@ydield milled surfaces.

Based on a comparison of the MPD results, the
highest MPD vilue among the three laboratory samples with a depth of 1.37 mm. Among the field
sections, Section F4 had the lowest MPD of 1.54 mm. The other field sections had 1.2 to 1.9 times
higher MPDvalues with a standard deviation of 15% to 20 percent. Also, all the other field

surfaces were more uneven than SectiorFigire3-22 presents D rendeed images that show

the profile depths of the | aboratory &6émiddé wal
pattern on the milled surface of Section F2, showfigire3-22 (b), is highly irregular compared
to that of Section F4, shownkigure3-22( ¢ ) , as j usti fi edevibtipgnoSect i on
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its MPD value. Also, the &émidodo wall | aborat ory
patterns accordingtotheif3 i mages. Therefore, among the | ab
sample is the most representative of a field millefbseand used for all milled MAST specimen

However such specimens are tagged as grooved specimens hefledfter. MPD v al ue of t
wall sample is lower than the MPD values of the field milled surfaces; however, a lower MPD

value would result in ks shear strength in a Modified Advanced Shear Tester (MAST) test, which
provides relatively conservative shear strength data.

(b) (©
Figure3-223D renderings: (aand(caFeldéd mi dé, (b) F

3.3 Binder Bond Strength (BBS) Test

3.3.1 Pneumatic Adhesion Tensile Testing Instrument (PATTI) Test

AASHTO T36116 (AASHTO 2020d)details the laboratory test procedure for adimetesting but
does not consider different application rates and cannot be used for field testing. In response,
Karshenag2015)developed a new procedure based on AASHB61-16 (AASHTO 2020d)and
descibes the use of an adhesion tester in the field and in the labotéedosipena$2015)also
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established atrong prediction relationship between BBS and bond shear strength of asphalt
concrete specimenThe current research extendsKlaeshenasesearch by investigating the
possibility of applying the timéemperature {T) superposition principle to the measured tensile
strength to build mastercurves.

In this study, the PATTI is used to measureBBS of asphalt binders. PATTI is a salfgning,
pneumatic device that is used to measure theofiuensile strength of tack coats and the
corresponding stress rate at different test temperatigese3-23 shows the PATTI used in this

study. It is a Quantum Series Gold model, categorized as a Type IV/ Method D test device in
ASTM D454117 (ASTM 2017) The system applies a true axial force relative to the pull stub to
obtain a tensile strength value. This value can quantitatively represent the tensile bond strength
betweenlie tack coat and substrate. The PATTI test is not limited to asphalt binder but also can be
used to test paint, film, coatings, or most adhesives on a smooth, rough, porous, flat, or curved
substrate. The PATTI system can test bond strength levels uP#868a (10,000 psi).

PC with PATTI
Quantum Software

Stress Rate Controller
CO, Cartridge

- Run Button

Digital Microscope

Piston Air Hose
Pull-off Stub

| PATTI in-let air hose
 Gasket

Reaction Plate

. Piston

Substrate

(a)
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Force

Reaction Plate with
threaded center hole

Gasket
;‘TH.'

Air
Pressure
Hose

Pull-Stub
ERRERRRRNT

Tack Coat

Substrate

(b)

Figure3-23. (a) Type IV selalignment adhesion tester (PATTI) and (b) crssstional
schematic of seléligning piston assemblies (ASTM D4547 (2017).

3.3.2 Binder Bond Strength Test Methodology

The PATTI test procedure thigtdescribed in this section draws from previous research conducted
at NCSU(Cho 2016, Karshenas 2013he fundamental procedure is derived from ASTM D4541
17 (ASTM 2017)and later AASHTO TP1-13, now AASHTO T36416 (AASHTO 2020d) The

goal of this guideline is to allow both laboratonddield testing using PATTFigure3-24
illustrates the stepy-step procedure for conducting PATTI paff tests.
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1
Apply the tack coat
[Environment Chamber] “““““““““““ ‘: ’ \
i [ ] [ ] [ ] [ |
| :
2 st N R et S B i A
Cure the emulsion and condition the stubs
(Steel Cap of 55 g Each )
e e e g 2
3

1HR

S Conduct PATTI test to measure the pull off strength

Figure3-24. Stepby-step procedure for PATTI testing.
Step 1: Tack Coat Sample Preparation

The tack coat sample used for PATTI tests can be obtained either by placing a metal plate
(substrate) on the existing asphalt surface prior to the application of the tack coat at the
construction site or by applying a tack coat with the specified apphcatte using a foam
paintbrush in the laboratory. According to ASTM D4%ASTM 2017) a metal substrate should
be used when testing puff strength. However, the rigidity and surface texture of the substrate
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will affect the results of the test, and these characteristics are not controllable variables in field
measuremas. In this study, the research team used the recommended standard substrate, which is
an 1tgauge colerolled steel plate with matte finish, in accordance with ASTM A568/A583M

(ASTM 2019) The team used this specific plate because of its availability and ease of production
and standardization. The foam paintbrush is to be used only for emulsions, and a hot spray gun is
employed to apply hot binder onto the substrate in thé-lgbre3-25 shows the hot spray gun

that was used to spray Ultrafuse hot binder onto a metal substrate in this study. The metal template
is used to confine the spravithin the testing area.

Metal template

Metal substrate

! Hot spray gun

Figure3-25. Test seup for hot spray gun usage.

Step 2: Curing the Emulsion

Improper curing of emulsions causes weak bondihgrefore, allowing sufficient curing time is
crucial for gaining inherent strength, and the length of the curing time depends on the tack coat
type. For example, rapisetting emulsions require a curing period of 30 minutes, whereas slow
setting emulsios need at least an hour to cure. For either case, the pull stubs and substrate with
tack coat are heated to the application temperature 6fi6Can oven for their respective curing
time. Each substrate sample requires at least three pull stubs otesplitshe case of hot

binders, the substrate with tack coat and pull stubs are heated to the compaction temperature
(typically 145 C) for ten minutes to liquefy the binder and to activate the tackiness of the binder to
bond with the putbff stub. This leating time of ten minutes was found to be the most appropriate
time for this purpose based on the outcome consistency of all the stubs placed after different
heating times.

Step 3: Application of Setting Pressure

During preliminary testing, once a sampées cured, the heated pull stubs are placed on the tack
coat sample, and the pulff strength is measured after conditioning. In this study, the dominant
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adhesive failure that was observed for the hard andraoking tack coats. To mitigate this

problem a metal cap weighing 55.0 g +1.0 g was placed on top of each pull stub for two minutes at
the ambient temperature of the laboratory to ensure the formation of a good bond with the tack
coat, as shown iRigure3-26. This overburden weight was intended to mimic the dead load

(stress) of typical surface layers.

Figure3-26. Metal caps on pubff stubs to apply setting pressure.

Step 4: Conditioning the Plate and Stub

After two minutes of setting pressure application, the metal caps are removed, and the tack coat
sample is conditioned in an environmental chamber at the testing temperaturehfourone

Asphalt binder properties are highly dependent on temperature. ASTM D4%A8TM 2017)
recommends that the stress rate range should fall within a small bandwidth of 345 kPa/s to 1,034
kPa/s (50 psi/s to 150 psi/s) such that the PATTI test is conducted at numerous temperatures to
obtain the necessary overlap amdmg pultoff strength values, which in turn aids the mastercurve
construction. For the present study, tests were ruiat/’AC, 10C, 13C, 15C, 17C, 19C,
22°C,25C, 30C, 35C, 44C, and 53C using the residual application rate of 0.14 1(03

gdlyd?).
Step 5: Puloff Tensile Testing

The standard practice specified in ASTM D4841(ASTM 2017)is to pull off the stubs for at

least three substrateptizates (four stubs per substrate) at the same conditioning temperature. The
PATTI Quantum software that accompanies the device records the peak tensile strength and
changes in stress with time. However, this tensile strength value may not be a legitoiate
because it depends on the failure mode of the pull stub, the load rate, and the repeatability.

The PATTI system can apply only a limited range of loading rates during BBS tests of asphalt

binder to meet acceptability standards. ASTM D4534{ASTM 2017)and t he PATTI own
manual state that the load rate shatlexceed 1,034 kPa/s (150 psi/s), as the variability in the

measured BBS values for asphalt binders is too high after this point. Therefore, most of the load

rates used in this research fell within 345 kPa/s to 1,034 kPa/s (50 psi/s to 150 psi/s). The

procedure, according to ASTM D45417 (ASTM 2017) isto start withthé oad di all i n th
position and slowly turn the dial counterclockwise to release the air pressure after pressing the
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ORundé button until the desired stress rate is
procedure is maintaining a constanessrrate. In fact, a nonlinear strgsswth curve was

observed, as shown kigure3-27. An alternative to this procedure is to set the load dial to a

specific position prior to running the test. This position is determined based on multiple trials and

is usually below the quarter of the dial circle. The dial is left at this position for the entire test

series. As shown iRigure3-27 this alternative method resulted in a linear stggssvth curve that

is both repeatable and eases the calculation of the stress rate (the slope of the line). Hence, this
aternative method was used throughout the study.

m  Rotating Knob
80 e Fixed Knob
Parabolic Fit
© Linear Fit
x 60 ||Equation ¥ = A + B*x + C"x"2
e ||A 141+ 18.2
2 B -20.9 +26.3
ﬁ 40 F|C 37.9+92
E  [Ad: R2 299 Equation y=A+B"X
2 A 1451 %20
m20r B 120.0+ 1.3
Adj. R2 1.000
0 1 s L . 1 . 1 . I .
1.0 1.2 1.4 1.6 1.8 2.0

Time (sec)

Figure3-27. Stress rates measured using PATTI for rotation and fixed dial conditions.

3.3.3 Failure Modes in PATTI Test

Once the binder achieves its tensile strength under specific PATTI test conditions,-tiegbull
detaches from the substrate. This detachment is considerestiytuthilure and occurs in three

primary ways that define the failure modes. Cohesiverfaiinode occurs within the asphalt

binder, leaving a uniform layer of binder on the stub and substrate, as sHegura8-28 (a).

Adhesive failure mde occurs when the pull stub completely detaches from the binder, leaving the
binder entirely on the substrate. Or, the pull stub pulls the binder layer along with the stub, leaving
no trace of the binder on the substrate, as showigure3-28 (c). A test can also fail in a

combination of these two modes, as sedfignre3-28 (b), whichist er med &6 mi xed f ai |
During mixed failure, some portion of the asphalt binder remains on either the stub or substrate.
Other miscellaneous types of failure are possible when sliding or twisting occurs durimtjahe
application of the pull stub or during placement of the piston. The ideal type of failure for this
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research is a cohesive failure because it demonstrates the tensile strength of the binder itself and
not its adhesive capabilities. During the datalysis performed in this study, if the failure was
outside the cohesive type of failure, then the results were dismissed.

(@) (b) ()

Figure3-28. (a) ldealcohesivdailure of binder, (b) mixture of cohesive failure and adhesive
failure of the pull stub, and (c) adhesive failure of the pull stub.
The final stage of PATTI test analysis should follow the repeatability criteria stipulated by ASTM
D4541-17 (ASTM 2017) According to the standard, the difference between each test indierms
intra-laboratory results should be less than 14.8%, and the difference ilabdeatory test results

should be a maximum of 28.4% for atype tester. In this research, if the results were found to
differ more than 14.8%, then they were dismissenlidgers.
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Chapter 4. Numerical Simulation of Pavement Response
4.1 Background

The presence of sufficient interface bond strength among the pavement layers is evaluated by
understanding and quantifying the distribution of the stresses within the pavement section under
realistic traffic conditions. NCSU research group has developed a fast Fourier tranasen

threedi mensi onal (3D) viscoelastic finite el emen:
(formerly known as the LVECD program) to evaluate the pavement resjpathsemoving

vehicle loads. It can simulate actual climatic conditions as generated by the Enhanced Integrated
Climatic Model (EICM). Besides, the software is zipped with the Simplified ViscoElastic

Continuum Damage (SECD) and permanent deformation shifodel that could predict the

pavement response and distresses viz. fatigue cracking and rutting for any temperature and any
traffic conditions. I n this study, FlexPAVEE v
in debonding.

Cho(2016) has caducted extensive pavement response analysis on three typical pavement
sections constructed in North Carolina, categorized as thin, intermediate, and thick structures. The
analysis was carried out atG 20 C, 40 C, and 60C, three different speeds, 8 kmlr (5 mph),

40 km/hour (25 mph), and 88 km/hour (55 mph), three axle loads, 106.8 kN (24 kips), 160 kN (36
kips), and 213.6 kN (48 kips), and two types of tire rolling conditions, i.e., free rolling and Braking
to measure the critical debonding conditibhe outcome shows that the most critical stress state
condition that leads to debonding is created by a thick pavement structure ran over by a single tire
with a singlel axle single- tire load of 213.6 kN (48 kips) at a fixed vehicular speed of 8 kun/ho

(5 mph) under braking condition. Henceforth, that specific condition is considered for the current
study except that the tire loading is assumed as 80 kN (18 kipg-akiglduaitire configuration.

All the conditiors considered by Ch®2016)were simulated using the current u dhixtore

properties and tack coat predictive equation. The outcomes are repaxigebimix B

4.2 Parameters Wsed in the Numerical Simulations

4.2.1 Structure Information

Among the typical paveant sections in North Carolina, a thick pavement has higher vulnerable
chances to debondirf@ho 2016) Figure4-1 shows the crossection view and provides the

thickness of each layer assumed for the thick pavement striictuhe present studyrhe top

three layers i.e., surface, intermediate, and base layers, are asphalt concrete mixtures with different
gradations. The standard thickness for surface course cangtrdc wi t h asphal t mi xt
mm nominal maximum aggregate size usually ranges between 38.1 mm (1.5 in.) and 63.5 mm (2.5
in.). Henceforth, in the present study, a thicknes5af mm (1 in.)38.1 mm (1.5 in,)50.8 mm (2

in.), 63.5 mm (2.5 in.and76.2 mm (3 in.wwas chosen to analyze the crititzddingcondition.
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Figure4-1 Thick pavemenstructure used in computational simulations

422
AsphaltConcrete

The three top layers of the thick pavement structure are assigned with the material properties of

Material Parameters for Each Pavement Layers

asphalt concrete. The $aice course is assigned with eithgarm Mix (RS9.5BRAP35%) or
Hot Mix (RS9.5BRAP30%) depending mixture under consideratwhile the intermediate and
base layers with properties of mixtures 119B and B25B, respectively.

Theviscoelastic nature of asphalt concrete is defined with the d&tbal/ series
coefficients/ parameters

dynamic modulus to relaxation modulus over a wide time region using the generalized Maxwell

n t hHntercéhVesionFrAnV E E .

model using the Heation(9). The number of Mxwell elements decides the prediction accuracy,
more elements, high accuracy but leads to more complexity at the same time. FI&MAT
excel based software, is used to analyze the dynamic modulus outcomes to dakeRabay
series coefficients, ahown inTable4-1. The material properties for 119B and B25B were

adopted from Ch@2016)

Subgrade

The subgrade is assumed as linear elasact er i a |

in the

modulus value used in the current analysis is 68.95 MPa (10,000 psi).
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Table4-1. PronyCoefficients forRelaxationModulus

ri E (MPa)

(sec) WM HM 119B B25B
2.00E+08 | 8.202168| 13.42 15.86 10.71
2.00E+07 | 6.853888| 25.71 31.18 21.24
2.00E+06 | 21.46807| 52.45 65.98 45.3
2.00E+05 | 61.20037| 115.27 150.13 105.76
2.00E+04 | 184.5173| 270.18 356.33 268.88
2.00E+03 | 519.327| 641.43 823.24 702.8
2.00E+02 | 1219.639 1401.35| 1685.67 | 1676.39
2.00E+01 | 2218.648| 2533.1 | 2821.99 | 3194.19
2.00E+00 | 3079.913| 3595.62| 3759.34 | 4550.7
2.00E01 3370.041] 3173.76| 3476.25 | 4160.3
2.00E02 3067.792| 3761.12| 3756.6 | 4357.92
2.00E03 2451.163| 3104.72| 3081.01 | 3337.35
2.00E04 1793.888| 2497.32| 2440.15 | 2452.81
2.00E05 1239.69 | 1851.65 1802 1669.18
2.00E06 825.7544| 1323.71| 1286.44 | 1099.82
2.00E07 536.8434| 917.49 893.45 705.84
2.00E08 355.599 | 624.31 610.14 | 446.61

Ep 2.859034| 60.49 38.24 51.59
Ref Temp 5 5 5 5
(O
Climate Data
Al though Fl exPAVEE has the ability to si

mul at

temperature as a function of time and pavement depth, the isothermal temperature profile at 50
was used in this study as it acts as the critical conditioddbonding.

4.2.4 Traffic Data

The design vehicle configuration for the response analysis is chosen agieedsyastem to
replicate the tire loading condition of a half of a sirgikée dualtire condition. An axle load of
80 kN is used, which is distributehrough the dual tire configuration ask (9 kips) with
827.4kPa (120 psi) tirgpavement contact pressure.

4.2.5 Tire-Pavement Contact Pressure Configuration

The tirepavement contact pressure distribution is-naiform and mimicking it is essential in
accurate pavement response computations. Moreover, tpaveeent contact pressure
distribution is affected significantly by tire inflation pressure, et and tire load. NCSU
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research team det er fmavenen contéceares dne¢he SuibswWIEiGn t i r e
(SIM) technology under the moving loéde Beer et al. 2004)he ectangular shape with an

aspect ratio of 11/ 7 (1l engt h/-pavethénhcpntacts as s u me
pressure distribution is based on fitting a quadratic function to the actual pressure in both the
longitudnal and transverse direction&he test outcomes after carrying out different combination

of numerical simulations are reportedGmapter 6
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Chapter 5. Test Results and Discussion
5.1 Interface Shear Strength Results

During the MAST test, four measurements wereneb to analyze the ISS results. They are the
actuator displacement, actuator force, confining fand the orspecimen displacement using
DIC. Actuator displacement, actuator force and confinement loads were acquired ushig a 16
National Instrumentdata acquisition board and recorded using LabVIEW software22IC
software is employed to measure thespecimen displacements.

The measured actuator force is used to calculate the shearf}rasarly time during the test, as
shown in Equatiof(l14).

t =4 (14
A
where
Fa = axialforce kN and
Acs = crosssectional area of the specimert.

The actuator displacement is only used to verifyiripat constant displacement rate for the test
and is not used for the analysis. Thespecimen displacement measured using DIC is used to
calculate the DIC shear straig) {o avoidthe effect oimachine compliancen the actuator strain

g=ane (15)
where
uapic = DIC based axial displacemesntd
SG = shear gag8 mmin this study).

The confiningforcemeasured using the load cell placed in the plpgeallelto the specimen is
used measure the normal stress that mimics the real field conditions.

S, == (16
As
where
Fec = confining force

The onspecimen strain values are lower than the crosshead LVDT's (actuator) measured strain
values and differ depending upon the stiffness of the specimen due to the machine compliance. As
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shown inFigure5-1, the crosshead strain rate is constant through the test, while the DIC strain rate
follows a nonlinear trend. Chehab et §2002)proposed a pure power fotfitting method to

measure the strain rates of such-tioear responses. The-@pecimen strain rate in a power form

is shown in Equatiay(17), (18), and(19) .

0.5

A Crosshead Strain
04 @DIC Strain

Strain (y)
o
w

O
N

0.1

0 1
0 1 2 3 4
Time (s)

Figure5-1. Shear strain measured based on crosshead LVDT and DIC technique for ISS test at
50.8 mm/min, 19C, 483 kPa confining, and Ultrafuse.

e=kj %" a7
o t n(»
e=ki g & (18
¢ar -
e=k 3 X% (19
where
e = strain,
k 6 = slope of strain vs. time at temperature T,
X = reduced time at reference temperature, and
k = reduced strain rate at reference temperature.
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Figure5-2. Pure power forrfitting method to evaluate strain rate (k') at 50.8 mm/minC19
483 kPa confimg, and Ultrafuse
Figure5-2 shows the fitting technique used to obtain the strain rate. For this process, only the data
before failure were used. In other words, if the data deviate from a power law, they are excluded
from the fitting process for the acquisition of strain rate.

In this researcl' is considered as the DIC shear strain rater(easured based on the proposed
method by Chehab et §2002) Further, the reduced shear straite [ ) was calculated by

multiplying the DIC shear strain rate with the shift facta) (heasured from dynamic shear

modulus tests of the corresponding tack coat material used within the MAST specimen, as shown

in Equation(20).

g= o (20)
where
QR = reduced shear strain rate and
g = shear strain rate.
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5.1.1 Validation of Time-Temperature Superposition Principle for Interlayer System with
Tack Coat

Cho(2016)demonstrated thathé timetemperature superposition princifgevalid forthe
construdbn of an ISS mastercurve based on the MAST and DSR test results. Folloa/sentie
methodologyin this research, 11 different reduced shear strain ratessskacted tgerify the
applicability of tT principle to construcd smooth mastercurvéhe MAST specimens and test
conditions selected for the verification are CGR&ck coat, 276 kPa confining pressure, 0.03
gallyd residual application rate, and uitled surfaceCho(2016)approach is verified to ascertain
the reproducibility of the approach with a different user.

The shift factors of each tack coat materials were measured by carrying out temyiiergqierecy
sweep tests using DSR. The titeenpeature shift factor function shown in Equati@) was

fitted to the measured data poitdgget the model coefficients. The model coefficients for each
tack coat materials at 20 reference temperature are showmamble2-3.

The coefficients of the shift factors that were measured for each tack aat gygtandard

reference temperature of ZDusing the DSR were substituted in #ieghift facbr formula

shown in Equatioii8) to obtain the shift factorat the respective conditioning temperatures used in
the MAST tests. Further, using Equati¢20), the reduced shear strain rate at the MAST testing
temperatte was calculated.

Table5-1 presents the selected actuator shear strain rates, measured DIC shear strain rates and
corresponding ISS results, respedtive

10,000
T y = 395420169 -
< R? = 0.9729 o
5 >
S 1,000 } ,x'
5 ,/;O
» @ 5°C
5 s A B 19°C
L o
n o 35°C

A 53°C
----- Matercurve
100 1 1 1
1.0E-08 1.0E-05 1.0E-02 1.0E+01 1.0E+04

Reduced DIC Strain Rate (y/sec)

Figure5-3. Verification of t TS principle for construction of ISS mastercurve.
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Table5-1. Selected Actuator Strain Rate and Corresponding Reduce8ttdi@ Rate and

Interface Shear Strength

. . Reduced DIC | Interlayer
Temperature | Loading Rate | DIC Stai Rate | gy e | Shear Strength

(o0/ sec)|(kPa)

50.8 4.116E02 2.136E02 4113.75

5 5.08 3.644E03 1.891E03 2692.72

0.508 3.072E04 1.594E04 1846.98

50.8 7.800E02 1.274E03 2623.51

19 5.08 3.215E03 5.249E05 1722.16

0.508 3.182E04 5.196E06 1219.68

35 50.8 7.232E02 3.246E05 1555.34
5.08 7.914E03 3.552E06 793.61
50.8 7.289E02 1.484E06 706.40
53 5.08 7.325E03 1.491E07 495.96
0.508 7.591E04 1.546E08 441.55

The ISS values from two adjacent reduced strain rates, tested at different temperatures and strain
rates, overlaps/align to draw the mastercawshown irFigure5-3. The fitted function of the ISS
mastercurve has a power form. Thereby, {hi8 principle was validated by creating a smooth
mastercurve for ISS.

Further to theverification the number of test combinations with regard to loading rate and
temperature was reduced from 12 (4 rates x 3 temperatures) to four: 0.02 in./min (53°C), 0.2
in./min (35°C), 2 in./min (19°C), and 2 in./min (5°ffom hereafterSome tests exhibited the

failure within the mixture (rather than at the interface), and the data from these tests were discarded
in the analysis.

5.1.2 Effect of Tack Coat Type

Figure5-4 presents an overall comparison of the €R&1d CRSLh emulsions based on all the
ISS test results. As shown, the GR&ck coat provides greater shear strength than thelBRS
tack coat.
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Figure5-4. Comparison of shear strength values of €R&d CRSLh via line of equality.

5.1.3 Effect of Tack Coat Application Rate

Figure5-5 andFigure5-6 present the shear strength mastercurves ofZR®ler unmilled and

milled conditions, respectively. The shear strength mastercurves were developed at three different
application rates: 0.01 gal/d.03 gallyd, and 0.05 gal/yd Each figure consists of three graphs

with the different confining pressures: 69 kPa, 276 kPa488kPa.

50



10,000
y = 3819.3x0-1985
R? = 0.9959
é .»,-’-"’;'i
~— y = 31 67.2;(0'1685 .9”
£ R2=09921 &
=) e
S 1000 | 7
: _,‘i" 2
E o B 0.01 gallyd
x .;_).:5,' A 0.03 gal/yd?
2 ‘, ® 0.05 gallyd?
m T i 2
y=3amapems
R2=0.9778 1t(0.03 gallyd”)
- - -Fit (0.05 gallyd?)
100 : ' '
1 OE-08 1 0E-05 1.0E-02 1.0E+01 1.0E+04
Reduced DIC Strain Rate (y/sec)
@
10,000
y = 3954.2x0.169
E -:::f‘ RE=0.9729
X y = 3284.5x01473 M. :
£ 2= (. “7
£ R?=0.9854 8
| = "
S 1,000 }
g “;_:’;.-,-;f’i‘ B 0.01 gallyd®
" SZA A 0.03 gallyd?
§ ¥ y ; gfjogggg';“” @ 0.05 gallyd?
2 =0.9905 . Fit (0.01 gallyd?)
----- Fit (0.03 gallyd?)
- - -Fit (0.05 gallyd?)
100 : ' '
OE-08 1 OE-05 1.0E-02 1.0E+01 1.0E+04

Reduced DIC Strain Rate (y/sec)

(b)

51



10,000

@ . ¥
- = 0.135

< R?=0.9971 %" =Y

=y BT

g 1,000 s |

| ™ _9-'/';

) ) B 0.01 gallyd?

@ y = 3936.9x0.182 A 0.03 gallyd?

2 R2 = 0.9422 @ 0.05 gallyd?

» .- Fit (0.01 gallyd?)
----- Fit (0.03 gallyd?)
- - —Fit (0.05 gallyd?)

100 . , .
1.0E-08 1.0E-05 1.0E-02 1.0E+01 1.0E+04

Reduced DIC Strain Rate (y/sec)

(©)

Figure5-5. Shear strength mastercurves of GR& various application rates under unmilled
condition: (a) 69 kPa, (b) 276 kPa, and (c) 483 kPa.
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Figure5-6. Shear strength mastercurves of GR& various application rates under milled
condition: (a) 69 kPa, (b) 276 kPa, and (c) 483 kPa.

Similar to the comparisons of the shear strength values aiffexedt confining pressures (Figure
6.7),Figure5-7 presents comparisons of the shear strength values at two different application rates.
In generalthe effects of the tack coat application rate on the ISS are insignificant.
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(©

Figure5-7. Comparisons of shear strength values of @Rfs two different application rates via

line of equality: (a) 0.03 gallydvs. 0.01 gal/yg (b) 0.05 gal/ydvs. 0.01 gal/y8§ and (c) 0.05
gal/yc vs. 0.03 gallyd

In order to examine the effects of the application rate, shear strength mastercurves were developed
at three different application rat€s01 gal/yd, 0.03 gal/yd, and 0.05 gal/ydat 483 kPa under the

milled condition, as shown iRigure5-8. Figure5-9 presents comparisons of the shear strength

values of CRSLh at two different application rates under the milled condition. As was the case for
the CRS2 tack coat results, the effedtdfferent application rates on the ISS is insignificant.
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